
EXPRESSION OF CONNEXIN 43 mRNA IN PORCINE 

AND EQUINE OVARIES 

by 

CRYSTAL SHEREE MELTON, B.S. 

A THESIS 

IN 

ANIMAL SCIENCE 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

Approved 

/ 

December, 1997 



C 7S^S 

Copyright 1997, Crystal Morgan Melton 



ACKNOWLEDGMENTS 

The author wishes to acknowledge her committee members: 

Dr. C. Scott Whisnant, Dr. H.A. Brady, Dr. Reynaldo Parino, and Dr. 

Vaughan H. Lee for all their time and scheduling flexibility. The 

author also wishes to thank Dr. Whisnant for the exciting trip to 

and from the horse slaughter house in Kaufman, Texas. (Sorry 

about your speeding ticket.) 

Additionally, a very special thanks to Vaughan who is not only 

a fantastic mentor but a friend. The use of Vaughan's resources, 

lab facilities, experience, and excellent RNA extraction training via 

his wife, Angle Lee, were all greatly appreciated. Even though the 

author was "just a girrrl," had only "volunteer" status, and was 

constantly popping in and out of the lab at extremely odd hours, 

Vaughan always rolled-with-the-flow. One of his many mottoes 

includes: "positive, negative, it's all the same." 

Appreciation is also extended to Dr. Robert C. Burghardt, who 

sent the connexin 43 antibody twice as the first sample must have 

been eaten by a disgruntled postal worker. Furthermore, the 

11 



author wishes to acknowledge the Texas Tech Graduate School for 

supplying a monetary contribution/award. In addition, 

appreciation is extended to the Texas Pork Producers Association, 

Helen Hodges Charitable Trust, and fellow graduate 

faculty/students for a Master's Student Scholarship. With this 

generosity, the author could afford food and heat. 

In conclusion, the author thanks her family (even though they 

have no idea why she wants a degree of any kind when she could 

go into the family business with them). Lastly, great appreciation 

and love to her "better half," Jared. Too bad ladies, the last good 

man on earth was married on January 1, 1996. 

I l l 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS ii 

ABSTRACT vi 

LIST OF FIGURES ix 

CHAPTER 

I. LITERATURE REVIEW 1 

The Porcine Reproductive System 2 

The Equine Reproductive System 8 

Gap Junctions 1 1 

Connexins in the Ovary 1 5 

Gap Junctions in the Female Reproductive System 1 6 

Gap Junctions in Oocyte Maturation 2 1 

II. EXPRESSION OF CONNEXIN 43 MESSENGER RIBO
NUCLEIC ACro IN PORCINE AND EQUINE OVARIES 2 6 

Introduction 2 6 

III. MATERIALS AND METHODS 2 9 

Materials 2 9 

Surgery 3 0 

Extraction of Total RNA from Ovaries 3 1 

iv 



Synthesis of Radiolabeled Riboprobes 3 2 

Northern Blot Analysis 3 3 

Tissue Collection and Preparation for In Situ 

Hybridization 3 4 

In Situ Hybridization 3 5 

Immunohistochemistry 3 6 

IV. RESULTS 3 8 

Northern Blot Analysis 3 8 

In Situ Hybridization 3 9 

Immunohistochemistry 40 

V. DISCUSSION 5 3 

REFERENCES 5 8 



ABSTRACT 

A major form of cell-cell communication is mediated by gap 

junctions, aggregations of intercellular channels responsible for 

the exchange of cytosolic materials (<1 kD) between adjacent cells. 

These channels are composed of connexins, a steadily growing 

family of highly related proteins. Several studies have suggested 

that connexin channels between granulosa cells and oocytes 

maintain meiotic arrest in growing follicles and mediate release of 

this arrest after the gonadotropin surge. Most major livestock 

species such as cattle, sheep, and pigs have been examined for the 

presence of gap junctions; however, extensive studies of ovarian 

gap junctions have been conducted mainly in the rodent, fish, and 

Xenopus species. Previously, a cDNA clone was isolated from 

ovaries of cyclic gilts and sequence analysis demonstrated that the 

fragment had 94.2% amino acid identity with mouse connexin 43. 

In order to determine the spatio-temporal pattern of expression 

for connexin 43 mRNA in porcine and equine ovaries, a 412 base 
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fragment of the cDNA was used to synthesize probes for Northern 

and in situ hybridization studies. 

Northern blot analysis with p^P]-labeled connexin 43 cDNAs 

demonstrated a 4.3 kilobase mRNA in total RNA isolated from 

both porcine and equine ovaries. Connexin 43 mRNA was present 

in pig ovaries throughout prepubertal development, and whereas 

connexin 43 mRNA was abundant in growing and antral follicles, 

mRNA was undetectable in porcine corpus luteum tissue 5 days 

after ovulation. Additionally, porcine ovaries were collected, fixed 

in 4% paraformaldehyde, and used for in situ hybridization. 

Connexin 43 sense and antisense cRNA probes were labeled with 

[^^S]-UTP and in situ hybridization localized connexin 43 mRNA in 

growing and antral follicles. Intensity of the signal was greater 

with increasing size of developing follicles, most concentrated in 

large antral follicles, and substantially reduced in corpora lutea. 

Sections incubated with the connexin 43 sense cRNA probes as 

negative controls did not exhibit any localization. 

Immunohistochemistry demonstrated that the pattern of connexin 

43 gap junction expression was similar to the pattern of mRNA 
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expression. In summary, these results indicate expression of 

porcine connexin 43 increases in granulosa cells as mature antral 

follicles develop, but is subsequently diminished during 

luteinization. 
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CHAPTER I 

LFFERATURE REVIEW 

The female pig is born with about 400,000 primordial follicles. 

When and how these oocytes become activated, mature, and 

ovulate into a viable egg is a question of great biological interest 

and economic importance. In the pig, as well as other mammals, 

millions of ovarian follicles are formed in prenatal or neonatal 

animals and remain dormant until stimulated to grow and develop 

by unknown factors throughout the animals lifetime. Less than 

0.1% of follicles found in ovaries of young animals will reach 

maturity and produce viable eggs. Loss of this large number of 

follicles represents a loss of considerable reproductive potential in 

animals of agricultural importance, such as pigs. Consequently, 

many of the events that take place during the transformation of 

the primordial follicle into a preovulatory follicle are beginning to 

be studied. Today, scientists are closer than ever to gaining 

important answers to many questions about the mammalian 

reproductive system. 



The Porcine Reproductive System 

Swine are a litter bearing species with average litter size 

among breeds varying from 4 to 16 pigs. The mean age at 

puberty varies from 3 to 7 months of age with genetic variability 

within breeds playing a role in number of piglets. Furthermore, 

litter size weaned per sow in the United States has increased from 

6.0 to 8.2 pigs per litter from 1930 to 1994 [1]. Commercial type 

gilts may start cycling as early as 5 months of age; however, the 

general recommendation regarding age at first breeding has been 

to wait until the third heat to take advantage of any increase in 

ovulation rate. Ovulation in sows and gilts occurs around 40 hours 

from the onset of behavioral estrus, which begins after the 

estrogen surge and lasts until after the luteinizing hormone (LH) 

surge [2]. The normal porcine cycle is 21 days [3]. 

