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The Physiology of the Xenopus laevis Ovary

Melissa A. Rasar and Stephen R. Hammes

Summary

Xenopus laevis has been used for many decades to study oocyte development and matu-
ration. The Xenopus oocytes’ large size, relative abundance, and clearly defined progres-
sion of physical characteristics from oogonia to eggs make them ideal for studying
oogenesis. In addition, the ability of steroids to trigger Xenopus oocyte maturation in vitro
has resulted in their extensive use for the study of the complexities of meiosis. Interest-
ingly, steroid-induced maturation of Xenopus oocytes occurs completely independent of
transcription; thus, this process serves as one of the few biologically relevant models of
nongenomic steroid-mediated signaling. Finally, Xenopus oocytes appear to play a critical
role in ovarian steroidogenesis, suggesting that the Xenopus ovary may serve as a novel
system for studying steroidogenesis. Evidence indicates that many of the features defining
Xenopus laevis oogenesis and maturation might also be occurring in mammals, further
emphasizing the strength and relevance of Xenopus laevis as a model for ovarian develop-
ment and function.
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1. Anatomy of the Ovary

The ovaries are considered the largest organs in the adult female frog, filling a large
portion of the abdominal cavity and contributing to nearly 15% of the total frog weight
during breeding (). The two ovaries resemble large transparent sacks subdivided into
multiple lobes (~24 lobes per ovary), each containing hundreds of oocytes at all stages
of development (Fig. 1). Unlike in mammals, the relatively large frog oocytes make
up the majority of the ovarian volume. Furthermore, these oocytes contribute to
important ovarian physiologic processes, such as steroidogenesis. The large size and
easy accessibility of amphibian oocytes also make them useful tools for studying meio-
sis; thus, Xenopus oocytes have long served as an important model for examining the
cell cycle.

Although they rest in the abdominal cavity, the ovaries are actually fixed to the
retroperitoneum. They are attached to the kidneys and are surrounded by an epithelium
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Ovarian Physiology 19

of ciliated cells derived from embryonic primordial medullary tissue that is continu-
ous with the visceral peritoneum (2). This epithelium is made up of a single layer of
flat cells covering an inner thecal layer. The thecal layer consists of extracellular matrix
surrounding blood vessels and fibroblasts and covers another layer of cells that consti-
tute the inner epithelium.

At the start of oogenesis, oocytes are located within the thecal layer. As they grow,
they push the inner epithelium centrally to form bulges that represent individual fol-
licles. The individual oocytes are surrounded by a layer of flattened cells that keep
them isolated from the thecal layer, with each oocyte and associated cells representing
an independent follicle.

During follicular development, the surrounding layer of follicle cells becomes sepa-
rated from the oocytes by an acellular layer of mucopolysaccharide material called the
vitelline membrane or zona radiata. Although the origin of this membrane is not cer-
tain, some evidence suggests that it might be secreted by the follicle cells themselves
during secondary follicle growth (3).

As the follicles continue to grow, the follicle cells extend small projections that
cross this vitelline membrane to contact the oocyte surface and form gap junctions.
These gap junctions are felt to play important roles in the communication between
oocytes and surrounding follicle cells and may be involved in essential processes such
as yolk accumulation and the regulation of meiosis (4). A schematic representation of
ovarian and oocyte anatomy is depicted in Fig. 1.

2. Anatomy of the Developed Oocyte

Oocytes that are in their final stage of development (stage VI) have completed
oogenesis and are competent for ovulation and subsequent fertilization (3,5). These
oocytes are approx 1.3 mm in diameter, with a volume of approx 1 pL. They have a
well-defined brown animal pole (containing the majority of the nucleus) and a weakly
pigmented vegetal hemisphere (containing the majority of the yolk platelets). Between
the two hemispheres is a thin, unpigmented ring called the equatorial band or belt.

