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The overall aim of this research was to study the molecular mechanisms 

regulating oocyte maturation in sciaenid fishes using two models, the Atlantic 

croaker and the spotted seatrout. The steroid receptor mediating oocyte maturation 

in these species, as well as the signal transduction pathways altered by binding of 

the maturation inducing steroid 17,20β,21-trihydroxy-4-pregene-3-one (20β-S) to 

the oocyte were investigated. Finally, a cDNA of the gene encoding the membrane 

progestin receptor, mPRα, was isolated from Atlantic croaker ovary and hormonal 

regulation of its mRNA and protein expression was examined. 

The 20β-S receptor in seatrout oocytes was shown to be a novel steroid 

hormone receptor located in oocyte membranes that was directly coupled to a 

pertussis toxin sensitive G-protein. Activation of this protein was found to be 
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necessary for oocyte maturation in Atlantic croaker and seatrout. Support for a 

role for the novel G-protein coupled progestin binding receptor, mPRα, in spotted 

seatrout oocyte maturation was presented. 

Multiple signal transduction pathways were activated by 20β-S binding to its 

receptor in Atlantic croaker oocyte membranes. Treatment of oocyte membranes 

with 20β-S significantly decreased adenylyl cyclase activity within 1 minute of 

exposure, although inhibition of cAMP-dependent protein kinase activity was not 

sufficient to induce oocyte maturation in the absence of steroid. Activation of 

phosphatidylinositol-3-kinase and Akt was necessary for 20β-S-induced oocyte 

maturation in Atlantic croaker and data suggested that phosphodiesterase 3 and 

phosphodiesterase 4 assist in maintaining oocyte meiotic arrest. The mitogen-

activated protein kinase pathway in Atlantic croaker oocytes was activated within 

1 hour of 20β-S treatment; however inhibition of this pathway had no effect on 

steroid-mediated oocyte maturation. 

Finally, a cDNA of the membrane progestin receptor, mPRα, was isolated 

from Atlantic croaker ovary. mPRα mRNA was expressed in all tissues, however 

its protein distribution was limited to ovary, testis, intestine, heart, gill, brain and 

olfactory epithelium. Treatment of Atlantic croaker ovarian follicles with 

gonadotropin, but not MIS, upregulated mPRα protein and inhibition of 

steroidogenesis had no effect on this hCG-mediated effect or on GVBD. These 
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findings support previous studies in seatrout and support the hypothesis that 

mPRα is a mediator of steroid-mediated oocyte maturation. 

 
 

 viii



 

TABLE OF CONTENTS 

List of Tables ........................................................................................................  x 

List of Figures ....................................................................................................... xi 

Chapter 1 Introduction  ..................................................................................  1 

Chapter 2 Activation of an inhibitory G-protein is Necessary Oocyte 

Maturation in Spotter Seatrout  ......................................................7 

Chapter 3 Steroid-induced oocyte maturation in Atlantic croaker is 

dependent on activation of cAMP-independent signal 

transduction pathways ...................................................................34 

Chapter 4 Hormonal regulation of the novel membrane progestin 

receptor, mPRα, in Atlantic croaker ovary    ...............................63 

Chapter 5 Summary and Conclusions  ..................................……………    85 

Appendix  Abbreviations  .............................................................................  87 

Bibliography ......................................................................................................  89 

Vita .......................................................................................................99 

 ix



 

   LIST OF TABLES  

Table 3.1:   Effect of PKA inhibition on GVBD in Atlantic croaker oocytes....  53 
 
 

 x



 

LIST OF FIGURES 
 
Figure 2.1:   Effect of 20β-S and pertussis toxin on adenylyl cyclase activity in 

spotted seatrout oocyte membranes. ................................................26 
 
Figure 2.2:  Effect of pertussis toxin microinjection on oocyte maturation in 

spotted seatrout. ..............................................................................  27 
 
Figure 2.3:  Presence and ADP-ribosylation of Gαi1,2 protein in spotted seatrout 

oocyte membranes. .........................................................................  28 
 
Figure 2.4:   Effects of 20β-S on G-protein activation in spotted seatrout ovarian 

membranes. .....................................................................................  29 
 
Figure 2.5: The 20β-S receptor is directly coupled to a pertussis toxin sensitive 

G-protein. ........................................................................................  31 
 
Figure 2.6:   The seatrout ovarian membrane progestin receptor (mPR) α is 

directly coupled to a Gαi1,2 protein and this association is reduced in 
response to treatment with 20β-S.  ..................................................33 

 
Figure 3.1:  Effect of 20β-S treatment on oocyte adenylyl cyclase activity. ......  54 

 
Figure 3.2:   Effects of PKA inhibition on the efficacy of 20β-S to promote or 

accelerate GVBD in Atlantic croaker follicles..  ............................  55 
 
Figure 3.3:  Effects of PDE inhibition on GVBD in Atlantic croaker follicles. .  56 
 
Figure 3.4:   Effect of PI3K inhibition on GVBD in Atlantic croaker oocytes. ..  57 
 
Figure 3.5:   Effect of Akt inhibition on GVBD in Atlantic croaker oocytes. .....  59 
 
Figure 3.6:   Effects of MAPK inhibition on GVBD in Atlantic croaker oocytes....  
 ..........................................................................................................61 
 
Figure 3.7:   Proposed model of the signal transduction pathways activated in 

response to 20β-S treatment of primed Atlantic croaker follicles...  62 
 
Figure 4.1:   Distribution of mPRα mRNA and protein in Atlantic croaker tissues.
 .........................................................................................................  80 
 

 xi



 

Figure 4.2:   Gonadotropin regulation of mPRα in Atlantic croaker ovarian 
follicles and oocyte membranes ......................................................  81 

 
Figure 4.3:   Hormonal regulation of mPRα protein expression in Atlantic croaker 

follicles ............................................................................................  83 
 
Figure 4.4:   Gonadotropin regulation of mPRα mRNA in Atlantic croaker 

ovarian follicles. ..............................................................................  84 
 
 
 

 

 

 xii



 

 1

CHAPTER 1 

INTRODUCTION 

Regulation of Oocyte Maturation 

Mature, postvitellogenic oocytes of most vertebrates are arrested at the growth 2 / mitosis 

border of meiosis I (Masui 2001). This arrest is released upon exposure to species-specific 

maturation inducing substances (MISs) that are produced by the follicle (somatic) cells 

surrounding the oocyte in response to the pituitary gonadotropin, leutenizing hormone (LH, 

Nagahama et al. 1994, Thomas 1994). Upon completion of the first meiotic division, which 

involves a number of distinct cytoplasmic and nuclear events, meiosis is again arrested at 

metaphase II and a fertilizable egg is produced (Khan and Thomas 1994, Masui 2001).   

 The current paradigm for oocyte maturation (OM) in teleosts and amphibians involves a 

2-stage model, the stages of which are characterized by the production and actions of LH and the 

MIS, respectively (Patino et al. 2001). Oocyte growth is regulated by the pituitary gonadotropin 

follicle-stimulating hormone (FSH). Oocyte maturational competence (OMC) is acquired during 

the first stage of OM and is initiated by a switch in pituitary gonadotropin production from 

follicle-stimulating hormone to LH (Nagahama et al. 1994). Stage I of OM requires transcription 

and translation but not steroid production and is characterized by the ability of the follicle cells to 

produce and the oocyte to respond to MIS (Patino and Thomas 1990a, b, Patino et al. 2001). All 

of these first stage oocyte maturational events are regulated in part by activation of the cAMP-

dependent protein kinase (PKA) signal transduction pathway (Chang et al. 1999, Nagahama 

1997). The second stage of OM is characterized by the actual production of MIH and the 

resumption of meiosis. During this stage maturation promoting factor (MPF), a complex of cdc2 
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and cyclin B proteins, is activated and translocates to the nucleus, the germinal vesicle breaks 

down (GVBD) and chromosome condensation and extrusion of the first polar body occurs 

(Maller 1998, Masui and Clarke 1979, Nagahama et al. 1994).   

 It has been established for several decades that the site of action for MISs is at the surface 

of the oocyte (Masui and Clarke 1979) and the MIS receptor is located in or near the plasma 

membrane of the oocyte. There is debate as to whether this receptor in vertebrates is a traditional 

nuclear steroid receptor or a novel type of receptor (reviewed in Edwards 2004, Ferrell 1999b, 

Nagahama et al. 1994, Voronina and Wessel 2004). One reason for this debate is that the effects 

of MISs on vertebrate oocytes are rapid and nongenomic, unlike the classical paradigm of steroid 

hormone actions requiring activation of nuclear receptors and the initiation of transcription 

(Maller 1998, Masui and Markert 1971, Patino and Thomas 1990d, Thomas et al. 2001).    

The hormonal control of OM in two perciform fishes common to the Gulf of Mexico, 

Atlantic croaker and spotted seatrout, is well characterized (Patino and Thomas 1990c, Thomas 

1994, Thomas et al. 2001, Trant and Thomas 1989a, b) and their naturally-occurring MIS has 

been identified as the progestin 17,20β,21-trihydroxy-4-pregnen-3-one (20β-S, Patino and 

Thomas 1990d, Trant and Thomas 1989b). Patino and Thomas (1990a) provided the first full 

characterization of the 20β-S membrane receptor in seatrout and additional work regarding 

membrane-receptor mediated nongenomic steroid actions in Atlantic croaker and spotted seatrout 

make these two of the most thoroughly studied vertebrate models of oocyte maturation (Thomas 

et al. 2001). Because the physiology of OM in Atlantic croaker and spotted seatrout has been so 

well characterized, these fish are excellent models in which to study the molecular, biochemical, 

and cytological events regulating steroid-mediated OM. 
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Heterotrimeric G protein signaling review 

Heterotrimeric guanine nucleotide binding proteins, or G-proteins, are composed of 

α, β, and γ subunits and are identified by the activity of their α subunit. For instance, members of 

the Gαs family stimulate the activity of downstream effectors when activated. G-proteins are 

activated upon ligand binding to a specific type of receptor called a G-protein coupled receptor 

(GPCR). GPCRs comprise the largest gene family identified in mammals and they bind a wide 

variety of ligands including photons of light, odorants, peptide hormones and neurotransmitters, 

however, structural similarities unite all GPCRs. The receptors are located in cell membranes 

and contain seven transmembrane spanning domains, with an extracellular amino terminus and 

an intracellular carboxy terminus. When a ligand occupies a GPCR it causes a conformational 

change that activates the associated G-protein. In its inactive state, the G-protein is a heterotrimer 

and GDP is bound to the α subunit. Upon ligand binding, the GPCR acts as a guanine nucleotide 

exchange factor and a GTP replaces the GDP bound to the Gα subunit. This causes dissociation 

of the heterotrimer into Gα-GTP and Gβγ subunits. Both of these activated signaling molecules 

may act to modulate, either positively or negatively, a variety of down stream effectors. A single 

ligand bound receptor can activate multiple G-proteins leading to signal amplification. The Gα 

subunit contains intrinsic GTPase activity that acts as an internal regulator limiting the amount of 

time the Gα subunit remains active. Many cell types also contain GTPase activating proteins that 

also regulate Gα activation. When the GTP bound to the Gα subunit is hydrolyzed to GDP, the 

heterotrimer reforms and the signaling cascade ends. It is important to note that a single ligand-

occupied GPCR can activate G-proteins from different families and that G-proteins and their 

effectors can be spatially segregated in a single cell. For instance, in one part of a cell there may 
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be activation of a Gi (inhibitory) protein coupled to an adenylyl cyclase, while a Gq protein 

coupled to phospholipase C may be simultaneously activated in another part of the cell (Berman 

and Gilman 1998, Gether 2000, Hamm 1998). 

MIS-induced signal transduction pathways 

 The process of converting a mature oocyte into a fertilizable egg begins with exposure to 

MIS and culminates in the activation of maturation promoting factor (MPF) and germinal vesicle 

breakdown (GVBD); however the intermediate signaling steps in this pathway are poorly 

defined. It has been established that in most species, exposure to MIS is followed by a rapid 

decrease in intracellular cAMP concentrations (Chang et al. 1999, Meijer and Zarutskie 1987, 

Sadler and Ruderman 1998). This led to speculation that PKA may play an important role in the 

G2 arrest of oocytes (Meijer and Zarutskie 1987). This hypothesis is supported by studies in a 

number of species showing that artificially increasing intracellular oocyte cAMP concentrations 

by activating adenylyl cyclase, inhibiting phosphodiesterase (PDE) activity, or through the 

addition of nonhydrolyzable cAMP analogues, prevents OM (Dekel et al. 1981, DeManno and 

Goetz 1987, Patino and Thomas 1990a, b). Additionally, microinjection of PKA inhibitors into 

Xenopus oocytes induces OM, while microinjection of a constitutively active PKA catalytic 

subunit inhibits maturation (Maller and Krebs 1977). Because of the obvious importance of 

cytoplasmic cAMP concentrations in regulating meiotic resumption, it is of particular interest to 

understand how MISs act to decrease cytoplasmic cAMP concentrations. 

 Adenylyl cyclases are regulated by G-proteins (Simonds 1999) and it is therefore 

probable that G-proteins mediate the effects of MISs. Adenylyl cyclase activity could be 

inhibited by activation of the Gα subunit of members of the Gi family of G-proteins. 
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Alternatively, MIS action may be through inhibition of an activated Gαs protein, which 

stimulates adenylyl cyclase. Finally, the Gβγ subunits of any G-protein family could be 

regulating adenylyl cyclase. 

 Cytoplasmic cAMP concentrations can be decreased through degradation by PDEs as 

well as by inhibiting adenylyl cyclase activity (Conti et al. 1998). The steady state level of cAMP 

in the oocyte may therefore result from a balance between its rate of synthesis and degradation. 

In support of a role for PDEs in OM, inhibitors of PDEs have been found to inhibit OM in 

mammalian and fish models (Chang et al. 1999, Dekel et al. 1981, DeManno and Goetz 1987). 

Additionally, increases in PDE3 activity in rat oocytes were shown to control the resumption of 

oocyte meiosis (Richard et al. 2001).   

Phosphatidylinositide-3-kinase gamma (PI3Kγ) activation has been shown to occur 

upstream of PDE3 activation in Xenopus oocytes (Sadler and Maller 1987) and PI3Kγ is an 

essential component of the steroid-mediated oocyte maturation pathway in starfish and striped 

bass and the growth factor-mediated oocyte maturation pathway in Xenopus (Sadler and 

Ruderman 1998, Yamashita 1998). Interestingly, this PI3K subfamily is activated by βγ subunits 

liberated from activated Gi or Go G-proteins, the same proteins responsible for decreasing 

adenylyl cyclase activity. It is therefore possible that MIS binding of its plasma membrane 

receptor is activating a Gi/o G-protein that is in turn activating a PDE3 and inactivating adenylyl 

cyclase, resulting in decreased cytoplasmic cAMP concentrations and the resumption of meiosis.   

In all oocyte maturation models studied to date, exposure to MIS leads to MAPK 

activation immediately prior to or during MPF activation (Yamashita 1998). Early studies in 

Xenopus provided evidence that MAPK activation was necessary and sufficient to cause GVBD 
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(Nebreda and Hunt 1993) however later studies indicated it was acting as a cyctostatic factor 

rather than an activator of MPF (Ferrell 1999b, Yoshida et al. 2000b). In starfish, goldfish and 

mouse MAPK activation is not required for MPF activation or OM (Sadler and Ruderman 1998, 

Su et al. 2003, Yamashita 1998). MAPK activation can occur through multiple pathways, one of 

which includes upstream activation of PI3Kγ. It is therefore possible that in the sciaenid model, 

20β-S binding results in the activation of a Gi/o G-protein and subsequent activation of PI3Kγ, 

MAPK, and PDE3, and inactivation of adenylyl cyclase culminating in MPF activation and 

GVBD. 

GOAL OF RESEARCH 

The overall goal of this research was to test the hypotheses that: 1) activation of an 

inhibitory G-protein is necessary for spotted seatrout oocyte maturation; 2) activation of signal 

transduction pathways independent of cAMP is necessary for Atlantic croaker oocyte 

maturation; and 3) the newly described mPRα is an intermediary in oocyte maturation in 

sciaenid fishes. 
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CHAPTER 2 

ACTIVATION OF AN INHIBITORY G-PROTEIN IS NECESSARY FOR 

OOCYTE MATURATION IN SPOTTED SEATROUT 

SUMMARY 

Oocyte maturation (OM) is initiated in lower vertebrates and echinoderms when 

maturation-inducing substances (MIS) bind oocyte membrane receptors. This study tested the 

hypothesis that activation of a Gi protein is necessary for MIS-mediated OM in spotted seatrout. 

Addition of MIS significantly decreased adenylyl cyclase activity in a steroid specific, pertussis 

toxin (PTX)-sensitive manner in oocyte membranes and microinjection of PTX into oocytes 

inhibited MIS-induced OM, suggesting the steroid activates a Gi protein. MIS significantly 

increased [35S]GTPγS binding to ovarian membranes, confirming that MIS receptor binding 

activates a G-protein and immunoprecipitation studies showed the increased [35S]GTPγS binding 

was associated with Gαi1-3 proteins. Radioligand binding studies in ovarian membranes using 

GTPγS and PTX demonstrated that the MIS binds a receptor directly coupled to a PTX-sensitive 

G-protein. Co-immunoprecipitation studies with oocyte membranes showed that Gαi1,2 directly 

couples to a novel membrane progestin receptor, mPRα, and that this interaction is reduced upon 

MIS exposure. This study provides the first direct evidence in a vertebrate model that MIS-

induced activation of a Gi protein is necessary for OM. Results support a mechanism of MIS 

action involving binding to a novel G-protein coupled receptor, mPRα, the most comprehensive 

and plausible model of MIS initiation of OM proposed to date. 