The gestation period of swine is about 114 days [4,5]. Ovarian 

development and gametogenesis in the fetal pig begin as early as 

13 days after conception. Primitive cord cells and primordial 

germ cells are seen in the gonads of females by 22-24 days of 



embryonic development. These germ cells undergo rapid mitosis 

and increase from approximately 5,000 at day 20 to peak levels of 

5,000,000 cells observed by day 50. The female is left with 

400,000 oocytes at birth because the exponential growth by 

mitosis decreases and cell death increases [4]. The oogonia nests 

are seen and begin meiotic development by day 31. Oogonia nests 

are considered to be clusters of oogonia surrounded by 

pregranulosa cells and interstitial tissue. The oogonia are then 

transformed into oocytes by day 40 of gestation [4]. The oocytes 

are contained in what are known as primordial follicles which 

consist of a single layer of squamous granulosa cells and an 

oocyte. These primordial follicles are seen by day 60 of gestation. 

By about 70 and 90 days of fetal development, primary and 

secondary follicles appear, respectively [4]. 

Definitive ovarian histogenesis involves two important events: 

transformation of the mitotically active oogonia into quiescent 

oocytes, and organization of these germ cells into discrete follicles 

[6]. Meiotic activity continues until the oocytes reach prophase I 

where they will enter an "arrested" period. Meiosis will not be 



continued until after the LH surge. Thus, the first stage of 

follicular development establishes a large, but finite reserve of 

quiescent primordial follicles [6]. 

Cell proliferation will not resume until the primordial follicle 

begins to grow, often months or years after it was formed [6]. The 

growth of a follicle from primary to nearly preovulatory status in 

the prepubertal pig requires more than 3 months [7]. There are 

basically two distinct phases in follicular development. First, a 

slow growth phase, during which preantral follicles increase in 

size by increasing the number of granulosa cells and the size of 

the oocyte. Second, the rapid phase during which the size of a 

follicle increases due to a dramatic increase in the proliferation of 

granulosa cells and the increasing size of the antrum [7]. A newly 

activated follicle requires 84 days to reach antral stage. Following 

the antrum formation, a follicle has the potential to reach 

ovulatory status during the span of one estrous cycle [7]. 

The development from the primordial follicle to the 

preovulatory follicle has many intricate steps. The follicle 

acquires several distinctive morphological features during growth. 



These features include theca interna (steroidogenic cells) and 

theca externa (connective tissue cells) which form the outer layers 

of the follicle, a fluid-filled antral cavity, a capillary network in 

the theca cell layer, and the thick acellular zona pellucida, which 

surrounds the oocyte [6]. By about day 60 of gestation in the pig, 

primordial follicles are found consisting of the oocyte and a single 

cell layer of granulosa cells. The next step in development are the 

primary follicles which appear slightly larger because of increased 

size of the oocyte and increased development of the now cuboidal 

granulosa cells. The primary follicles evolve into secondary 

follicles consisting of a zona pellucida and several layers of 

granulosa and theca cells. Secondary follicles can be seen at about 

day 90 of gestation in the pig. Communication is initiated during 

the secondary follicle stage between the oocyte and surrounding 

granulosa cells. Cytoplasmic microvilli project through the zona 

pellucida and form gap junctions at the oocyte surface [8,9]. This 

is thought to be a critical point in development as now granulosa 

cells can continue to regulate oocyte maturation. The factor(s) 

which trigger certain follicles to grow while others remain 



dormant is unknown. Certain growing follicles will achieve a level 

of development called dominance. Growing follicles need follicle 

stimulating hormone (FSH) to avoid becoming atretic. Increasing 

estradiol and inhibin production will decrease FSH. The dominant 

follicle(s) becomes less dependent on FSH and can continue to 

grow. 

For any follicle to fully mature, FSH and LH must be present. 

In the porcine species, there is an increase in LH pulse frequency 

and magnitude at about 10 weeks post natally which continues 

until puberty [8]. This increase in FSH and LH concentration 

results in the formation of tertiary or antral follicles. These 

follicles are characterized by a substantial increase in both 

granulosa and theca cell development and the formation of an 

antrum. The appearance of the antrum heralds one of the 

maturing follicle's last phases in the folliculogenesis cycle [6]. The 

antrum is filled with follicular fluid which continues to accumulate 

rapidly in the antral cavity. Thus, with an increase in fluid 

volume, the follicle continues to expand greatly in size. Follicular 

fluid is secreted by the granulosa cells which, by this stage, are 



markedly heterogeneous in both form and function [6]. Two types 

of granulosa cells can be broadly divided into mural and cumulus 

cells. Both granulosa and theca cells of the fully mature Graafian 

follicle are highly differentiated, displaying many tissue-specific, 

functional features [6]. During this stage, the oocyte has 

completed its growth. Granulosa cells surround the oocyte, and 

the entire cumulus-oocyte complex is attached to the follicular 

wall by a thin stalk of cells. 

At this point there are several possibilities for the Graafian 

follicle as the oocyte within has remained "arrested" in prophase I 

throughout development. If there is a LH surge, ovulation will be 

triggered and meiotic development through meiosis I and into 

metaphase II will occur. Additionally, the oocyte will again 

become "arrested" until sperm penetration. If fertilized, it will 

finish the second meiotic division [4,8]. However, if there is no LH 

surge, the follicle will undergo atresia and be reabsorbed by the 

ovary. 

The final phase of folliculogenesis occurs when granulosa and 

theca cells from an ovulated follicle differentiate into a corpus 



luteum. This corpus luteum tissue produces progesterone which is 

extremely important for the maintenance of pregnancy [3]. Later, 

the corpus luteum will become a corpus albicans or "white body." 

The corpus albicans is considered an ovulation "scar" on the 

ovarian surface and eventually disappears within the ovary. 

With the availability of large numbers of follicles, an extended 

meiotic cycle, and significant economic value, pigs are considered 

an important model for the study of mammalian oocyte 

maturation and reproductive potential. 

The Equine Reproductive System 

The gestation length in the mare is around 336 days varying 

slightly with breed, and the number of offspring is one. The 

average age of the filly at puberty is 12 to 15 months [5]. The 

ovaries function as both endocrine and exocrine glands and are 

the essential organs of reproduction. Additionally, the horse is a 

seasonal breeder so that ovaries are said to be in either estrous or 

anestrous depending on the season and time of year. 

Furthermore, the estrous cycle is comprised of two periods known 



as either estrus (heat) or diestrus. Thus, ovaries vary according to 

the age, breed, size, and reproductive state (based on time of 

year) of the mare [10]. Ovulation in the mare usually occurs 24-

48 hours before the end of estrus. 