The nucleus, or germinal vesicle, of a stage VI oocyte is quite large relative to a
somatic cell nucleus (~10° times the size), and holds multiple extranucleoli containing
large amounts of ribosomal ribonucleic acid (RNA). The DNA within the nucleus has
replicated and is arrested in the diplotene stage of prophase I. The germinal vesicle is
surrounded by a nuclear envelope containing large pores, which are likely important
for the transport of molecules such as messenger RNA (mRNA) between the cyto-
plasm and the nucleus (6).

The cytoplasm of the oocyte is also unique in developed oocytes, with 80% of the
cytoplasmic proteins being yolk proteins stored in the yolk platelets (7). These consist
of lipoproteins and glycoproteins that will serve as nutritive stores for the developing
embryo. The process of yolk protein accumulation is known as vitellogenesis and is
described in Subheading 4. The cytoplasm also contains a rich store of maternal
mRNAs and ribosomes.

Although protein synthesis is very robust during oocyte development, only
2% of ribosomes are active, and only 20% of mRNAs are actively translated (8,9).
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The remaining ribosomes are stored for later function. Inactive mRNAs are stored in
ribonuclear protein (RNP) complexes, and specific transcripts may be compartmental-
ized within the oocyte. Furthermore, these dormant mRNAs may be incompletely
polyadenylated, thus rendering them inactive until the resumption of meiosis, when
the polyadenylation pattern of mRNA is dramatically altered (10,11).

One last important feature of the developed oocyte is its cortex. The cortex consists
of a cytokeratin shell extending a few micrometers from the membrane toward the
cytoplasm and appears to play an important role in maintaining the structural integrity
of the oocyte (3). The melanin-containing pigmented granules are present in this
region and are more concentrated around the animal pole of the oocyte. In addition,
the microvilli from surrounding follicle cells extend through the cortex, allowing com-
munication between the oocyte and surrounding cells. Finally, the cortex is surrounded
by the plasma membrane, which directly contacts the vitelline envelope of the follicle.

3. Oogenesis

Oogenesis refers to the transformation of oogonia to oocytes. Oogenesis begins in
the embryo approx 3 wk after fertilization, when the embryonic gonads start to become
sexually differentiated. During this time, the primordial germ cells begin to multiply
to form primary oogonia. This growth is still quite slow and asynchronous. By 4 wk,
the oogonia have begun to couple together, resulting in the formation of secondary
oogonia. During this time, meiosis begins. Meiosis continues to the diplotene stage of
prophase I, at which point the oocyte is arrested until just prior to ovulation. During
this protracted diplotene stage, the oocytes grow considerably, increasing their vol-
ume by well over 10,000-fold.

Amphibian oogenesis is persistent in the adult ovary, with oogonia constantly dif-
ferentiating into oocytes. This process is not synchronized; thus, individual lobes will
contain oocytes in many stages of oogenesis. Interestingly, although this asynchro-
nous and persistent development of oocytes from oogonia in adults was at one time
considered specific only to lower vertebrates, evidence suggests that oogenesis may
also be occurring persistently in the ovaries of female mice (12).

Generally, a cycle of oogenesis is considered complete when an ovary has a large
population of banded stage VI oocytes, at which point the animal is ready to ovulate.
Studies have shown that approx 5 to 7 wk are needed to repopulate the ovary with
stage VI oocytes after human chorionic gonadotropin (hCG)-stimulated ovulation,
suggesting that this amount of time is needed for oocytes to progress to ovulatory
competence (13,14).

The criteria for staging Xenopus oogenesis are based on a scale developed by James
Dumont (5) that allows identification of stages by morphologic appearance of unfixed
oocytes. Given that oogenesis is a continuous process, no precise boundaries can be
defined between stages; however, the features described here provide a basis for iden-
tifying the approximate stage of development and therefore predicting the physiologic
processes occurring in a given oocyte. The salient features of each stage of oocyte
development are reviewed in Table 1 and are pictured in Fig. 1.
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3.1. Stage |

Stage I oocytes are previtellogenic and range from 50 to 300 um in diameter.
A distinguishing feature of these oocytes is the transparent cytoplasm with an easily
identified germinal vesicle that fills much of the cell. Large, irregular nucleoli are
evident at the periphery of the nucleus by late stage I, and the nuclear envelope main-
tains a smooth outline. A densely packed collection of mitochondria that appears as a
small, yellowish body, referred to as the mitochondrial mass or Balbiani body, can be
visualized next to the nucleus. The cytoplasm usually appears diffusely granular, con-
taining large amounts of RNA, ribosomes, and endoplasmic reticulum. In early stage I,
follicle cells are tightly juxtaposed to the oocyte membrane; however, during late stage I,
these follicle cells lift from the surface of the oocyte, and the microvilli begin to
develop (15).