 

 8

INTRODUCTION 

 Postvitellogenic, fully grown oocytes are arrested at the first meiotic prophase prior to 

oocyte maturation. This arrest is released in lower vertebrates and echinoderms upon binding of 

species-specific maturation inducing substances (MISs) to receptors located on the oocyte 

plasma membrane. The resumption of meiosis is characterized by germinal vesicle breakdown 

(GVBD), chromosome condensation, spindle formation and extrusion of the first polar body 

(Masui and Clarke 1979). Once oocyte maturation is complete, meiosis is arrested at the second 

meiotic metaphase and the mature oocyte (egg) is capable of ovulation and fertilization (Masui 

1985b, 2001). 

 Many of the signaling molecules involved in the later stages of oocyte maturation have 

been well characterized and are conserved across species (reviewed in Hammes 2003, Masui 

1985a, Schmitt and Nebreda 2002). The early signaling events initiated by MIS binding, 

however, are less well described and do not appear to be as conserved. Evidence suggests that 

oocyte meiotic arrest in several species is maintained via constitutive activity of a stimulatory G-

protein (Gs) which stimulates adenylyl cyclase activity to elevate cAMP levels in the oocyte 

(Eppig 1991, Kalinowski et al. 2004). It is proposed that induction of oocyte maturation in these 

vertebrates is through the inactivation of this constitutively active Gs and a subsequent reduction 

in cAMP concentrations and PKA activity (Gallo et al. 1995, Meijer and Zarutskie 1987). 

Inhibition of Gs activity in Xenopus and zebrafish oocytes was sufficient to induce GVBD in the 

absence of a MIS (Gallo et al. 1995, Kalinowski et al. 2004). Whether a reduction in cAMP 

alone is sufficient to promote oocyte maturation, however, is not clear. Also not clear is what 
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type of receptor the MIS is binding, whether direct MIS receptor-G-protein interaction occurs 

and which receptor, if any, is regulating the constitutive Gs activity in the oocytes. 

Evidence in other models suggests that activation of a G-protein is necessary for oocyte 

maturation. In sea urchin and rainbow trout, activation of a pertussis toxin (PTX)- sensitive Gi 

protein is necessary for initiating oocyte maturation, although microinjection of these oocytes 

with PTX, which inactivates Gi/o G-proteins, did not inhibit GVBD (Voronina and Wessel 2004, 

Yoshikuni and Nagahama 1994). Studies in starfish and Atlantic croaker oocytes also found that 

activation of a Gi protein was necessary for maturation and in these species microinjection of 

oocytes with PTX significantly inhibited GVBD (Shilling et al. 1989, Thomas et al. 2002).   

The spotted seatrout (Cynoscion nebulosus) is a well-characterized fish model of oocyte 

maturation. Unlike many oocyte maturation models whose MISs are ambiguous or unknown 

(Hammes 2004, Le Goascogne et al. 1985, Lutz et al. 2001), the naturally occurring seatrout MIS 

has been identified as the progestin 17,20β,21-trihydroxy-4-pregnen-3-one (20β-S) and its 

binding to oocyte plasma membranes characterized in detail (Patino and Thomas 1990d, Thomas 

and Das 1997, Thomas et al. 2001, Thomas and Trant 1989, Trant and Thomas 1989b). This 

makes seatrout an ideal model in which to study whether steroid mediated G-protein activation is 

necessary for oocyte maturation. 

The purpose of the current study was to test the hypothesis that direct, steroid-induced 

activation of a Gi protein is necessary for oocyte maturation in spotted seatrout. We present 

evidence that 20β-S is binding a receptor in the oocyte plasma membrane that is directly coupled 

to a PTX-sensitive, inhibitory G-protein and microinjection studies confirm that activation of this 

G-protein is necessary for oocyte maturation. Data also show that steroid-mediated G-protein 
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activation significantly reduces oocyte adenylyl cyclase activity in a steroid specific, PTX-

sensitive manner. Finally, we show that a previously described novel membrane progestin 

receptor, mPRα (Zhu et al. 2003b), co-immunoprecipitates with Gαi1,2 protein and that the 

association is reduced in response to 20β-S treatment, which provides further evidence of a role 

for the mPRα in mediating seatrout oocyte maturation. 

METHODS 

Chemicals 

All nonradioactive steroids were obtained from Steraloids (Newport, RI). Dulbecco 

modified Eagle Medium with phenol red (DMEM, nutrient mixture F-12), actinomycin D, 

penicillin G, human chorionic gonadotropin (hCG), polyclonal Gαo, Gαs and Gαi1,2 antibodies, 

guanosine 5’-diphosphate (GDP), guanosine 5’-triphosphate (GTP), guanosine 5’-O-3-

thiotriphosphate (GTPγS), phosphoenol pyruvate, pyruvate kinase and basic laboratory 

chemicals were purchased from Sigma (St. Louis, MO). Protease inhibitor cocktail, Protein A/G 

Plus-agarose beads and Supersignal West Pico Chemiluminescent Substrate System were 

purchased from Pierce Biotechnology (Westford, IL). The Gαi3 antibody was purchased from 

Biomol (Plymouth Meeting, PA). 1,2-[3H]-11-Deoxycortisol (42 Ci/mmol) was purchased from 

New England Nuclear (Boston, MA) and enzymatically converted to 20β-S as described by Scott 

et al. (1982). Nicotinamide adenine[adenylyl-32P] dinucleotide ([32P]NAD, 1000 Ci/mmol), 

guanosine 5’-[γ-35S]triphosphate, triethylammonium salt ([35S]GTPγS, 1000 Ci/mmol) and 

[1,2,6,7-3H]testosterone (78.5 Ci/mmol) were purchased from Amersham Pharmacia 

(Piscataway, NJ). All radioactivity was counted in a liquid scintillation counter (LS 6000, 

Beckman Instruments, Fullerton, CA). 
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Animal Collection 

Adult seatrout undergoing gonadal development were collected by gill net in Redfish 

Bay, Aransas Pass, Texas, during April and May. Fish were quickly removed from the net and 

returned to the laboratory. Female seatrout were anesthetized and an ovarian biopsy sample was 

obtained by inserting a catheter attached to a syringe via the cloaca into the oviduct. The average 

diameter of the oocytes was determined under a binocular microscope. Oocytes with an average 

diameter of 430 to 450 µm were considered fully grown and suitable for experimentation. Fish 

were humanely sacrificed by severing the spinal cord following procedures approved by the 

University of Texas at Austin Animal Care and Use Committee. The ovaries were immediately 

removed, weighed and either transferred to DMEM, pH 7.6, containing 100 mg/L streptomycin 

and 60 mg/L penicillin, for in vitro incubations, or frozen on dry ice and stored at –80°C. 

Oocyte Membrane Preparation  

Ovarian tissues were placed in ice-cold homogenization buffer (25 mM HEPES, pH 7.6, 

10 mM NaCl, 10 mM MgCl2, 1 mM dithioerythritol, 1 mM EDTA) and finely minced. Tissue 

fragments were repeatedly expelled through an 18- and then a 22-guage needle and vigorously 

washed through 400 µm Nitex mesh to remove follicle cells and immature oocytes. Removal of  

> 90% of the follicle cells from the final oocyte preparation was confirmed by microscopy. Next, 

oocytes were homogenized in 2 ml of homogenization buffer containing 10 µl protease inhibitor 

cocktail with five passes through a glass Tenbroek tissue grinder. The homogenate was 

centrifuged twice at 500 x g for 5 minutes and the pellet discarded. The supernatant was 

centrifuged at 20,000 x g for 20 minutes and the resulting supernatant discarded. The pellet was 

resuspended in 1.5 ml of homogenization buffer and further separated over a 1.2 M sucrose pad 
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(1 volume pellet resuspension: 1 volume sucrose buffer) by centrifugation at 6500 x g for 45 

minutes. After centrifugation, the middle layer plasma membrane fraction was collected, diluted 

to 3 ml in homogenization buffer and centrifuged at 20,000 x g to remove residual sucrose from 

the plasma membrane fraction. The final membrane pellet was resuspended to a concentration of 

1 mg total protein per ml buffer containing 75 mM Tris-HCl, 5 mM MgCl2, 2 mM EDTA, 5 µl 

of protease inhibitor cocktail and frozen at –80°C. 

Measurement of Adenylyl Cyclase Activity 

Defolliculated seatrout oocyte membrane preparations (oocyte membranes) were thawed 

on ice. Ten µg of oocyte membranes were incubated on ice with assay buffer containing 0.1 mM 

ATP, 5 nM GTP, 0.25 mM phosphoenolpyruvate, 10 µg pyruvate kinase, 1 mM IBMX and 290 

nM 20β-S, cortisol, testosterone or vehicle (0.01% ethanol) in a final volume of 100 µl. 

Incubations were initiated with the addition of the oocyte membranes to the assay buffer. Cyclic 

AMP production was measured at 0, 1, 5, 10, 15 and 30 minute intervals. Incubations were 

terminated by boiling the samples for 5 minutes. Samples were centrifuged for 15 minutes at 

12,000 x g and the supernatant collected. The cAMP concentration of the supernatants was 

measured using a cAMP EIA kit according to the manufacturer’s instructions (Biomedical 

Technologies Inc., Stoughton, MA). 

Pertussis Toxin Activation 

Pertussis toxin (50 µg) was resuspended in 100 µl of buffer containing 10 mM NaCl and 

2 mM sodium phosphate, pH 7.0. Pertussis toxin was activated by incubation with 50 mM DTT 

at 35 °C for 30 minutes. Pertussis toxin was heat inactivated by further incubation for 15 minute 

at 100 °C. To confirm activation of the toxin, defolliculated oocyte membranes (10 µg) were 
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resuspended in assay buffer containing 75 mM HEPES, pH 7.6, 25 µM NAD, 10 mM MgCl2, 10 

µM thymidine and 5 µl of protease inhibitor cocktail (PTX buffer). Membranes were incubated 

with 10 µCi [32P]NAD in a final volume of 50 µl for 30 minutes at 18 °C in the presence of 12 

µg of activated or heat-inactivated PTX. Additionally, 10 µg of oocyte membranes were further 

incubated with 12 µg of PTX and 290 nM 20β-S for 15 minutes at 18 °C. Reactions were 

terminated by the addition of 2X SDS sample buffer and boiling for 5 minutes. Proteins were 

separated on two, 12 % SDS-PAGE gels and transferred to nitrocellulose membranes. To detect 

[32P]ADP-ribosylated protein bands, one nitrocellulose membrane was exposed to X-ray film for 

18 hours. To determine if Gαi protein in the oocyte membranes was ADP-ribosylated by the 

activated PTX, the second nitrocellulose membrane was blocked with 5% Carnation milk in Tris 

buffered saline containing 0.5 % Tween (TBS-T) for 1 hour at room temperature and incubated 

with a polyclonal anti-Gαi1,2 antibody (1:5000) overnight at 4 °C. The membrane was washed 3 

times for 5 minutes each and incubated for an additional 1 hour at room temperature with 

horseradish peroxidase (HRP) labeled anti-rabbit secondary antibody (1:12000). The membrane 

was developed using the Supersignal West Pico Chemiluminescent Substrate System according 

to the manufacturer’s instructions and exposed to film for 15 seconds.   

Effect of Pertussis Toxin on Oocyte Adenylyl Cyclase Activity  

Oocyte membranes were thawed on ice, centrifuged for 15 minutes at 12,000 x g at 4°C 

and the resulting pellet resuspended to a concentration of 1 mg of protein per ml in PTX buffer. 

Oocyte membranes were incubated for 30 minutes at 18 °C with either 12 µg of activated PTX, 

12 µg of heat-inactivated PTX or buffer alone and then transferred to ice for 15 minutes. 

Adenylyl cyclase activity in PTX-treated and control oocyte membranes, in the presence or 
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absence of 290 nM 20β-S, was measured at 5 minutes as described above. The cAMP 

concentration of the resulting supernatants was measured using a cAMP EIA kit according to the 

manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI). 

Effect of Pertussis Toxin on Oocyte Maturation  

Ovarian tissue was collected from reproductively mature female seatrout as described 

above and placed in DMEM supplemented with antibiotics. Ovarian fragments containing 

approximately 100 follicles were incubated in 24-well culture plates in 1 ml DMEM containing 

15 units hCG for 9 hours at 24 °C (priming). Individual, fully developed seatrout follicles were 

manually separated from the ovarian fragments and incubated for an additional hour in DMEM 

containing 15 units per ml hCG. Undamaged oocytes were selected using a dissecting 

microscope, transferred to fresh DMEM without hCG and used in the microinjection assay. 

Oocytes were microinjected with 1.1 nl (0.53 ng, 3 % oocyte volume) activated PTX, heat-

inactivated PTX, or buffer using the technique described by Hiramoto 1969). Total injection time 

was 90 minutes. After microinjection, oocytes were transferred to fresh DMEM containing 290 

nM 20β-S and incubated for an additional 12 hours at 24 °C. After 12 hours the oocytes were 

scored for completion of GVBD, the first easily identifiable event in OM, using the method 

described by Trant and Thomas (1988). 

 [35S]GTPγS Membrane Binding Assay 

Seatrout ovarian tissue (2 g) was thawed on ice in 15 ml of buffer containing 25 mM 

HEPES, pH 7.6, 10 mM NaCl, 10 mM MgCl2, 1 mM dithioerythritol and 1 mM EDTA. Ovarian 

tissue was homogenized using a Polytron Tekmar Tissuemizer at setting 7 for 15 seconds 

followed by 5 passes with a Tenbroeck tissue grinder. Ovarian plasma membranes were then 



 

 15

isolated as described above. The final membrane pellet (ovarian membranes) was resuspended at 

a concentration of 1 mg total protein per ml of buffer containing 50 mM Tris-HCl, pH 7.6, 5 mM 

MgCl2, 100 mM NaCl, 0.6 mM EDTA, 1 mM CaCl2, 0.1 % bovine serum albumin (BSA) and 10 

µl protease inhibitor cocktail (binding buffer). 

The ovarian membranes (100 µg) were preincubated with or without 12 µg of activated 

PTX for 5 minutes at room temperature, then further preincubated with 1 µM GDP and 1 nM 

[35S]GTPγS (total binding) or 1 µM GDP, 0.1 µM GTPγS and 1 nM [35S]GTPγS (nonspecific 

binding) in a total volume of 2 ml of binding buffer for 20 minutes at 18 °C. The membranes 

were then aliquoted to microcentrifuge tubes containing either 290 nM 20β-S, cortisol or vehicle 

(0.01 % ethanol) and incubated for an additional 30 minutes at 4 °C. The reactions were 

terminated by the addition of 750 µl of binding buffer containing 0.1 mM GDP and 0.01 mM 

GTPγS. A 250 µl aliquot from each treatment was filtered through a GF/B Whatman filter, 

washed with 12 ml of binding buffer lacking BSA and [35S]GTPγS binding to the ovarian 

membranes was quantified. 

Immunoprecipitation of [35S]GTPγS  

For immunoprecipitation studies [35S]GTPγS ovarian membrane binding reactions were 

terminated by the addition of 750 µl of binding buffer containing 0.1 mM GDP and 0.01 mM 

GTPγS as described above and centrifuged at 12,000 x g for 15 minutes at 4 °C. The resulting 

membrane pellet was resuspended in buffer containing 25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 

5 mM EDTA, 1 % Triton-X 100 and 0.1 % SDS (solubilization buffer) and incubated with gentle 

shaking for 1 hour at 4 °C. To reduce nonspecific binding, solubilized membranes were 

preincubated with 50 µl Pansorbin cells (Calbiochem, San Diego, CA) and 5 µl of nonimmune 
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rabbit serum with shaking for 1 hour at 4 °C. The reactions were centrifuged for 15 minutes at 

12,000 x g and the supernatant transferred to a fresh microcentrifuge tube. Polyclonal Gαi1,2, 

Gαi3, Gαs antibody (1:100) or 5 µl of nonimmune rabbit serum were added to each treatment and 

the reactions incubated with shaking overnight at 4 °C. Protein A/G Plus-agarose beads were 

added (50 µl) and samples were further incubated for an additional 4 hours with shaking at 4 °C. 

Protein A/G Plus-agarose beads were centrifuged and washed 3 times with buffer containing 50 

mM HEPES, pH 7.4, 100 mM NaCl, 50 mM Na2HPO4, 100 µM NaF, 1 % Triton-X 100 and 0.1 

% SDS. The final pellet was resuspended in 50 µl of 0.5 % SDS, boiled for 5 minutes and 

[35S]GTPγS binding quantified. 

Radioligand Binding Assays 

Ovarian membranes were thawed on ice. For the PTX binding assay, plasma membranes 

were pelleted and resuspended in PTX buffer. Membranes were preincubated with either 10 µM 

GTPγS or 12 µg of activated PTX for 20 minutes at 18 °C. Specific 20β-S and testosterone 

binding to the plasma membranes was measured as described in Patino and Thomas 1990a). 

Briefly, [3H]20β-S, either 8 or 16 nM, or 5 nM [3H]testosterone (GTPγS binding assay) and 8 

nM [3H]20β-S or 5 nM [3H]testosterone (PTX binding assay) were added to total binding and 

nonspecific binding tubes. For nonspecific binding, 1000 fold excess cold steroid was added to 

the reaction. Samples were incubated for 30 minutes at 4 °C and then bound and free steroid 

were separated by filtration using Whatman GF/B filters. Radioactivity on the filters was 

measured and specific steroid binding calculated. 

