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The structure, distribution, and function of
mitochondria during human oogenesis and
early development is reported. Oogonia
show a sparse and even distribution of
mitochondria, which are oval or elongated.
Except around nuclei, growing oocytes from
small antral follicles have more dense roun-
ded or oval mitochondria, associated with
the rough endoplastic reticulum. Mitochon-
dria in fully grown, germinal vesicle (GV)
oocytes present an inert appearance, with
a dense matrix and a few arch-like or
transverse cristae. At this stage mitochon-
dria are usually absent from the cortical
part of the cytoplasm. Mitochondria in
metaphase I and II oocytes, including fertil-
ized oocytes, present a similar structure,
but they are numerous and evenly spread
in the ooplasm, associating closely with
vesicles or aggregates of tubular smooth
endoplasmic reticulum. The most substan-
tial change in distribution occurs at the
pronuclear stage, when there is a central
conglomeration of mitochondria around the
pronuclei in both monospermic and disper-
mic embryos, which persists up to syngamy.
In structure and distribution, mitochondria
in blastomeres of 2-16-cell embryos remain
virtually unchanged and resemble those
of mature oocytes, though perinuclear
aggregation can be evident. Mitochondria

are usually excluded from meiotic and
mitotic spindles but locate peripherally,
apparently providing energy for centro-
somal, cytoskeletal, and chromosomal activ-
ity during cell division. Morphogenetic
changes in mitochondrial structure occur
in the 8-cell cleaving embryo, the morula
and the blastocyst (apparently accompany-
ing the onset of nuclear and mitochondrial
transcription), when they become progress-
ively less electron dense and often develop
clear areas in their matrices. Elongating
mitochondria with inner mitochondrial
membranes arranged into transverse cris-
tae appear in expanding blastocysts, in the
trophoblast, embryoblast, and endodermal
cells. These mitochondria seem to play a
role in blastocyst differentiation, expansion,
and hatching, with their morphological
changes reflecting increased cellular
activity.
Key words: embryo/human/mitochondria/
mtDNA/oocyte/ultrastructure

Introduction

Mitochondria, the chief energy transducers of
cells, have come to prominence in the study
of human embryo development and in-vitro
embryo culture (Bavister, 1995; Jansen and
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Mitochondria in early human embryos

Figure 1. Oogonia from fetal ovary. Mitochondria (M) are sparse and variable in form. Note reticulated nucleolus. F = follicle
cell; O = oogonia. Original magnification X5250 (reproduced from Sathananthan et al., 2000, with permission).

Figure 2. Growing primary oocyte in an early antral follicle from adult ovary. The mitochondria (M) are mostly located in
peripheral ooplasm (O). N = nucleus; Z = zona. Original magnification X2275.

De Boer, 1998): The embryo during this time
changes its metabolic requirements in vitro,
corresponding perhaps with its in-vivo trans-
port from the oviduct (or Fallopian tube) to
the uterine environment. In vitro, the human
embryo requires a pyruvate or lactate-rich
culture medium during early cleavage and
then seems to prefer a glucose-rich substrate
medium later in preimplantation development
(Bavister, 1995). This can now be achieved
in vitro by sequential culture of human
embryos in so-called stage-specific culture
media (Jones et al., 1998). Such a change
of substrate requirements could reflect an
inherent change in mitochondrial structure and

function, since these are the organelles of
cellular respiration and ATP synthesis that
ultimately utilize these substrates. Furthermore
mitochondria exhibit morphological changes
that seem to coincide with this metabolic
transition.

Mitochondria are the most prominent organ-
elles in maturing oocytes and embryos, identi-
fiable by transmission electron microscopy
(TEM). The other readily distinguishable
organelles present are cortical granules,
smooth or rough endoplasmic reticulum (SER
or RER), the Golgi apparatus, and lysosomes
(see Sathananthan et al, 1986, 1993). Mito-
chondria are apportioned to various blasto-
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Figure 3. Mature fertilized oocyte, 3 h after insemination. Mitochondria (M) are very numerous and are evenly distributed
throughout the ooplasm. Note that the polar body (PB) also contains mitochondria. P = perivitelline space; Z = zona
pellucida. Original magnification X1820.

meres during cleavage up to the blastocyst
stage, with no increase in cytoplasmic volume
during repeated mitoses (cell divisions) of
embryonic cells.

