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CHAPTER I 

INTRODUCTION 

General 

In recent years, aquaculture has become an increasingly important 

source of fish and fishery products. However, reproductive inefficiency 

of hatchery broodstock is one of the factors that continues to limit the 

expansion and diversification of the fish culture industry. Manipulation 

of fish reproductive systems is itself limited by a lack of knowledge 

concerning the basic mechanisms of gamete development and differentiation. 

In this regard, the development of maturational competence and oocyte 

maturation are critical steps in oocyte differentiation, but in spite of 

their importance little is known about the cell and molecular mechanisms 

involved in these processes. Therefore, the goal of this study is to 

further our understanding of final oocyte differentiation and maturation 

by examining some of the morphological and physiological changes 

associated with various phases of oocyte development. 

Early in oogenesis, vertebrate oocytes become surrounded by several 

layers of follicle cells. These enveloping cells generally consist of an 

inner granulosa cell layer and an outer theca cell layer, separated by a 

basement membrane (Wallace and Selman, 1990). These follicle cells are 

the site of sex steroid production. Between the follicle cell layers and 

the oocyte surface is an acellular space known as the vitelline envelope. 

Microvilli of oocyte and granulosa cell origin penetrate the vitelline 

envelope through pore canals and, often, gap junctions are established at 

the microvillar points of contact between the granulosa cells and the 

oocyte (Anderson and Albertini, 1976; Browne et a1., 1979; Toshimori and 

Yasuzumi, 1979; Browne and Werner, 1984; Kessel et a1., 1985, 1988; 

Kobayashi, 1985; Iwamatsu et a 1. , 1988). A common theme exists for 

teleost fishes in that gap junctional contact is seen between oocyte 

microvilli and the granulosa cells. In contrast, in the ovarian follicles 

of amphibians and mammals, gap junctions form between processes extending 

from the granulosa cells that contact microvillar and nonmicrovillar areas 

of the oocyte surface. 
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In amphibians, maturational gonadotropin (human chorionic 

gonadotropin, hCG) can induce gap junctional contacts and permeability 

between oocytes and granulosa cells (Browne et a7., 1979; Browne and 

Werner, 1984) . A 1 so, recent phys i o 1 og i ca 1 ev 1 dence suggests that gap 

junctions may be involved in the intrafollicular transfer of maturational 

signals in mammalian and amphibian ovarian follicles (Fagbohun and Downs, 

1991; Patino and Purkiss, in review). Therefore, it has been suggested 

that the establishment of gap junctions between granulosa cells and the 

oocyte may be part of the mechanism for the development of oocyte 

maturation a 1 competence (Redding and Patino, in press) . Maturation a 1 

competence is defined as the ability of the oocyte to mature in response 

to treatment with maturation-inducing substance (MIS). 

Several studies exist on developmental changes in intercellular 

associations that occur between the oocyte and the follicle cells in 

various amphibians, fishes and mammals (Anderson and Albertini, 1976; 

Browne et a7., 1979; Toshimori and Yasuzumi, 1979; Browne and Werner, 

1984; Kessel et a7., 1985, 1988; Kobayashi, 1985; Iwamatsu et a7., 1988). 
However, few detailed descriptions have been made of changes in 

heterocellular gap junctions during early maturation. Moreover, the 

poss i b 1 e association between changes in gap junction a 1 coup 1 i ng and 

maturational competence has been completely ignored. 

The remaining sections of this chapter are designed to provide a 

brief overview of the hormonal control of oogenesis, of the specific 

phases of oogenesis, and of gap junction structure and function. It is 

hoped that this introductory review will provide the context necessary to 

understand the significance of the chapters that follow. 

Gonadotropins and Oogenesis 

Hormones act as chemical messengers in cellular communication to 

coordinate, integrate and regulate physiological functions. In this 

regard, pituitary gonadotropins are known to stimulate a variety of 

activities in the ovary. In nonmamrnalian vertebrates, follicle

stimulating hormone (FSH) or FSH-like gonadotropin stimulates ovarian 

estrogen production, which then induces the hepatic synthesis and 

secretion of vitellogenin. Selective uptake of vitellogenin from the 
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bloodstream by developing oocytes is also controlled by FSH. Deposition 

of vitellogenin as yolk in the oocyte accounts for most of the oocyte's 

growth. Full-grown, postvitellogenic oocytes are physiologically immature 

and incapable of fertilization (Redding and Patino, in press). 

Oocyte maturation is initiated by luteinizing hormone (LH) or LH

like gonadotropin, and is a process in which oocytes arrested at Prophase 

I resume meiosis and proceed to Metaphase II. 

eggs, are then capable of being fertilized. 
The mature oocytes, or 

Common indicators of 
maturation are the migration of the nucleus, or germinal vesicle, to the 

periphery of the animal pole (GVM) and the subsequent germinal vesicle 

breakdown (GVBD) (Redding and Patino, in press). 

In fishes and amphibians, LH-like gonadotropin is thought to 

i nd i rect 1 y induce oocyte maturation vi a the actions of a maturation a 1 

steroid (MIS) produced by the follicle cells (Nagahama, 1987). Two 

hypotheses exist as to the mode of transfer of the MIS between the 

follicle cells and the oocyte. First, steroids simply cross lipid bilayer 

membranes by diffusion due to their lipophilic nature. Second, the gap 

junctions between the follicle cells and the oocyte act as channels for 

MIS transport. For example, in the African Clawed Frog (Xenopus 7aevis), 

it has been suggested that gap junctions are necessary for the transfer of 

the MIS from the follicle cells to the oocyte (Patino and Purkiss, in 

review). 

In the marine teleosts Spotted seatrout (Cynoscion nebu7osus) and 

Atlantic croaker (Hicropogonias undu7atus), induction of oocyte maturation 

by LH-like gonadotropin occurs in two distinct stages: a delta-4 steroid

and estrogen-independent priming stage and an MIS-medi ated GVBD stage 

(Patino and Thomas, 1990). It is during the priming stage that the 

oocytes develop the ability to respond to treatment with the MIS 

(maturational competence). 

Phases of Oocyte Development 

This study requires a basic knowledge of the general morphological 

characteristics specific to each phase of oogenesis. There is much 

inconsistency in the literature regarding the terminology used for the 

stages of oocyte development. However, here we have adopted the 
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terminology of Wallace and Selman (1990). Descriptions herein are limited 

to general criteria necessary for the staging process. The focus will be 

on details specific to formation of the vitelline envelope and of 

structures related to intercellular gap junctional association. 

Phase I--Oogonia 

In the ovaries of most teleost fishes, oogonia (pre-meiotic germ 

cells) are present throughout adult life, and their proliferation patterns 

reflect the breeding cycles of individual species. Vertebrate oogonia 

become known as primary oocytes upon entry into the first meiotic 
division. 