Co-immunoprecipitation Experiments 
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Ovarian membrane preparations were thawed on ice, pelleted by centrifugation and 

resuspended in binding buffer supplemented with 0.1 mM GDP and GTP to a final concentration 

of 1 mg total protein per ml. Plasma membranes were incubated with or without 290 nM 20β-S 

for 45 minutes at 4 °C and then pelleted by centrifugation. Membrane pellets were resuspended 

in solubilization buffer and immunoprecipitation was performed as described previously using 

either 5 µl of nonimmune rabbit serum, or polyclonal Gαo or Gαi1,2 antibodies (1:100). After the 

final wash step, protein A/G-Plus agarose beads were resuspended in 1X SDS sample buffer, 

boiled for 5 minutes and the proteins separated on a 12 % SDS-PAGE gel as previously 

described. The nitrocellulose membrane was incubated overnight at 4 °C with PR10-1, an mPRα 

specific monoclonal antibody described in Zhu et al. (2003b). The membrane was then washed 3 

times with TBS-T, incubated with HRP-labeled anti-mouse secondary antibody (1:5000) and 

developed as previously described. 

Statistical Analyses 

Values are reported as means ± SEM and were analyzed using GraphPad Prism software 

(Version 3.02, GraphPad Prism Software, San Diego, CA, http://www.graphpad.com). Results 

were analyzed by one-way random analysis of variance (RM-ANOVA) with Dunnett’s multiple 

comparison test and significance reported as p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).  

RESULTS 

Adenylyl Cyclase Activity in Oocyte Membranes was Significantly Reduced by Treatment 

with 20β-S 

To determine whether 20β-S binding alters adenylyl cyclase activity, seatrout oocyte 

membranes were treated with various steroid hormones and cAMP production was measured 
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over incubation periods of 1 to 30 minutes. Addition of 290 nM 20β-S significantly reduced 

adenylyl cyclase activity within 1 minute and for up to 5 minutes, as compared to control 

membranes with no steroid added (Fig. 2.1A). This effect of 20β-S on adenylyl cyclase activity 

was specific to the progestin. Addition of 290 nM cortisol, a C21 steroid that does not bind the 

20β-S receptor or promote GVBD, and testosterone, a potential MIS in amphibians Le 

Goascogne et al. 1985, did not decrease cAMP production in the oocyte membranes.  

To examine whether 20β-S acts through a PTX-sensitive G-protein to decrease adenylyl 

cyclase activity, cAMP production was measured in oocyte membranes pretreated with activated 

or heat-inactivated PTX. Pretreatment of ooctye membranes with activated PTX, but not heat-

inactivated PTX, blocked the effect of 20β-S on adenylyl cyclase activity (Fig. 2.1B). 

Pretreatment of oocyte membranes with activated PTX also slightly, though significantly, 

increased adenylyl cyclase activity when compared to untreated control oocyte membranes, 

suggesting a level of constitutive PTX-sensitive G-protein activity in the membranes. 

Microinjection of Pertussis Toxin into Spotted Seatrout Oocytes Blocked GVBD 

 Having established that 20β-S binding to its oocyte membrane receptor decreases 

adenylyl cyclase activity in a PTX-sensitive manner, we next determined whether activation of a 

PTX-sensitive G-protein is necessary for GVBD in seatrout oocytes. Microinjection of activated 

PTX significantly inhibited GVBD in seatrout oocytes by approximately 82 % compared to the 

buffer injected controls (Fig. 2.2). There was no significant difference in the percent of oocytes 

undergoing GVBD in buffer injected versus heat-inactivated PTX injected oocytes. Germinal 

vesicle breakdown was not observed in primed oocytes incubated without steroid (Control), 

confirming that the follicles were not over primed. Over-priming results in in vivo steroid 
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production in the follicles and GVBD in the absence of exogenous steroid addition. Incubations 

were continued for an additional 12 hours (24 hours total) to determine whether GVBD was 

inhibited or simply delayed. None of the oocytes underwent germinal vesicle breakdown after 

the initial 12 hour 20β-S incubation. 

ADP ribosylation studies were performed to confirm that the PTX was activated and that 

Gαi protein in the oocyte membranes was a substrate for the activated toxin. The autoradiograph 

in Figure 2.3A shows specific ADP-ribosylation of a 40.5 kDa protein band only in the activated 

PTX treatment (Fig. 2.3A, lane 1 versus lanes 2, 3). Treatment with 290 nM 20β-S, that 

presumably increases the number of activated Gi proteins, did not affect the level of ADP-

ribosylation that occurred in seatrout oocyte membranes (Fig. 2.3A, lanes 2, 3). Immunoblot 

analyses confirmed the presence of a 40.5 kDa protein in the oocyte membranes that was 

recognized by a polyclonal anti-Gαi1,2 antibody (Fig. 2.3B) that corresponded to the ADP-

ribosylated protein band detected in the autoradiograph shown in Figure 2.3A.  

20β-S Significantly Increased Activation of Gi1-3 Proteins in Spotted Seatrout Ovarian 

Membranes 

Binding of GTPγS to plasma membranes in response to the addition of ligand is 

indicative of G-protein activation (reviewed in Harrison and Traynor 2003). To examine whether 

20β-S stimulates GTPγS binding to seatrout ovarian membranes, GTPγS radionucleotide binding 

assays were performed. The addition of 290 nM 20β-S to control membranes significantly 

increased [35S]GTPγS binding by approximately 33 % (Fig. 2.4A). Binding of [35S]GTPγS was 

reduced in PTX-pretreated membranes compared to control membranes and the effect of 20β-S 

on [35S]GTPγS binding was abolished. This data, in addition to the adenylyl cyclase data 
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presented in Figure 2.1, suggests some degree of constitutive PTX-sensitive G-protein activity in 

ovarian membranes. In order to quantify the magnitude of the receptor-agonist induced 

[35S]GTPγS/GDP exchange and to identify which G-proteins were activated by 20β-S, 

immunoprecipitation experiments using Gα subunit directed antibodies were performed. 

Significantly more [35S]GTPγS was immunoprecipitated from 20β-S treated membranes with the 

Gαi1,2 and Gαi3 antibodies than with Gαs antibody or nonimmune rabbit serum (Fig. 2.4B). The 

presence of Gαi1-3 and Gαs proteins in isolated oocyte plasma membranes was confirmed by 

immunoblotting (Fig. 2.4C). 

The 20β−S Receptor in Spotted Seatrout Ovaries is Directly Coupled to a PTX-sensitive G-

protein  

To test the hypothesis that the 20β-S receptor in seatrout oocyte membranes is directly 

coupled to a G-protein, radioligand binding studies were performed in seatrout ovarian 

membranes preincubated with activated PTX or GTPγS. Specific [3H]20β-S binding was 

significantly reduced in the presence of 10 µM GTPγS at 8 and 16 nM [3H]20β-S, 8.2 pmol / mg 

protein versus 5.8 pmol / mg protein and 18 pmol / mg protein versus 12 pmol / mg protein, 

respectively (Fig. 2.5A). In PTX-treated ovarian membranes specific [3H]20β-S binding was 

decreased by 74 % (2.3 pmol / mg protein versus 0.61 pmol / mg protein) compared to control 

oocyte membranes (Fig. 2.5B). There was no effect of GTPγS or PTX on specific 

[3H]testosterone binding to ovarian membranes (Fig. 2.5C). 

Spotted Seatrout mPRα coimmunoprecipitates with Gαi1,2  

Previous studies (Zhu et al. 2003b) have identified and characterized a novel plasma 

membrane-associated progestin receptor (mPRα) from seatrout ovary that is localized on oocyte 
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plasma membranes and has characteristics of a G-protein coupled receptor. This receptor was 

shown to specifically bind progesterone (Zhu et al. 2003b) and 20β-S (unpublished observation) 

and steroid addition decreased adenylyl cyclase activity in a PTX-sensitive manner in 

heterologous expression studies using MDA-MB-231 cells (Zhu et al. 2003b). Co-

immunoprecipitation studies were performed to examine whether mPRα in seatrout oocyte 

membranes is directly coupled to a PTX-sensitive G-protein. While no seatrout mPRα protein 

was detected in the Gαo or nonimmune rabbit serum immunoprecipitated samples, there was a 

strong and specific association of Gαi1,2 with seatrout mPRα (Fig. 2.6). Additionally, treatment 

of oocyte membranes with 20β-S decreased the amount of seatrout mPRα associated with Gαi1,2. 

DISCUSSION 

This study clearly shows for the first time in a vertebrate model that MIS-induced 

activation of a PTX-sensitive, inhibitory G-protein is necessary for oocyte maturation. It also 

demonstrates that 20β-S is binding a novel G-protein coupled steroid hormone receptor, 

potentially the seatrout mPRα (Zhu et al. 2003b), to directly activate the inhibitory G-protein and 

initiate oocyte maturation.       

A major area of debate is whether G-protein activation is necessary for oocyte maturation 

and if so, the nature of the activated G-protein. The results presented here show, using a variety 

of experimental approaches, that 20β-S activates a PTX-sensitive inhibitory G-protein to initiate 

GVBD in spotted seatrout oocytes. The demonstration that treatment of isolated seatrout oocyte 

membranes with 20β-S caused a significant and transient decrease in adenylyl cyclase activity 

that was specific for the progestin and PTX sensitive provided initial evidence for inhibitory G-

protein activation. Previous work in rainbow trout and catfish also showed a decrease in cAMP 
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in response to MIS that was indirectly attributed to activation of a Gi protein. However, the 

response was not found to be transient, steroid-specificity was not addressed and the effect of 

PTX on the response was not tested (Haider and Baqri 2002, Yoshikuni and Nagahama 1994). In 

mouse and Xenopus models both progesterone and androgens decrease adenylyl cyclase activity 

but the response is via an unknown mechanism unrelated to Gi activation (Downs 2001, Gill et 

al. 2004, Lutz et al. 2001, Sadler and Maller 1987). To date the only other MIS shown to 

decrease cAMP levels via activation of a PTX-sensitive G-protein is 1-methyladenine, the MIS 

in starfish (Sadler and Ruderman 1998, Tadenuma et al. 1992).  

The finding that addition of 20β-S to seatrout oocyte membranes significantly increases 

specific [35S]GTPγS binding to the membranes, which is indicative of G-protein activation (Barr 

and Manning 1999) and does so in a PTX-sensitive manner, also suggests 20β-S activates a 

PTX-sensitive G-protein. Further, the immunoprecipitation experiments confirmed that the 

increase in [35S]-GTPγS binding was specifically associated with Gαi1-3 proteins. Interestingly, 

pretreatment of control (non steroid treated) seatrout ovarian membranes with activated PTX 

decreased the amount of specific [35S]GTPγS binding, which suggests  a degree of constitutive 

Gi/o activity in the membranes. However, this activity was not sufficient to induce oocyte 

maturation as seen from the lack of GVBD in priming controls in the in vitro GVBD assay. 

Clear evidence that G-protein activation is required for MIS induction of seatrout oocyte 

maturation was obtained using an in vitro GVBD bioassay. Additionally, the demonstration that 

microinjection of activated PTX significantly inhibits 20β-S-induced oocyte maturation in 

seatrout confirms previous results in a closely related species, Atlantic croaker, the only other  

vertebrate model identified to date in which microinjection of activated PTX into oocytes 
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consistently and significantly inhibits GVBD (Thomas et al. 2002). Gi/o proteins are thought to 

also be involved in rainbow trout oocyte maturation, however microinjection of up to 1000 ng / 

ml PTX into primed oocytes did not inhibit GVBD, possibly due to high yolk protein 

concentrations that prevented diffusion of the toxin throughout the oocyte (Yoshikuni and 

Nagahama 1994).   

The ligand affinity of some G-protein coupled receptors decreases when they are 

uncoupled from their respective G-proteins (Birnbaumer 1990, Chidiac 1998).  G-protein 

uncoupling can occur when G-proteins are activated in the presence of GTPγS, promoting 

binding of the nonhydrolyzable form of the nucleotide in place of GTP to the Gα subunits thus 

decreasing the pool of inactivated, heterotrimeric G-proteins available to couple to the receptors. 

Additionally, treatment with PTX permanently inactivates and uncouples Gi/o proteins from their 

receptors by catalyzing the ADP-ribosylation of the Gα subunit (West et al. 1985). Whether the 

MIS receptor in fish and amphibians is a novel G-protein coupled steroid receptor or the 

traditional nuclear steroid receptor localized to the plasma membrane has long been an area of 

controversy in oocyte maturation studies (Ferrell 1999b, Lutz et al. 2001, Maller 2001a, Tian et 

al. 2000). In the present study, results showing that specific [3H]20β-S binding to seatrout 

ovarian membranes is significantly decreased in the presence of GTPγS or activated PTX  

indicates the 20β-S receptor is directly coupled to a PTX sensitive G-protein. These results are 

similar to those found in rainbow trout, where pretreatment of oocyte membranes with either 

PTX or GTPγS reduced specific MIS binding (Yoshikuni and Nagahama 1994), but are in 

contrast to studies in Xenopus that suggest the traditional nuclear progesterone receptor (nPR) or 

nuclear androgen receptor (nAR) are responsible for mediating MIS-induced oocyte maturation 
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through an unknown mechanism (Bayaa et al. 2000, Gallo et al. 1995, Lutz et al. 2001, Tian et 

al. 2000). 

Finally, recent evidence suggests a novel G-protein-coupled progestin receptor that is 

unrelated to the nuclear receptor, the seatrout mPRα, is a likely intermediary in 20β-S-induced 

oocyte maturation. Previous work in our laboratory identified a novel cDNA in the ovaries of 

spotted seatrout (mPRα) whose recombinant protein displayed characteristics of a G-protein 

coupled receptor that binds progestins (Zhu et al. 2003b). Structural analysis of the amino acid 

sequence suggests the mPRα has 7 transmembrane spanning domains and heterogolous 

expression studies using MDA-MB-231 cells indicate it is coupled to a PTX-sensitive G-protein. 

Several lines of evidence suggest a role for the mPRα as a mediator of seatrout oocyte 

maturation. Ovarian levels of the mPRα protein increase over the 12 h spawning cycle of field-

collected spotted seatrout. In addition, the mPRα mRNA and protein are upregulated in seatrout 

ovarian follicles in response to in vitro gonadotropin treatment during oocyte maturation 

(priming, Zhu et al. 2003b). Moreover mPRα specifically binds progesterone and 20β-S in 

heterologous expression studies (Zhu et al. 2003b, unpublished observation). Finally, clear 

evidence has been obtained that the recombinant mPRα is directly coupled to a PTX-sensitive G-

protein to down-regulate adenylyl cyclase activity (Zhu et al. 2003b, unpublished observations). 

In the current study, the 20β-S receptor was shown to directly couple to a PTX-sensitive G-

protein and uncoupling of this receptor from its G-protein blocked oocyte maturation. To further 

test whether the seatrout mPRα is involved in oocyte maturation, we performed co-

immunoprecipitation experiments using the monoclonal mPRα antibody described in Zhu et al. 

2003b), PR10-1. Co-immunoprecipitation studies in seatrout oocyte plasma membrane 
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preparations showed a specific interaction between mPRα and Gαi1,2 proteins that was reduced 

in response to treatment with 20β-S. The reduction in the amount of mPRα protein 

coimmunoprecipitated with Gαi1,2 in 20β-S-treated oocyte plasma membranes is suggestive of 

direct inhibitory G-protein activation by 20β-S and provides further support for the involvement 

of the seatrout mPRα in oocyte maturation.    

In conclusion, the present results show that 20β-S binds a novel steroid membrane 

receptor directly coupled to a PTX-sensitive, inhibitory G-protein and that activation of this G-

protein is necessary for oocyte maturation. We also present data that further supports a role for 

the novel G-protein coupled progestin binding receptor, mPRα, in spotted seatrout oocyte 

maturation. These findings with spotted seatrout provide the most complete and plausible  

explanation to date in any vertebrate model of the likely mechanism by which the MIS causes a 

decrease in cAMP levels to initiate the cascade of intracellular events leading to oocyte 

maturation. 
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Figure 2.1. Effect of 20β-S and pertussis toxin on adenylyl cyclase activity in spotted seatrout membranes. (A) 
Treatment with 20β-S specifically and significantly reduced adenylyl cyclase activity in isolated seatrout oocyte 
membranes within 1 minute and for up to 5 minutes compared to control membranes. Cyclic AMP production was 
measured at 1, 5, 10, 15 and 30 minute time points in unstimulated oocyte membranes (Control) or oocyte 
membranes stimulated with 290 nM 20β-S, cortisol or testosterone (20β-S, Cortisol, Testosterone). Data are 
reported as mean pmol cAMP produced per mg protein per minute ± SEM (n = 4). (B) The inhibitory effects of 
20β-S on adenylyl cyclase activity in seatrout oocyte membranes were abolished by pretreatment of the membranes 
with activated pertussis toxin. Cyclic AMP production was measured in untreated, pertussis toxin treated (PTX) or 
heat-inactivated pertussis toxin treated (hiPTX) oocyte membranes after a 5 minute incubation with vehicle 
(Control) or 290 nM 20β-S (20β-S). Data are reported as mean pmol cAMP produced per mg protein + SEM (n = 
4). (*) P < 0.05, (***) P < 0.001, compared to control membranes by one-way RM ANOVA with Dunnett’s 
multiple comparisons test. 
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Figure 2.2.  Effect of pertussis toxin microinjection on oocyte maturation in spotted seatrout. Individual, primed 
seatrout follicles were microinjected with 1.1 nl (0.53 ng, 3 % oocyte volume) activated pertussis toxin (20β-S + 
PTX), heat-inactivated pertussis toxin (20β-S + hiPTX) or buffer (20β-S + buffer), incubated for 12 hours in 
DMEM containing 290 nM 20β-S and scored for GVBD.  Uninjected, primed oocytes were incubated with (20β-S) 
and without (Control) 20β-S in parallel as controls. Data are reported as mean percent GVBD + SEM (n=5). 
Numbers in parentheses above the bars are the total number of oocytes microinjected. (***) P < 0.001 compared to 
buffer microinjected oocytes by one-way RM ANOVA with Dunnett’s multiple comparisons test. Inset shows a 
mature (left) and immature (right) seatrout follicle. 