There are several unique anatomic, physiologic, and endocrine 

characteristics of reproduction in the horse. The development of 

the ovary is unique because during fetal life, cortical tissue 

becomes confined to one area and is nearly surrounded by 

medullary tissue. Therefore, the adult horse ovary has cortex 

tissue on the inside and the medulla tissue on the outside. For 

this reason, follicles can only ovulate through the ovulation fossa 

which is a specific region located on the ovarian surface [4]. 

Although information about three events found solely in the mare, 

the postovulatory occurrence of the LH peak, the mid-diestrus FSH 

surge, and the spontaneous prolongation of the luteal phase, were 

received with some skepticism, these basic patterns have stood 

the test of time [11]. Another pertinent fact to mention 

concerning the mare is twinning. Twinning is very rare and 

unwanted in the equine species because of the high rate of 



abortion and a tendency of poor postnatal development in the few 

twin foals that survive to term. 

There are four distinct stages of ovarian function recognized in 

pregnant mares. First, during early pregnancy, a single corpus 

luteum (CL) is present. Secondly, between days 40 and 150 of 

pregnancy, ovarian activity occurs and as many as 10 to 15 

follicles undergo luteinization and become accessory or secondary 

corpora lutea [4]. Third, the primary and secondary corpora lutea 

regress completely. However, the mare does not show signs of 

estrus which is due to placental secretion of progesterone until the 

end of gestation. Lastly, from month 7 onward, only vestiges of 

the corpora lutea and small follicles are present, but during the 

last 2 weeks of gestation follicular activity commences in 

preparation for the foal "heat" [4]. The foal "heat" usually occurs 

about 5-15 days after foaling. Many equine breeders try to take 

advantage of this viable estrus period if possible. 
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Gap Junctions 

The first discoveries of communication between adjacent cells 

through specialized membrane areas were described for Mauthner 

neurons of the goldfish brain [12] and for mammalian smooth 

muscle [13,14]. Furthermore, gap junctions were more likely to 

form at sites of low electrical resistance between excitable cells. 

However, Kanno and Loewenstein (1966) found that if fluorescein 

was microinjected into one epithelial cell, it passed into contacting 

epithelial cells within seconds [14, 15]. It then became apparent 

that the phenomenon of ionic coupling was probably only 

indicative of a process that was neither confined to excitable 

tissues nor to ions alone [15]. Thus, the concept that intercellular 

communication could be broadly relevant to cellular regulation 

was born. 

Later, experiments conducted by Simpson et al. (1977) used 

neutral and negatively charged molecules of different molecular 

weights to estimate what size molecule could be transferred 

between cells via a gap junction [16]. It was concluded that the 

largest molecule to pass through would be around 1158 Daltons 
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(Da) [16]. Other studies have indicated that sugars, nucleotides, 

amino acids, and second messengers such as cyclic Adenosine 3,5-

Monophosphate (cAMP), inositol-1,4,5-triphosphate, and calcium 

can be transferred via gap junctions [17, 18, 19, 20]. Recently, 

studies have shown that a given gap junction channel not only 

discriminates between molecules according to their size but also 

according to their charge and their conformation. Hence, it would 

be of major importance to know whether channel selectivity also 

applies to certain signaling molecules [21]. 

Currently, gap junctions are described as aggregates of 

intercellular channels, composed of the protein connexin, between 

adjacent cells [22, 23]. Connexins oligomerize within the plasma 

membrane of one cell to form "hemichannels" or "connexons." The 

channel itself is formed when extracellular domains of connexons 

in adjacent cells interact to form complete intercellular channels 

[24]. The two connexons are connected in a mirror symmetry. 

These channels are composed of a total of six connexin protein 

subunits (Figure 1). Consequently, the pore of each channel is 

bordered by twelve connexins [21]. 
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The nomenclature of different connexin proteins is based on 

the molecular weight of the individual protein amino acid 

sequence under investigation [25]. As an example, connexin 43 

was so named for its cDNA deduced amino acid sequence 

molecular weight of 43 kilodaltons (kD). Twelve connexin cDNAs 

have been cloned so far in mammals [21]. 

Connexins are encoded by different genes located on different 

chromosomes both in the human and mouse. Furthermore, the 

regulatory regions of connexin genes appear different from one 

connexin to another [21]. Most of the information concerning the 

molecular structure of gap junctions has come from studies on 

liver and heart tissue [21]. Collective results have indicated that 

there is a fairly broad sequence homology in the gap junctions of 

various tissues. On the other hand, there also exist explicit 

distinctions between junctions of liver and those of the lens and 

heart . 

The connexin protein is a four transmembrane domain protein 

having an amino terminus, a carboxy terminus, one central loop 

on the cytosolic side of the membrane, and two extracellular loops 
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[26, 27]. Comparative studies have shown that there is strong 

amino acid similarity in the four transmembrane domains and the 

two extracellular loop regions of the various connexin proteins 

[21]. The amino terminus, the carboxy terminus, and the 

intracellular loop are where most variability between the 

different connexin proteins exists [27]. In fact, the carboxy 

terminal domain, which is the target of posttranslational 

modifications, including phosphorylation, varies markedly in 

sequence and in length from one connexin to another [21]. 

As with other intrinsic membrane proteins, connexins are co-

translationally inserted into the membrane of the rough 

endoplasmic reticulum. This is done in such a way that the N-

terminus and C-terminus ends of the protein face the cytoplasm. 

Although we know that connexons are formed before their 

transfer to plasma membrane, the precise site of oligomerization 

of connexin is still a matter of debate [21]. Transportation from 

the Golgi apparatus to the plasma membrane should occur through 

vesicles. Once at the plasma membrane, connexins from adjacent 

cells rapidly (within seconds or minutes) form a junctional 
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channel [21]. Connexins have a surprisingly short half-life (1-3 

hours) for a membrane protein, and this implies a rapid turnover 

of gap junctions. However, the mode of removal and degradation 

of gap junctions is not known [21]. 

Connexins in the Ovary 

The vertebrate ovarian follicle contains both homocellular and 

heterocellular gap junctions [23]. An example of a homocellular 

gap junction would be granulosa/granulosa cell interaction, and an 

illustration of a heterocellular gap junction would be 

cumulus/oocyte interaction. The potential diversity of 

intercellular communication can be significantly enhanced when 

cells co-express multiple connexins. A recent study demonstrated 

that chick lens connexons were made of two different connexins in 

vivo [21]. Findings, such as this, open the possibility that 

heteromeric connexons could generate channels with permeability 

properties different from those of homotypic channels [21]. While 

the co-expression of several connexins is cell type specific, the 

emphasis of co-expression appears to be associated with relevant 
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physiological tissue activities. Cell growth and differentiation are 

two such activities [28]. There have been as many as 17 connexin 

proteins across amphibian, fish, and mammalian species cloned 

[22, 23]. Nevertheless, many homologies and relations between 

connexins are still unclear and need to be further studied. 