Phase II--Chromatin-nucleolus 

The chromatin-nucleolus phase encompasses the prophase stages of the 

first meiotic division from leptotene to pachytene. This phase is 

characterized by several cytoplasmic and nucleoplasmic morphological 

changes that have been recently reviewed by Patino and Takashima (in 
preparation). 

Phase III--Perinucleolar 

The beginning of the perinucleolar phase is marked by the migration 

of the nucleoli to the periphery of the nucleus. During this phase, the 

oocyte becomes completely enclosed by layers of follicle cells. In 

teleost fishes, these layers include an inner layer of granulosa cells and 

an outer layer of theca cells, separated by a basement membrane (Wallace 

and Selman, 1990). The enhanced proliferation of cytoplasmic organelles, 

and the synthesis of RNAs and proteins is responsible for a marked 

increase in the size of the oocyte during the perinucleolar phase (Wallace 

and Selman, 1990). Moreover, the oocyte and, to a lesser extent, the 

granulosa cells begin to develop protuberances which will later give rise 

to microvi 11 i. Rudiments of the vitelline envelope may also appear 

(Guraya, 1986). 
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Phase IV--Cortical Alveoli 

Another important landmark in oocyte growth in fishes is the 

appearance of the cortical alveoli, also known as yolk vesicles in the 

earlier literature (Wallace and Selman, 1990). Their presence marks the 

beginning of the cortical alveoli stage, which also includes the formation 

and perinuclear accumulation of lipid droplets. The cortical alveoli 

first appear in the peripheral ooplasm, but later expand to almost fill 

the cytoplasm of the oocyte (Iwamatsu et a7., 1988; Selman and Wallace, 

1989; Wallace and Selman, 1990). The vitelline envelope continues to grow 
during the cortical alveoli phase. 

Phase V--Vitellogenesis 

Uptake of vitellogenin and accumulation of yolk protein mark the 

onset of the vitellogenic phase of development. Vitellogenesis accounts 

for the majority of oocyte growth. More than 80 percent of the dry weight 

of eggs in most lower vertebrates results from vitellogenesis (Wallace, 

1985). Vitellogenin, a 200 kDa yolk precursor, is synthesized and 

secreted by the liver in response to circulating estrogen. This 

vitellogenin is delivered, through maternal circulation, to the oocyte 

surface where it is taken up via receptor-mediated endocytosis. The use 

of extracellular markers have confirmed the route and mechanisms by which 

vitellogenin is delivered from the circulation to the oocytes (Dumont, 

1978; Selman and Wallace, 1982, 1983; Abraham et a7., 1984). A 

generalized model of this route consists of the following steps: (1) 

circulating vitellogenin leaves the perifollicular capillaries located in 

the theca layer, (2) passes through the basement membrane, (3) penetrates 

intercellular spaces in the granulosa cell layer, (4) crosses the 

vitelline envelope extracellularly through the pore canals, and (5) is 

internalized at the oocyte surface via receptor-mediated endocytosis. 

Phase VI--Oocyte Maturation 

Several morphological changes are associated with oocyte maturation 

in teleosts. During maturation, meiosis resumes and proceeds to metaphase 

II, where the oocytes arrest for a second time. In oocytes of marine 

teleosts, concomitant with oocyte maturation is an enormous increase in 
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size due to hydration. This increase can account for as much as 86% of 

the final egg size (Selman and Wallace, 1989). 

Phase VII--Ovulation 
Ovulation is the process by which the mature oocyte (egg) is 

expelled from its follicle. Ultra-structurally, several changes occur 

during this phase. Detachment and retraction of microvilli occur early. 

A rupture in the follicle cell layer allows expulsion of the egg. 

Gap Junction Structure and Function 

Gap junctions are regions of junctional specialization that directly 

link the cytoplasms of neighboring cells and allow free passage of ions 

and molecules of less than 1000 daltons (Stagg and Fletcher, 1990). In 

the mammalian ovarian follicle, gap junctions are generally thought to be 

involved in the transfer of nutrients (Brower and Schultz, 1982; Larsen, 

1983; Herlands and Schultz, 1984), or chemical messengers (Anderson and 

Albertini, 1976; larsen, 1983; Eppig and Downs, 1984) between granulosa 

cells and the oocyte. Interestingly, the size of all suspected and known 

maturation-inducing substances (steroids) in fishes and amphibians fits 

well within the size range of materials that will freely pass through the 

gap junction channels. 
X-ray diffraction studies show the gap junction protein to be a 3-

domain protein consisting of a trans-membrane domain, a cytoplasmic 

domain, and a gating domain (Makowski, 1985). Six of these connexin 

subunits surround the gap junction channel and are collectively referred 

to as a connexon. The connexon is cylindrical, 7.5 nm long, 7 nm in 

diameter, with a 1.5-2.0 nm pore through the center (Hoh et a7., 1991). 

Each channel consists of two connexons, one from each cell, aligned head

to-head across the extracellular space. Rearrangement of these dumbell

shaped proteins allows for regulation of channel opening. Increased 

intercellular ca2+ (Rose and Loewenstein, 1976), Mg2+ (Peracchia, 1980) and 

H+ concentrations (Turin and Warner, 1977, 1980; Peracchia and Peracchia, 

1980), and increased voltage (Spray et a7., 1981) have all been shown to 

decrease junctional permeability. 
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Despite the wealth of morphological information, very little is 

known about the physiological roles that gap junctions play in oocyte 

development and differentiation. The present research is designed to look 

at the developmental ultrastructural changes that occur at the interface 

between the oocyte and the follicle cells, and at the physiological 

implications of these changes during oocyte maturation. The new knowledge 

obtained may not only enhance our basic understanding of the reproductive 

physiology of fishes, but it may also facilitate the manipulation of 

reproductive processes for better management of hatchery broodstock. 
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CHAPTER II 

ULTRASTRUCTURAL CHANGES IN FOLLICLE CELL-OOCYTE 

ASSOCIATIONS DURING DEVELOPMENT AND MATURATION 

OF THE OVARIAN FOLLICLE IN ATLANTIC CROAKER 

Abstract 
Full-grown ovarian follicles of the marine teleost, Atlantic croaker 

(Hicropogonias undu7atus) are unresponsive to maturation-inducing steroid 

(MIS). However, maturational competence is induced by brief stimulation 

with gonadotropin (e.g., human-chorionic gonadotropin, hCG) in vivo or in 

vitro. The objective of this study is to examine ultrastructural changes 

in follicle cell-oocyte associations related to the acquisition of 
maturational competence and maturation in croaker ovarian follicles. 

