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Abstract

We employed multiphoton laser scanning microscopy (MPLSM) to image changes in 

mitochondrial distribution in living rhesus monkey embryos. This method of imaging does not 

impair development; thus, the same specimen can be visualized multiple times at various 

developmental stages. Not only does this increase the amount of information that can be gathered 

on a single specimen but it permits the correlation of early events with subsequent development in 

the same specimen. Here we demonstrate the utility of MPLSM for determining changes in 

mitochondrial organization at various developmental stages and show that rhesus zygotes possess 

a distinct accumulation of mitochondria between the pronuclei prior to syngamy. We present 

evidence that suggests that this pronuclear accumulation may be positively correlated with 

development to the blastocyst stage—in the same embryo—thereby illustrating how MPLSM can 

be used to correlate cellular dynamics of primate oocytes and early embryos with their 

developmental potential. Understanding the relationship between mitochondrial distribution and 

the subsequent development of mammalian embryos, particularly primates, will increase our 

ability to improve embryo culture technologies, including those used for human assisted 

reproduction.
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Introduction

One challenge of studying nonhuman primate embryos is gathering as much information as 

possible from each precious specimen. Primate oocytes and embryos are expensive to 
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obtain, are in limited supply, and come from genetically diverse populations of females. 

Furthermore, to obtain large quantities for multiple and reliable studies, the oocytes and 

embryos are typically collected from hormonally superstimulated animals and this treatment 

may affect oocyte development, thereby exacerbating the heterogeneity of specimens 

available for study. To address these issues, it is necessary to utilize research techniques that 

permit the correlation of structure and developmental competence within the same specimen 

without compromising viability. This type of analysis has been conducted with video 

microscopy (Lehtonen, 1980; Bavister, 1988; Simerly et al., 1993; Gonzales et al., 1995). 

However, video microscopy does not permit the specific labeling of subcellular components. 

Epifluorescence and confocal microscopy, in conjunction with specific fluorescent labels, 

can be used for imaging subcellular components but require exposure to high-intensity light 

that may cause cellular damage (Terasaki and Dailey, 1995; Squirrell et al., 1999) and 

therefore limit the length of time available for imaging living embryos. On the other hand, 

multiphoton laser scanning microscopy (MPLSM) can also be used for imaging fluorescent 

markers in relatively thick specimens, such as mammalian embryos (Centonze and White, 

1998), without detectably impairing development (Squirrell et al., 1999). With these 

advantages, MPLSM has the potential to provide important information about subcellular 

dynamics in living primate embryos that may enhance our knowledge of the effects of 

embryo culture. Such information will not only increase our knowledge of cell and embryo 

physiology, but also improve assisted reproductive technologies.

The role of mitochondria in the early mammalian embryo has elicited considerable interest 

in the past and there has been a recent resurgence of interest in this particular organelle and 

its role in the preimplantation embryo (Bavister and Squirrell, 2000; Van Blerkom et al., 

2000). The early studies, mainly utilizing electron microscopy, revealed that the 

mitochondria are initially morphologically immature—usually spherical rather than 

elongated, with relatively few cristae—and undergo a maturation process prior to blastocoel 

formation. Although the details and timing differ among species, this general structural 

progression of mitochondria has been described for a number of species (mouse—Hillman 

and Tasca, 1983; sheep—Calarco and McLaren, 1976; pig—Hyttel and Niemann, 1990; 

bovine—Plante and King, 1994; primates—Panigel et al., 1975). However, the relationship 

between mitochondrial morphology and the functional efficiency of this organelle at 

different stages of embryo development remains to be determined.

Not only do changes in mitochondrial morphology occur, but the mitochondria also undergo 

a variety of species-specific reorganizations during early development. For example, 

mitochondria in mouse oocytes are asymmetrically localized but become homogeneously 

distributed during fertilization (Van Blerkom and Runner, 1984; Muggleton-Harris and 

Brown, 1988; Calarco, 1995). Similarly, organelles in rat oocytes exhibit a perinuclear 

aggregation which subsequently disperses into the cell cortex (Zernicka-Goetz et al., 1993). 

In contrast, mitochondria in hamster embryos undergo a reorganization from a homogeneous 

distribution in the oocyte and early pronucleate stage to a distinct perinuclear organization 

late in the pronucleate stage and at the two-cell stage (Barnett et al., 1996). In the bovine 

oocyte, the mitochondria exhibit a range of organizations, from a uniform distribution to a 

more cortical restriction. Following fertilization, regardless of the organization present in the 

oocyte, the cells exhibit an organelle-free zone at the cortex (Van Blerkom et al., 1990). 
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During oocyte maturation in the pig, the majority of mitochondria are initially localized in 

the cortical region (Luoh and Wu, 1996; Sun et al., 2001) and subsequently show a 

perinuclear accumulation, both in the oocyte and the early embryo (Hyttel and Neimann, 