Gap Junctions in the Female Reproductive System 

There have been five connexins found in the reproductive 

system of mammals: connexin 26, connexin 32, connexin 37, 

connexin 40, and connexin 43. In addition, there have been five 

connexins found in the reproductive systems of amphibians and 

fish: connexin 32.2, connexin 32.7, connexin 38, connexin 41, and 

connexin 43 [29]. Yoshizaki et al. (1994) and Yoshizaki and Patino 

(1995) found two novel connexins, connexin 32.2 and connexin 

32.7, in Atlantic Croaker oocytes. These same authors also found a 

novel connexin protein in Xenopus laevis, connexin 41. Hormonal 

dependence studies have shown that only the connexin 32.2, 

connexin 41, and connexin 43 (Xenopus) levels change with 

hormone treatment [22, 23]. 
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In mammals, investigators have shown connexin protein in 

both uterus and ovary tissue of the female reproductive system. 

Since gap junctions provide low-resistance pathways between 

cells, it is thought that their appearance is an important step in 

the coordination of uterine contractile activity during pregnancy 

and parturition. Using hypophysectomized rats, Burghardt et al. 

(1984) concurred with previous studies and found that induction 

of gap junctions in uterine myometrium is hormone dependent 

[30]. High levels of estrogen are obviously involved in the 

hormonal control of the birth process and also play a role in the 

development of gap junctions in vivo [30]. However, in a 

companion paper, Burghardt et al. (1984) studied the effects of 

certain nonsteroidal antiestrogens [31]. Nonsteroidal 

antiestrogens employed were triphenylethylene derivatives, 

which are a group of compounds that inhibit the full expression 

of estrogenic effects on a variety of target cells. The authors 

found that none of the compounds promoted the induction of 

myometrial gap junctions, and only a weak estrogen-antagonism 

on serosal cell gap junctions was reported [31]. Furthermore, 
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Brady et al. (1995) demonstrated the presence of gap junctions in 

the subapical membranes of epithelial cells from uterine glands 

and luminal epithelium of the horse [32]. 

In the rat ovary, the expression of connexin 40, connexin 43, 

and connexin 45 have been detected by both Western and 

Northern blotting in whole ovarian tissue [33]. Moreover, using 

immunofluorescence analysis, connexin 43 and connexin 45 were 

found to be colocalized in rat granulosa cells [33]. In a study by 

Granot and Dekel (1997), immature female rats administered with 

exogenous gonadotropins were used [34]. Connexin 43 was 

undetectable in ovaries of rats on the first postnatal day, with a 

low level of connexin 43 protein observed in day 11 ovaries. By 

day 25, there was some increase in the level of connexin 43, but a 

dramatic elevation was specific to large antral follicles of sexually 

mature proestrous animals [34]. Elimination of the connexin 43 

protein was observed at estrus and could be prevented by 

cancellation of the preovulatory surge of LH. When exogenous 

hormones were administered, the same pattern of connexin 43 

modifications were duplicated. Pregnant mare's serum 
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gonadotropin (PMSG) increased the connexin 43 protein 

expression with a concurrent induction of its phosphorylation 

while a further human chorionic gonadotropin (hCG) injection 

resulted in a decrease of the signal [34]. This same study also 

found that in analysis of the connexin 43 mRNA, a direct 

correlation between the connexin 43 protein level and its gene 

expression were found. Granot and Dekel concluded: (1) at early 

folliculogenesis the ovarian gap junction protein connexin 43 and 

its gene are developmentally regulated, and (2) after antrum 

formation, transcription, translation, and posttranslational 

modifications of connexin 43 are regulated by gonadotropins [34]. 

In the mouse cumulus-oocyte complexes (COC), connexin 32 

decreases after the LH surge [35]. Also, infertility was found in 

mice lacking connexin 37 [36]. Simon et al. (1997) found that 

connexin 37 is present in gap junctions between oocyte and 

granulosa cells and that connexin 37-deficient mice lack mature 

(Graafian) follicles, fail to ovulate, and develop many 

inappropriate corpora lutea. Besides, this study found that oocyte 

development arrests before meiotic competence is achieved [36]. 
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Thus, cell-cell communication via gap junctions seems to be 

extremely important for normal follicular development and oocyte 

maturat ion. 

In cattle COC, levels of connexin 43 were found to decrease 

while levels of connexin 32 increase after spontaneous maturation 

in vitro [37]. Another investigation detected connexin 43 

transcripts in bovine morulae and blastocysts grown in vivo [38]. 

Additionally, connexin 43 in the bovine CL was found to be 

affected by both LH and cAMP. There was an increase in gap 

junctional intercellular communication and progesterone secretion 

of corpora lutea in the mid and late luteal stages [39, 40]. 

So far, only connexin 26, connexin 30.3, connexin 32, connexin 

37, connexin 40, connexin 43, and connexin 45 have been found in 

the ovaries of mammals. Connexin 43 appears to be a ubiquitous 

connexin, and it is generally co-expressed with at least one other 

connexin [21]. In the porcine ovary, expression of the connexin 

26, connexin 30.3, connexin 32, and connexin 43 genes was 

detected in internal and surrounding compartments of large antral 

follicles [41]. Furthermore, connexin 43 has been found primarily 
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in the follicular granulosa cells, and connexin 32 has been found 

predominantly in the oocyte. Consequentiy, the gap junctions 

between the cumulus granulosa cells and the oocyte are formed 

from the co-expression of connexin 43 and connexin 32. At the 

expeditious rate scientific knowledge is growing, questions 

concerning the role gap junctions and connexins play in follicular 

development could be closer than ever before. 

Gap Junctions in Oocyte Maturation 

Communication via gap junctions appears to be one mechanism 

for cell-cell communication in the growing follicle and the 

cumulus-oocyte complex (COC), which may be viewed as a 

metabolic syncytium [42]. However, the actual role these gap 

junctions play is still extremely controversial. The COC provides 

an opportunity to study the properties as well as the regulatory 

functions of several different types of gap junction channels in a 

"natural," yet extremely heterogeneous cell system. There are 

several possible cell-cell interactions investigated where gap 

junctions may be present in follicles. Currently, gap junctions 
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have been found between granulosa cells, between luteal cells, 

between theca interna cells, between interstitial cells, and 

between granulosa cells and oocytes [21]. Depending on the cell 

type which produces the hemichannel, these gap junctions are 

made of either the same connexin proteins or of different 

connexin proteins. 