Ultrathin sect ions of lanthanum-infiltrated samples were observed by 
transmission electron microscopy at various points during follicular 

development and hormone-induced maturation: vitellogeni c oocytes ( <350~); 
full-grown oocytes (350-400~); hCG-stimulated (maturationally competent) 

oocytes; hCG/MIS-stimulated (early-maturation, hydrating) oocytes; and 

ovulated oocytes. In general, prior to ovulation, oocyte microvilli made 

contact with the granulosa cells and gap junction-like structures were 
seen at these points of contact. Midvitellogenic follicles (<350~) had 

relatively high levels of intercellular associations and gap junctional 
contacts, but by late vitellogenesis (350-400 ~) these levels had 

markedly declined. However, high levels of intercellular associations and 
gap junctional contacts were reestablished upon induction of maturational 

competence with hCG, and remained high in early-maturation oocytes. These 
changes appeared to be mainly due to alterations in oocyte microvilli 

length and contact with granulosa cells rather than to alterations in the 

numbers of microvilli. However, retraction and disappearance of 

microvilli occurred during ovulation. These ultrastructural observations 
suggest that gap junctional communication is required for the development 

of maturational competence and for the transfer of maturational signals 

between the granulosa cells and the oocyte during the early stages of 

hormone-induced maturation in the Atlantic croaker. 

11 
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Introduction 

Gonadotropic hormones play a critical role in the growth and 
development of the vertebrate ovarian follicle. In teleost fishes, the 

gonadotropic hormone, GtH I functions to stimulate follicular production 

and secretion of estrogen (and consequently the synthesis of estrogen

induced hepatic vitellogenin), as well as vitellogenin uptake by oocytes. 

GtH II induces follicular production of maturation-inducing substance 

(MIS) and thus, indirectly, oocyte maturation and, perhaps also 

indirectly, ovulation (Redding and Patino, in press). Moreover, recent 

evidence also suggests an important role for gonadotropin (perhaps GtH II) 

in the induction of oocyte maturational competence (Kobayashi et a7., 

1988; Zhu et aT., 1989; Patino and Thomas, 1990a,b; Thomas and Patino, 

1991; Degan i and Boker, 1992). Maturation a 1 competence refers to the 

ability of the oocyte to mature in the presence of MIS. 

The fell icular wall surrounding the oocyte is composed of an 

acellular space, the vitelline envelope, and the fell i cle ce 11 1 ayers, 

granulosa and theca (Guraya 1986). Depending on the species, formation of 

the vitelline envelope begins at various points during early follicular 

development (Selman and Wallace, 1986; Begovac and Wallace, 1988, 1989; 

Iwamatsu et aT., 1988; Wallace and Selman, 1990; Matsuyama et aT., 1991), 

and progresses throughout the vitellogenic growth phase to become a 

multilayered, complex structure. A variable number of major layers or 

zones are readily distinguishable in most teleost vitelline envelopes. 

These zones are laid down between oocyte and granulosa cell projections 

(microvilli) during follicular development (Guraya, 1986). 

In the vertebrate ovarian follicle, direct cytoplasmic connections 

between the oocyte and its investing granulosa cells are established early 

in oocyte development. In various species of fishes, amphibians and 

mammals, cytoplasmic connections form at the points of contact between 

oocyte microvilli and granulosa cells, or granulosa cell microvilli and 

the oocyte, via specialized membrane junctions known as gap junctions 

(Anderson and Albertini, 1976; Browne et a7., 1979; Toshimori and 

Yasuzumi, 1979; Browne and Werner, 1984; Kesse 1 et aT. , 1985, 1988; 

Kobayashi, 1985; Iwamatsu et a7., 1988). In teleosts, oocyte microvilli 

penetrate deeply into the extracellular spaces of the granulosa cell layer 
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(Selman and Wallace, 1986; Matsuyama et a1., 1991), and sometimes can be 

seen in clusters between neighboring granulosa cells (Kessel et a1., 1985; 
Iwamatsu et a1., 1988). 

Little is certain about the significance of follicle cell-oocyte 

associations and, particularly, of the significance of heterocellular gap 

junctional coupling. However, several concepts have been developed in 

this regard. For example, in the mammalian 1 iterature, follicle ce 11 s 

have been implicated as a nutritional source for growing oocytes (Brower 

and Schultz, 1982; Larsen, 1983; Herlands and Schultz, 1984). Also, 

granulosa cells are believed to provide an oocyte maturation inhibitor 

that functions to maintain meiotic arrest in mammals and some species of 

amphibians and fishes (Vilain et a1., 1980; Greeley et a7., 1987; Schultz, 

1991). Conversely, in mammals and amphibians, it has been proposed that 

LH induces the production by follicle cells of maturational signals that 

depend on gap junctional coupling for their transfer to the oocyte 

(Fagbohun and Downs, 1991; Patino and Purkiss, in review). 

Although the appearance of maturational competence during final 

oocyte differentiation is a crit i ca 1 event of oogenesis, its ce 11 and 

molecular mechanisms are poorly understood. In the frog, Xenopus 1aevis, 

hCG induces gap junction formation and permeability in full-grown 

follicles (Browne et a1., 1979; Browne and Werner, 1984), but the possible 

functional association of this event with maturational competence was not 

explored. In teleosts, changes in follicular intercellular associations 

in relation to the acquisition of maturational competence have never been 

specifically examined. Therefore, the principal objective of this study 

is to examine the ultrastructural changes in follicle cell-oocyte 

associations during the gonadotropic induction of maturational competence 

and maturation in the Atlantic croaker. 

We used the Atlantic croaker in our present study primarily for two 

reasons: (1) full-grown ("postvitellogenic") follicles of this species 

are maturationally incompetent, and (2) the conditions for the 

gonadotropic induct ion of maturat iona 1 competence in vivo and in vitro 

have been well-established (Patino and Thomas, 1990a, b). Thus, this 

animal model can be used to investigate the mechanisms of oocyte 

maturational competence in relative isolation from the preceding, and 
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often overlapping, phase of vitellogenic growth and the subsequent 

resumption of the meiotic process. Although our emphasis was on 

maturational competence and maturation, we also examined other phases of 
follicular development. 

Materials and Methods 

Mature female Atlantic croakers were caught in the vicinity of Port 

Aransas, Texas, during their spawning migration in summer and early fall 

of 1992. The fish were held in 12-foot-diameter circular tanks under 
established hatchery conditions until their use. 

The fish were deeply anesthetized with quinaldine sulfate and killed 

by decapitation. Their ovaries were placed in Dulbecco's Modified Eagle's 

Medium (DME) and Ham's nutrient mixture F-12 supplemented with sodium 

bicarbonate (1.2 g/L), streptomycin sulfate (100 mg/L), and penicillin (60 

mg/L) at pH 7.6 and 25"C (Patino and Thomas, 1990a,b). 

Fragments of ovarian tissue containing 35-40 full-grown, intact 

follicles and their associated smaller follicles were dissected from the 

lamellae lining the interior of the gonad. Incubations were performed in 

1 ml DME in the presence or absence of the appropriate experimental 

reagent. Induction of maturational competence was accomplished by an 11-

hour incubation of full-grown follicles in 7.5 IU/ml hCG (Patino and 

Thomas, 1990a). In some cases, maturationally competent follicles were 

further exposed to 290 nM MIS (17a,20B,21-trihydroxy-4-pregnen-3-one) for 

3 hours, until signs of early maturation (cytoplasmic clearing, hydration 

and massive germinal vesicle migration) appeared. To achieve ovulation, 

maturing follicles were allowed to remain in the MIS solution for a total 

of 10 hours. In untreated and hCG-treated follicles, maturational 

competence was confirmed by exposure to MIS as just described (see also 

Patino and Thomas, 1990a). The incidence of germinal vesicle breakdown 

(%GVBD) in these follicles was determined after a 10-hour exposure to MIS. 

