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Abstract

After completing its maturation, the human oocyte acquires very peculiar
fine structural features. In this review we describe by LM, TEM and SEM the
nuclear and cytoplasmic changes, as well as the changes in the texture of the
ZP, occurring in the human oocyte during the final stages of maturation. Oocytes
were obtained during ART cycles and destined to morphological evaluation after
the informed consent of the patients. The critical analysis of the data reviewed
leads us to emphasize that: 1. Both the completion of the maturative changes
in the preovulatory period and the absence of degenerative alterations in the
cytoplasmic microdomains of the human mature oocyte ultimately render the
female gamete competent for fertilization; 2. Several minute cellular aberrations,
detectable only by electron microscopy analysis, may occur in the human
oocyte as the consequence of the application of ART protocols (IVM and
cryopreservation, in particular) and could be responsible for ART failures, even

affecting early embryo development.
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Abbreviations

ART: Assisted Reproductive Technology; GV: Germinal Vesicle;
GVBD: Germinal Vesicle Breakdown; IVM: In vitro Maturation;
LM: Light Microscopy; M-SER: Mitochondria-smooth Endoplasmic
Reticulum; MII: Second Metaphase; MV: Mitochondria-vesicle;
PVS: Perivitelline Space; SEM: Scanning Electron Microscopy; SER:
Smooth Endoplasmic Reticulum; TEM: Transmission Electron
Microscopy; ZP: Zona Pellucida

Introduction

The positive outcome of ART procedures strictly depends
on the oocyte quality, evaluable in terms of maintenance of full
morphofunctional integrity during its complex and long maturative
iter. In fact, in vivo and in vitro as well, the completion of oocyte
maturative changes in the preovulatory period and the absence of
degenerative alterations in the oocyte cytoplasmic microdomains
both ultimately render the female gamete competent for fertilization.

Aim ofthis paperistobriefly review the process of the periovulatory
maturation of the oocyte in humans, giving particular emphasis to its
fine structural morphology, as revealed by LM, TEM and SEM [1-
7]. Electron microscopy observations in particular, associated with
clinical, epidemiological, biological, molecular and biochemical data,
are useful in the assessment of the structural integrity of the oocyte, in
order to define a proper “oocyte health” state. Electron microscopy,
in fact, can highlight not only obvious defects but even minute
subcellular alterations in the oocyte microdomains. These minimal
alterations cannot be diagnosed by other morphological approaches
routinely used in ART laboratories and could be responsible, in
some cases, of unexplained failures of ART procedures [1]. Recently,
electron microscopy, applied to the study of human oocytes subjected
to different protocols aimed at the preservation of female fertility,

has also provided some useful and objective information regarding
oocyte sensitivity to cryopreservation [8-17] and/or to IVM [15].

Methodology

The data reported in this review mostly derived from structural
and ultrastructural observations carried out by our research groups
on human oocytes obtained during ART cycles and evaluated at the
light of the specific literature at regard. All the samples, destined to
electron microscopy observations after the informed consent of the
patients, were fixed in 0.5% - 2% glutaraldehyde in phosphate buffer
and processed for LM, TEM and SEM as detailed elsewhere [6, 8-10,
13,18,19].

The Human Mature Oocyte: Fine Structural
Parameters

General features

Observed by LM in equatorial sections, the human mature oocyte
shows a rounded shape and a diameter of about 100 pm. The ooplasm
has a homogeneous texture and contains numerous, uniformly
dispersed organelles. Vacuoles, variable in size and location, are only
occasionally observed in healthy oocytes. The oocyte is surrounded by
the ZP, a glycoprotein matrix that forms a continuous and uniform
layer and has a thickness of about 17 um. The oocyte and ZP are
separated by a thin PVS, in which the first polar body is located,
visible only in particularly favorable sections (Figure 1). In the same
sections the MII chromosomes are also frequently observed, aligned
on the meiotic spindle [8-10,13]. Further details on each of these
structures will be provided in the next paragraphs.

Chromosomes and meiotic spindle of the second
metaphase

In order to become fertilizable, the oocyte destined to ovulation
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Figure 1: Mature oocyte (O) surrounded by the zona pellucida (ZP). The first
polar body is visible in the perivitelline space. LM, bar is 45 pm.

undergoes a series of maturative changes that affect both nuclear and
cytoplasmic domains.