Hormonal modulation of connexin 43 is supported by studies 

showing that connexin 43 mRNA level fluctuates in a hormonally 

dependent manner in the ovary during pregnancy. Also, the loss 

of gap junctions occurs in the COC in response to the ovulatory 

stimulus [14]. After exposure to LH, a dramatic and immediate 

inhibitory effect could result from post-translational modification 

of the gap junction protein that occurs shortly after exposure to 

the hormone, leading to conformational changes that block the 

channels. The possibility that hormones can operate a gating 

mechanism by stimulating post-translational 

phosphorylation/dephosphorylation reactions of gap junction 

proteins is of particular interest [43]. In another study examining 

the mechanism of LH-induced communication breakdown, it was 
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found that a short exposure (10 minutes) of preovulatory follicles 

to LH induces the phosphorylation of connexin 43, followed by its 

immediate dephosphorylation. Longer incubations (8-24 hours) 

resulted in the elimination of the protein. It was concluded that 

LH would exert two distinct actions: (1) an immediate action 

leading to the closure of existing gap junction channels as a 

consequence of connexin 43 phosphorylation, and (2) a delayed 

action involving a reduction of connexin gene expression [21]. 

Wiesen and Midgley Jr. (1993) have also shown that the 

preovulatory LH surge decreases cell-cell communication between 

the granulosa/granulosa cell interaction and cumulus/oocyte cell 

interaction in rat ovaries [44]. From this study, as well as others, 

it has been concluded that the loss of gap junctions reduces the 

passage of a meiosis inhibiting substance(s) from the cumulus 

granulosa cells to the oocyte. Corresponding studies in the rat by 

Wiesen and Midgley Jr. (1994) have demonstrated a dramatic 

decrease in levels of connexin 43 mRNA and protein during 

foUicular atresia. This decline suggests that gap junctions possibly 

play a role in healthy follicular development [45]. 
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One theory on the role of gap junctions during the ovulatory 

process has emerged from this data. High levels of cAMP inhibit 

meiotic maturation while low levels of cAMP stimulate meiotic 

maturation. Thus, the intra-oocyte concentrations of cAMP are 

thought to negatively regulate the meiotic status of the oocyte. 

Furthermore, cAMP is not being produced by the oocyte itself, but 

it is provided by the surrounding granulosa cells through gap 

junctions [21]. The interruption of cell-cell communication 

between the granulosa cells and the oocyte would cause a 

decrease of cAMP concentration in the oocyte and, thus, the 

resumption of meiosis [21]. 

In conjunction to this "inhibitory" theory, some researchers 

believe that a "stimulatory" or positive meiotic promoting factor(s) 

travels through the gap junctions. Byskov et al. (1995) reported 

isolation and characterization of meiosis-activationg sterols from 

human follicular fluid and bull testes. These sterols induce 

resumption of meiosis in cultured cumulus-enclosed and naked 

mouse oocytes indicating their nonspecificity across species and 

sex [46]. 
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In yet another study, Yoshizaki and Patino (1995) found that in 

Xenopus (amphibian) ovaries two connexins, connexin 43 and 

connexin 41, decrease with hCG administration while levels of 

connexin 38 did not change. Furthermore, they discovered that 

the decrease in both connexin 43 and connexin 41 did not occur 

until after the oocytes were committed to mature [23]. While 

working with Atlantic Croaker fish ovaries, Yoshizaki et al. (1994) 

found that production of de novo connexin protein (connexin 32.2) 

is needed for the oocyte to reach full maturational competence 

[22]. What is more, numerous other investigations have 

uncovered basically the same ideas in that cell-cell signaling, 

through channels of gap junctions, critically regulates the highly 

coordinated set of cellular interactions required for successful 

oogenesis and ovulation in several different species. 
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CHAPTER II 

EXPRESSION OF CONNEXIN 43 MESSENGER RIBONUCLEIC 

ACID IN PORCINE AND EQUINE OVARIES 

Introduction 

Decreasing the age at puberty in gilts is one way of offering pig 

producers an approach to increasing the returns from their 

operations. Since follicles are stimulated to develop prior to 

sexual maturity when hormone levels are inadequate for follicular 

maturation, manipulation of mechanisms responsible for 

stimulating development of dormant follicles could increase 

reproductive efficiency. Ovarian follicular development involves 

the complex, synchronized maturation of oocytes and 

differentiation of granulosa cells. Within porcine follicles, 

intercellular communication exists among granulosa cells, as well 

as between granulosa cells and oocytes, via gap junctions. 

Channels, consisting of six connexin subunits forming 

hemichannels in each cell membrane, make up these gap 

junctions. Hemichannels from each cell join to form a hydrophilic 

26 



pore allowing the passage of small molecules (approximately 1000 

Daltons). Connexin 43 is at least one of the subunits found in 

granulosa cells and may be crucial for determining whether a 

particular follicle matures or becomes atretic. 

In the rat, Wiesen and Midgley (1993 and 1994) illustrated a 

correlation between serum estrogen/progesterone ratios and 

levels of connexin 43. Furthermore, a dramatic decrease in levels 

of connexin 43 mRNA and protein was observed after follicular 

atresia occurred [44, 45]. These results demonstrate that in 

healthy developing follicles large amounts of estradiol are 

produced, and the connexin 43 mRNA and protein are also very 

abundant. On the other hand, in atretic follicles the 

estrogen/progesterone ratio is dramatically reduced, and very low 

levels of connexin 43 mRNA and protein are found. 

Our hypothesis states that connexin 43 mRNA is expressed in 

follicles throughout follicular development in pigs, and loss of 

connexin 43 mRNA may be associated with atresia and/or 

luteinization of porcine follicles. Although a homologue of 

connexin 43 has been identified in pigs, there have been no 
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detailed studies on connexin 43 mRNA expression during follicular 

development in this species. The objective of these experiments 

was to determine the spatio/temporal pattern of expression for 

connexin 43 in porcine ovaries. Northern blot analysis, in situ 

hybridization, and immunohistochemistry were used to evaluate 

expression of connexin 43. 

Currently, there has been no data published on equine ovarian 

connexin 43 mRNA. Using Northern blot analysis, we were able to 

determine that connexin 43 mRNA is present in both estrous and 

diestrous equine ovaries. 
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CHAPTER III 

MATERLVLS AND METHODS 

Materials 

Both sows and gilts were obtained from the Texas Tech swine 

farm in New Deal, TX. Anestrous horse ovaries were taken from 

four different mares at slaughter (Dallas Crown Slaughter, 

Kaufman, Texas). The estrous ovaries were obtained from a mare 

at the Texas Tech horse center. Restriction enzymes, T7 and Sp6 

RNA polymerases, and RNase inhibitor were purchased from 

Promega (Madison, WI). [a-^'P]-UTP (>3000 Ci/mmol), [a-^^S]-

UTP (>1000 Ci/mmol), [a--'2p]-dCTP (>3000 Ci/mmol), and X-ray 

film were purchased from Amersham (Arlington Heights, IL). 

Proteinase K and RNase-free DNase I were purchased from 

Boehringer-Mannheim (Indianapolis, IN). The RNase A, salmon 

sperm DNA, and yeast tRNA were all purchased from Sigma (St. 

Louis, MO). NTB-2 photographic emulsion and D19 developer 

were purchased from Eastman Kodak Co. (New Haven, CT). All 
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general and molecular biology grade chemicals were purchased 

from Fisher (Pittsburgh, PA). 