3.2. Stage 1l

Stage II oocytes are also previtellogenic and account for 45% of the total oocyte
population in stages II to IV. Stage II oocytes range in diameter from 300 to 450 wm.
At this point in development, oocytes acquire a characteristic opaque white color that
obscures the mitochondrial mass and nucleus. Several changes begin to take place in
the wall of the ovary and in the follicle cells during this stage:

1. Both the outer membrane and follicle cells grow in size, making these cell layers appear
thicker.

2. Basement membranes develop on the basal (thecal) side of each cell layer.

The theca accumulates more collagen.

4. An expansive microvilli network that emanates from the apical side of the follicle cells
and arches over the oocytes and the acellular vitelline envelope develops at the follicle
cell-oocyte junction (1).

5. A periodic acid-Schiff (PAS)-positive granular layer develops along the periphery of the
cytoplasm that contains cortical granules, mitochondria, small yolk platelets, lipid, and
premelanosomes.

6. The nuclear envelope becomes progressively more irregular, and the nuclei acquire more
irregularly shaped nucleoli along the periphery.

3.3. Stage Il

Stage III oocytes range from 450 to 600 wm in diameter and account for 15% of the
population in stages II to VI. Two important processes are initiated during stage III:
acquisition of pigmentation and active uptake of yolk (vitellogenesis; see Subheading 4.).
Pigmentation is initially evident by the tan or light brown appearance of oocytes,
caused by melanin produced from the melanosomes lying beneath the cortical layer of
the oocyte. During this stage, oocytes continue to darken uniformly, with no distinc-
tion between animal and vegetal poles, until the entire oocyte appears dark brown or
black. Other morphologic changes during stage III include development of visible
blood vessels along the surface of the oocyte, increased height of the follicle cells,
increased numbers and sizes of microvilli, and continued development of the vitelline
envelope (16).

w
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Finally, nuclear changes also occur. First, formerly peripheral nucleoli become
vacuolated and relocate to the center of the nucleus. Second, to allow for efficient
transcription of genes to service the 103- to 10°-fold higher volume of cytoplasm com-
pared to somatic cells, the chromosomes relax into a lampbrush configuration. The
presence of this conformation coincides with peak RNA synthesis, which begins in
late stage II and lasts until very late stage III (17,18). In fact, stage III oocytes have
their full complement of poly(A) mRNAs, but only a small fraction is translated (19).

3.4. Stage IV

Stage IV oocytes range in size from 600 to 1000 wm in diameter and account for
approx 15% of the stage II to VI oocyte population. Differentiation of the animal and
vegetal hemispheres becomes evident during stage IV. Determination of this axis is
not dependent on where the follicle is attached to the ovarian wall. Instead, the axis of
polarity seems to be established early in the oogonium based on a line that passes from
the nucleus to the centrosome in these very early germ cells (20). Subsequent events,
such as fragmentation of the mitochondrial mass during stage II development, accu-
mulation of yolk platelets, and asymmetric thinning of the cortex, fall along this axis (21).

Other features typical of stage IV development are increased numbers of blood
vessels in the theca and the continued growth of follicle cells. Channels begin to
develop between adjacent follicle cells. Cortical granules become more uniform
beneath the oocyte membrane, and the majority of melanosomes are now restricted to
the animal pole. The cortex of the vegetal pole begins to thin, perhaps because of
stretching, and the animal pole remains thick (22). The nuclear envelope remains con-
voluted, albeit less so than in the earlier stages, and the lampbrush chromosomes retract
along with the nucleoli.