For electron microscopic analysis, the above sample groups were 

placed in fixative containing 2% glutaraldehyde in 0.1 M sodium cacodylate 

buffer with 1% lanthanum and 2% sucrose, pH 7.4 at 4"C. Samples were 

rinsed in 0.1 M sodium cacodylate buffer with 1% lanthanum, pH 7.4, and 

post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer 
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containing 1% lanthanum, pH 7 .4. Following a second rinse the samples 

were dehydrated in a series of ethanol. Tissues were infiltrated with 
propylene oxide:LX112 resin, embedded in resin and polymerized for 24-48 

hours at 6o·c. Thin sections were cut on each sample and placed on copper 

grids, stained in 4% aqueous uranyl acetate and lead citrate, and read on 

a Hitachi H-600 transmission electron microscope. 

Results 
Perinucleolar oocytes of Atlantic croaker were completely surrounded 

by a follicular wall (Fig. 2.1a). A basement membrane separated granulosa 
cells from the theca layer. Protuberances from the oocyte surface (early 

microvilli) extended to make contact with the granulosa cell layer. At 

these points of contact, junctional structures seemed to develop as 

evidenced by the thickening of the plasma membranes of both cells (Fig. 
2.1b). The vitelline envelope was not yet evident in the oocytes 
examined. 

Mid-vitellogenic oocytes ( <350~) had a vitelline envelope that 

consisted of three distinct layers (Fig. 2.2a). The innermost layer, Z3 

(terminology of Anderson, 1967), was composed of five to seven reticular 

lamellae; Z2 had a homogeneous, electron-dense appearance; and Z1 was 
extremely thin and relatively electron-lucent. Pore canals traversed the 

entire width of the vitelline envelope. Microvilli of oocyte and 

granulosa cell origin could be seen spiralling through these pore canals. 

However, only oocyte microvilli appeared to completely traverse the entire 

vitelline envelope. All pore canals contained oocyte microvilli, but only 

some contained granulosa cell microvilli. High levels of heterocellular 

association between oocyte microvilli and granulosa cells (Fig. 2.3a), and 

homocellular interaction between adjacent granulosa cells were evident in 
these follicles. High magnification of these areas of intercellular 

association revealed regions of membrane specializations characteristic of 

gap junctions (Figs. 2.4a, 2.5c). 

As shown in previous studies (Patino and Thomas, 1990a,b), 
unstimulated, full-grown oocytes (350-400~) were maturationally 
incompetent, s i nee MIS cou 1 d not induce maturation (data not shown) . 

These incompetent follicles also possessed a trilaminar vitelline 
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envelope. However, Z3 had undergone compaction and also had markedly 

increased in thickness relative to Z1 and Z2 (Fig. 2. 2b). A marked 

decrease in the degree of heterocellular and homocellular associations 

(Fig. 2.3b) was evident in all sections examined. Oocyte microvilli were 

observed making contact with the base of granulosa cells, but they rarely 

extended beyond the initial point of contact. Gap junctions were seldom 

seen (Fig. 2.4b). Clusters of oocyte microvilli were not observed in the 
granulosa cell layer of these follicles. 

Z3 remained compacted in full-grown, hCG-stimulated (maturationally 

competent) and in MIS-treated, maturing oocytes (Fig. 2.2c). A 

reappearance of high levels of heterocellular association was strikingly 

evident (Fig. 2.3c). This association was most conspicuously 

characterized by relatively large bundles of oocyte microvilli at the 

inner surface of the granulosa cell layer and between neighboring 

granulosa cells. Sometimes, oocyte microvilli could be seen buried deeply 

within extracellular indentations of granulosa cells (Fig. 2.4c). Large 

areas of gap junctional contact were seen between oocyte microvilli and 

granulosa cells (Fig. 2.5b). Granulosa cells also reestablished lateral 

microvillar contact with neighboring granulosa cells and with oocyte 

microvilli (Fig. 2.6a,b), forming heterocellular (Fig. 2.5a) and 

homocellular gap junctions (Fig. 2.5c) that sometimes appeared annular 

(Fig. 2.5d). Granulosa cell microvilli (lateral and those penetrating the 

vitelline envelope) were normally distinguished from oocyte microvilli by 

their lighter appearance, similar to that of granulosa cell cytoplasm. 

Additionally, the diameter of granulosa cell microvilli leading into the 

vitelline envelope was consistently thicker than oocyte microvilli at the 

base of the granulosa cell (averaging 300 nm versus 200 nm, respectively), 

aiding in further discrimination between the two types. 

Prior to ovulation, the microvilli of post-maturational follicles 

had retracted from the granulosa cell layer and pore canals seemed to be 

in the process of degeneration (Fig. 2. 7a). However, the vite 11 i ne 

envelope retained its trilaminar appearance and the seven distinct bands 

of Z3 were still evident. 

Pore canals were no longer present in the vitelline envelope after 

ovulation, but the distinct bands of Z3 were still evident (Fig. 2.7b). 



Z1 had a filamentous appearance (Fig. 2. 7c). 

longer associated with the vitelline envelope. 

Discussion 
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Fo lli c 1 e cell s were no 

In teleost fishes, including Atlantic croaker (this study), follicle 
cell-oocyte gap junctional contacts seem to occur mainly at the points of 

contact between oocyte microvilli and granulosa cells (Toshimori and 

Yasuzumi, 1979; Kessel et a1., 1985, 1988; Kobayashi, 1985; Iwamatsu et 

a1., 1988). In contrast, in amphibians (Browne and Werner, 1984) and 

mammals (Anderson and Albertini, 1976) gap junctions develop mainly 
between granulosa cell microvilli and microvillar or nonmicrovillar areas 
of the oocyte surface. 

As reported for X. 7aevis follicles (Browne and Werner, 1984), early 
junctional associations between adjacent membranes of the oocyte and 

granulosa cells in the Atlantic croaker were evident in perinucleolar 

(previtellogenic) follicles as thickened membranes separated by a gap of 
20 nm or more. 

Vitellogenic follicles exhibited high levels of intercellular 
associations characterized by bundles of oocyte microvilli at the inner 

surface of the granulosa cell layer, by bundles of oocyte and granulosa 

cell microvilli between adjacent granulosa cells, and by homocellular 
associations between finger-like projections of neighboring granulosa 

cells. Gap junctions frequently occurred at these points of contact. 