Surgery 

Ovaries for all porcine experiments were surgically removed 

from both sows and gilts. Animals were anesthetized with Telezol 

and Rompun (Fort Dodge Laboratories, Fort Dodge, lA). The day 1 

female pigs were euthanized using standard animal care 

procedures before ovaries were taken. Sow ovaries were collected 

for preliminary data and as a control. Gilt ovaries were collected 

at day 1, 35, 56, 70, and 140. Both sows and gilts were 

ovariectomized via a midventral laparotomy, after which tissue 

was prepared for Northern blot analysis or fixed for in situ 

hybridization. The ovaries used for Northern blots were cut into 

small pieces (3-5 mm^), put into screw top cryotubes, and 

immediately submerged into liquid nitrogen. The tubes were 

transferred to a -80°C freezer within 24 hours and stored until 

RNA extraction. In situ ovary tissue was cut into small pieces (3-5 
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mm^) and placed into 4% paraformaldehyde in PBS overnight then 

subsequently processed for in situ hybridization. 

Anestrous equine ovaries were taken at slaughter while 

estrous ovaries were surgically removed by a licensed 

veterinarian. The tissue was either prepared for Northern blot 

analysis or in situ hybridization as previously described. 

Extraction of Total RNA from Ovaries 

Ovaries were collected and RNA isolated as previously 

described by Lee and Dunbar (1993) [47]. Briefly, the ovary 

tissue was homogenized with a polytron in a solution of 

guanidinium isothyocyanate and phenol. RNA was then isolated, 

precipitated with isopropanol, washed with 70% ethanol, and 

resuspended in diethylpyrocarbonate (DEPC) treated water. The 

integrity and quantity of the total RNA was checked with a 

Pharmacia LKB Ultrospec Plus Spectrophotometer (Piscataway, NJ) 

by determining the A260/280 ratio. For procedures involving 

RNA, solutions and glassware were treated with 0.1% DEPC and/or 

autoclaved when possible. 

31 



Synthesis of Radiolabeled Riboprobes 

An approximately 400 base pig connexin 43 cDNA fragment in 

pGEM-T was used to synthesize cRNA probes. The connexin 43 

cDNA is between the Sacll and Sail restriction sites, and linearized 

plasmids were used to generate riboprobes. Transcripts 

synthesized with T7 RNA polymerase were anti-sense for 

connexin 43 and transcripts synthesized with Sp6 polymerase 

were the sense strand. Plasmid template (1 jig) was added to 

polymerase reaction mix containing 50 mM NaCl, 40 mM Tris-HCl 

pH 7.5, 6 mM MgCl2, 10 mM DTT, 40 mM spermidine, 0.5 mM each 

of ATP, CTP, and GTP, 50 |iCi of [a-''P]-UTP (>3000 Ci/mmol) or 

250 iLiCi of [a-^^S]-UTP (>1000 Ci/mmol), 60 units RNase Inhibitor, 

and 20-70 units T7 or Sp6 RNA polymerase. The reaction mix was 

then incubated at 37°C for 1 hour and DNase I (23 units) added 

for 15 minutes to digest DNA templates. Labeled riboprobes were 

separated from unincorporated [a--'^^P]-UTP or [a-^^S]-UTP on 

BioRad P30 spin columns and then probes were stored at -80°C. 
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Northern Blot Analysis 

Total RNA (10 |xg or 20 |xg) was separated on 

agarose/formaldehyde gels and transferred to Biotrans Membrane 

(ICN Biochemicals) using established protocols [47]. The total RNA 

was solubilized in sample buffer (50% formamide, 1.25X MOPS, 

and 6% formaldehyde) and heated to 65°C for 5 minutes. IX 

MOPS is 20 mM MOPS, 5 mM sodium acetate, and 1 mM EDTA. 

RNA molecular weight markers (Life Technologies) were used as 

size reference standards. RNA samples were separated on 1.5% 

agarose/formaldehyde gels, transferred to Biotrans membranes, 

and prehybridized at room temperature for 2-4 hours in 

prehybridization mixture (50% formamide, 4X SET, IX Denhardt's 

solution, 0.1 mg/ml sheared denatured salmon sperm DNA, 0.09 

mg/ml yeast RNA). Membranes were then hybridized overnight 

at 50°C with Connexin43 [^^P]-riboprobes (specific activity 2-3 

cpm/ng) at a concentration of 50 ng/ml in hybridization mixture 

(50% formamide, 4X SET, IX Denhardt's solution, 0.1 mg/ml 

sheared denatured salmon sperm DNA, 0.09 mg/ml yeast RNA, 
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10% dextran sulfate). IX SET is 150 mM NaCl, 20 mM Tris, and 2 

mM EDTA. IX Denhardt's is 0.02% Ficoll, 0.02% 

polyvinylpyrolidone, and 0.1% BSA. The membranes were washed 

once in formamide wash containing 50% formamide, IX SSC, 10 

mM dithiothreitol at 50°C for 30 minutes, followed by a 30 minute 

room temperature wash with 0.5X SSC, and a final wash in O.IX 

SSC at 75°C for 2 hours. IX SSC is 150 mM NaCl, 15 mM NaCitrate. 

Membranes were wrapped in saran wrap and exposed on x-ray 

film for 5-7 days before being developed through an Xomatic 

automatic film processor. 

Tissue Collection and Preparation for In Situ Hybridization 

Ovaries were collected from both porcine and equine animals 

(1, 70, and 140 days for the pig; anestrous and estrous for the 

horse) and fixed in 4% paraformaldehyde in PBS overnight. 

Tissues were washed with 50% ethanol and 70% ethanol three 

times each for 30 minutes at 4°C, dehydrated, and embedded in 

Paraplast® Plus (Sherwood Medical Labs, St. Louis, MO). Paraffin 

wax blocks were cut at 5)j.m in serial sections and placed on 
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Superfrost/Plus slides (Fisher). Slides were dried overnight at 

37°C, placed in desiccated boxes, and stored at 4°C until used for 

immunohistochemical localization of connexin 43 protein and in 

situ hybridization of connexin 43 mRNA. 

In Situ Hybridization 

Tissue sections were prepared for in situ hybridization using 

modifications of the procedure described by Jaffe et al. (1990) 

[48]. Slides were incubated with Proteinase-K for 30 minutes 

(37°C) and washed with IX PBS (4°C) for 10 minutes 2 times. 

Slides were incubated with 0.25% acetic anhydride in 0.1 M 

triethanolamine to reduce nonspecific binding, dehydrated in 

ethanol and dried. [•^^S]-labeled riboprobes were placed on each 

slide (50 ng/ml) and incubated at 50°C overnight. After RNase 

treatment to remove unbound riboprobes, slides were 

dehydrated, dried, dipped in emulsion NTB-2:distilled water (1:1) 

for 3 seconds, and dried for 2 hours. Slides were developed with 

D19 developer, counterstained with Harris hematoxylin (Sigma, St. 