The TEM studies presented here deal prin-
cipally with the intracellular distribution and
microstructure of mitochondria from the
mature oocyte to the stage at which the blasto-
cyst hatches out of the zona pellucida, in
preparation for implantation into the endomet-
rium. Some observations on primordial germ
cells as well as growing and maturing oocytes
are also made, and are relevant to culture of
ovarian tissue and oocytes in vitro. There have
been several previous studies of mitochondrial
morphology in human oocytes or embryos,
some of which have focused on oocyte or
embryo culture (see Dvorak and Tesarik, 1985;
Makabe et al, 1989; Van Blerkom, 1989;
Wartenberg, 1989; Sathananthan et al, 1990,
1993; and also see Motta, 2000). Studies of
mammalian embryos have shown that mito-

chondria do undergo morphogenetic changes
in response to increased metabolism, oxygen
consumption, carbon dioxide production, or
substrate utilization during early development
(for review, see Van Blerkom and Motta,
1979).

Here we report changes in mitochondrial
structure and distribution during oogenesis,
oocyte maturation, and preimplantation devel-
opment, and attempt to relate these changes to
known biochemical and genomic transitions.

Mitochondria were examined by routine
TEM in serial sections of human oocytes and
embryos collected in an IVF laboratory. Fetal
and adult ovaries were also examined for
mitochondria in oogonia and in oocytes of
primordial and small antral follicles. All
material was routinely fixed in glutaraldehyde
and osmium tetroxide, and serial sections
were stained with alcoholic uranyl acetate and
Reynold's lead citrate (Sathananthan, 1993;
Sathananthan et al, 1993).
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Mitochondrial distribution

In general, oogonia in fetal ovaries and the
oocytes of primordial follicles in adult ovaries
show mitochondria in a perinuclear distribu-
tion, whereas oocytes from small antral foll-
icles show a peripheral distribution (Figures
1 and 2). Mitochondria of healthy, large,
germinal vesicle oocytes (obtained from ter-
tiary follicles) show a perinuclear distribution,

Mitochondria in early human embryos

being excluded from the cortical cytoplasm. In
mature (metaphase II) oocytes and in oocytes
soon after fertilization, mitochondria are usu-
ally evenly distributed (Figure 3), but then
conspicuously conglomerate around the pro-
nuclei as pronuclear formation occurs (Figure
4). Mitochondria also tend to locate around
some nuclei in early blastomeres and in cells
of morulae and blastocysts. However, they are

Figure 4. Pronuclear stage zygote with three pronuclei. The mitochondria (M) conglomerate in the central ooplasm around the
pronuclei (P). This occurs in both normal (two pronuclei) and three pronuclear zygotes. Original magnification X3500.

Figure 5. Oogonium showing mitochondria in detail. Mitochondria are oval to elongated, show a dense matrix, and the inner
mitochondrial membranes form tubular cristae, resembling those of steroid-secreting cells. O = ooplasm; N = nucleus.
Original magnification X35 000.

Figure 6. Primordial follicular oocyte showing mitochondria in detail. Mitochondria are spherical and inner mitochondrial
membranes form irregular cristae, among a less dense matrix. N = nucleus. Original magnification X 35 000.

Figure 7. Mature metaphase II secondary oocyte showing mitochondria in detail. The mitochondria are rounded to oval with a
dense matrix and arch-like or transverse cristae. Note the association with smooth endoplasmic reticulum (S). Original
magnification X43 750.

Figure 8. Two-cell embryo, showing mitochondria in detail. Mitochondria are unchanged from those of mature oocytes. S =
smooth endoplasmic reticulum. Original magnification X 35 000.
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1 Mitochondria in early human embryos

usually excluded from meiotic and mitotic depending on the stage of development. SER
spindles, aggregating instead at the periphery, manifests as isolated vesicles or aggregates

Mitochondria are usually associated with of tubules. Mitochondria are found on the
elements of the SER or RER (Figures 7-10), periphery of the latter in maturing oocytes. D
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Mitochondria are also associated with decon-
densing sperm heads in association with vesi-
cular SER (Figure 15) and then during
construction of the male and female pronuclear
envelopes. Sperm mitochondria are easily dis-
tinguishable from oocyte mitochondria by
their shape (oval to elongate) and cristal struc-
ture and their association with sperm centri-
oles, axonemes and male pronuclei (Figures
14,16). Sperm mitochondria have clearly been
involved in sperm motility, which ceases at
fertilization; they might then be involved in
the release of the sperm centrosome from the
sperm neck to form a sperm aster.