 

 28

 

Figure 2.3.  Presence and ADP-ribosylation of Gαi1,2 protein in seatrout oocyte membranes. Oocyte membranes 
were pretreated with 12 µg of activated pertussis toxin or heat-inactivated pertussis toxin for 30 minutes in the 
presence of 10 µCi [32P]NAD and then incubated with or without 290 nM 20β-S for an additional 15 minutes. (A) 
[32P]ADP-ribosylation of a ~ 43 kDa protein band was detected in autoradiographs of oocyte membranes treated 
with activated pertussis toxin, but not heat-inactivated pertussis toxin, and treatment of the oocyte membranes with 
20β-S had no effect on the level of [32P]ADP-ribosylation of the protein. Ten micrograms of protein from each 
treatment were resolved on a 12% SDS-PAGE gel, transferred to a nitrocellulose membrane and the membrane 
exposed to X-ray film. Lane 1, oocyte membranes incubated with heat-inactivated pertussis toxin and 290 nM 20β-
S (Control). Lane 2, oocyte membranes incubated with activated pertussis toxin and vehicle (PTX). Lane 3, oocyte 
membranes incubated with activated pertussis toxin and 290 nM 20β-S (PTX + 20β-S). (B) Gαi protein was 
detected in immunoblots of seatrout oocyte membranes. Ten micrograms of protein from each treatment were 
subjected to immunoblotting using a polyclonal Gαi1,2 antibody that recognized a 43 kDa protein band 
corresponding to the 43 kDa band [32P]-ADP ribosylated in (A). 
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Figure 2.4.  Effect of 20β-S on G-protein activation in spotted seatrout ovarian membranes. (A) Treatment of 
isolated seatrout ovarian membranes with 290 nM 20β-S, but not vehicle or cortisol, significantly increased the 
percent [35S]GTPγS binding to the membranes and this effect was abolished by pretreatment of the membranes with 
pertussis toxin. Seatrout ovarian membranes were preincubated for 5 minutes with buffer only or activated pertussis 
toxin (PTX) and then further preincubated with [35S]GTPγS for 20 minutes. Pretreated membranes were then 
incubated for 30 minutes with vehicle only (Control) or 290 nM 20β-S or cortisol (20β-S, Cortisol). Bars represent 
mean percent change in specific [35S]GTPγS binding to ovarian membranes compared to control membranes + 
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SEM (n = 4). (B) Treatment of seatrout ovarian membranes with 290 nM 20β-S significantly increased the percent 
[35S]GTPγS immunoprecipitated with Gαi1-3 antibodies but not Gαs antibody or nonimmune rabbit serum. Ovarian 
membranes were preincubated with 8 nM [35S]GTPγS for 20 minutes and then further incubated with either vehicle 
(Control) or 290 nM 20β-S (20β-S) for 30 minutes at 4 °C. Membranes were solubilized and incubated overnight 
with either 5 µl of nonimmuine rabbit serum (Rabbit) or polyclonal Gαi1,2, Gαi3, or Gαs antibodies (1:100).  
Solubilized membranes were further incubated with 50 µl of Protein A/G Plus-agarose beads for 4 hours. Bars 
represent the mean percent increase in specific [35S]GTPγS binding to Gα subunits + SEM (n=4). (*) P < 0.05 
compared to control membranes by one-way RM ANOVA with Dunnett’s multiple comparisons test. Statistical 
analyses were performed prior to normalization of the data. (C) Immunoblot confirming the presence of Gαi1,2, 
Gαi3 and Gαs proteins in isolated seatrout oocyte membranes (2 µg total protein loaded per lane). 
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Figure 2.5. The 20β-S receptor is directly coupled to a pertussis toxin sensitive G-protein.  (A) Pretreatment of 
seatrout ovarian membranes with GTPγS significantly reduced specific [3H]20β-S binding to the membranes. 
Ovarian membranes were preincubated with (GTPγS) or without (Control) 10 µM GTPγS for 20 minutes and then 
incubated for an additional 30 minutes with [3H]20β-S (8 and 16 nM). (B) Pretreatment of seatrout ovarian 
membranes with pertussis toxin significantly reduced specific [3H]20β-S binding to the membranes. Ovarian 
membranes were preincubated with (PTX) or without (Control) 12 µg activated PTX for 20 minutes and then 
incubated with 8 nM [3H]20β-S for an additional 30 minutes. (C) Pretreatment of seatrout ovarian membranes with 
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GTPγS or activated pertussis toxin had no effect on specific [3H]testosterone binding to the membranes. Ovarian 
membranes were preincubated with buffer only (Control), 10 µM GTPγS (GTPγS) or 12 µg activated pertussis 
toxin (PTX) for 20 minutes and then incubated for an additional 30 minutes with 5 nM [3H]testosterone. In all 
experiments, nonspecific binding was measured by the addition of 1000-fold excess cold steroid in a parallel set of 
reactions. Samples were filtered onto a GF/B Whatman filter and radioactivity incorporated into membranes was 
measured. Bars are mean pmol specific [3H]20β-S or [3H]testosterone binding per mg protein + SEM (n=5). (*) P < 
0.05 compared to control membranes by Student’s t-test. 
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Figure 2.6.  The seatrout ovarian membrane progestin receptor (mPR) α is directly coupled to a Gαi1,2 protein and 
this association is reduced in response to treatment with 20β-S. Oocyte membranes (10 µg) were treated with 
vehicle or 290 nM 20β-S (20β-S) for 45 minutes, solubilized and then incubated overnight with 5 µl of Gαi1,2 or 
Gαo antibody or nonimmune rabbit serum (niR) and 50 µl of Protein A/G Plus-agarose beads. The presence or 
absence of seatrout mPRα protein in the immunoprecipitated samples was confirmed by immunoblot analyses 
using the monoclonal PR10-1 antibody described in Zhu et al. (2003). Shown is a representative immunoblot of 
quadruplicate samples.  
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CHAPTER 3 

STEROID INDUCED OOCYTE MATURATION IN ATLANTIC 

CROAKER IS DEPENDENT ON ACTIVATION OF cAMP-

INDEPENDENT SIGNAL TRANSDUCTION PATHWAYS 

SUMMARY 

Exposure of full grown fish and amphibian oocytes to maturation inducing substance 

(MIS) activates numerous signal transduction pathways to initiate the final stage of oocyte 

maturation. These events culminate in the activation of maturation promoting factor and 

germinal vesicle breakdown (GVBD). Usually exposure to MIS causes a transient decrease in 

oocyte cAMP levels. Whether this reduction in oocyte cAMP concentration is sufficient to 

induce GVBD is unclear. The current study tested the hypothesis that activation of cAMP-

independent signal transduction pathways by the naturally-occurring MIS, 17,20β,21-trihydroxy-

4-pregnen-3-one (20β-S), is necessary for GVBD in Atlantic croaker (Micropogonias undulatus) 

oocytes. Results indicate that while 20β-S treatment of oocyte membranes significantly reduced 

cAMP production, incubation of follicles with the cell-permeable PKA inhibitors Rp-cAMP or 

KT5720 did not promote GVBD in the absence of 20β-S. Additionally, treatment of follicles 

with the phosphodiesterase (PDE) inhibitors Cilostamide (PDE3) or Rolipram (PDE4) 

significantly reduced GVBD, but was not able to block it. In contrast, pharmacologic inhibition 

of the cAMP-independent phosphatidylinositol 3-kinase (PI3K) / Akt signal transduction 

pathway using the PI3K inhibitors Wortmannin or LY294002, or the Akt inhibitor ML-9, 

blocked 20β-S-induced GVBD. Finally, extracellular signal-regulated kinase (ERK1/2) activity 
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was increased after one hour of 20β-S treatment; however inhibition of ERK1/2 activity using 

PD98059 or U0126 had no effect on GVBD. These results demonstrate that activation of cAMP-

independent signaling pathways, especially the PI3K/Akt pathway, is necessary for 20β-S-

induced GVBD in Atlantic croaker oocytes. 

INTRODUCTION 

 Full grown oocytes from most species are arrested in prophase of meiosis I and in 

echinoderms and lower vertebrates oocyte meiotic arrest is released upon exposure to species-

specific maturation inducing hormones (Masui and Clarke 1979). The oocyte then undergoes a 

process of meiotic maturation, termed oocyte maturation, that is characterized by germinal 

vesicle breakdown (GVBD), chromosome condensation and extrusion of the first polar body, to 

produce a fertilizable egg  (Masui 2001, Masui and Clarke 1979).  

Oocyte maturation in fish and amphibians is one of the best-studied examples of 

nongenomic steroid hormone signaling (Maller and Krebs 1980, Nagahama et al. 1995). While 

steroid hormones traditionally elicit their effects through binding of intracellular nuclear 

receptors and the alteration of gene transcription, maturation inducing substances (MISs) bind 

receptors located on the oocyte plasma membrane  to produce rapid changes in intracellular 

signaling pathways (Jalabert 1976, Smith and Eckert 1971). The steroid membrane receptor 

mediating oocyte maturation in fish and amphibians has been hypothesized to be either the 

nuclear progesterone or androgen receptor (Bayaa et al. 2000, Lutz et al. 2001, Tian et al. 2000) 

or a novel G-protein coupled receptor (Maller 2001b, Thomas et al. 2002, Zhu et al. 2003a). 

Regardless of its nature, steroid binding to this membrane receptor activates numerous signal 

transduction pathways ultimately leading to the formation and activation of maturation 
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promoting factor (MPF), a complex of cdc2 and cyclin B proteins, and GVBD. While MPF 

activation is universal to oocyte maturation, the signaling events that lead to MPF activation are 

quite variable among species (Schmitt and Nebreda 2002, Voronina and Wessel 2004).  

One common signaling event initiated upon hormonal induction of oocyte maturation in 

lower vertebrates and starfish is a rapid decrease in oocyte 3’-5’ cyclic adenosine 

monophosphate (cAMP) levels by modulation of heterotrimeric G-protein activation and/or 

heterologous gap junction coupling between the follicle cells and the oocyte (Ferrell 1999b, 

Meijer and Zarutskie 1987, Sadler and Maller 1981, Webb et al. 2002, Yoshizaki et al. 2001a). It 

has been hypothesized that decreasing cAMP concentrations in the oocyte is sufficient to 

promote maturation in Xenopus and mouse oocytes (Andersen et al. 1998, Conti et al. 2002) 

presumably through inhibition of PKA activity which leads to MPF activation (Duckworth et al. 

2002). 

Another signaling molecule activated during oocyte maturation in many species is 

phosphatidylinositol 3-kinase (PI3K). Activation of PI3K is necessary for MIS-mediated oocyte 

maturation in starfish (1-methyladenine; Sadler and Ruderman 1998), striped bass 

(17,20β−dihydroxy-4-pregnen-3-one; Weber and Sullivan 2001) and Rana dybowskii 

(progesterone; Ju et al. 2002). In addition, follicle stimulating hormone-induced oocyte 

maturation in mouse (Hoshino et al. 2004) and growth factor-induced oocyte maturation in 

Xenopus and striped bass (Andersen et al. 1998, Weber and Sullivan 2001) require PI3K 

activation. PI3K catalyzes the production of phosphatidylinositol-3,4,5-trisphosphate 

(PI(3,4,5,)P3) from the plasma membrane lipid phosphtidylinositol-4,5-bisphosphate (Cantley 

2002). Class 1a PI3Ks are composed of a regulatory p85 subunit and a catalytic p110α or p110β 
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subunit and are converted to a high activity state by direct interaction with phosphotyrosine 

residues on activated growth factor receptors. This class of PI3Ks likely mediates growth factor-

induced oocyte maturation in Xenopus and striped bass (Browaeys-Poly et al. 2000, Weber and 

Sullivan 2001). Class 1b PI3Ks are composed of a regulatory p101 subunit and a catalytic p110γ 

subunit and are converted to a high activity state by binding to free heterotrimeric G-protein βγ 

subunits in the plasma membrane (Djordjevic and Driscoll 2002, Sadler and Ruderman 1998, 

Stephens et al. 1997). The Class 1b PI3Kγ isoform has been implicated in mediating 1-MA-

induced oocyte maturation in starfish (Sadler and Ruderman 1998) and accelerating 

progesterone-induced oocyte maturation in Xenopus (Hehl et al. 2001).  

Activation of PI3K and the formation of PI(3,4,5)P3 recruits signaling proteins that 

contain a plekstrin-homology domain, such as the serine-threonine kinase Akt (also called PKB) 

to the plasma membrane (Cantley 2002). Activation of Akt is necessary and sufficient to induce 

oocyte maturation in starfish, Xenopus and mouse (Andersen et al. 1998, Hoshino et al. 2004, 

Okumura et al. 2002). One potential downstream target for PI3K/Akt is the activation of 

phosphodiesterases (PDEs), the enzymes that degrade and inactivate cAMP (Conti et al. 2002). 

Activation of oocyte-specific PDE3 by PI3K/Akt was found to mediate insulin-like growth factor 

(IGF)-induced, but not progesterone-induced, oocyte maturation in Xenopus. In addition, 

incubation of Xenopus oocytes with the specific PDE3 inhibitor Cilostamide blocked IGF-

induced oocyte maturation (Andersen et al. 1998, Conti et al. 2002). Treatment with Cilostamide 

also completely blocks oocyte maturation in vivo and in vitro in mouse and PDE3 activity is 

thought to play an essential role in the resumption of meiosis in mammalian and amphibian 

oocytes (Conti et al. 2002). 
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Activation of mitogen activated protein kinase (MAPK) is universal during oocyte 

maturation, although its requirement for GVBD is uncertain (Ferrell 1999b, Maller 1998, 

Nebreda and Ferby 2000, Yamashita 1998). In Xenopus oocytes, over-expression of Mos, a 

MAPK kinase kinase, or constitutively active extracellular signal regulated kinase (ERK), 

induces GVBD in the absence of progesterone (Haccard et al. 1995, Sagata et al. 1989). 

However, progesterone is able to stimulate GVBD in the presence of various MAPK inhibitors 

(Gross et al. 2000). Activation of MAPK in follicle cells, but not in the oocyte, is necessary for 

oocyte maturation in mouse (Su et al. 2003) and MAPK activation is neither necessary nor 

sufficient for inducing maturation in goldfish oocytes (Kajiura-Kobayshi et al. 2000, Yamashita 

1998). 

 The two closely related sciaenid fishes, Atlantic croaker (Micropogonias undulatus) and 

spotted seatrout (Cynoscion nebulosus) are well established models of oocyte maturation whose 

maturation inducing steroid has been clearly identified as 17,20β,21-trihydroxy-4-pregnen-3-one 

(20β-S, Thomas and Trant 1989, Trant and Thomas 1988). Previous studies in spotted seatrout 

have shown that 20β-S binds to a novel progestin membrane receptor located in the oocyte 

plasma membrane (Patino and Thomas 1990a) which has recently been identified as a novel 

seven transmembrane receptor (Zhu et al. 2003b). 20β-S binding to this receptor activates a 

pertussis toxin sensitive, inhibitory G-protein (Gi) inducing a transient decrease in cAMP 

(Thomas et al. 2002, Zhu et al. 2003b). The purpose of the current study was to identify the 

signal transduction pathways activated downstream of Gi that are necessary for 20β-S-mediated 

oocyte maturation in Atlantic croaker. Specifically, we examined whether inhibition of PKA or 

activation of the PI3K/Akt/PDE or MAPK signal transduction pathways are necessary or 
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sufficient to promote GVBD in Atlantic croaker oocytes. It is hypothesized that activation of 

signal transduction pathways independent of cAMP, such as the PI3K/Akt pathway, is necessary 

for 20β-S-induced oocyte maturation in Atlantic croaker. 

METHODS 

Chemicals 

All nonradioactive steroids were obtained from Steraloids (Newport, RI). Dulbecco 

modified Eagle Medium with phenol red (DMEM, nutrient mixture F-12), actinomycin D, 

penicillin G, human chorionic gonadotropin (hCG), guanosine 5’-diphosphate (GDP), guanosine 

5’-triphosphate (GTP), phosphoenol pyruvate (PEP), pyruvate kinase (PK)  and basic laboratory 

chemicals were purchased from Sigma Aldrich (St. Louis, MO). Inhibitors of PI3K (Wortmannin 

and LY294002), Akt (ML-9), PDE3 (Cilostamide), PDE4 (Rolipram), PKA (KT5720 and Rp-

cAMP) and MEK (PD98059 and U0126), as well as antibodies for phosphoERK1&2 (pT185, 

pY187), total ERK1&2, phosphoAkt (pThr308) and total Akt protein were purchased from 

Biomol (Plymouth, MA). Halt protease inhibitor cocktail and Supersignal West Pico 

Chemiluminescent Substrate System were purchased from Pierce Biotechnology (Westford, IL).  

Animal Collection 

First year Atlantic croaker were purchased in September from commercial fishermen in 

Aransas Pass, Texas. Fish were returned to the laboratory and maintained in 16,000 L 

recirculation tanks on a 10 h light / 14 h dark cycle. Female Atlantic croaker were anesthetized 

and an ovarian biopsy sample was obtained by inserting a catheter attached to a syringe via the 

cloaca into the oviduct. The average diameter of the oocytes was determined under a binocular 

microscope. Oocytes with an average diameter of 450 to 470 µm were considered fully grown 
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and suitable for experimentation. Fish were humanely sacrificed by severing the spinal cord 

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

Committee. The ovaries were immediately removed, weighed and either transferred to DMEM, 

pH 7.6, containing 100 mg / L streptomycin and 60 mg / L penicillin, for in vitro incubations, or 

frozen on dry ice and stored at –80 °C. 