Full-grown follicles showed a marked decrease in the amount of 
hete roce ll u 1 a r associations and gap junction a 1 contacts. However, in 

response to hCG stimulation, high levels of heterocellular and 

homocellular associations, and gap junctional contacts were reestablished 

coincident with the acquisition of maturational competence. These 
morphological observations with Atlantic croaker follicles seem consistent 
with results of studies with X. 7aevis follicles stimulated with hCG 
(Browne et a 7. , 1979; Browne and Werner, 1984). A 1 so, an increase in 

heterocellular associations were reported in ovarian follicles of medaka 
(Oryzias 7atipes) in response to forskolin, a known activator of cAMP 
production. Forskolin treatment caused an increase in oocyte microvillar 

associations with granulosa cells within four hours in medaka follicles 
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(Iwamatsu and Ohta, 1989). These heterocellular associations in medaka 

follicles were maintained for 14 hours during continuous exposure to 
forskol in, similar to the pattern seen in Atlantic croaker follicles 
during hCG-induced maturational competence and early maturation. In this 

regard, it should be noted that, in general, gonadotropin actions on cells 

are mediated by increased production of cAMP (Stagg and Fletcher, 1990). 

Thus, the hCG induction of intercellular associations in croaker follicles 

may also be mediated by increase cAMP production. Moreover, the formation 

of granulosa cell-granulosa cell gap junctions is stimulated by cAMP in 

mammalian ovarian follicles (Stagg and Fletcher, 1990). However, unlike 

our observations with croaker follicles, changes in gap junctional contact 

during early forskolin stimulation were not readily recognized in the 

medaka follicles (Iwamatsu and Ohta, 1989), although gap junctions have 
been seen in medaka fo 11 i c 1 es as early as the cort i ca 1 a 1 veo 1 i phase 
(Iwamatsu et a7, 1988). 

Homocellular gap junctions have been reported in a variety of 
mammals (Meda et a7., 1984). Based on a model proposed by Loewenstein 

(1981), intercellular gap junctional coupling is advantageous to secretory 

tissues by synchronizing the level of cellular stimulation/inhibition and 
by ensuring the spread of the neural or hormonal signals throughout the 

tissue. Thus, disruption of these intercellular pathways could result in 

the inability of secretory tissues to respond appropriate 1 y to their 

stimuli. 

In some teleosts, the layers of the vitelline envelope begin to form 

between existing microvilli as early as the perinucleolar phase of 

development (Guraya 1986). The early stages of perinucleolar follicles of 

the Atlantic croaker observed in this study had not yet formed a vitelline 

envelope but, as in other teleosts (Abraham et a7. 1984; Kessel et a7. 

1985; Begovac and Wallace 1988, 1989; Iwamatsu et a7. 1988), rudimentary 

oocyte projections were already visible. It is possible that the 

vitelline envelope in croaker follicles begins its development at 

perinucleolar stages later than those observed in our study. In mid
vitellogenic follicles (<350~), the layers of the vitelline envelope were 

almost fully developed. Reportedly, the Z1 layer is the first to form 

(Tesoriero, 1978; Iwamatsu et a7., 1988; Begovac and Wallace, 1989; 
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Matsuyama et a 7., 1991) with the other layers being added underneath 

(Begovac and Wallace, 1989). In the Atlantic croaker, the layer 

immediately adjacent to the oocyte, Z3, consisted of as many as 7 

reticular layers, as also reported for other teleosts (Guraya, 1986; 

Matsuyama et a7., 1991). However, during vitellogenesis, we found as few 

as five 1 ayers, i nd i cat i ng that Z3 growth was st i 11 underway and, 

therefore, that this layer is the last to form in the Atlantic croaker. 

Also, in accordance with other studies (Selman and Wallace, 1986; Begovac 

and Wa 11 ace, 1988, 1989; Matsuyama et a 7. , 1991), we found that Z3 

underwent compaction during late vitellogenic growth, yielding a striated 

appearance. However, unlike eggs of the pipefish, which apparently lose 

the Z2 layer at ovulation (Begovac and Wallace 1989), all three vitelline 

envelope layers could still be detected in eggs of the Atlantic croaker. 

Immediately prior to ovulation, the microvilli retracted and the 

pore canals began to disappear, a finding which is consistent with other 

studies in teleosts (Selman and Wallace, 1986; Iwamatsu et a7., 1988; 

Matsuyama et a7., 1991). After ovulation, the pore canals were no longer 

recognized, and the egg was free of follicle cells. 

In summary and conclusion, ovarian follicles of the Atlantic croaker 

showed high levels of heterocellular and homocellular associations and gap 

junctional contacts during vitellogenesis. The level of these 

associations decreased markedly at the end of vitellogenesis. However, 

exposure to gonadotropin resulted in the reestablishment of high levels of 

heterocellular and homocellular associations and gap junctional contacts, 

and induced maturational competence. Heterocellular and homocellular 

associations and gap junctional contacts remained high during early 

maturation and hydration of oocytes, but declined once again as the oocyte 

approached ovulation. These findings suggest a role for intercellular 

association and gap junctional communication in the development of 

maturational competence and in the transfer of maturational signals 

between follicle cells and the oocyte, and between neighboring granulosa 

cells, during oocyte growth (vitellogenesis) and maturation. In a 

separate study (Chap. Ill), we present evidence suggesting involvement of 

gap junctional contacts in the transfer of MIS from granulosa cells to the 

oocyte during maturation in sciaenid fishes. Other possible roles of 
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heterocellular gap junctions during maturation include the follicle cell

to-oocyte transfer of factors allowing normal embryonic development 

(Iwamatsu and Ohta, 1981) and of potassium ions for oocyte hydration 

(Wallace et a7., 1992). 
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Figure 2.1 
Perinucleolar phase follicle. 

(a) Perinucleolar phase follicle. The oocyte ( 0) is in 
contact with the granulosa cell layer (GCL) via oocyte 
projections (arrowheads). The vitelline envelope has not yet 
formed. A basement membrane (B) separates the granulosa cell 
layer from the theca cell layer (TCL). X 13,750. 

(b) Perinucleolar phase follicle. The oocyte ( 0) and 
granulosa cell layer (GCL) make contact via a membrane 
specialization (arrowhead) that is 24nm thick. A basement 
membrane (B) borders the granulosa cell layer externally. 
X 165,000. 



.. .. . ~.::-'" .. . , : .. ~;:· ·--~~ - b L 
. :-.. 



27 



Figure 2.2 
Development of vitelline envelope. 

(a) Vitellogenic follicle ( <350pm). Microvilli (M) spiral 
inside pore canals (P) as they traverse vitelline envelope. 
A trilaminar vitelline envelope is now present (Z1, Z2 and 
Z3). Z3 layer has a reticular appearance. X 27,500. 

(b) Full-grown, incompetent follicle ( 350-400pm). Microvilli 
( M) can be seen in various pore canals. Z3 has undergone 
compaction. GCL, granulosa cell layer; B, basement membrane. 
X 13,750. 