Louis, MO), and coverslipped. Results were analyzed with 
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brightfield and darkfield microscopy on an Olympus BX50 

microscope equipped with a 35mm camera. Controls consisted of 

substitution of the sense riboprobe for the anti-sense riboprobe. 

Immunohistochemistry 

Paraffin wax sections of the ovaries were stained rabbit anti-

connexin 43 serum (Zymed) using the Vectastain ABC Kit (Vector 

Laboratories, Burlingame, CA), and counterstained with 

hematoxylin to verify histology as previously described by Lee 

and Dunbar (1996) [49]. Sections of ovaries were deparaffinized, 

rehydrated, and given a peroxide treatment for 30 minutes. After 

3 PBS washes, an antigen recovery step was performed. This step 

included boiling for 10 minutes in 0.0 IM citrate buffer, cooling to 

room temperature for at least 10 minutes, and a 5 minute wash in 

PBS buffer. Sections were then incubated with normal goat serum 

for 30 minutes followed by an incubation with anti-connexin 43 

(1:200 dilution in PBS buffer containing 10% BSA) overnight at 

4°C. After 3 PBS washes, tissues were incubated with biotinylated 

goat anti-rabbit IgG for 30 minutes and washed with PBS. Slides 
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were then incubated with the Avidin-Biotin reagent for 30 

minutes, washed 3 times with PBS, and stained with 0.05% 

diaminobenzidine hydrochloride and 0.01% hydrogen peroxide for 

5 minutes. The reaction was stopped by rinsing in water, and the 

staining examined on an Olympus BX50 microscope. Controls 

consisted of non immune rabbit IgG. 
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CHAPTER IV 

RESULTS 

Northern Blot Analysis 

Northern blot hybridizations were performed using porcine 

ovarian RNA probed with a [^^P]-labeled cRNA probe for connexin 

43. A 4.3 kilobase mRNA for connexin 43 was detectable 

throughout prepubertal ovarian development in the pig. Levels of 

connexin 43 mRNA at 1-, 70-, 84-, and 140-days of age are shown 

in Figure 2. Additionally, Figure 3 illustrates the level of 

expression of connexin 43 which was high in ovarian tissue 

containing growing follicles (<5 mm), but was undetectable in 

luteal tissue isolated from the same ovary. This ovary was 

collected from a sow 5-days after ovulation stimulated by hCG (20 

|xg total RNA in each lane). Figure 4 demonstrates a Northern blot 

of equine ovarian RNA probed with a [^^P]-labeled cRNA probe for 

porcine connexin 43. A 4.3 kilobase connexin 43 mRNA is 

observed in both estrous and anestrous horse ovaries. 
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In Situ Hybridization 

In porcine ovaries from 1-day-old animals connexin 43 gap 

junction messenger RNA (mRNA) was locaUzed in the interstitial 

cells of the ovarian cortex (Figure 5A and B). Also, the day 1 

tissue demonstrated labeling of connexin 43 mRNA in the 

interstitial cells between clusters of oogonia (Figure 6A and B). 

Adjacent sections were probed with sense cRNA probes as 

negative controls to demonstrate background levels of labeling 

and specificity of the antisense cRNAs (Figure 5C and D; Figure 6C 

and D). In Figure 7A and B, sections of 56-day-old ovary 

illustrate localization of connexin 43 mRNA in the granulosa cells 

of growing primary follicles. However, labeling for connexin 43 

mRNA was undetectable in the primordial follicles. Furthermore, 

connexin 43 mRNA was detectable in secondary follicles of 56-

day-old porcine ovary tissue while, once more, undetectable in 

any primordial follicles (Figure 7C and D). 

In adult pig ovaries, the granulosa cells of healthy, developing 

preantral and antral follicles contained abundant amounts of the 

connexin 43 mRNA (Figure 8A and B). Mural granulosa cells of 
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the antral follicles were labeled for connexin 43 mRNA which 

appeared to be more abundant at the periphery of the follicle 

while less intense nearer the antrum. In addition, the theca cells 

surrounding these growing follicles demonstrated specific labeling 

for connexin 43 mRNA. Figure 8C and D is a section of adult 

porcine ovary illustrating labeling for connexin 43 in the mural 

granulosa cells near the cumulus-oocyte mass of an antral follicle. 

Connexin 43 gap junction mRNA was undetectable in follicles 

undergoing atresia (Figure 9A and B). Also, in Figure 9C and D, 

sections of adult ovary contained undetectable levels of connexin 

43 mRNA labeling in the corpus luteum 5 days after ovulation. 

Immunohistochemistry 

The pattern of connexin 43 gap junction protein expression 

mirrored the pattern of mRNA expression. The interstitial cells of 

the ovarian cortex demonstrated labeling of connexin 43 gap 

junction protein in the day 1 porcine ovary (Figure 10A). 

Labeling in day 1 tissue was also apparent in interstitial cells 

between clusters of oogonia (Figure lOB). In day 35 ovarian 
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tissue, connexin 43 gap junction protein was localized in granulosa 

cells of the growing primary follicles (Figure IOC). Furthermore, 

day 56 tissue demonstrated secondary follicles exhibiting labeling 

for connexin 43 protein; however, primordial follicles lacked 

expression (Figure 11 A). 

Even though the mRNA localization was abundant in both 

layers, labeling for the connexin 43 gap junction protein was most 

intense in the outer mural granulosa cells and at lower levels in 

the inner granulosa cells surrounding the antrum (Figure I IB and 

D). Likewise, the theca cells contained only weak labeling for 

connexin 43 gap junction protein. Low levels of connexin 43 gap 

junction protein were detected in both atretic follicles (data not 

shown) and in the corpora lutea (Figure IIC), thereby 

demonstrating a pattern similar to that of the mRNA. 
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GAP JUNCTIONS 

interacting 
plasma 
membranes 

gap of 
2-4 nm 

two connexons 
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connexin 

Figure 1. Schematic drawing of gap junctions. 
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70 84 

Days of Age 

140 

Figure 2. Autoradiographs of Northern blot analysis of porcine 
ovarian RNA probed with a [^^P]-labeled cRNA probe for connexin 
43. Expression of connexin 43 mRNA is seen throughout 
prepubertal ovarian development in the pig. Levels of connexin 
43 expression at 1-, 70-, 84-, and 140-days of age are shown. 
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Figure 3. Autoradiographs of Northern blot analysis of porcine 
ovarian RNA probed with a [^^P]-labeled cRNA probe for connexin 
43. The level of expression of connexin 43 is high in ovarian 
tissue containing growing follicles (< 5mm), but is undetectable in 
luteal tissue isolated from the same ovary collected from a sow 5-
days after ovulation stimulated by hCG (20|xg total RNA in each 
lane.) 

44 



«? 