Mitochondrial structure

TEM observations of oocytes during oogenesis
and in a closely knit series of preimplantation
human embryos show that mitochondria
undergo some significant changes in structure
during this time. Mitochondria of fetal oogonia
are oval to elongated, have a dense matrix
and tubular cristae that resemble those of
steroid secreting cells (Figure 5). Mitochondria
in oocytes of primordial follicles are rounded,
with a less dense matrix and an inner mito-
chondrial membrane arranged in the form of
a few irregular cristae (Figure 6).

Mitochondria are predominantly spherical
to oval in shape (diameter 0.3-0.5 jim) in
growing and maturing oocytes and in very

early cleavage stage blastomeres (Figures 7
and 8). They present an inert-looking appear-
ance, with a dense matrix and a few arch-like
cristae located peripherally or transversely.
Clear blebs beneath the surface membranes
are sometimes seen. Occasionally giant mito-
chondria (diameter 1-2 |um) can be seen in
mature oocytes. Mitochondria that are appar-
ently duplicating, fusing, or double are rare.

This mitochondrial microstructure is virtu-
ally unchanged until about the 8-cell stage,
after which a subtle but progressive decrease
occurs in matrix density until about the early
blastocyst stage (Figure 9), after which (in
expanding and hatching blastocysts) further
changes in fine structure occur more dramatic-
ally. In the 8-16-cell stages and in morulae,
mitochondria become comparatively less
dense, but the cristal structure remains the
same as in early embryos. Developing clear
areas in the mitochondrial matrix might coin-
cide with the location of mitochondrial DNA
(see Fawcett, 1981) and possibly indicate
initiation of transcription. This change in struc-
ture after the 8-cell stage coincides temporally
with known embryonic genome activation
(Braude et al., 1988) and with changing meta-
bolic requirements during IVF culture, with a
developing preference for glucose as substrate
in the culture medium over pyruvate or lactate.
Mitochondrial studies should help in the con-
cocting of progressive culture media to optim-

Figure 9. Early blastocyst (inner cell mass), showing mitochondria in detail. Note the decreasing density of the matrix and the
mostly peripheral arch-like cristae. There is an association of mitochondria with rough endoplasmic reticulum (R).
Mitochondria of morulae show a similar structure. Original magnification X35 000.

Figure 10. Expanding blastocysts (trophectoderm cell), showing mitochondria in detail. Some mitochondria have smaller
profiles and are beginning to elongate as their inner membranes form transverse cristae; others are larger and spherical, still
with peripheral, arch-like cristae. R = rough endoplasmic reticulum. Original magnification X35 000.

Figure 11. Expanding blastocyst (trophectoderm cell), showing mitochondria in detail. Highly elongated mitochondrion
showing well-defined transverse cristae. L = lysosome; Z = zona pellucida. Original magnification X35 000.

Figure 12. Hatched blastocyst (inner cell mass), mitochondria in detail. Mitochondria have elongated and developed transverse
cristae. There are still some larger, rounded to oval mitochondria with sparse cristae. Original magnification X35 000.

Figure 13. Hatched blastocyst (inner cell mass), mitochondria in detail. The mitochondrion is apparently elongating. R =
ribosomes. Original magnification X52 500.
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Figure 14. Sperm midpiece mitochondria within the ooplasm, 3 h after insemination. The mitochondria are easily distinguished
from oocyte mitochondria, having abundant inner mitochondrial membranes (cristae) with a lucent matrix, while still associated
with the axoneme. N = sperm nuclear envelope; S = smooth endoplasmic reticulum. Original magnification X35 700.

Figure 15. Oocyte mitochondria at syngamy closely associated with a sperm head that has failed to decondense (silent
polyspermy). Oocyte mitochondria usually associate with normal decondensing sperm heads. Original magnification X17 500.

Figure 16. Sperm mitochondria in a pronuclear-stage zygote. The morphology of most of the oocyte mitochondria is little
changed (compared with Figure 7). One sperm mitochondrion (arrow) has lost its matrix density and cristae and is probably
degenerating. The sperm centriole (C) is duplicating at this stage. Original magnification X35 000.

ize early embryo development to the blastocyst
stage in vitro: the substrate and oxygen
requirements of preimplantation embryos have
been discussed previously (Bavister, 1995.)