(c) hCG-stimulated, competent follicle. Z3 remains compact. 
Microvilli of granulosa cell origin (GM) and of oocyte origin 
(OM) reside within the pore canal. GC, granulosa cell. 
X 13,750. 
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Figure 2.3 
Changes in oocyte microvilli-granulosa cell associations. 

(a) Vitellogenic follicle (<350pm). Relatively high levels 
of heterocellular association can be seen as bundles of cross
sectioned microvilli (arrowheads) at the inner surface of the 
granulosa cell layer ( GCL) or between adjacent granulosa 
cells. TCL, theca cell layer; B, basement membrane. 
X 11,000. 

(b) Full-grown, incompetent follicle ( 350-400pm). Note 
relatively little association at inner surface of granulosa 
cell layer (GCL). TCL, theca cell layer; B, basement 
membrane. X 13,750. 

(c) hCG-stimulated, competent follicle. High levels of 
association between oocyte microvilli (arrowheads) and the 
granulosa cell layer ( GCL) is again evident. B, basement 
membrane. X 13,750. 
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Figure 2.4 
Homocellular and-heterocellular junctional 

contacts during development. 

(a) Vitellogenic follicle (<350pm). Gap junctional 
association (arrowheads) between oocyte microvilli (OM) and 
granulosa cell (GC). X 165,000. 

(b) Full-grown, incompetent follicle (350-400~m). 
Nonjunctional contact between oocyte microvillus (OM) and 
granulosa cell layer (GCL). X 46,750. 

(c) hCG-stimulated, competent follicle. Oocyte microvillus 
(OM) penetrates deeply into granulosa cell (GC) and makes gap 
junctional contact (arrowheads). VE, vitelline envelope. X 
137,500. 
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Figure 2.5 
Homocellular and heterocellular junctional 

contacts during development. 

(a) hCG-stimulated, competent follicle incubated with MIS for 
3 hr (early maturation, hydrating follicle). Gap junctions 
(arrowheads} have formed at point of contact between oocyte 
microvillus (OM} and granulosa cell lateral microvillus (GM). 
GCL, granulosa cell layer. X 220,000. 

(b) hCG-stimulated, competent follicle incubated with MIS for 
3 hr (early maturation, hydrating follicle). Gap junctional 
associations (arrowheads) between a lateral oocyte microvillus 
(OM) and the inner surface of a granulosa cell (GC). PC, pore 
canal. X 68,750. 

(c) hCG-stimulated, competent follicle incubated with MIS for 
3 hr (early maturation, hydrating follicle). Homocellular gap 
junctional contact (arrowhead) between granulosa cell lateral 
microvillus (GM) and granulosa cell (GC). X 165,000. 

(d) hCG-stimulated, competent follicle incubated with MIS for 
3 hr (early maturation, hydrating follicle). Annular gap 
junction (arrowheads) between granulosa cell lateral 
microvillus ( GM) and granulosa cell ( GC). Note lanthanum 
uptake in intermembrane space indicating connection to 
extracellular space at time of sample fixation. X 110,000. 
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Figure 2.6 
Cellular interactions within the granulosa cell layer. 

(a) hCG-stimulated, competent follicle incubated with MIS for 
3 hr (early maturation, hydrating oocyte). Group of oocyte 
microvilli (OM) is located between granulosa cells ( GC). 
Lateral microvilli of granulosa cell origin (GM) are also seen 
in the same space. M, mitochondrion; B, basement membrane. 
X 41,250. 

(b) hCG-stimulated, competent follicle incubated with MIS for 
3 hr (early maturation, hydrating oocyte). Oocyte microvilli 
(OM) associate with the inner surface of a granulosa cell 
(GC), reside singularly (arrowheads) deep within a granulosa 
cell, and are also seen in pore canals (PC) alone, or with a 
granulosa cell microvillus (GM). X 27,500. 
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Figure 2.7 
Follicular wall of periovulatory oocytes~ 

(a) Mature, pre-ovulatory follicle. Immediately prior to 
ovulation, the microvilli have retracted and the pore canals 
(PC) are disappearing. An apparent disintegration of the 
theca cells (arrowhead) is underway. X 13,750. 

(b) Ovulated egg. Microvilli have completely disappeared and 
only traces of the pore canals remain (PC). The vitelline 
envelope (VE) retains its trilaminar appearance. The 
granulosa and theca cell layers are no longer associated with 
the vitelline envelope. X 11,000. 

(c) Ovulated egg. A filamentous coat covers the egg and can 
be seen extending outward from Z1. X 82,500. 
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CHAPTER III 

EVIDENCE FOR A ROLE OF HETEROCELLULAR GAP JUNCTIONAL 

COUPLING DURING STEROID-INDUCED MATURATION IN THE 

OVARIAN FOLLICLE OF SCIAENID FISHES 

Abstract 
In fishes and amphibians, gonadotropic hormones induce oocyte 

maturation indirectly via the actions of a maturation-inducing substance 

(MIS) produced by the follicle cells. In the sciaenid fishes, Atlantic 

croaker (Hicropogonias undu7atus) and Spotted seatrout (Cynoscion 

nebu7osus), the MIS has been positively identified as the steroid 

17a,2013,21-trihydroxy-4-pregnen-3-one. MIS transport across the vitelline 

envelope to the oocyte surface is generally thought to occur by diffusion 

down its concentration gradient across extracellular spaces. However, gap 

junctions between the oocyte and the follicle cells have recently been 

implicated as possible channels for MIS transport in mammals and 

amphibians. Therefore, we examined the effect of the alcohol anesthetics 

1-heptanol and 1-octanol (1 mM) on the MIS induction of oocyte maturation 

in hCG-primed, maturationally competent follicles of Atlantic croaker and 

Spotted seatrout. The inhibitory effect of these alcohols on gap 

junctional coupling has been well-established in the general literature. 

In this study, both alcohols effectively reduced the MIS induction of 

oocyte maturation in intact follicles, with octanol being the more 

effective of the two in each species examined. Addition of the alcohols 

at 2-hour i nterva 1 s during the 1 0-hour MIS incubation showed that the 

follicle was irreversibly convnitted to maturation after 6 hours of 

exposure to the MIS, since after this time the alcohols lost their 

inhibitory effect. These findings suggest a requirement for 

heterocellular gap junctional coupling in the transfer of maturational 

steroids from the follicle cells to the oocyte in the maturation process 

of sciaenid fishes. 