Oocyte Membrane Preparation  

Oocyte membranes were prepared as previously described (Thomas et al. 2001). Briefly, 

ovarian tissue fragments were finely minced in ice-cold homogenization buffer containing 25 

mM HEPES, pH 7.6, 10 mM NaCl, 10 mM MgCl2, 1 mM dithioerythritol, 1 mM EDTA and the 

fragments repeatedly expelled through an 18- and then a 22-gauge needle. Oocytes were washed 

through 400 µm Nitex mesh to remove follicle cells and immature oocytes and homogenized in 2 

ml of homogenization buffer with five passes through a glass tissue grinder. The homogenate 

was centrifuged twice at 500 x g for 5 minutes and the pellet discarded. The supernatant was 

centrifuged at 20,000 x g for 20 minutes and the resulting supernatant discarded. The pellet was 

resuspended in 1.5 ml of homogenization buffer and further separated over a 1.2 M sucrose pad 

(1 volume pellet resuspension : 1 volume sucrose buffer) by centrifugation at 6500 x g for 45 

minutes. The middle layer plasma membrane fraction was collected, washed and the final 

membrane pellet resuspended to a concentration of 1 mg total protein per ml buffer containing 

75 mM Tris-HCl, 5 mM MgCl2, 2 mM EDTA and 1 X protease inhibitor cocktail. 

Measurement of adenylyl cyclase activity 

Defolliculated Atlantic croaker oocyte membranes (oocyte membranes) were thawed on 

ice. Ten µg of oocyte membranes were incubated on ice with assay buffer containing 0.1 mM 



 

 41

ATP, 5 nM GTP, 0.25 mM phosphoenolpyruvate, 10 µg pyruvate kinase, 1 mM IBMX and 290 

nM 20β-S, 290 nM cortisol or vehicle (0.01 % ethanol) in a final volume of 100 µl. Incubations 

were initiated by the addition of the oocyte membranes to the assay buffer. Cyclic AMP 

production was measured at 0, 1, 5, 10, 15 and 30 minute intervals. Incubations were terminated 

by boiling the samples for 5 minutes. Samples were centrifuged for 15 minutes at 12,000 x g and 

the supernatant collected. The cAMP concentration of the supernatants was measured using a 

cAMP EIA kit according to the manufacturer’s instructions (Biomedical Technologies Inc., 

Stoughton, MA). 

Germinal vesicle breakdown bioassay 

Ovarian tissue was collected from reproductively mature female seatrout as described 

above and placed in DMEM supplemented with antibiotics. Ovarian fragments containing 

approximately 100 follicles were incubated in 24-well culture plates in 1 ml DMEM containing 

15 units hCG at 24 °C for 9 hours (priming). After priming, follicles were washed once with 1 

ml DMEM and then transferred to fresh DMEM containing 290 nM 20β-S, unless otherwise 

noted, with or without inhibitor and incubated for an additional 12 hours at 24 °C. After 12 hours 

the oocytes were scored for completion of GVBD, the first easily identifiable event in oocyte 

maturation (Trant and Thomas 1988). Follicles were then collected and frozen at -80 °C. A 

subset of oocytes incubated with the Akt inhibitor ML-9 was collected at 3 hours to confirm 

effectiveness of the inhibitor by immunoblotting. Concentrations of inhibitors were as follows:  

Wortmannin, 0.1 nM, 1 nM and 10 nM; LY294002, 2.5 µM, 5 µM and 25 µM; ML-9, 3 µM, 6 

µM, 12 µM and 25 µM; Cilostamide, 10 nM, 100 nM and 1 µM, Rolipram, 10 nM, 100 nM and 

1 µM; KT-5720, 1 µM; Rp-cAMP, 5 mM; PD98059, 500 nM, 2.5 µM, 25 µM and 50 µM; 
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U0126, 10 nM, 100 nM, 1 µM and 10 µM. Control incubations for each bioassay included 

oocytes incubated without hCG or 20β-S (negative GVBD control), hCG treated (primed) 

oocytes incubated without 20β-S (over-priming control), primed oocytes incubated with either 

0.01 % ethanol or 0.01 % to 0.1 % DMSO and 290 nM 20β-S (vehicle control) and unprimed 

oocytes incubated with 290 nM 20β-S (in vivo priming control).  Inhibitors were diluted 

according to the manufacturer’s instructions and were added 30 minutes prior to the addition of 

steroid.  

Ovarian membrane preparation and immunoblotting 

Ovarian follicles were homogenized in 200 µl of  buffer containing 50 mM Tris-HCl, pH 

7.4, 1 % NP-40, 0.25 % Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM 

Na3PO4, 1 mM NaF and 1X protease inhibitor cocktail with five passes through a glass tissue 

grinder. Samples were incubated with slight agitation for 45 minutes at 4 °C. The homogenate 

was centrifuged twice at 15000 x g for 5 minutes and the pellet discarded. The supernatant was 

sonicated for 5 seconds on ice and the final protein concentration determined using the Bradford 

protein assay per the manufacturer’s instructions (BioRad, Hercules, CA). For immunoblotting, 5 

µg of total protein were electrophoresed through a 12 % SDS-PAGE gel and transferred to a 

nitrocellulose membrane. Membranes were blocked for 1 hour in 5 % dry milk dissolved in Tris 

buffered saline containing 0.1 % Tween (TBS-T) and then incubated with anti-phosphoERK1/2 

antibody (1:500), anti-ERK1/2 antibody (1:500), anti-phosphoAkt antibody (0.5 µg / ml) or anti-

Akt antibody (0.5 µg / ml) diluted in TBS-T overnight at 4 °C. Membranes were washed 3 times 

in TBS-T and incubated for an additional 1 hour at room temperature with horseradish 

peroxidase labeled anti-rabbit secondary antibody (1:2000). Membranes were developed using 
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the Supersignal West Pico Chemiluminescent Substrate System according to the manufacturer’s 

instructions and exposed to film for 5 seconds to 5 minutes in order to visualize immunoreactive 

bands.  

Statistical Analyses 

Values are reported as means ± SEM and were analyzed using GraphPad Prism software 

(Version 3.02, GraphPad Prism Software, San Diego, CA, http://www.graphpad.com). Results 

were analyzed by one-way random analysis of variance (RM-ANOVA) with Dunnett’s multiple 

comparison test and significance reported as p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).  

RESULTS 

Effect of 20β-S treatment on cAMP production  

 To test whether treatment with 20β-S caused a measurable decrease in cAMP production 

in Atlantic croaker oocytes, isolated oocyte membranes were treated with vehicle (0.01 % 

ethanol), 290 nM cortisol or 290 nM 20β-S and cAMP production was measured over 30 

minutes. Addition of 290 nM 20β-S significantly reduced adenylyl cyclase activity and cAMP 

production by approximately 50 % within 1 minute and for up to 5 minutes, as compared to 

control membranes with no steroid added (Fig. 3.1). The effect of 20β-S on adenylyl cyclase 

activity was specific to the MIS. Addition of 290 nM cortisol, a C21 steroid that does not bind 

the 20β-S receptor or promote GVBD, did not reduce adenylyl cyclase activity. 

Effect of inhibitors of PKA, PDE3 and PDE4 on GVBD 

 To test whether the 20β-S induced decrease in cAMP concentration was sufficient to 

initiate GVBD, the effects of pharmacologic inhibitors of PKA, which is directly activated by 

cAMP, and of oocyte-specific PDE3 and follicle-specific PDE4, which degrade and inactivate 
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cAMP, on GVBD were investigated. Incubation of primed Atlantic croaker follicles with either 

of two cell-permeable inhibitors of PKA, KT5720 or Rp-cAMP, did not induce maturation in the 

absence of steroid (data not shown) nor did they enhance the efficacy of the steroid to promote 

GVBD (Fig. 3.2A), or accelerate the timing of GVBD (Fig. 3.2B). In contrast, inhibition of 

PDE3 by Cilostamide (10 nM to 1 µM) significantly decreased GVBD in Atlantic croaker 

follicles by approximately 55 % compared to controls (Fig. 3.3A). However, Cilostamide 

concentrations as high as 50 µM were not able to further reduce the percent of GVBD (data not 

shown). Inhibition of PDE4 using 1 µM Rolipram significantly reduced GVBD by 72 % (Fig. 

3.3B), however inhibitor concentrations up to 25 µM did not further reduce the percent GVBD 

(data not shown). 

Effect of inhibitors of PI3K on GVBD 

To examine whether PI3K activation was necessary for steroid-mediated GVBD, primed 

Atlantic croaker follicles were incubated with either Wortmannin or LY294002, two 

mechanistically-different PI3K inhibitors. Both inhibitors significantly reduced GVBD and 

relatively low concentrations of Wortmannin (10 nM) or LY294002 (25 µM) completely blocked 

GVBD (Fig. 3.4A). Additionally, the efficacy of LY294002 inhibition on GVBD was dependent 

on the concentration of 20β-S. Increased inhibition of GVBD by 1 µM LY294002 was observed 

in oocytes stimulated with 35 nM 20β-S, a physiologically-relevant concentration of steroid, as 

compared to oocytes incubated with 145 nM 20β-S, 64 % versus 23 %, respectively (Fig. 3.4B). 

Due to the large variability of percent GVBD in control fish from these experiments a 

representative fish is shown. Inhibition of PI3K using either 1 nM Wortmannin or 2.5 µM 

LY294002 also blocked the phosphorylation and activation of Akt and ERK1/2 (Fig 3.4C).  
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Effect of 20β-S treatment on Akt activation and effect of inhibitors of Akt on GVBD 

A potential next step in the steroid-initiated PI3K signaling pathway is activation of the 

serine/threonine kinase Akt. Immunoblot analyses of Atlantic croaker follicles using anti-

phosphoAkt antibodies that specifically recognize the activated form of the protein showed that 

Akt was activated within 1 hour of 20β-S treatment (Fig 3.5A). Incubation of primed Atlantic 

croaker follicles with 3 µM ML-9, an inhibitor of Akt, significantly reduced GVBD by 34 % 

compared to control follicles and 25 µM ML-9 completely blocked GVBD (Fig. 3.5B). These 

concentrations are below those reported to inhibit PKA (IC50 20 µM) or S6 kinase activity (IC50 

50 µM) by ML-9, suggesting the inhibitor effect was specific for Akt (Smith et al. 2000). 

Germinal vesicle breakdown was completely inhibited by 6 µM ML-9 in follicles treated with 35 

nM 20β-S (Fig. 3.5C). Finally, immunoblot analyses using anti-phosphoAkt and anti-

phosphoERK1/2 antibodies confirmed the effectiveness of ML-9 to block Akt activation by 20β-

S and that inhibition of Akt activity had no effect on MAPK activation (Fig. 3.5D). 

Effect of 20β−S treatment on ERK1/2 activation and effect of inhibitors of MEK on GVBD 

The effect of two inhibitors of ERK1/2 actvity on Atlantic croaker oocyte maturation was 

examined. Immunoblot analyses using anti-phosphoERK1/2 antibodies that are specific for the 

activated form of the protein detected an increase in ERK1/2 activation in 20β-S-treated follicles 

within 1 hour of steroid addition (Fig. 3.6A). Treatment of primed follicles with either of two 

different MEK inhibitors, 50 µM PD98059 or 10 µM U0126, had no effect on GVBD (Fig. 

3.6B). These concentrations are well above the reported IC50 for either inhibitor, 2 µM and 72 

nM, respectively. Higher concentrations of either inhibitor killed the follicles (data not shown). 
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Immunoblot analyses confirmed the effectiveness of the inhibitors to block ERK activity in 20β-

S-treated oocytes (Fig. 3.6C). 

DISCUSSION 

  This study demonstrates that, while 20β-S treatment of oocyte membranes significantly 

decreases cAMP production, activation of cAMP-independent signal transduction pathways, 

specifically the PI3K/Akt pathway, is necessary for oocyte maturation in Atlantic croaker. Cell 

permeable PKA inhibitors do not promote GVBD in Atlantic croaker oocytes in the absence of 

steroid. However, the results support a role for increased PDE3 and PDE4 activity as mediators 

of steroid-induced oocyte maturation. Finally, although MAPK activation occurs shortly after 

20β-S treatment, it is not necessary for GVBD. Results presented here, in addition to previous 

data demonstrating Gi activation in Atlantic croaker and spotted seatrout oocytes treated with 

20β-S (Thomas et al. 2002), provide a detailed description of the signal transduction pathways 

activated in sciaenid fish ovarian follicles by the naturally-occurring MIS. Thus the sciaenid 

oocyte maturation model is well suited for the study of nongenomic steroid hormone signaling 

during oocyte maturation. 

As mentioned previously, in lower vertebrates including Atlantic croaker, incubation with 

MIS produces a transient decrease in oocyte cAMP levels, reducing PKA activity. Direct 

inhibition of PKA activity induces oocyte maturation in Xenopus, catfish and mouse (Haider and 

Baqri 2002, Leonardsen et al. 2000, Maller and Krebs 1977). Moreover inhibitors of Gs, the G-

protein that stimulates adenylyl cyclase activity, promote oocyte maturation in the absence of 

steroid in mouse, Xenopus and zebrafish (Kalinowski et al. 2004, Mehlmann et al. 2002); 

although it is possible that inhibition of Gs alters alternative signaling pathways in addition to the 
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PKA pathway. In contrast, studies in other species including starfish, striped bass and Rana 

dybowskii found that PI3K activation, which is independent of cAMP and PKA, is necessary for 

MIS-mediated oocyte maturation (Ju et al. 2002, Nakano et al. 1999, Weber and Sullivan 2001).  

In the current study, incubation of primed Atlantic croaker follicles with the cell-

permeable PKA inhibitors Rp-cAMP or KT5720 did not induce oocyte maturation in the absence 

of steroid, nor did they accelerate 20β-S-induced GVBD. These results are in contrast to those 

observed in catfish and mouse where pharmacologic inhibition of PKA activity induces oocyte 

maturation in the absence of steroid (Haider and Baqri 2002, Leonardsen et al. 2000) and suggest 

that a decrease in PKA activity alone may not be sufficient to promote oocyte maturation in 

Atlantic croaker. It is possible that physiological differences between Atlantic croaker oocytes, 

as compared to catfish and mouse oocytes, prevented the PKA inhibitors from entering the 

oocyte in sufficient concentrations to effectively block the kinase activity. However these 

findings, in conjunction with results from the PI3K/Akt inhibition experiments, support the 

hypothesis that activation of cAMP-independent signaling pathways is necessary for oocyte 

maturation in Atlantic croaker. 

Previous studies have identified PDE3 as the predominant PDE isoform in mammalian 

oocytes and PDE4 as the predominant PDE isoform in mammalian follicle cells (Thomas et al. 

2002, Tsafriri et al. 1996). The current finding that inhibition of either PDE3 (Cilostamide) or 

PDE4 (Rolipram) significantly reduced the percent GVBD in 20β-S-treated Atlantic croaker 

oocytes suggests that high cAMP levels in the follicle cells and oocyte assist in maintaining 

meiotic arrest. However, failure of the inhibitors to completely block GVBD may be an 

indication that increased PDE3/4 activity alone is not sufficient to promote oocyte maturation in 
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the absence of MIS. In contrast, Cilostamide inhibition of PDE3 blocked spontaneous and hCG-

stimulated GVBD in > 90 % of rat and mouse oocytes and completely blocked IGF-induced 

GVBD in Xenopus (Conti et al. 2002, Richard et al. 2001). The effect of PDE4 inhibition on 

oocyte maturation in mammals is less clear with some authors reporting delayed meiotic 

resumption in the presence of the inhibitor (Thomas et al. 2004b), while others found no effect 

(Mayes and Sirard 2002). One explanation for the significant reduction in GVBD observed with 

PDE4 inhibition in Atlantic croaker follicles is that, in contrast to some other species, 

heterologous gap junctions between the follicle cells and oocyte are maintained, and even 

increase, during the onset of meiotic maturation (Patino et al. 2001, Yoshizaki et al. 2001b). The 

significant effect of follicle-specific PDE4 inhibition on GVBD in Atlantic croaker oocytes 

suggests that decreasing cAMP levels in the follicle cells, perhaps by reducing transfer of cAMP 

from the follicle cells to the oocyte through gap junctions, assists in releasing the oocyte from 

meiotic arrest.  

In order to directly test the hypothesis that activation of cAMP-independent signaling 

pathways is necessary for 20β-S-mediated oocyte maturation in Atlantic croaker, the effect of 

PI3K inhibition on 20β-S-induced GVBD was examined. The finding that incubation of Atlantic 

croaker follicles with either of two mechanistically-different PI3K inhibitors, Wortmannin or 

LY294002, completely blocked GVBD supports this hypothesis. Similar findings were observed 

in starfish, striped bass and Rana dybowskii (Ju et al. 2002, Sadler and Ruderman 1998, Weber 

and Sullivan 2001). In contrast, both LY294002 and Wortmannin failed to inhibit progesterone-

stimulated GVBD in Xenopus (Liu et al. 1995, Mood et al. 2004). Activated forms of class 1a 

PI3Ks, that are recruited to the plasma membrane by activated growth factor receptors, can 
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induce oocyte maturation in Xenopus in the absence of progesterone (Deuter-Reinhard et al. 

1997) and microinjection of the class 1a PI3K p85 regulatory subunits, that can bind and 

inactivate class 1b PI3K catalytic subunits, blocks progesterone-stimulated GVBD (Muslin et al. 