The most dramatic changes in mitochondrial
morphology occur during the differentiation,
expansion, and hatching of the blastocyst,
when rounded to oval mitochondria are trans-
formed into elongated tubular forms in both
trophoblast and embryoblast cells (Figures

10-13). These mitochondria have inner mem-
branes that increase in extent to form well-
defined transverse cristae, a clear sign of
increased metabolic activity. During blastocyst
expansion extremely elongated mitochondria
can be aligned parallel to the surface in
stretching trophoblast cells (Figures 10 and
11), which also show markedly increased
microfilament (actin) activity. Microfilament
bundles attach to desmosomes at cell junc-
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tions, effectively joining cells to form a con-
tinuous trophoblast epithelium. Mitochondria
can be also found in trophoblast cells at points
of hatching. Blastocyst expansion and hatching
require energy, which is presumably provided
by oxidative phosphorylation within the mito-
chondria.

Mitochondrial functional correlates

What could be the reason for the constant
association of mitochondria with vesicular and
aggregates of tubular SER? In somatic cells,
the SER is involved in lipid metabolism and
the synthesis of steroids as well as in the
release of calcium in muscle cells (Fawcett,
1981). SER in oocytes is sensitive to gonado-
trophin stimulation and becomes hypertrophic
(Sathananthan et al., 1988). Together with
mitochondria, the SER has been implicated
with calcium signalling in oocytes (Sousa
et al., 1997). The association of mitochondria
and SER with pronuclei of fertilized oocytes
could be related to the lipid metabolism needed
for a high turnover of nuclear envelope mem-
branes; these embryos also have stacks of
annulate lamellae, which closely resemble
nuclear membranes in form. The mitochon-
drial conglomeration persists to syngamy,
when the first cleavage spindle is formed.

Mitochondria are normally located in the
periphery of spindles and may be important
in cell division, presumably providing ATP for
microtubular activity including chromosomal
movements and for cytokinesis, which is medi-
ated by microfilament activity. If so, hypoxia
and oxidative stress could affect ATP produc-
tion in oocytes and embryos, and inhibit
microtubular activity during meiosis and
mitosis and microfilament activity during cyto-
kinesis, and also affect the expansion and
hatching of the blastocyst (Tarin, 1996;Van
Blerkom et al., 1998). Mitochondrial dysfunc-
tion could thus result in aberrant chromosomal
segregation, resulting in aneuploidy of the

mature oocyte. Defects in cytokinesis could
also cause mosaicism and multinucleolation
among cleavage cells, and be associated with
retardation or arrest in embryonic devel-
opment.

The fate of sperm mitochondria and
other organellae components

The whole sperm midpiece and tail are incorp-
orated into the human oocyte at fertilization
(Sathananthan and Chen, 1986; Sathananthan
et al, 1986, 1990, 1993). The mitochondria
are still associated with the sperm axoneme
3 h after insemination (Figure 14 ) and are
gradually dissociated from the axoneme by
the time the pronuclei are formed, 12-16 h
after insemination (Sathananthan, 1996, 1997;
Sathananthan et al, 1996).

Another important contribution of the sper-
matozoon to the fertilized oocyte is the plasma
membrane, which is almost totally incorpor-
ated into the oolemma in zipper-like fashion
during gamete fusion, resulting in the forma-
tion of a mosaic zygote plasma membrane
(Sathananthan and Chen, 1986; Sathananthan
etal, 1986,1990,1993). Another incorporated
component is the expanding sperm nuclear
envelope, which is partly inserted into the
developing male pronucleus, together with
maternal SER. At fertilization there is, in
summary, a complicated interaction of cellular
membranes, including mitochondrial mem-
branes, about which very little is known.

Sperm mitochondria introduced into the
oocyte cytoplasm at fertilization become pro-
gressively translucent (Figure 16). While they
are traceable to about the 8-cell stage, their
fate is unknown, although they are generally
believed to degenerate (Ankel-Simons and
Cummins, 1996). However, before degenera-
tion, they might still have an important role.
One of the last functions of sperm mitochon-
dria (sperm motility having ceased) seems to
be to effect release of the sperm centrosome,
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which contains the functional centriole, from
a 'black box' beneath the basal plate, to
organize the sperm aster. This could be associ-
ated with the calcium transient detected at
fertilization in human oocytes (Tesarik, 1997;
Battaglia, 1998), as there is a calcium-activ-
ated protein, centrin, associated with the sperm
centriole (Sutovsky et al, 1996). In humans,
the spermatozoon contributes the functional
centrosome that activates the embryo to cleave
by repeated mitoses (Sathananthan et al, 1991,
1996; Simerly et al, 1995). The mechanics
of cell division of the human embryo have so
far been partly unravelled (Schatten, 1994;
Sathananthan et al., 1996; Sathananthan,
1997).