Vitellogenesis is most rapid during stage IV oogenesis. The yolk platelet density
gradient from the animal to the vegetal axis becomes pronounced, and the nucleus
seems to be displaced to the animal pole. The density gradient appears to develop
because younger, smaller yolk platelets are imported via micropinocytosis at the ani-
mal pole and transported to the vegetal pole along intermediate filament-rich radii.
During transit to the vegetal half of the oocyte, these small yolk platelets fuse to form
older, larger, and more densely packed platelets (21).

3.5. Stage V

Stage V oocytes range in size from 1000 to 1200 um and account for 10% of the
oocyte population in stages II to VI. At this point in oogenesis, the border between
the animal and vegetal hemispheres becomes more distinct, and the pigmentation of
the animal hemisphere begins to fade from the dark brown of stage IV oocytes to a
more brown or beige color. Blood vessels are still prominent, the vitelline envelope
has reached maximal thickness, and follicle cells appear to flatten. At this point, vitel-
logenesis starts declining, although the yolk gradient continues to displace the nucleus
toward the animal pole. At this point, the nuclear envelope polarizes such that the
vegetal half of the nucleus becomes more irregular than the animal half, and the
nucleoli and chromosomes condense to form a centrally located mass.
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3.6. Stage VI

Stage VI oocytes mark the end of oocyte development and, because of the cessation
of vitellogenesis, are considered postvitellogenic. As mentioned, by this stage oocytes
have a banded appearance as a result of an unpigmented equatorial 200-um band sepa-
rating the heavily brown-pigmented animal pole from the pale yellow vegetal pole.
The follicle cells continue to appear flattened, and the nuclei shrink in size. The
vitelline envelope develops two distinct layers, and the number and length of microvilli
extending from the oocyte surface are markedly reduced. A few nucleoli persist in the
nucleus and tend to be localized near the highly convoluted vegetal half of the nuclear
envelope (23), which is the side that breaks down first during initiation of meiosis
(maturation).

At this stage, the oocyte has accumulated enough resources to support development
of the embryo through the swimming tadpole stage. The inherent polarity that was
established in the oogonia and that later became visually evident as the animal and
vegetal poles during oocyte development is maintained during maturation and fertili-
zation and ultimately becomes important for the appropriate formation of embryonic
structures.

4. Vitellogenesis

Vitellogenesis refers to the formation of the oocyte yolk. Xenopus oocytes contain
large quantities of yolk in the cytoplasm in the form of yolk platelets (7,24). In stage VI
oocytes, these yolk platelets encompass nearly 80% of the total oocyte protein and
appear as thousands of small cytoplasmic droplets when sectioned oocytes are viewed
under the microscope. Yolk platelets are asymmetrically distributed in the cytoplasm.
The animal hemisphere contains the lowest yolk content with the smallest yolk plate-
lets, and the vegetal region contains the highest yolk content with the largest yolk
platelets.

The yolk platelets consist of a combination of lipo-, glyco-, and phosphoproteins
that are packed together in a crystalline fashion. They contain primarily two types of
yolk: protein yolk, which contains phosphoproteins that are often attached to lipid
molecules, comprises approx 45% of the oocyte’s dry weight (25); fatty yolk, which
consists of neutral lipids with varying amounts of phospholipids, makes up approx
25% of the oocyte mass. Most of the yolk content is synthesized outside the ovary and
transported into oocytes during the secondary phase of oocyte growth.