As far as the nuclear changes are concerned, the first response
of the oocyte to the ovulatory surge of luteinizing hormone and to
the removal of inhibitory intrafollicular influences is the resumption
of meiosis [7]. A series of ultrastructural features characterize this
process. Before resuming meiosis, a voluminous nucleus, called GV,
is present in the oocyte, arrested in the prophase of the first meiotic
division. The GV, observed by TEM, appears as a rounded structure,
which usually assumes an eccentric position in the ooplasm. The
nuclear envelope (nucleolemma) is slightly undulated and provided
with numerous pores. The nucleoplasm contains one or more
evident nucleoli, with a compact texture, associated with clumps
of dense chromatin. The remaining chromatin is finely dispersed
in the nucleoplasm. When oocyte resumes meiosis the GVBD
takes place. In the initial stages of the GVBD chromatin condenses
to form chromosomes and the nucleolus disappears. The nuclear
envelope becomes highly folded and ultimately breaks, leading to
the release of the chromosomes at the periphery of the oocyte. The
first meiotic spindle forms and the first meiotic division rapidly
occurs, culminating with the extrusion of the first polar body in the
PVS. Afterwards, the second meiotic division immediately starts and
stops again at the MII stage, to be completed only at fertilization,
with the extrusion of the second polar body [3]. Thus in the mature,
fertilizable oocyte, MII chromosomes can be seen by TEM arranged
onto the equatorial plate of the meiotic spindle. The chromosomes

Figure 2: Mature oocyte. The metaphase Il spindle is composed of

have a strongly electron dense, granulo-fibrillar microstructure
(Figure 2). The meiotic spindle is located in a peripheral region of the
ooplasm, usually devoid of other organelles, and, in humans, it shows
an orientation perpendicular to the oolemma. The spindle is anastral,
devoid of centrioles and has a barrel shape, with slightly sharp poles.
It is composed of numerous microtubules which extend from one
pole to the other (Figure 2) [4].

Ooplasm

In general, oocyte organelles become far more abundant during
final oocyte growth. The main fine structural cytoplasmic markers
of maturity in the human oocyte are: 1. the occurrence of numerous
cytoplasmic aggregates, mainly formed by mitochondria and
cytoplasmic membranes, and 2. the distribution of CGs just beneath
the oolemma [1,20-22].

Cytoplasmic aggregates: Mitochondria are the most abundant
organelles in the ooplasm of the human mature oocyte. They are
spherical or oval in shape, and contain a dense matrix and a few
peripheral, arched or transversal, cristae [2,23]. Some mitochondria
may present clear vacuoles within their matrix. In the human mature
oocyte, mitochondria are characteristically associated with SER
membranes, resulting in the formation of peculiar structures mainly
located in the cortical ooplasm [3,4]. These structures are composed
of voluminous aggregates of anastomosing tubules or appear as small
vesicles containing a flocculent, slightly electron dense material. Both
tubules and vesicles appear surrounded by mitochondria and are
named M-SER aggregates and MV complexes, respectively (Figure
3). Although SER elements may dynamically acquire different shapes
(tubules or vesicles) and appear as independent structures by TEM,
actually they belong to the same system of interconnected membranes.
In fact, transitional figures with intermediate characteristics between
tubules and vesicles have been observed by TEM [1]. In this regard,
during the maturation of the oocyte, the aggregation of SER tubules
appears to be the first phenomenon to occur. Subsequently, these
tubules become surrounded by mitochondria, forming mitochondria-
SER aggregates. Small MV complexes, found in both immature (GV-
stage) and mature oocytes [5,17], may also provide membranes and
mitochondria for the assembly of mitochondria-SER aggregates.

Different roles are hypothesized for these peculiar membrane
systems and associated mitochondria. They may co-work to obtain:
a. Rich pool of energy reserve; b. Production/secretion of substances
(nutrients, growth factors) useful for fertilization; c. Rapid neogenesis
of plasma and nuclear membranes during the first embryo cleavages

microtubules (mt) and associated chromosomes (ch). TEM, bar is 1,5 um. [9].

Figure 3: Mature oocyte. Tubules (SER) and vesicles (V) of smooth
endoplasmic reticulum are associated with mitochondria (M) to form M-SER
aggregates and MV complexes. TEM, bar is 0,5 pm. [10].
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Figure 4: Mature oocyte. A rim of cortical granules (CGs) is seen under the
oolemma. M: microvilli, asterisk: perivitelline space. TEM, bar is 2 pm. [9].

[1,2,23]. Aggregates between mitochondria and endoplasmic
reticulum membranes also appear to be involved in the mechanisms
of storage and release of Ca++, which plays a key role at the time of
fertilization [7,24].