Mitochondrial movements and
the cytoskeleton

The dramatic changes in mitochondrial distri-
bution in the oocyte after fertilization and
during early cleavage in the embryo are
dependent upon cytoskeletal reorganization.
One of the most important cell organelles
involved in activation of the oocyte at fertiliza-
tion, the centrosome, organizes the cytoskele-
tal system of the oocyte and, later, of the
embryonic cells, during both interphase and
mitosis. The dominant centrosome contains
the sperm centriole (introduced at fertiliza-
tion), reshapes the cytoskeletal architecture of
the oocyte, is involved in the formation of
the sperm aster, moves the male and female
pronuclei towards each other, and ultimately
organizes the first mitotic spindle after syn-
gamy, when male and female chromosomes
come together on a metaphase plate (Sathanan-
than et al, 1991, 1996; Schatten, 1994). Dur-
ing this process, it attracts maternal y-tubulin
to form a zygote centrosome. All these events
are mediated by cytoskeletal mictrotubules
composed of oc-tubulin, which reorganize the
cellular organelles of the fertilized oocyte,
including mitochondria, the SER, and the

Golgi. Their spatial relationship is important
to preserve the structural integrity of the
ooplasm. This contributes partly to the micro-
trabecular lattice within the cell, first conceptu-
alized by Keith Porter (see Fawcett, 1981).
This lattice is attached to the cell surface
membrane and to membranous cell organelles
such as mitochondria, the RER, and the SER,
and its meshes are traversed by microtubules
and fine microfilaments composed of actin. It
is well known that microtubules are involved
in the movement of chromosomes during
mitosis and in directing secretory vesicles
elaborated by Golgi membranes within the
cell by acting as guide-rails during the process
of cell secretion. Since, at this time, the early
embryo has a preference for pyruvate as a
metabolic substrate to glucose, oxidative
phosphorylation by mitochondria rather than
anaerobic glycolysis is presumed to provide
the ATP for such movements.

Mitochondria, Golgi, and microtubules are
abundant in fertilized oocytes, and the peri-
pronuclear gathering of mitochondria is no
doubt brought about by microtubular activity
directed by centrosomes. Microtubules are
very sensitive to heat and to ageing. Their
disruption would result in aberrant redistribu-
tion of organelles within the zygote, severely
compromising embryonic cell structure and
development. This is clearly evident in oocytes
and embryos ageing in vitro (Sathananthan and
Trounson, 1989; Sathananthan et al, 1993).

Mitochondria in degenerating oocytes
and blastomeres

The mitochondria of ageing oocytes and
embryonic cells tend to clump together,
become increased in electron-density, and are
associated with swollen, translucent vesicles
of SER. The latter form vacuoles and mito-
chondria align on their periphery. During
degeneration, mitochondria can acquire inner
dense granules, resembling lysosomes, or can
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show a disorganized matrix structure. They
may become attenuated and curl around vesi-
cular SER. These mitochondria tend to aggreg-
ate together in the ooplasm, forming clouds
in degenerating oocytes and conglomerating
around nuclei in blastomeres (Sathananthan
and Trounson, 1989).

Conclusions

Mitochondria seem to undergo profound mor-
phogenetic changes during oogenesis and
embryogenesis, reflecting changing metabolic
requirements during early development. Mito-
chondria of preovulatory oocytes and early
cleavage stage embryos present an 'inert'
appearance when compared to those of mor-
ulae and blastocysts, which appear as more
active mitochondria in structure. They seem to
be most active during blastocyst differentiation
expansion, and hatching. Dramatic changes in
distribution of mitochondria are also observed,
particularly during pronuclear formation after
fertilization, when a centralized conglomera-
tion of mitochondria appears around pronuclei.
It appears that mitochondrial structure and
function substantially change during early
development, and this should be considered
when sequential media are made for culture
of human embryos to blastocysts.
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