Introduction 

Oocyte maturation is a pituitary hormone-initiated process in which 

full-grown oocytes, arrested at Prophase I of meiosis, resume the meiotic 
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process until they arrest for a second time at Metaphase II. In fishes 

and amphibians, luteinizing hormone (LH) or LH-like gonadotropin 
indirectly induces oocyte maturation vi a a maturat ion-inducing steroid 

(MIS) produced by the follicle cells (Nagahama, 1987). The MIS then 

travels across the vitelline envelope and reaches the oocyte surface, 

inducing oocyte maturation. Two concepts exist as to the mode of transfer 

of the MIS from the follicle cells to the oocyte. First, it is commonly 

assumed that the 1 ipid nature of steroids allows them to cross lipid 

bilayer membranes, and that they diffuse across extracellular space down 

a concentration gradient. Second, it has been recently suggested that gap 

junctions between the follicle cells and the oocyte could act as channels 

for MIS transport. Concerning this second concept, Patino and Purkiss (in 

review) showed that the known gap junction channel blockers, 1-heptanol 

and 1-octanol, reversibly and specifically inhibited the gonadotropin and 

MIS induction of oocyte maturation in intact follicles of the African 

clawed frog, Xenopus 7aevis. These authors (Patino and Purkiss, in 

review) concluded that not only gap junctional transport of maturational 

steroids exists, but that it is also necessary for maturation to occur in 

intact amphibian follicles. 

Gap junctions are regions of plasma membrane junctional 

specialization that directly link the cytoplasms of neighboring cells and 

allow free passage of small molecules, less than 1000 daltons, and ions 

(Stagg and Fletcher, 1990). Gap junctions have been identified in the 

ovarian follicle of many vertebrate species (Espey and Stutts, 1972; Merck 

et a1., 1973; Anderson and Albertini, 1976; Browne et a7., 1979; Toshimori 

and Yasuzumi, 1979; Browne and Werner, 1984; van den Hoef et a7., 1984; 

Kesse 1 et a 7. , 1985, 1988; Kobayashi, 1985; Iwamatsu et a 7., 1988), 

including sciaenid fishes (Chapter II), and function in both 

heterocellular (follicle cell-to-oocyte) and homocellular (follicle cell

to-follicle cell) associations. In the mammalian ovarian follicle, the 

role of gap junctions in gonadotropin-induced oocyte maturation is 

cant rovers i a 1 . One hypothesis is that c 1 osu re of the gap junctions 

between the follicle cells and the oocyte is necessary to disrupt the flow 

of a putative oocyte maturation inhibitor (OMI), allowing the passive 

initiation of oocyte maturation (Sherizly et a7., 1988; Schultz 1991). 
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However, a recent study with mouse follicles suggested that this 

junctional contact is necessary for the transfer of a gonadotropin-induced 

MIS of unknown nature that triggers oocyte maturation (Fagbohun and Downs 

1991). These latter findings with mouse follicles are consistent with 

Patino and Purkiss' (in review) observations with Xenopus follicles. 

Although many studies have been performed on the ultrastructure and 

physiology of fish ovarian follicles, the significance of heterocellular 

contacts and associations during growth and maturation remains unclear. 

In the companion study (Chapter II), we showed that the degree of oocyte 

microvilli-follicle cell associations and gap junctional contacts was 

enhanced by gonadotropin concomitantly with the appearance of maturational 

competence in At 1 antic croaker follicles. This positive corral at ion 

suggested a possible role for heterocellular communication during the 

oocyte maturation process. Therefore, in this study, we ex ami ned the 

possible role of gap junctions in oocyte maturation of Sciaenid fishes 

using the known gap junction uncouplers, 1-heptanol and 1-octanol. 

Materials and Methods 

Mature female Spotted seatrout and Atlantic croaker were caught in 

the vicinity of Port Aransas, Texas, during their spawning migrations in 

the spring and early fall, respectively. The fish were held in 12-foot

diameter circular tanks under established hatchery conditions until use. 

For experimental procedures, the fish were deeply anesthetized with 

quinaldine sulfate and killed by decapitation. Their ovaries were placed 

in Dulbecco's Modified Eagle's medium (DME) and Ham's nutrient mixture F-

12, supplemented with sodium bicarbonate (1.2 g/L), streptomycin sulfate 

(100 mg/L), and penicillin (60 mg/L) at pH 7.6 and 25"C (Patino and Thomas 

1990a,b,c). 

Each experimental replicate consisted of fragments of ovarian tissue 

containing 35-40 full-grown intact follicles that were dissected from the 

lamellae lining the interior of the gonad. All incubations were performed 

i n 1 mL of med i urn contain i n g the appropriate expe r i menta 1 reagent. 

Maturational competence was induced by incubating the ovarian fragments in 

7.5 IU/mL hCG for 12 and 9 hours, respectively, for croaker and seatrout 

(Patino and Thomas, 1990c; Chapter II). Maturationally competent 
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follicles of both species were incubated with or without the MIS (290 nM 

17a,20B,21-trihydroxy-4-pregnen-3-one), and in the presence or absence of 

either alcohol at 1 mM concentration. To maximize the effects of the 

alcohol treatments, samples that were to receive MIS with alcohol, or 

alcohol a lone, during the incubation were pretreated in 1 mM 

concentrations of the appropriate alcohol for 1 hour prior to the 

incubation. A time-course experiment was also performed to determine the 

effects of octanol on MIS induction on maturation when the alcohol was 

added at 2-hour intervals, beginning at 0 hours. Incubation procedures 

were as described above. Oocyte maturation was determined by monitoring 

the incidence of germinal vesicle breakdown (GVBD) in chemically cleared 
oocytes (Trant and Thomas, 1988). 

Results 

Full-grown follicles of both Spotted seatrout and Atlantic croaker 

that had not been primed with hCG failed to mature when exposed to MIS 

(Figs. 3.1 and 3.2). However, in hCG-stimulated, maturationally competent 

follicles, exposure to the MIS resulted in high levels of GVBD in both 

species (Figs. 3.1 and 3.2). Treatment with either of the alcohols alone 

did not affect oocyte maturational status, but both alcohols caused marked 

decreases in the percentage of MIS-induced GVBD in both species. Results 

from the time-course experiment with croaker showed that, after 6 hours, 

uncoupling of gap junctions by octanol no longer inhibited oocyte 

maturation (Fig. 3.3). 

Discussion 

The results of this study suggest that gap junctional communication 

is required for the transfer of the MIS from the follicle cells to the 

oocyte. In this regard, both heptanol and octanol partially or completely 

blocked the MIS induction of maturation in ovarian follicles of the 

Spotted seatrout and the Atlantic croaker. The present results and 

conclusions are consistent with those of a recent study with an amphibian 

species (Patino and Purkiss, in review). The inability of unprimed 

fol 1 icles to respond to MIS treatment support previous studies with 

sciaen1d fishes that show gonadotropic hormone priming to be necessary for 
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maturational competence (Patino and Thomas 1990a,c; Thomas and Patino, 

1991). Interestingly, gonadotropic hormone priming also results in the 

establishment of follicle cell-oocyte gap junctional contacts in the 
Atlantic croaker (Chapter II). 

In the present study, heptanol was much more effective in blocking 

MIS- induced GVBD in the croaker follicles than in follicles of the 

seatrout. However, the addition of octanol was equally effective in both 

species examined. Heptanol and octanol have both been shown to inhibit 

transfer of fluorescent dyes via heterocellular gap junctional coupling 

between follicle cells and the oocytes in Xenopus (Sandberg et a1. 1990). 