The presence of very large mitochondria-SER aggregates (so large
to be in some cases visible not only by TEM but also by phase contrast
microscopy examination during ART procedures) may occur as the
effect of gonadotropin stimulation [3] and has been put in relation
with an altered embryonic and fetal development [24,25], although
different opinions have been recently expressed [26].

TEM also allows the detection of numerous, large, atypical MV
complexes in human oocytes that have been subjected to IVM or are
kept in culture for a long time. These complexes, presumably deriving
from a further remodeling of the above described cytoplasmic
aggregates, can be identified as fine structural markers of prolonged
culture [3-5,15,16].

Cortical granules: CGs originates from the Golgi apparatus in the
immature, GV oocytes and progressively increases in number during
oocyte maturation, migrating toward the oolemma. In human mature
oocytes, CGs is stratified in two/three rows in subplasmalemmal
areas. By TEM, CGs appears as membrane-bounded organelles with
a diameter of about 0.2-0.6 um and a very dense, homogeneous
matrix (Figure 4). CGs contains mucopolysaccharides, proteases,
tissue type plasminogen activator, acid phosphatase and peroxidase.
Although some of these granules may occasionally discharge their
content independently of fertilization, nevertheless a sudden and
massive physiological release occurs only at fertilization time. The
release of CG content in the PVS at fertilization (“cortical reaction”)
and the consequent compaction and hardening of the inner aspect of
the ZP (“zona reaction”) are finalized to prevent the penetration of
supernumerary spermatozoa into the oocyte (polyspermy) [4,6,27].

Isolated CGs, still migrating toward the cell periphery, has
been sometimes detected in the inner ooplasm of IVM oocytes,
confirming the possible occurrence of an incomplete cytoplasmic
maturation in these oocytes [15]. In addition, CGc appear generally
sparse, forming a discontinuous layer in cryopreserved oocytes,
irrespective of the protocol applied (slow freezing or vitrification).
This latter finding suggests that a precocious oocyte activation may be
triggered by cryopreservation, leading to a premature CG exocytosis
and ZP hardening [8-10,12-17,28]. Both ART procedures (IVM and
cryopreservation) may thus impair oocyte competence to fertilization,
determining a defective distribution of CGs.

Figure 5: Early degenerating mature oocyte. Numerous vacuoles (Va)
associated with lysosomes (Ly) are found in the ooplasm. TEM, bar is 1,2
um. [9].

Other organelles: Contrarily to what previously reported for the
SER, membranes of rough endoplasmic reticulum are mostly absent
in the ooplasm of the human mature oocyte, and also free ribosome’s
are rarely encountered. Even the Golgi complex, after having
exhausted its role in producing CGs, is only occasionally observed in
the mature oocyte, becoming gradually replaced by SER during the
final stages of oocyte maturation. All these fine structural features
indicate a relative inactivity of human mature oocytes in protein
synthesis and secretion [3].

Differently to what occurs in other mammalian species (cattle
and sheep) vacuoles are almost completely absent in the human
mature oocyte. When found, vacuoles can be identified by TEM as
rounded, apparently empty structures surrounded by a membrane
often interrupted (Figure 5). The presence of multiple vacuoles of
various sizes is considered a sign of early degeneration of the oocyte
[8,9] and may affect the future development of the embryo [29]. In
fact, although oocytes with vacuoles can be fertilized, they rarely
divide [5]. Lysosomes and multivesicular bodies, organelles both
correlated to the triggering of phenomena of autolysis/autodigestion,
often associate with vacuoles in the ooplasm of damaged oocytes
(Figure 5) [4].

During the application of cryopreservation protocols, a slight to
moderate vacuolization has been observed in the ooplasm of human
oocytes subjected to slow freezing [8,9,13,16], whereas vacuoles
appear generally scarce when oocytes are vitrified, particularly if open
cryodevices, such as cryoloop or cryoleaf, are employed [10]. Thus,
on the basis of these data, vacuole formation after cryopreservation
may be judged one of the most accurate ooplasmic markers of
oocyte sensitivity to cryodamage. The presence and extent of
vacuolization may be also depending, at least in part, on the protocol
of cryopreservation applied.

Oolemma and perivitelline space

The human mature oocyte possesses very numerous microvilli
projecting into the PVS (Figure 4). These microvilli exert a decisive
role at fertilization, mediating the initial contact and fusion of the
fertilizing sperm with the oolemma [30]. The PVS, that is narrow in
healthy oocytes, contains the first polar body in which chromosomes,
associated to residual microtubules, and CGs can be seen by TEM
(Figure 6) [3-5].