1993). However, these findings likely represent the growth factor-mediated, and not 

progesterone-mediated, signal transduction pathway leading to oocyte maturation.  

The effectiveness of PI3K inhibition by LY294002 to block GVBD in Atlantic croaker is 

dependent on the concentration of 20β-S, presumably due to a reduction in the number of 

occupied 20β-S receptors and PI3K activation at low steroid concentrations, 35 nM versus 145 

nM, and is similar to the situation observed in 1-methyladenine-induced oocyte maturation in 

starfish (Sadler and Ruderman 1998). Results showing that treatment of primed Atlantic croaker 

follicles with Wortmannin or LY294002 also block the 20β-S-mediated activation of Akt and 

MAPK indicate these two signaling pathways are downstream of PI3K activation. Together these 

findings suggest that PI3K activation is necessary for steroid-induced GVBD in Atlantic croaker.  

Formation of PI(3,4,5,)P3 by PI3K recruits  proteins that contain a plekstrin homology 

domain, such as Akt, to the plasma membrane (Scheid and Woodgett 2003). Previous studies in 

Xenopus and starfish oocytes have shown that Akt activation is necessary and sufficient to 

induce oocyte maturation, although Akt acts on different downstream effectors; PDE3 in 

Xenopus and Myt 1 in starfish (Andersen et al. 1998, Okumura et al. 2002). Results from the 

current study show that Akt is activated within one hour of steroid treatment and that activation 

of Akt is necessary for GVBD in Atlantic croaker. Results showing increased effectiveness of 

the Akt inhibitor to block GVBD in Atlantic croaker follicles incubated with physiologically-

relevant concentrations of 20β-S (35 nM), presumably through a reduction in 20β-S receptor 
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binding and Akt activation, provide evidence that the effects of ML-9 are specific for 20β-S-

induced activation of Akt and not the result of a nonspecific or toxic effect on the oocyte. The 

fact that inhibition of Akt, but not PDE3, blocks GVBD suggests that Akt is activating multiple 

downstream effectors, one of which is PDE3. These results, in addition to those described above, 

indicate that Akt is an essential component of the 20β-S/Gβγ/PI3K signal transduction pathway 

mediating meiotic maturation in Atlantic croaker oocytes.  

The results presented here establish that activation of the PI3K/Akt signal transduction 

pathway is necessary for oocyte maturation in Atlantic croaker. In addition, they demonstrate 

that while inhibition of PKA activity alone does not appear to be sufficient to promote GVBD in 

the absence of steroid, activation of PDE3 and PDE4, perhaps through the PI3K/Akt pathway, is 

an important component of the 20β-S-initiated signal transduction pathway leading to oocyte 

maturation in Atlantic croaker. These data support a role for elevated cAMP concentrations as a 

mediator of meiotic arrest, but suggest that decreased levels of cAMP and PKA activity alone are 

not sufficient to promote oocyte maturation. Rather, activation of PI3Kγ, through the release of 

free Gβγ upon 20β-S binding to its G-protein coupled receptor in the oocyte plasma membrane is 

needed. A proposed model of the signaling transduction pathways involved in the 20β-S-

mediated induction of oocyte maturation in sciaenid fishes is shown in figure 3.7A. 

Finally, in Atlantic croaker follicles, increased ERK1/2 activation is detected within one 

hour of 20β-S treatment and is sustained throughout GVBD, although incubation with two 

different MEK inhibitors that prevent ERK activation, U0126 and PD98059, have no effect on 

GVBD. Early studies on the role of MAPK activation on GVBD suggested that expression of 

Mos, which activates MAPK, was required for progesterone-induced meiotic maturation in 
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Xenopus oocytes (Sagata et al. 1989). Later studies in starfish, mouse, Xenopus and goldfish, 

using a variety of techniques including pharmacologic inhibitors, mos morpholino antisense 

oligonucleotides and mos gene knockouts, showed that MAPK activation is not necessary for 

GVBD but rather is acting as a cytostatic factor to suppress DNA replication between the two 

meiotic divisions (Ferrell 1999a, Nebreda and Ferby 2000, Voronina and Wessel 2004, Yoshida 

et al. 2000a). Failure of MAPK inhibition to block GVBD in Atlantic croaker oocytes is in 

agreement with these studies and confirms that MAPK activation is not necessary for GVBD in 

Atlantic croaker. Inhibition of PI3K, but not Akt, blocks MAPK activation, suggesting that PI3K 

activates multiple downstream signal transduction pathways, not all of which are necessary for 

GVBD (Fig. 3.7B). 

 Previous studies on oocyte maturation in sciaenid fishes have shown that the 20β-S 

oocyte membrane receptor is coupled to an inhibitory G-protein and pertussis toxin 

microinjection experiments have established that activation of this G-protein is necessary for 

GVBD (Thomas et al. 2002, Zhu et al. 2003b). It has also been shown that 20β-S membrane 

receptor concentrations increase during hCG induction of oocyte maturation in vitro and also in 

vivo in fish undergoing oocyte maturation in the  laboratory or on their spawning grounds 

(Thomas et al. 2001). There is recent evidence of a role in sciaenid oocyte maturation for the 

novel membrane progestin receptor, mPRα, a seven transmembrane domain receptor (Zhu et al. 

2003a). Similar to the changes observed with 20β-S membrane receptor binding activity, levels 

of oocyte mPRα mRNA and protein increase in response to gonadotropin treatment (priming) in 

in vitro GVBD bioassays (Zhu et al. 2003a). Additionally, recent unpublished heterologous 

expression studies in MDA-MB-231 cells show that mPRα specifically binds progestins to 
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directly activate a pertussis toxin sensitive G-protein and decrease cAMP production, mirroring 

the effects of 20β-S in the oocyte. The current study characterizes the signal transduction events 

initiated downstream of G-protein activation that are necessary for 20β-S induced GVBD in this 

model. Identification of the naturally-occurring MIS (20β-S) in sciaenid fishes and the extensive 

characterization of its receptor and the signal transduction pathways activated upon steroid 

binding to the receptor make sciaenids an excellent biological model for the study of 

nongenomic actions of maturation inducing steroid to initiate oocyte maturation. 
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Table 3.1 
Effect of PKA inhibition on GVBD in Atlantic croaker oocytes. 
 Number of oocyets 

completing GVBD/ 
Total number of 
oocytes   

Percent GVBD 

Negative control 0 / 387 0% 
Priming control 0 / 436 0% 
290 nM 20β-S 376 / 515 73% 
100 nM KT5720 0 / 335 0% 
1 µM KT5729 0 / 417 0 % 
10 µM KT5720 0 / 351 0 % 
50 µM Rp-cAMP 0 / 449 0 % 
500 µM Rp-cAMP 0 / 421 0 % 
5 mM Rp-cAMP 0 / 399 0 % 
Atlantic croaker follicles were primed with 15 units / ml hCG for 9 hours, rinsed with media and 
incubated with 290 nM 20β-S or increasing concentrations of the cell-permeable PKA inhibitors 
KT5720 or Rp-cAMP for 18 hours. Negative control follicles were incubated in media only. 
Priming control follicles were primed with hCG and then incubated in media only. Oocytes 
were scored for GVBD.  Results represent four independent experiments. 
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Figure 3.1. Effect of 20β-S treatment on oocyte adenylyl cyclase activity. Cyclic AMP production was measured in 
unstimulated oocyte membranes (Control) or oocyte membranes stimulated with 290 nM 20β-S or cortisol. Data are 
reported as mean pmol cAMP produced per mg protein per minute ± SEM (n=4). (*) P < 0.05, (**) P < 0.01, 
compared to control membranes by one-way RM ANOVA with Dunnett’s multiple comparisons test. 
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Figure 3.2. Effects of PKA inhibition on the efficacy of 20β-S to promote or accelerate GVBD in Atlantic croaker 
follicles. (A) Primed Atlantic croaker follicles were incubated with either media only (Control), 1 µM KT5720 or 5 
mM Rp-cAMP in the presence of 145, 73 or 35 nM 20β-S for 12 hours and scored for GVBD. Bars are mean 
percent GVBD + SEM (n=4). (B) Primed Atlantic croaker oocytes were incubated with media (Control), 1 µM 
KT5720 or 5 mM Rp-cAMP in the presence of 290 nM 20β-S and the time course for GVBD recorded. Symbols 
represent the mean percent GVBD per hour ± SEM (n=4). 
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Figure 3.3. Effects of PDE inhibition on GVBD in Atlantic croaker follicles. Primed Atlantic croaker follicles were 
incubated with either vehicle (Control), 100 nM to 10 µM Cilostamide (A) or 10 nM to 1 µM Rolipram (B) in the 
presence of 290 nM 20β-S for 12 hours and scored for GVBD. Bars represent the mean percent GVBD + SEM 
(n=4). (*) P < 0.05, (***) P < 0.001 compared to control follicles by one-way RM ANOVA with Dunnett’s multiple 
comparisons test.  
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Figure 3.4. Effect of PI3K inhibition on GVBD in Atlantic croaker oocytes. (A) Primed Atlantic croaker follicles 
were incubated with media only (Control), 0.1 – 10 nM Wortmannin (grey bars) or 2.5 – 25 µM LY294002 
(black bars) in the presence of 290 nM 20β-S for 12 hours and scored for GVBD. Bars represent the mean percent 
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GVBD + SEM (n=4). (***) P < 0.001, compared to control membranes by one-way RM ANOVA with Dunnett’s 
multiple comparisons test. (B) Primed Atlantic croaker follicles were incubated with media only (control), 1 µM 
or 2.5 µM LY294002 in the presence of 145 nM, 73 nM or 35 nM 20β-S. Bars are percent GVBD from a 
representative fish (n=3). (C) Lysates of follicles incubated with 290 nM 20β-S and 0.1 to 10 nM Wortmannin or 
2.5 to 25 µM LY294002 were analyzed by SDS-PAGE and immunoblotting using anti-phosphoAkt (top panel), 
anti-Akt (second panel), anti-phosphERK1/2 (third panel) or antiERK1/2 antibodies (fourth panel). Data are 
representative of three independent experiments. 
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Figure 3.5. Effect of Akt inhibition on GVBD in Atlantic croaker oocytes. (A)  Primed Atlantic croaker follicles 
were incubated with 290 nM 20β-S and samples were collected at 0, 1, 2, 4, 8, and 12 hours. Follicle lysates were 
analyzed by SDS-PAGE and immunoblotting using anti-phosphoAkt (top panel) and anti-Akt (bottom panel) 
antibodies. (B) Primed Atlantic croaker follicles were incubated with vehicle (Control) or 3, 6, 12 or 25 µM ML-9 
and 290 nM 20β-S for 12 hours and scored for GVBD. Bars are mean percent GVBD + SEM (n=4). (C) Primed 
Atlantic croaker follicles were incubated with vehicle (Control), 6 µM or 12 µM ML-9 in the presence of 145 nM, 
73 nM or 35 nM 20β-S. Bars are mean percent GVBD + SEM (n=3). (*) P < 0.05, (**) P<0.01, (***) P < 0.001 
compared to control follicles by one-way RM ANOVA with Dunnett’s multiple comparisons test. (D)  Lysates of 
follicles incubated with 290 nM 20β-S and 6, 12 or 25 µM ML-9 were analyzed by SDS-PAGE and 
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immunoblotting using anti-phospoAkt (top panel), anti-Akt (second panel), anti-phosphoERK1/2 (third panel) or 
anti-ERK1/2 antibodies (fourth panel). 
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Figure 3.6. Effect of MAPK inhibition on GVBD in Atlantic croaker oocytes. (A) Primed Atlantic croaker follicles 
were incubated with 290 nM 20β-S and samples were collected at 0, 1, 2, 4, 8 and 12 hours. Follicle lysates were 
analyzed by SDS-PAGE and immunoblotting using anti-phosphoERK1/2 (top panel) and anti-ERK (bottom panel) 
antibodies. (B)  Primed Atlantic croaker follicles were incubated with vehicle (Control), 500 nM to 25 µM 
PD98059 (gray bars) or 10 nM to 10 µM U0126 (black bars) and 290 nM 20β-S for 12 hours and scored for GVBD. 
Bars are mean percent GVBD + SEM (n=4). (C) Lysates of follicles incubated with 290 nM 20β-S and 500 nM to 
25 µM PD98059 or 10 nM to 10 µM U0126 were analyzed by SDS-PAGE and immunoblotting using anti-
phosphERK1/2 (top panel) or anti-ERK (second panel) antibodies. Data are representative of three independent 
experiments. 
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Figure 3.7. Proposed model of the signal transduction pathways activated in response to 20β-S treatment of primed 
Atlantic croaker follicles. (A) Binding of 20β-S to its G-protein coupled receptor located in the oocyte plasma 
membrane activates an inhibitory G-protein. The G-protein α and/or βγ subunits decrease adenylyl cyclase activity, 
lowering cytosolic cAMP concentrations and reducing PKA activation. The Gβγ subunits also recruit PI3Kγ to the 
plasma membrane. PI3Kγ catalyzes the formation of phosphatidylinositol-3,4,5-trisphosphate (PIP3) from the 
plasma membrane lipid phosphtidylinositol-4,5-bisphosphate (PIP2). Plekstrin homology domain containing 
proteins such as the serine/threonine kinase Akt are then recruited to the plasma membrane by binding the newly-
formed PIP3. Activation of Akt activates and/or inactivates a number of downstream effectors including PDE3, P70 
S6K and Myt1. Activation of PDE further reduces cAMP concentrations and PKA activation. These events 
culminate in the activation of maturation promoting factor (MPF) and GVBD. (B) Treatment of primed Atlantic 
croaker follicles with 20β-S also initiates translation of the MAPK kinase kinase, Mos. Mos protein phosphorylates 
and activates MEK (MAPK kinase) which in turn phosphorylates and activates ERK1/2 (MAP kinase). 
Alternatively, Gβγ and/or PI3Kγ may recruit the small G-protein Ras to the plasma membrane and activate ERK1/2 
through the Raf/MEK pathway (Crespo et al. 1994). Activated MAPK is not necessary for GVBD but may act as a 
cyctostatic factor (CSF) preventing DNA replication during the second meiotic division. 
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CHAPTER 4 

UPREGULATION OF THE NOVEL MEMBRANE PROGESTIN 
RECEPTOR, mPRα, IN ATLANTIC CROAKER OVARY DURING THE 

INITIATION OF OOCYTE MATURATION BY GONADOTROPIN 
 
SUMMARY 

Previous studies in our laboratory identified a novel membrane progestin receptor on 

spotted seatrout (Cynoscion nebulosus) oocytes that is unrelated to nuclear steroid hormone 

receptors. The membrane progestin receptor (mPRα) is upregulated by gonadotropin during 

maturation of seatrout oocytes, whereas microinjection of mPRα antisense oligonucleotides 

blocks maturation of zebrafish oocytes, both of which support the hypothesis that mPRα is an 

intermediary in maturation inducing steroid-induction of oocyte maturation in teleost fishes. 

Therefore, the purpose of the current study was to further test this hypothesis in another teleost 

species, the Atlantic croaker (Micropogonias undulatus). The mPRα gene was isolated from 

Atlantic croaker and the hormonal regulation of mPRα mRNA and protein expression during 

oocyte maturation was investigated. In addition, the tissue distribution of mPRα was examined. 

The full length coding sequence for mPRα was isolated from Atlantic croaker ovary and shown 

to be 98 % homologous at the nucleotide level to the spotted seatrout mPRα. Reverse 

transcription-polymerase chain reaction (RT-PCR) analysis detected mPRα mRNA in a broad 

range of tissues and immunoblot analysis detected a 40.5 kDa protein band corresponding to 

mPRα in ovary, oocytes, testis, intestine, heart, gill, olfactory epithelium and brain. The mPRα 

protein was present in the ovaries of female fish throughout the ovarian cycle with 

gonadosomatic indices ranging from 0.6 % to 16 %. Western blot analysis showed that in vitro 

treatment of full grown Atlantic croaker follicles with 15 units / ml human chorionic 
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gonadotropin (hCG) consistently upregulated mPRα protein levels within a few hours (2-8 

hours) in ovarian follicles, coincident with the development of oocyte maturational competence 

(OMC; i.e. ability to respond to maturation inducing steroid and complete germinal vesicle 

breakdown, GVBD). The gonadotropin-induced development of OMC and increase in mPRα 

protein levels was not blocked by pretreatment of the follicles with the steroidogenesis inhibitor 

DL-aminoglutethimide. Moreover, treatment of Atlantic croaker ovarian follicles with 20β-S had 

no effect on mPRα protein expression. In contrast to the consistent upregulation of mPR protein 

expression, treatment with hCG only upregulated mPRα mRNA expression in ovaries in which 

fewer than 70% of the follicles became maturationally competent, and was ineffective in ovaries 

in which OMC was greater than 95%. The results showing gonadotropin upregulation of mPRα 

protein expression in ovarian follicles accompanying the onset of oocyte maturation in another 

teleost model further support the hypothesis that mPRα is a mediator of progestin induction of 

oocyte maturation in teleosts. However, the finding that this upregulation in receptor protein is 

not always associated with increases in mPRα mRNA expression suggests that gonadotropin can 

influence multiple components of the receptor protein biosynthetic pathway to increase mPRα 

protein levels in the plasma membrane at the time of oocyte maturation. 
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INTRODUCTION 

 Traditional steroid hormone receptors are members of a superfamily of nuclear receptors 

that act as ligand-dependent transcription factors. In addition to this classical genomic 

mechanism of steroid action, evidence for rapid nongenomic steroid responses, the effects of 

which are initiated at or near the plasma membrane, has accumulated over the last two decades 

(reviewed in Falkenstein et al. 2000, Edwards 2004, Zanello and Norman 2004). The nature of 

the steroid receptors mediating many of these rapid responses is unclear. In some instances it 

appears that the response is mediated by the traditional nuclear steroid receptor localized to the 

plasma membrane or to signaling complexes near the plasma membrane (Chen et al. 1999, 

Razandi et al. 2003, Song et al. 2004). In other cases a novel type of  membrane receptor 

mediates the nongenomic steroid response (Singh et al. 2000, Nadal et al. 2000, Peluso et al. 