Figure 4. Autoradiographs of Northern blot analysis of equine 
ovarian RNA probed with a [^^P]-labeled cRNA probe for porcine 
connexin 43. A 4.3 kilobase connexin 43 mRNA is observed in 
both estrous and anestrous horse ovaries. 
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Figure 10. Photomicrographs of localization of connexin 43 protein in interstitial cells of the 
ovarian cortex (day 1) and in primary follicles (day 35) of porcine ovaries. A. Section of day 1 
ovary showing expression in interstitial cells of the ovarian cortex around clusters of oogonia 
(arrows). B. Section of day 1 ovary showing protein in interstitial cells around primordial follicles 
(arrow). C. Section of day 35 ovary showing connexin 43 protein in primary follicles (arrow) and 
initiation of expression in transitional primordial to primary follicles (arrowhead). Lack of 
staining is seen in dormant primordial follicles. Photos taken at 40X, Bar = 30tim. 

51 



l U ^ . •:-. 

.t 

-r 3 
- 3 

CO ^ - 3 
U . 3 

13 X — 
. - 'J C 
— c 
.o = -3 .2 

CJ 

u 
00 

•:i == 

• 3 
C 
CO 

> 

C 

S 3. 
(U O 

o ^ 
Q , . CL " 

^ o — o 
> , O u '̂ l-
05 x : S 0 0 

"O CO S , -

?*^ Vt 
t/2 i s <u 

.5 ''S 

CJ O •— </5 «1 

^ -̂̂  .—̂  .̂ ^ 
o .2?<2 

53 ° -3 -
•^ c o 
o .2 e 

2 o 
^ o 
CO 0 - , 

S^ ^ ^ . ^ 
on 

c 

c < 

CL .2^ 
u 

2 > 

c 

to 
f̂  . 3 

CO o 

CJ 
CO 
— (U OJ 

O 

r3 c c 
o 
00 
CO . „ 

X u — 3 
(U ' Q CL Ol p 

t= !:; X t! fe 
o CL a -^ 

•̂  ° ^ ̂  ^ 
O ..i<J CJ 

£ 5;̂  c iH 

CJ — c o -r: 

- s i^ ^ 
•— u ca 
O Ca CO r- > 

VI c ^ X 

CO 5 CJ 3 .Q 

& '5 = 8 « 
o o o 

O 

CJ a , 

1 
o 

x: 

O OJ > . 3 
T 3 CJ — 

' ^ c/2 CJ 
CO _ CJ O 

&.1 OJ o 
— aj 

C/3 

o —: 
u O .3 3 
u — OJ •— u 
3 3 3 CJ — 
00 -o O ;:; C 

• — - * Urn ^^ {.J 
tu 3 a- D- CJ 



CHAPTER V 

DISCUSSION 

These results indicate that connexin 43 mRNA and protein are 

expressed in porcine ovarian tissue throughout prepubertal 

development. Northern blot analysis provided valuable 

information regarding the presence of connexin 43 mRNA, but in 

situ hybridization allowed the spatio-temporal pattern of 

expression to be realized and studied. 

It has not been determined which factor(s) or hormonal signal 

is responsible for the regulation of the connexin 43 gap junction 

gene in the ovary during the follicular growth period. Work done 

by Granot and Dekel concluded that at early folliculogenesis, rat 

ovarian connexin 43 gap junction protein and its gene are 

developmentally regulated. However, after antrum formation, 

modifications of connexin 43 were found to be regulated by 

gonadotropins [34]. Burghardt et al. (1984) concurred with 

previous studies and found that induction of gap junctions in 

uterine myometrium is hormone dependent. High levels of 
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estrogen are involved in the hormonal control of the birth process 

and also play a role in the development of uterine gap junctions in 

vivo [30]. Wiesen and Midgley studied the estradiol/progesterone 

ratio and found that it may be regulating the expression of 

connexin 43 gap junction gene, much like it does in the uterus 

[44]. 

The day 1 tissue demonstrates connexin 43 in interstitial cells 

of the ovarian cortex and between clusters of oogonia. An 

interesting picture is presented when both the connexin 43 gap 

junction mRNA and protein are taken into account. The connexin 

43 gap junctions appear to be significant during early follicular 

assembly as both mRNA and protein are found. 

Despite this, there is undetectable levels of localization in the 

primordial follicles suggesting that the connexin 43 gap junctions 

are down regulated during the quiescent, resting stage of 

primordial follicles. Connexin has been reported to have an 

extremely short half-life of 1-3 hours which implies rapid 

turnover of gap junctions [21]. Nevertheless, connexin 43 mRNA 

and protein transcription appear to be re-initiated when cell 
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proliferation resumes and the primordial follicles begin to grow. 

As follicular development begins, primary and secondary follicles 

express connexin 43 mRNA and protein in the growing granulosa 

cell layer. 

Large tertiary or antral follicles are present at 140 days of age, 

and the mural granulosa cells express abundant levels of connexin 

43 mRNA and protein. This spatio-temporal distribution pattern 

is similar to that seen for connexin 43 in the growing follicles of 

the rat ovary [44], which have been studied by Wiesen and 

Midgley. Furthermore, small amounts of the connexin 43 gap 

junction mRNA and protein are seen in the theca layer. This 

observation suggests communication between theca cells as well 

as between theca/granulosa cells. The dramatic decrease of 

connexin 43 mRNA and protein seen in the mature preovulatory 

follicles after the LH surge/progesterone rise implies a loss of 

communication between the granulosa cells and the oocyte [44]. 

One theory suggests that it is possible that the interruption/loss of 

communication between the oocyte and the granulosa cells is 
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accountable for the re-initiation of oocyte meiotic maturation that 

occurs after the LH surge [21]. 

Localization of connexin 43 mRNA and protein was 

undetectable in the corpus luteum, indicating a diminished 

number of connexin 43 gap junctions after luteinization. Wiesen 

and Midgley reported similar results in rat tissue where corpora 

lutea had very little connexin 43 gap junction mRNA [44]. 

Cell-cell communication via gap junctions may also play a part 

in coordinating the process of atresia. Expression of connexin 43 

mRNA and protein was undetectable in atretic follicles. This 

finding concurs with Wiesen and Midgley's research concerning 

reduced amounts of connexin 43 mRNA in rat ovarian follicles 

undergoing atresia [45]. These same authors also reported that as 

early as six hours after withdrawal of estradiol, the amount of 

connexin 43 gap junction mRNA was reduced in follicles 

undergoing atresia [45]. It is still unknown whether changes in 

gap junction mRNA and protein cause or result from atresia. 

Although the horse is a seasonal breeder, connexin 43 mRNA 

was observed in both estrous and anestrous ovarian tissue. In the 
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horse uterus, Brady et al. (1995) provided evidence for the 

presence of gap junctions within equine endometrial epithelium 

[32]. Further studies are required to examine the hormonal 

regulation of the expression of connexin mRNA and the role of cell 

signaling in both ovarian and uterine tissue. 
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