For example, one of the major components of the yolk is the phosphoprotein
vitellogenin, which appears in the bloodstream of female frogs during breeding sea-
son. Vitellogenin is synthesized in the liver, where its production is stimulated by
estradiol but not other ovarian steroids such as androgens or progesterone (26).
Although exogenous administration of estradiol increases vitellogenin production by
the liver, vitellogenin uptake by the ooctyes remains low; thus, serum vitellogenin
levels increase dramatically. In contrast, injection of exogenous gonadotropins into
female frogs leads to liver vitellogenesis as well as rapid uptake of vitellogenin by the
oocytes, resulting in relatively low serum vitellogenin levels.
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The presumption is that gonadotropins stimulate vitellogenesis in the liver via ova-
rian estradiol production; vitellogenin uptake by oocytes is promoted through a sepa-
rate, estradiol-independent, mechanism (27,28). Vitellogenin uptake begins when
oocytes reach stage III of their growth and, although its mechanism is not completely
understood, may involve pinocytotic and endocytotic events as well as communica-
tion between the follicle cells and oocytes via the gap junctions (29).

5. Steroidogenesis

Sex steroids appear to be secreted primarily by the ovaries of female frogs (30,31).
During breeding season, serum estradiol levels increase, which stimulates vitellogenin
production by the liver. The direct effects of estradiol on amphibian ovarian follicle
development are still not well understood. Sex steroid production reaches a maximum
during ovulation, when gonadotropins secreted from the pituitary stimulate both estro-
gen and androgen production; however, the exact amounts of the various ovarian ste-
roids made in the ovaries during natural ovulation is not well documented. In contrast,
both serum and ovarian steroid levels in female frogs injected with exogenous gona-
dotropins have been measured (32).

Injection of hCG promotes a rapid increase in ovarian sex steroid production that
peaks after approx 8 h, which roughly coincides with ovulation. Exogenous hCG pro-
motes moderate increases in estradiol production and dramatic increases in testoster-
one and androstenedione production. Although hCG stimulates ovarian progesterone
production as well, its levels in the serum and ovaries relative to testosterone and
estradiol remain quite low. This contrasts with gonadotropin-stimulated steroidogen-
esis in mammalian ovaries, where progesterone production exceeds that of androgens
and estrogens.

Several studies have been directed toward characterizing the steroidogenic pathway
in the Xenopus ovary. Together, these studies explain the high androgen, moderate
estradiol, and low progesterone levels described. The classical ovarian steroidogenic
pathway is depicted in Fig. 2 (33).

After synthesis of the steroid pregnenolone from cholesterol, sex steroid produc-
tion relies on four important enzymes. First, the cytochrome p450 enzyme CYP17
converts pregnenolone and progesterone to dehydroepiandrosterone (DHEA) and
androstenedione, respectively. Second, the steroid dehydrogenase 3BHSD converts
AS steroids (such as pregnenolone and DHEA) to A4 steroids (progesterone and
androstenedione, respectively). Third, 17B—hydroxysteroid dehydrogenase (17BHSD)
metabolizes androstenedione to testosterone. Finally, the aromatase enzyme CYP19
converts androstenedione and testosterone to estrone and estradiol, respectively.

Several studies have demonstrated the presence of both 3BHSD and 17BHSD
activities in Xenopus ovaries, localizing these enzymes primarily to follicle cells
(34,35). In contrast, Xenopus CYP17 appears to be exclusively expressed in the
oocytes themselves (32,35). Interestingly, pregnenolone is a very poor substrate for
3BHSD-mediated conversion to progesterone but is an excellent substrate for Xenopus
CYP17. Thus, pregnenolone is preferentially converted to DHEA, which in turn is a
good substrate for 3BHSD-mediated conversion to androstenedione. This selective
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Fig. 2. Diagram of Xenopus ovarian steroidogenesis. CYP17 is expressed exclusively in the
oocyte, which is represented by an oval shape in the center of the figure. All other steroidogenic
enzymes are present in the surrounding follicle cells. Sex steroid production is therefore depen-
dent on the germ cells, or oocytes. Estrogen and estrone enter the circulation to promote vitel-
logenesis in the liver. Vitellogenin then returns to the ovary and is taken up by oocytes.
Androstenedione and testosterone are produced in large amounts prior to ovulation and may
promote oocyte maturation. Although progesterone is also capable of promoting maturation,
its production prior to ovulation is quite low; thus, the physiologic role of progesterone in
regulating oocyte maturation is uncertain.

metabolism of pregnenolone via the A5 pathway likely explains why little progester-
one is produced by the Xenopus ovary. Ovarian CYP19 activity, which seems to be
primarily in follicle cells, is also relatively low, even in the presence of gonadotropins,
thus explaining the reduced estradiol levels relative to testosterone (34).