2001, Zhu et al. 2003ba, Thomas et al. 2005a, Revankar et al. 2005). 

Recent studies have described a new family of vertebrate steroid hormone receptors that 

are structurally distinct from the nuclear family of receptors, the membrane progestin receptor 

family (Zhu et al. 2003ba, Thomas et al. 2004a, Pace and Thomas, submitted). Phylogenetic 

analyses from a variety of vertebrate species have identified 13 genes that comprise three distinct 

mPR groups termed α, β and γ (Zhu et al. 2003a,b). The tissue distribution of the three mPR 

groups in humans is distinct with α predominately expressed in reproductive tissues, β expressed 

in neural tissues and γ expression limited to kidney and intestinal tissues (Zhu et al. 2003a,b). In 

teleosts the membrane progestin receptor alpha (mPRα) was shown to meet seven criteria 

designating it as a steroid membrane receptor (Zhu et al. 2003b,a). It has structural and 

functional characteristics typical of a seven-transmembrane domain, G-protein coupled receptor 
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(GPCR). Heterologous expression studies using MDA-MB-231 cells that lack nuclear 

progesterone receptors showed that mPRα specifically binds progestins, including the naturally-

occurring spotted seatrout maturation inducing steroid (MIS) 17,20β,21-trihydroxy-4-pregnen-3-

one (20β-S), to activate a pertussis toxin sensitive G-protein and decrease adenylyl cyclase 

activity (Zhu et al. 2003b,a, personal observation).  

Several lines of evidence suggest a role for mPRα in oocyte maturation in multiple 

spawning teleosts. Seatrout mPRα mRNA and protein are upregulated by in vitro treatment of 

full grown ovarian follicles with gonadotropin  and ovarian mPRα protein expression increases 

over the 12 hour spawning cycle of field-collected spotted seatrout (Zhu et al. 2003b,a). This 

increase in mPRα protein expression correlates to an increase in the ability of the oocytes to 

respond to 20β-S (oocyte maturational competence, OMC) and to an increase in 20β-S binding 

in ovarian membranes (Thomas et al. 2001). 20β-S binding to seatrout ovarian membranes 

activates a pertussis toxin sensitive G-protein to decrease cAMP production and initiate oocyte 

maturation, the same signaling pathway activated by 20β-S in MDA-MB-231 cells expressing 

mPRα (Zhu et al. 2003b,a, Pace and Thomas, submitted). The demonstration that the mPRα 

protein from seatrout oocyte membranes coimmunoprecipitates with an anti-Gαi antibody and 

that the amount of immunoprecipitated protein is decreased after pretreatment of the membranes 

with 20β-S further supports this proposed signaling pathway mediated by mPRα during oocyte 

maturation (Pace and Thomas, submitted). Evidence of a role for mPRα in oocyte maturation has 

also been found in a second teleost species, zebrafish, using antisense microinjection studies, 

where microinjection of mPRα antisense oligonucleotides into zebrafish oocytes significantly 
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inhibited steroid-induced oocyte maturation (Zhu et al. 2003b,a). However, comparable 

information on mPRα protein expression in the ovarian follicles of other teleost species, 

including those with different patterns of follicular development and spawning, will be required 

to establish the importance of mPRα as a primary mediator of progestin induction of oocyte 

maturation in this vertebrate group.  

The purpose of the current study was to investigate the hormonal regulation of mPRα 

during oocyte maturation in another well-established oocyte maturation model, the Atlantic 

croaker, which has more synchronous follicular development and spawning than seatrout and 

zebrafish, to further test the hypothesis that the mPRα is an intermediary in progestin induction 

of oocyte maturation in teleosts. An initial goal was to isolate the mPRα gene from Atlantic 

croaker ovaries. The tissue distribution of the mPRα mRNA and protein were characterized and 

the hormonal mechanisms underlying the regulation of its expression in the oocyte in relation to 

the current 2-stage model for ovarian follicle maturation was investigated. The results show that 

treatment of full grown Atlantic croaker oocytes with human chorionic gonadotropin (hCG) 

increases mPRα protein expression during the development of OMC in a manner similar to that 

observed previously in spotted seatrout.  

METHODS 

Animal Collection 

First year Atlantic croaker were purchased in September 2002 and September 2004 from 

commercial fishermen in Aransas Pass, Texas. Fish were returned to the laboratory and 

maintained in 16,000 L recirculation tanks on a 10 h light / 14 h dark cycle. Female Atlantic 

croaker were anesthetized and an ovarian biopsy sample was obtained by inserting a catheter 
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attached to a syringe via the cloaca into the oviduct. The average diameter of the oocytes was 

determined under a binocular microscope. Oocytes with an average diameter of 450 to 470 µm 

were considered fully grown. Fish were humanely handled and sacrificed by severing the spinal 

cord following procedures approved by the University of Texas at Austin Animal Care and Use 

Committee. The ovaries were immediately removed, weighed and either transferred to DMEM, 

pH 7.6, containing 100 mg/L streptomycin and 60 mg/L penicillin, for in vitro incubations, or 

frozen on dry ice and stored at –80 °C. 

Cloning of Atlantic croaker mPRα 

Total RNA was extracted from Atlantic croaker ovary using TRIzol extraction reagent 

(Life Technologies, Rockville, MD) and then treated with RNase-free DNase using DNA-free 

DNase (Zymo Research Corp., Orange, CA), both according to the manufacturer’s instructions.  

One µg of total RNA was reverse transcribed (RT) using the Superscript III First-Strand 

Synthesis system (Invitrogen Corp., Carlsbad, CA). In a parallel set of reactions the RT was 

performed without the addition of reverse transcriptase to control for genomic DNA 

contamination. These cDNAs were used as template for polymerase chain reaction (PCR) using 

Platinum Taq DNA Polymerase (Invitrogen Corp., Carlsbad, CA). The PCR temperature profile 

consisted of 35 cycles of 30 seconds at 95 °C, 1 minute at 65 °C and 1 minute at 72 °C with a 

final extension step of 5 minutes at 72 °C. The PCR primers (sense 5’-

CGGTCGCCTATTTATCAACG-3’; antisense 5’-GCTCAGGACTCGCATATTTG-3’) were 

designed from the seatrout mPRα sequence (GenBank accession number AF2062028) to yield a 

final PCR product of 580 base pairs. The full-length sequence for the coding region of the 

Atlantic croaker mPRα was obtained using the 5’ and 3’ RACE System for rapid amplification 
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of cDNA ends version 2.0 according to the manufacturer’s instructions (Invitrogen Corp., 

Carlsbad, CA).  Internal gene-specific primers were 5’-GGTGAGAAAGTAGTAGCGC-3’ for 

the 5’ RACE reaction and 5’-CGCTCATCTCCTCTCTGC-3’ for the 3’ RACE reaction. A final 

PCR product containing the 1058 base pair coding sequence of Atlantic croaker mPRα was 

obtained.  

mPRα mRNA Tissue Distribution (RT-PCR) 

Total RNA was extracted from Atlantic croaker ovary, olfactory epithelium, intestine, 

muscle, heart, gill, liver, brain and testes using TRIzol reagent. Two µg of RNA were then 

subjected to RT-PCR using Atlantic croaker specific primers (sense 5’-

CGGTCGCCTATTTATCAACG-3’; antisense primer 5’-GCTCAGGACTCGCATATTTG-3’) 

with the cycling parameters described previously. PCR products were separated by 

electrophoresis on a 1 % agarose gel and visualized using ethidium bromide.  

mPRα Protein Tissue Distribution (Western Blot) 

Atlantic croaker tissues (ovary, testis, olfactory epithelium, intestine, muscle, heart, gill, 

liver and brain) were homogenized in ice cold buffer containing 25 mM HEPES, pH 7.6, 10 mM 

NaCl, 10 mM MgCl2, 1 mM dithioerythritol, 1 mM EDTA and 1 X HALT protease inhibitor 

cocktail (Pierce Biotechnology, Rockford, IL). Ovaries of Atlantic croaker with gonadosomatic 

indices (GSI, (gonad weight / total fish weight)*100)) ranging from 0.6 % to 16 % were 

homogenized in the same manner. Tissues were homogenized by hand followed by 10 seconds 

of sonication. Protein samples were then centrifuged for 10 minutes at 14,000 x g and the 

supernatant transferred to a fresh microcentrifuge tube. Total protein in each sample was 

determined using the Bradford method (BioRad, Hercules, CA). Ten µg of total protein were 
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separated on a 10 % SDS-PAGE gel and the proteins transferred to a polyvinylidene fluoride 

(PVDF) membrane. The PVDF membrane was blocked using 5 % dry milk dissolved in Tris-

buffered saline containing 5 % Tween (TBS-T) for 1 hour at room temperature and incubated 

overnight at 4 °C with a polyclonal antibody directed against an N-terminal seatrout mPRα 

peptide sequence (1:2500). The membrane was washed 3 times with TBS-T and incubated with 

horseradish peroxidase-labeled anti-rabbit secondary antibody (1:2000) for 1 hour at room 

temperature. The membrane was washed 3 times in TBS-T and the immunoreactive protein 

bands were visualized using the Supersignal West Pico Chemiluminescent Substrate System 

(Pierce Biotechnology, Westford, IL).   

Hormonal Regulation of mPRα in Fully Grown Oocytes 

 Ovarian tissue was collected from reproductively mature female Atlantic croaker and 

placed in DMEM supplemented with 50 mg / L streptomycin and 100 mg / L Penicillin G. 

Ovarian fragments containing approximately 100 follicles were incubated in 24-well culture 

plates in 1 ml DMEM with or without 15 units / ml human chorionic gonadotropin (hCG, fish 

from 2002 and 2004) or 290 nM 20β-S (2004 fish only) and samples for RNA and protein were 

collected at 0, 1, 2, 4, 6, 8 and 10 hours. In addition, ovarian fragments from fish sampled in 

2004 were incubated with 100 µM of the steroidogenesis inhibitor DL-aminoglutethimide or 15 

units / ml hCG plus 100 µM DL-aminoglutethimide and samples for RNA and protein collected 

at 0, 1 and 6 hours. Media from the 15 units / ml hCG, 15 units / ml hCG plus 100 µM DL-

aminoglutethimide and DMEM only treatments were collected at 6 hours for radioimmunoassay 

analysis to confirm the effectiveness of the steroidogenesis inhibitor. All fish used in these 

experiments had GSIs ranging from 16 % to 19 % and average oocyte diameters of 475 µM. 
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To confirm that the mPRα protein was located in the oocyte fraction of the follicle, 

ovarian fragments from fish collected in 2004 were incubated with or without 15 units / ml hCG 

for 6 hours and then defolliculated and the oocyte membranes subjected to immunoblotting using 

the mPRα polyclonal antibody. To defolliculate the oocytes, ovarian tissues were placed in ice-

cold homogenization buffer (25 mM HEPES, pH 7.6, 10 mM NaCl, 10 mM MgCl2, 1 mM 

dithioerythritol, 1 mM EDTA, 1 X HALT) and finely minced. Tissue fragments were repeatedly 

expelled through an 18- and then a 22-guage needle and vigorously washed through 400 µm 

Nitex mesh to remove follicle cells and immature oocytes. Removal of > 90 % of the follicle 

cells from the final oocyte preparation was confirmed by microscopy. Next, oocytes were 

homogenized in 2 ml of homogenization buffer containing 1 X HALT protease inhibitor cocktail 

with five passes through a glass Tenbroek tissue grinder. The homogenate was centrifuged twice 

at 500 x g for 5 minutes and the pellet discarded. The supernatant was centrifuged at 20,000 x g 

for 20 minutes and the resulting supernatant discarded. The final membrane pellet was 

resuspended to a concentration of 1 mg total protein per ml buffer containing 75 mM Tris-HCl, 5 

mM MgCl2, 2 mM EDTA, 1 X protease inhibitor cocktail and frozen at –80 °C. 

For all the in vitro incubation studies a subset of follicles was primed with 15 units / ml 

hCG for 10 hours and then incubated with 290 nM 20β-S to test their maturational competence. 

Only follicles showing greater than 50 % GVBD were used for analyses. 

Real-time RT-PCR analysis 

 Total RNA was isolated from ovarian follicles using TRIzol reagent and treated with 

DNase. Reverse transcription of one µg of total RNA from each sample, with or without enzyme, 

and PCR were performed as described above. Two µl of the RT reactions were then analyzed by 
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real-time PCR (Cephid Smart Cycler System®, Sunnyvale, CA) using the Superscript III 

Platinum Two-Step UDG qRT-PCR kit (Invitrogen, Carlesbad, CA). A HEX-labeled Light Upon 

eXtension (LUX, Invitrogen) sense primer (5’- ctaccaCAGAGCAGCCCTCCTGG5AG-3’) and 

unlabeled antisense primer (5’- TTCCAAGTGGTGCCCTCAGC-3’) were used to amplify the 

Atlantic croaker mPRα gene (Invitrogen Corp., Carlesbad, CA). Primers specific for the Atlantic 

croaker 18S rRNA gene were used as the reference (sense 5’-

GTTAATTCCGATAACGAACGAGACTC-3’; antisense 5’-

ACAGACCTGTTATTGCTCAATCTCGTG-3’; probe 5’-

TTCTTAGAGGGACAAGTGGCGTT-3’). The 18S probe was 5’ labeled with hexachloro-

fluorescien (HEX) and 3’-labeled with Black Hole Quencher 1 (Sigma Genosys). Cycle 

parameters were 50 °C for 2 minutes, 95 °C for 2 minutes and then 60 cycles of 94 °C for 5 

seconds, 60 °C for 10 seconds and 72 °C for 10 seconds. Fold changes in mPRα gene expression 

relative to untreated control follicles  were calculated using the 2-∆∆C
t method described in Livak 

and Schmittgen 2001). 

RESULTS 

Cloning of the Atlantic croaker mPRα  

 The full length coding sequence of the Atlantic croaker mPRα has an open reading frame 

of 1058 nucleotides encoding a protein of 352 amino acids with a predicted molecular weight of 

40.5 kDa. The Atlantic croaker mPRα nucleotide sequence is 98 % identical to the closely-

related spotted seatrout mPRα sequence and 94 % identical to the Black Porgy (Acanthopagrus 

schlegelii). Analysis of the Atlantic croaker mPRα two dimensional protein structure predicts 

that it is an integral membrane protein with seven transmembrane domains (7TMD, 
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http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html) identical to the predicted structure of the 

spotted seatrout mPRα protein. The protein contains two predicted myristolation sites located at 

amino acids 156 and 192. 

Tissue distribution of the Atlantic croaker mPRα mRNA and Protein 

 RT-PCR analysis showed the presence of the mPRα mRNA in every tissue tested 

including brain, ovary, heart, kidney, liver, intestine, muscle, gill, olfactory epithelium and testis 

(Fig. 4.1A). Control RT reactions (RT-) without added enzyme confirmed the absence of 

genomic DNA contamination in the RNA samples.  

 Immunoblot analysis using a polyclonal antibody detected an immunoreactive protein 

band of the predicted molecular weight of ~ 41 kDa in the ovary, testis, olfactory epithelium, 

intestine, heart, gill and brain (Fig. 4.1B) with no similarly-sized immunoreactive protein band 

detected in muscle or liver. Immunoblot analysis also confirmed the presence of the mPRα 

protein in ovaries of fish with gonadosomatic indices ranging from 0.6 % to 16 %, indicating that 

the protein is present throughout gonadal development (Fig. 4.1C). 

Gonadotropin regulation of Atlantic croaker mPRα mRNA and protein expression 

Treatment of ovarian follicles collected from Atlantic croaker in both years (2002 and 

2004) with 15 units / ml hCG for 4 - 6 hours consistently increased mPRα protein expression 

(Fig. 4.2A, 4.3A). This upregulation of mPRα protein content was associated with the 

development of maturational competence; at least two-thirds of the oocytes subsequently 

underwent GVBD in response to treatment with 290 nM 20β-S whereas none of the untreated 

control follicles were responsive to 20β-S. Immunoblot analysis of control and hCG-treated 

http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html
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isolated oocyte plasma membranes confirmed the presence of the mPRα protein and its 

upregulation by hCG in the oocyte portion of the ovarian follicle (Fig. 4.2B). 

Treatment of ovarian follicles from Atlantic croaker collected in 2002 with hCG for 6 

hours also significantly increased mPRα gene expression by approximately 9 fold compared to 

control follicles (Fig. 4.2C). In contrast, hCG treatment did not significantly affect mPRα mRNA 

expression in ovarian follicles from Atlantic croaker collected in 2004 (Fig. 4.4). There was no 

significant difference in either the GSI or average oocyte diameters between Atlantic croaker 

ovaries collected in 2002 and 2004 (data not shown). However, a significantly higher percentage 

of the oocytes collected in 2004 underwent GVBD in response to 20β-S after “priming “ with 

gonadotropin (2004: 93 ± 3 %, 2002: 67± 9 %., p < 0.0019), suggesting that the ovarian follicles 

of the 2004 donors had reached a more mature hormone-responsive stage than those collected in 

2002.  