These alcohol anesthetics are thought to inhibit gap junctional coupling 

by directly affecting the gap junction proteins, possibly via hydrogen 

bond formation with the channel proteins and accessory proteins (Richards 

et a1., 1978; Johnston et a1., 1980; Peracchia, 1991). Also, indirect 

effects of these alcohols on gap junction coupling possibly result from 

1 ipid expansion around the gap junction proteins due to hydrophobic 

interactions (Peracchia, 1991). Based on the greater effectiveness of 

octanol in blocking MIS-induced GVBD, we chose to use only octanol in the 

time-course experiment with Atlantic croaker follicles. Results from this 

experiment showed a point between 6 and 8 hours at which the effect of 

oct a no 1 is 1 ost, i nd i cat i ng that gap junction a 1 coup 1 i ng was no 1 onge r 

required after the onset of maturation. 

In addition to the known effects of these alcohols on gap junctional 

coupling, there is also some concern as to the possibility of nonspecific, 

side-effects. Possible nonspecific effects of the alcohols on oocyte 

function were not examined in this study, since methods for oocyte 

defolliculation in sciaenid species are not presently available. However, 

radioimmunoassay determinations indicated that gonadotropin-induced 

testosterone and MIS production in croaker follicles was inhibited by 

treatment with octanol during the induction of maturational competence and 

maturation, respectively (results not shown), contrary to recent findings 

with heptanol in Xenopus follicles (Patino and Purkiss, in review). 

Coincidental with the suppression of testosterone, there was a marked 

inhibition of gonadotropin-induced maturational competence (results not 
shown). The relationship between the suppression of hCG-induced 
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steroidogenesis and maturational competence by octanol is unclear, but a 

previous study showed that steroid production is not necessary for the hCG 
induction of maturational competence (Patino and Thomas, 1990c). Based on 

a model proposed by Loewenstein (1981), intercellular coupling is 

advantageous to secretory tissues by synchronizing the level of cellular 

stimulation or inhibition and by ensuring the spread of hormonal signals, 

via second messengers, throughout the tissue. The validity of this model 

in regards to the steroidogenic response to hCG was established for 

homologous gap junctional coupling between granulosa cells in the 

mammalian ovarian follicle (Fletcher and Greenan, 1985). Therefore, 

disruption of homocellular and heterocellular gap junction pathways could 

have had a role in the suppression of steroidogenesis and inhibition of 

maturational competence, respectively, in the croaker ovarian follicles. 

In conclusion, the results from the present study suggest an active 

role of gap junctions in the transfer of maturational signals between the 

follicle cells and the oocyte. Heptanol- and octanol-induced uncoupling 

of heterocellular gap junctions resulted in the inability of 

maturationally competent, intact follicles of the Spotted seatrout and the 

Atlantic croaker to respond to exogenous application of the MIS. This 

finding suggests that transfer of the MIS from the follicle cells to the 

oocyte may require the presence of gap junctions. These conclusions are 

in agreement with the more comprehensive study of Patino and Purkiss (in 

review) with Xenopus ovarian follicles. Additionally, the data from the 

time-course experiment of the present study showed that gap junctional 

transfer of MIS is required early during a 10-hour MIS induction of 

maturation, since by 6 hours the maturation process was no longer affected 

by octanol. The mechanisms of MIS interaction with the oocyte will be 

better clarified only when the interactions between the MIS and its 

receptor are better understood. 
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Figure 3.1 
Effects of alcohol anesthetics on HIS-induced 

GVBD in maturationally competent Atlantic 
croaker ovarian follicles. 

Effects of alcohol anesthetics on HIS-induced GVBD in 
maturationally competent Atlantic croaker ovarian follicles. 
Groups of follicles from a single fish were primed with 7.5 
IU/m> hCG, except for the control which received no hCG 
treatment. Following a 9-hour Priming Phase, the follicles 
were rinsed in medium for 1 hour; groups that were to receive 
subsequent alcohol treatment were preexposed to the 
appropriate alcohol during this rinse. Following the rinse, 
follicles were incubated in medium with or without the MIS 
(290 nH), and with or without 1 mM heptanol or 1 mM octanol 
for 10 hours ( GVBD Phase). The percentage of GVBD was 
determined at this point. Each treatment was performed in 
quadruplicate. 
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Figure 3.2 
Effects of alcohol anesthetics on HIS-induced 

GVBD in maturationally competent Spotted 
seatrout ~varian follicles. 

Effects of alcohol anesthetics on HIS-induced GVBD in 
maturationally competent Spotted seatrout ovarian follicles. 
Groups of follicles from a single fish were primed with 7.5 
IU/mL hCG, except for the control which received no hCG 
treatment. Following a 12-hour Priming Phase, the follicles 
were rinsed in medium for 1 hour; groups that were to receive 
subsequent alcohol treatment were preexposed to the 
appropriate alcohol during this rinse. Following the rinse, 
follicles were incubated in medium with or without the MIS 
(290 nM), and with or without 1 mH heptanol or 1 mH octanol 
for 10 hours ( GVBD Phase). The percentage of GVBD was 
determined at this point. Each treatment was performed in 
quadruplicate. 
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Figure 3.3 
Effects of alcohol anesthetics on HIS-induced GVBD 

when alcohols are added at specific interv~ls 
after the onset of MIS exposure in Atlantic 

croaker ovarian follicles. 

Effects of alcohol anesthetics on HIS-induced GVBD when 
alcohols are added at specific intervals after onset of MIS 
exposure in Atlantic croaker ovarian follicles. Groups of 
follicles from a single fish were primed with 7.5 IU/mL hCG 
for 9 hours. The follicles were then rinsed for 1 hour 
( octanol exposure for the 11 zero 11 measurement began at this 
time). After the rinse, the follicles were placed in MIS (290 
nM), and 1 mM octanol was added at 0, 2, 4, 6 and 8 hours 
after the onset of the 10-hour MIS exposure. The percentage 
of GVBD was determined at this point. Each treatment was 
performed in quadruplicate. 
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CHAPTER IV 
SUMMARY AND CONCLUSIONS 

During vitellogenesis, high levels of heterocellular and 

homocellular associations and gap junction coupling were seen. Following 

vitellogenesis, full-grown follicles showed reduced levels of these 
interactions. However, gonadotropin stimulation resulted in the 

reappearance of high levels of these interactions and the development of 

maturational competence. Moreover, uncoupling of gap junctions appeared 

to inhibit steroid-induced maturation. Therefore, induction of 

heterocellular gap junctions by gonadotropic hormones may be part of the 

mechanism of deve 1 opment of maturation a 1 competence. Moreover, gap 

junctional coupling may be required for the delivery of the MIS from 

follicle cells to the oocyte during oocyte maturation. 
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