The exclusivity of steroidogenic enzyme activities to specific cells within the ovary
implies that Xenopus sex steroid production depends on both follicle cells and germ
cells. This suggests an unusual positive-feedback model by which germ cells, or
oocytes, are controlling their own growth and development by regulating synthesis of
the steroids (estrogens) that promote vitellogenesis in the liver.

6. Oocyte Maturation and Ovulation

Just prior to ovulation, the microvilli between follicle cells and oocytes retract from
the vitelline membrane so that the oocytes start to detach from the membrane (3).
At the same time, chromosomal condensation begins, with spindle formation and loss
of nuclear membrane definition (germinal vesicle breakdown). These features are part
of oocyte maturation, which is defined as the resumption of meiosis beyond prophase I
to metaphase II. Oocyte maturation is regulated by both pituitary and ovarian
hormones.
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In the 1930s, Rugh first demonstrated a role for pituitary factors in triggering
amphibian ovulation by inducing the ovulation process with pituitary extracts (36).
Shortly afterward, a role for ovarian factors in moderating ovulation was shown to be
important through experiments in which ovulation in female frogs was triggered using
ovarian tissue that had first been exposed to pituitary extract (37,38).

In the 1960s, progesterone was proposed to be the ovulation-inducing factor pro-
duced in the ovaries because submicromolar concentrations of progesterone promoted
maturation in vitro (39). Since that time, nearly all of the seminal work studying meio-
sis in Xenopus oocytes has used progesterone as the trigger for maturation. However,
many other steroids are equally or more capable of promoting oocyte maturation in
vitro, including the androgens testosterone and androstenedione (32,39,40). Further-
more, as mentioned, gonadotropins stimulate very little ovarian progesterone produc-
tion relative to these two androgens in vivo.

These observations suggest that androgens, rather than progesterone, may be the
primary physiologic mediators of Xenopus oocytes in vivo. In addition, the CYP17
expressed in isolated oocytes rapidly converts progesterone to androstenedione; thus,
in vitro “progesterone-induced maturation” likely involves androgen as well as proges-
terone actions (32). These observations suggest that, similar to the positive-feedback
loop involving oocyte-dependent estrogen synthesis and oocyte growth via vitellogen-
esis, oocyte-mediated androgen production might also play a positive role in oocyte
development by promoting maturation.

Investigation of the signaling mechanisms regulating steroid-induced oocyte matu-
ration has been a subject of considerable interest for many decades (41). In contrast
to most steroid-mediated signals, maturation appears to be transcription independent
or nongenomic. Some nongenomic signals triggered by steroids during maturation
include changes in intracellular cyclic adenosine monophosphate, promotion of the
mitogen-activated protein kinase cascade, and activation of cyclin-dependent kinase
1. Many of these signals appear to involve steroid-induced changes in mRNA
translation.

Interestingly, as mentioned, although transcription is very active during late
oogenesis, only 20% of mRNA is translated (3). During maturation, a shift in the
complement of translated mRNAs occurs, most likely because of changes in mRNA
polyadenylation. One example is the MOS protein, a potent regulator of meiosis;
its translation is increased by the addition of steroids (10,11,41). Studies suggest
that these steroid-induced signals might in part involve classical steroid receptors
that are signaling in a nongenomic fashion outside the nucleus. Other studies pro-
pose a “release of inhibition” model by which constitutive G protein-mediated sig-
naling might be holding oocytes in meiotic arrest, and steroids might promote
maturation by overcoming these inhibitory signals (42,43). More work is needed to
confirm the validity of these models; however, studies in mammalian systems have
shown that similar mechanisms may be present (44,45), emphasizing the usefulness
of Xenopus oocytes as a general model for meiosis as well as for ovulation and
oocyte development.
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