Effects of a steroidogenesis inhibitor and 20β-S on mPRα expression 

The development of OMC and the upregulation of mPRα protein concentrations in 

response to gonadotropin (15 units / ml hCG) were not blocked when the ovarian follicles were 

co-incubated with 100 µM DL-aminoglutethimide, a side-chain cleavage and aromatase inhibitor 

(Fig. 4.3A, GVBD results not shown). Radioimmunoassay analysis confirmed the effectiveness 

of DL-aminoglutethimide in blocking hCG-stimulated testosterone production. Treatment of 

ovarian follicles with 100 µM DL-aminoglutethimide and 15 units / ml hCG blocked hCG-

stimulated testosterone production (Fig. 4.3B). Immunoblot analysis showed no difference in 

mPRα protein expression levels between control follicles and follicles treated with 290 nM 20β-

S for up to 12 hours (Fig. 4.3C). 
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Real-time qPCR analysis showed no difference in mPRα mRNA expression levels in 

control follicles or follicles treated with 15 units / ml hCG or 290 nM 20β-S for 6 hours from 

fish collected in 2004 (Fig. 4.4). There was also no significant difference in the relative 

expression of mPRα mRNA in control ovarian follicles from fish collected in 2002 and 2004. 

DISCUSSION 

The results of this study show that gonadotropin consistently upregulates mPRα protein 

levels in Atlantic croaker ovarian follicles which accompanied the development of oocyte 

sensitivity to the MIS and the completion of GVBD. These findings confirm those obtained 

previously in a closely related species, spotted seatrout, which has a different pattern of oocyte 

development and spawning, and support the hypothesis that mPRα is the intermediary in MIS 

induction of oocyte maturation in teleosts.  

In contrast to the gonadotropin-mediated upregulation of mPRα protein observed in both 

seatrout and Atlantic croaker ovaries, steroid regulation of mPRα mRNA and protein expression 

differed between these two closely-related sciaenid species. mPRα protein expression in Atlantic 

croaker oocytes is upregulated by treatment with hCG but not 20β−S, and inhibition of 

steroidogenesis did not affect this response, supporting the current two-stage model of ovarian 

follicular development in teleosts proposed by Patino et al. 2001). In the first, gonadotropin-

dependent stage of ovarian maturation, levels of mPRα protein increase in the Atlantic croaker 

oocyte in preparation for 20β-S production by the follicle cells in the second, steroid-dependent 

stage. A five minute exposure to 20β-S is sufficient to initiate oocyte maturation in primed, 

competent oocytes (Thomas and Das 1997), therefore the current finding that mPRα expression 

levels are not further increased by maturation inducing steroid treatment is not surprising. An 
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increase in receptor expression at this point in the maturation process would not enhance the 

likelihood of successfully initiating or completing oocyte maturation. Rather, oocyte receptor 

expression levels are maximized prior to MIS production in the follicle cells. 

Another interesting finding from this study was that the effect of gonadotropin treatment 

of Atlantic croaker follicles on mPRα mRNA expression differed between cohorts of fish. 

Treatment with hCG significantly increased mPRα mRNA expression in follicles of fish 

collected in 2002 that showed a lower level of hormone responsiveness but had no effect on 

mPRα transcription in the highly hormone responsive fish collected in 2004. These results 

suggest that mPRα transcription and translation, and potentially post-translational 

modification(s) and/or receptor membrane trafficking, are all under hormonal control and that 

these different control mechanisms, both genomic and nongenomic, need to be considered when 

investigating the effects of hormonal regulation of mPRα. 

The cDNA for the novel membrane progestin receptor α  was isolated from Atlantic 

croaker ovary and the sequence of the gene was found to be 98 % identical to the mPRα 

sequence originally isolated from the closely-related sciaenid, the spotted seatrout. It is similarly 

predicted to be an integral membrane protein with seven transmembrane spanning domains, 

typical of G-protein coupled receptors. This finding is in agreement with previous studies 

showing the 20β-S oocyte membrane receptor in Atlantic croaker and spotted seatrout is directly 

coupled to a pertussis toxin sensitive G-protein and that activation of this G-protein is necessary 

for oocyte maturation (Thomas et al. 2002, Pace and Thomas, submitted). 

The Atlantic croaker mPRα mRNA was detected in all tissues examined, similar to the 

situation observed in catfish (Kazeto et al. 2005) but different from that seen in the spotted 
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seatrout and zebrafish where it is detected mainly in reproductive tissues and brain (Zhu et al. 

2003b, Kazeto et al. 2005). Differential tissue expression patterns of mPRα mRNA in various 

teleost species suggest that progestins mediate a variety of rapid, species-specific effects but 

further information on mPRα protein expression patterns in different teleost species is needed 

before this can be concluded. 

In that regard, the current study provides the first extensive characterization of mPRα 

protein distribution in any species showing mPRα protein expression in Atlantic croaker 

reproductive tissues and brain, as seen in the spotted seatrout, and also in the intestine, heart, gill 

and olfactory epithelium. These results suggest that mPRα is mediating rapid progestin effects 

other than the initiation of oocyte maturation. For example, mPRα is the likely candidate 

mediating the rapid, membrane-initiated effects of progestins in Atlantic croaker spermatozoa to 

increase sperm motility (Thomas et al. 2004a). Additionally, brain mPRα likely mediates the 

rapid effect of progestins in the Atlantic croaker preoptic anterior hypothalamus to downregulate 

gonadotropin-releasing hormone secretion (Thomas et al. 2004a). In addition, recent studies in 

the Eurasian ruffe suggest that a metabolite of 20β-S produced by females undergoing oocyte 

maturation acts as a pheromone to initiate swimming activity and social interactions among 

conspecific males, an effect potentially mediated by mPRα in the olfactory epithelium (Sorensen 

et al. 2004). 

The presence of mPRα in the ovaries of Atlantic croaker with GSIs ranging from 0.6 % 

to 16 % suggests the receptor may have a role in regulating oocyte growth and development as 

well as oocyte maturation. It is possible that an increase in FSH during oocyte growth stimulates 

a baseline level of mPRα expression in the follicle and that the surge in LH during development 
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of OMC stimulates the increased oocyte receptor expression observed in this study. There is also 

evidence that LH regulates oocyte growth in Atlantic croaker (personal observation) and this 

may explain the baseline levels of mPRα expression observed in developing follicles prior to the 

gonadotropin surge.  

Alternatively, mPRα protein expression in developing follicles may be regulated by 

steroids. In the current study, treatment of full-grown Atlantic croaker ovarian follicles with 20β-

S did not alter mPRα mRNA or protein expression during development of OMC, nor did 

incubation with a steroidogenesis inhibitor block the effect of hCG on protein expression. There 

is evidence, however, of steroid regulation of mPRα protein expression in seatrout ovary (Zhu et 

al. 2003b) and of increased 20β-S binding in Atlantic croaker sperm and follicle membranes 

(Thomas et al. 2001, Thomas et al. 2005b). In addition, analysis of the catfish mPRα promoter 

region revealed several putative transcriptional regulatory sites including 

glucocorticoid/progesterone/androgen responsive elements, estrogen responsive elements and 

two steroidogenic factor-1 binding sites. Together these finding provide compelling evidence for 

steroid regulation of mPRα expression in teleost follicles at times other than the development of 

OMC. Further investigation of the role of mPRα during oocyte growth in Atlantic croaker, 

including its possible expression and activity in the follicle cells and isolation and study of its 

promoter region, is needed to address this hypothesis. 

The lack of hCG-mediated upregulation of mPRα mRNA expression in Atlantic croaker 

follicles from 2004 is an interesting finding. Physical parameters including percent GSI and 

oocyte diameter were not significantly different for fish collected in 2002 and 2004. However, 

the average percent GVBD was significantly higher in the 2004 fish, suggesting that the 2004 



 

 79

follicles were further developed than those in 2002. It may be that mPRα mRNA expression 

reaches a maximum concentration during the late stages of oocyte growth after which they are 

stored in the oocyte until the onset of OMC. With the onset of OMC the stored mPRα mRNA is 

unmasked and translated, increasing mPRα protein expression.  

The results presented here build on previous studies that have examined 20β-S binding in 

sciaenid ovarian follicle membranes during the development of OMC and oocyte maturation and 

provide a possible candidate for the steroid receptor mediating these processes. These findings 

also provide a direct correlation between the LH-mediated development of OMC and the in vivo 

and in vitro increase in 20β-S binding and mPRα expression in the sciaenid oocyte membrane 

(Thomas et al. 2001). Further, this work supports previous studies in spotted seatrout and 

zebrafish showing a physiological role for the mPRα in the gonadotropin-mediated induction of 

oocyte maturation (Thomas and Das 1997, Zhu et al. 2003b). 
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Fig. 4.1. Distribution of mPRα mRNA and protein in Atlantic croaker tissues. (A) Total RNA was isolated from 
tissues of fully recrudesced male and female Atlantic croaker (ovary (O), olfactory epithelium (OE), intestine (I), 
muscle (M), heart (H), gill (G), liver (L), brain (B) and testis (T)) and two µg were subjected to RT-PCR analysis. 
Primers specific for mPRα amplified a 750 bp product in all tissues examined. No PCR product was detected in 
control RT reactions lacking reverse transcriptase enzyme (RT-), confirming the absence of genomic DNA 
contamination in the RNA. (B) Immunoblot analysis of isolated membrane proteins (10 µg) using a polyclonal 
mPRα-specific antibody identified a 40.5 kDa immunoreactive band corresponding to the mPRα protein in testes 
(T), ovary (O), olfactory epithelium (OE), intestine (I), heart (H), gill (G) and brain (B) of fully recrudesced male 
and female Atlantic croaker. No similarly-sized protein product was detected in muscle (M) or liver (L). mRNA and 
protein data are representative of three female and three male Atlantic croaker with an average GSI of 16 % and 6 
%, respectively. (C) Immunoblot analysis confirmed the presence of mPRα protein in isolated follicle membranes of 
female Atlantic croaker with GSIs ranging from 0.6% to 16%. Data shown are representative of two female Atlantic 
croaker at each GSI.  
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Fig. 4.2. Gonadotropin regulation of mPRα in Atlantic croaker ovarian follicles and oocyte membranes. Ovarian 
follicles from female Atlantic croaker collected in 2002 were incubated in media only or media containing 15 units / 
ml hCG and samples for mRNA and protein analysis collected at 0, 1, 2, 4, 8 and 10 hours. (A) Immunblot analysis 
of hCG-treated Atlantic croaker ovarian follicle membranes showed an increase in mPRα protein in hCG-treated 
follicles compared to time 0, control follicles. A representative immunoblot of four individual fish is shown. (B) 
Immunoblot analysis of isolated oocyte membranes from hCG-treated ovarian follicles showed a similar trend of 
increased mPRα protein expression in hCG-treated versus control follicle membranes. A representative immunoblot 
of two individual fish is shown. (C) Real-time RT-PCR analysis showed a significant increase in mPRα gene 
expression in follicles treated with hCG at 4 hours and for up to 10 hours compared to control follicles. Data are 
reported as mean fold change in gene expression calculated using the 2-∆∆C

T method + SEM for 4 individual females 
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with an average GSI of 16%. (***) P < 0.01 compared to control (time 0 hour) membranes by one-way RM 
ANOVA with Dunnett’s multiple comparisons test. 
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Fig. 4.3. Hormonal regulation of mPRα protein expression in Atlantic croaker follicles. (A) Ovarian follicles from 
female Atlantic croaker collected in 2004 were incubated for 1 and 6 hours with media only (Con), 15 units / ml 
hCG (hCG) or 15 units / ml hCG + 100 µM DL-aminoglutethimide (DL+hCG), a steroidogenesis inhibitor. 
Immunoblot analysis of isolated follicle membrane proteins from each treatment showed that inhibition of 
steroidogenesis did not block the hCG-stimulated increase in mPRα protein at 6 hours. A representative immunoblot 
from 3 individual fish is shown. (B) Radioimmunoassay analysis of testosterone production in ovarian follicles from 
female Atlantic croaker collected in 2004 and treated for 6 hours with media only (Control), 15 units / ml hCG 
(hCG) or 15 units / ml hCG + 100 µM DL-aminoglutethimide confirmed the effectiveness of the inhibitor to block 
steroid production. Data are reported as mean ng testosterone produced / mg protein + SEM (n = 3). (***) P < 0.01 
compared to control follicle membranes by one-way RM ANOVA with Dunnett’s multiple comparisons test. (C) 
Immunoblot analysis of ovarian follicle membranes from female Atlantic croaker collected in 2004 and incubated 
with 290 nM 20β-S for up to 12 hours showed no effect of steroid treatment on mPRα protein expression. A 
representative immunoblot from 4 individual fish is shown. 
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Fig. 4.4. Gonadotropin regulation of mPRα mRNA in Atlantic croaker ovarian follicles. Ovarian follicles from 
female Atlantic croaker collected in 2002 and 2004 were incubated for 6 hours with or without 15 units / ml hCG or 
290 nM 20β-S (2004 only). Real-time RT-PCR analysis showed a significant increase in mPRα mRNA gene 
expression in hCG-treated ovarian follicles compared to control follicles from fish collected in 2002 (open bars) but 
not 2004 (solid bars). Treatment of ovarian follicles from fish collected in 2004 with 290 nM 20β-S for 6 hours had 
no effect on mPRα gene expression. There was no difference in relative basal mPRα gene expression in control 
follicles from fish collected in 2002 and 2004. Data are reported as mean fold change in gene expression calculated 
using the 2-∆∆C

T method + SEM for 4 individual fish from each year (8 fish total, average GSI 16%). (***) P < 0.01 
compared to 2002 control membranes by one-way RM ANOVA with Dunnett’s multiple comparisons test. 
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CHAPTER 5 

Summary and Conclusions 

 The present study characterizes the initial signal transduction pathways activated by 

binding of the naturally-occurring maturation inducing steroid, 20β-S, to Atlantic croaker and 

spotted seatrout oocyte membranes. Results show definitively, for the first time in a vertebrate 

model, that the maturation inducing steroid receptor in oocytes of sciaenid fishes is coupled to a 

pertussis toxin sensitive, inhibitory G-protein and that activation of this G-protein is necessary 

for GVBD. Downstream of G-protein activation, 20β-S binding to isolated oocyte plasma 

membranes significantly decreases adenylyl cyclase activity and cAMP production within 1 

minute and for up to 5 minutes. However inhibition of PKA activity alone is not sufficient to 

initiate GVBD in Atlantic croaker oocytes. Rather activation of the PI3K/Akt signal transduction 

pathway is necessary for steroid-mediated OM. Experiments in whole Atlantic croaker ovarian 

follicles provide evidence that increased PDE activity in the oocyte and follicle cells is important 

for 20β-S mediated release of oocyte meiotic arrest. Finally, MAPK activity in Atlantic croaker 

ovarian follicles is significantly increased within 1 hour of 20β-S treatment, however this activity 

is not necessary for MIS-mediated oocyte maturation. 

This work also investigated the role of the novel mPRα in 20β-S-mediated induction of 

oocyte maturation in sciaenid fishes. The finding from coimmunoprecipitation studies in seatout 

oocyte membranes that treatment with 20β-S decreases mPRα-Gαi coupling provided initial 

evidence that mPRα is a mediator of sciaenid oocyte maturation. In agreement with this finding 

are results showing that mPRα protein expression in Atlantic croaker oocytes is increased during 

the first, LH-dependent stage of ovarian follicle maturation. These results, in conjunction with 
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previous studies from our laboratory (Thomas et al. 2001, Zhu et al. 2003b), suggest that 

increased G-protein activation by 20β-S binding to mPRα in the oocyte plasma membrane 

during the second, steroid-dependent stage of ovarian maturation is necessary to initiate the 

signaling cascades leading to oocyte maturation. 

Results from the current study suggest that mPRα may have additional roles in Atlantic 

croaker reproductive physiology. The receptor is present in Atlantic croaker ovary throughout 

the follicular growth period.  Further study on the location of the receptor during follicle growth, 

either in the oocyte or the follicle cell membranes, and its potential regulation by FSH and/or 

estradiol will provide insight into additional reproductive functions of mPRα. In addition, the 

finding that the receptor is also expressed in the olfactory epithelium of adult Atlantic croaker 

suggests mPRα could potentially act as a pheromone receptor during spawning. A thorough 

study of the mPRα promoter(s) will allow for a better understanding of the mechanisms 

regulating its expression and possible functions in different tissues. 
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APPENDIX  

Abbreviations 

17α,20β,21-trihydroxy-4-pregnen-3-one ....................................... 20β-S 

3-isobutyl-1-methylxanthine .......................................................... IBMX 

Adenosine triphosphate .................................................................. ATP 

Cyclic adenosine 3’,5’-monophosphate ......................................... cAMP 

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

Extracellular-signal regulated protein kinase ................................. ERK 

G-protein coupled receptor ............................................................ GPCR 

Germinal vesicle breakdown .......................................................... GVBD 

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

Guanine dinucleotide ..................................................................... GDP 

Guanine trinucleotide...................................................................... GTP 

Guanosine 5’-O-3-thiotriphosphate ............................................... GTPγS 

Heterotrimeric GTP binding protein .............................................. G-protein 

Human chorionic gonadotropin ..................................................... hCG 

Insulin-like growth factor .............................................................. IGF 

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

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

MAP kinase kinase ........................................................................ MEK 

Maturation inducing substance ...................................................... MIS 

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

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

Nicotinimide adenine dinucleotide ................................................ NAD 

Oocyte maturation .......................................................................... OM 

Oocyte maturational competence ................................................... OMC 

Polyacrylamide gel electrophoresis ............................................... PAGE 
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Pertussis toxin ................................................................................ PTX 

Phosphatidylinositol 3-kinase ........................................................ PI3K 

Phosphodiesterase .......................................................................... PDE 

Protein kinase A (cAMP-dependent protein kinase) ..................... PKA 

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