The presence of an enlarged PVS, especially if associated
with obvious alterations of the morphology of the oocyte, such as:
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Figure 6: Mature oocyte. The first polar body (1t PB) with its chromosomes
(ch) is visible in the perivitelline space (asterisk). O: oocyte, ZP: zona
pellucida. TEM, bar is 2,5 pm. [9].

increased density of the cytoplasmic matrix, presence of an extensive
vacuolization, and reduction in amount of organelles and/or of
microvilli, indicate a frank atresia of the oocyte [1].

Zona pellucida

The ZP is an amorphous extracellular matrix that is formed during
the development of the preantral follicle at the interface between
oocyte and follicular cells. Once produced, the ZP remains around
the oocyte during the later stages of folliculogenesis, at the time of
ovulation and fertilization, and thereafter continues to surround the
embryo during its first divisions until implantation. The ZP, acting
as a protective and selective barrier, actually mediates the metabolic
exchanges between the oocyte/embryo and the surrounding
microenvironment [2].

By TEM, the ZP appears composed of a very fine texture of
filaments and granular agglomerates [31]. By SEM, which provides
a vivid, three-dimensional surface view of cells and tissues, the outer
aspect of the ZP of mature and healthy oocytes shows the presence
of numerous fenestrations (Figure 7). These latter consist of a loose
network of microfilaments, which give to the ZP a characteristic
spongy appearance. Immature or atretic oocytes are instead
surrounded by a ZP whose outer surface shows a smooth, compact
texture (Figure 8), with filaments arranged to form a very dense
network. At fertilization, spermatozoa can be actually “captured”
by the meshes of the spongy zona, where specific binding sites for
the spermatozoa are presumably located. On the contrary, the
condensation of the outer portion of the ZP covering immature or
atretic oocytes probably causes a “disorientation” of the same sites,
preventing sperm binding and penetration and ultimately impairing
oocyte fertilizability [31-33]. The inner surface of the ZP of mature

Figure 7: Mature oocyte. Note the spongy appearance of the outer aspect of
the zona pellucida. SEM, bar is 3 um.

Figura 8: Immature/atretic oocyte. Note the compact texture, without
fenestrations, of the outer aspect of the zona pellucida. SEM, bar is 7 pm.

oocytes, when observed by TEM and SEM, appears formed by thin
filaments anastomosed to each other and interconnected by small
globular structures. After fertilization, while the outer portion of
the ZP maintains a spongy appearance [19], the inner side shows a
diffuse condensation of the filaments, interpretable as a fine structural
marker of the occurrence of the zona reaction [31].

Conclusions and Future Perspectives

In conclusion, during the final stages of maturation, the human
oocyte undergoes a complex, ordered and coordinated reorganization
of its genome, ooplasm and surrounding extracellular matrix. This
reorganization, followed by electron microscopy, appears to be
characterized by neogenesis, modification and redistribution of
organelles, membranes and glycoprotein’s in the ZP. A spatial and/
or temporal alteration of these processes, which may occur in vivo
and during the application of ART protocols as well, can be without
doubts responsible for a reduced or impaired performance of the
oocyte at fertilization. In addition, the efficacy of the above processes
is not only essential for rendering the oocyte fertilizable, but is also
crucial for the healthy development of the future embryo. At this
regard, it is also worth noting that a peculiar cytoplasmic inheritance
in the zygote is mostly derived from molecules and organelles properly
stored in the oocyte, mainly mitochondria that with their own DNA
(mitochondrial DNA) are transmitted from one generation to the
next through the oocyte cytoplasm [23,34].

The acquisition of oocyte competence to be fertilized and
generate a healthy embryo can be also further improved by the
presence, in vitro, of other components of the ovarian follicle, such
the cumulus-corona cells [18,35] and even the parietal granulosa
cells used for co-cultures [36]. All these somatic cells of the follicle,
in fact, possess the morphofunctional correlates of actively secreting
cells capable of creating around the oocyte/early embryo a suitable
microenvironment enriched of “embryotrophic” factors. In our
opinion, this somatic support deserves to be more deeply investigated
in different ART conditions.

Finally, the definition and standardization of fine structural
markers of quality for the human mature oocyte could be also useful
for a constructive evaluation of the morphology of the oocytes
subjected to different ART procedures, cryopreservation in particular.
The final goal will be to give a contribution to the identification of less
aggressive protocols in terms of preservation of oocyte quality and
viability in ART.
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