1990; Sun et al., 2001). In human fertilized zygotes, a pronuclear accumulation of 

mitochondria has been described (Noto et al., 1993; Van Blerkom et al., 2000). Several 

studies indicate that mitochondrial organization is associated with developmental 

competence in rodents (hamster—Barnett et al., 1997; Lane and Bavister, 1998; Squirrell et 

al., 2001; mouse—Muggleton-Harris and Brown, 1988) and domestic species (pig—Hyttel 

and Niemann, 1990; Luoh and Wu, 1996; cattle—Van Blerkom et al., 1990). In the hamster, 

the mitochondria become dispersed away from the nuclei under culture conditions which 

disrupt development (Barnett et al., 1997; Lane and Bavister, 1998, Squirrell et al., 2001). In 

contrast, mouse embryos that exhibit a high level of developmental competence exhibit a 

homogeneous distribution of mitochondria in their cytoplasm whereas those embryos which 

are developmentally impaired show a more perinuclear organization (Muggleton-Harris and 

Brown, 1988). Bovine oocytes with the highest developmental potential show a homogenous 

distribution of mitochondria, whereas those with lower developmental potential exhibited 

vacuoles surrounded by mitochondria (Stojkovic et al., 2001). Similarly, a disruption of the 

organization of mitochondria into clumps around empty vesicles has been described for 

developmentally retarded pig embryos (Luoh and Wu, 1996).

Although elucidating the direct connection between cytoplasmic organization (including the 

localization of mitochondria) and subsequent embryo development is difficult, 

understanding this relationship is important for furthering our understanding of embryo 

physiology and how it is affected by culture conditions. This information is of paramount 

importance for determining the possible detrimental consequences of physically invasive 

reproductive technologies, such as oocyte and embryo freezing, nuclear transfer, ooplasm 

transfer, and intracytoplasmic sperm injection. Clearly, expanding our knowledge of 

mitochondrial and cytoplasmic organization in primates is critical for advancing such 

technologies. Thus, microscopic techniques which improve our ability to observe changes in 

cellular dynamics of living embryos and to follow the subsequent development of those 

embryos are important for elucidating such information.

In this study, we used MPLSM to observe living rhesus oocytes and embryos, labeled with a 

mitochondria-specific dye, in order to follow changes in mitochondrial organization in these 

specimens during early development. Furthermore, we present evidence showing that this 

technique can be used to assess the relationship between mitochondrial organization and 

developmental competence in primate embryos.

Materials and Methods

Collection, Insemination, and Culture of Primate Oocytes and Embryos

Mature oocytes from female rhesus macaques (Macaca mulatta), hormonally stimulated as 

previously described (Schramm and Bavister, 1996; Schramm and Paprocki, 2000), were 

collected laparoscopically into 37°C TL-HEPES (Bavister, 1995) medium containing 5% 

bovine calf serum (Hyclone Laboratories Inc., Logan, UT) and 10 IU/ml heparin (Elkins-

Sinn, Cherry Hill, NJ). Sperm capacitation and oocyte insemination were performed as 
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previously described (Bavister et al., 1983; Boatman and Bavister, 1984). Capacitated 

spermatozoa (2 × 105/ml) were incubated with oocytes for 12–16 h at 37°C and 5% CO2 in 

50 or 100 µl drops of TALP medium (Bavister and Yanagimachi, 1977) under mineral oil. 

Presumptive zygotes were cultured in 25 µl drops of modified Connaught Medical Research 

Laboratories Medium-1066 (CMRL) (Invitrogen, Carlsbad, CA; Boatman, 1998) under 

mineral oil (Sigma, St. Louis, MO), equilibrated in an atmosphere of 5% CO2 in air.

Microscopy

Living specimens were imaged with MPLSM. The imaging system used was designed and 

built at the University of Wisconsin–Madison and has been previously described (Wokosin 

et al., 1996; Wokosin and White, 1997; Squirrell et al., 1999). Briefly, the system consisted 

of a 1047-nm neodymium-doped, yittrium lithium fluoride-based ultrafast laser (Coherent-

Scotland, Glasgow, Scotland), a Diaphot microscope (Nikon, Melville, NY) equipped with 

CF series oil immersion lenses (FLUOR 40×, 1.3 NA and Plan Apochromat 60×, 1.4 NA) 

attached to an MRC-600 scanhead (BioRad, Hercules, CA). The emission light was 

collected in a non-descanned light path at the bottom port of the microscope. The highly 

efficient light path provided less photon losses and rendered the instrument less sensitive to 

chromatic aberrations. The microscope was enclosed in a temperature-controlled Plexiglas 

chamber (Mohler and Squirrell, 2000) and the specimens were cultured within a 

minichamber on the stage (Bavister, 1988) supplied with humidified 5% CO2 in air.

Specimen Labeling, Image Collection, and Image Processing

Labeling—Living oocytes or presumptive zygotes were labeled with 500 nM Mitotracker-

Rosamine (Molecular Probes, Eugene, OR) in 50 µl drops of CMRL under culture 

conditions for 30 min. Specimens were rinsed twice and placed into 50- or 25-µl drops of 

CMRL under oil in imaging dishes consisting of 60-mm culture dishes (Falcon #1007, 

Beckon Dickinson, Lincoln Park, NJ) with a siliconized coverslip covering a hole in the 

bottom of the dish. The hole was 1 cm in diameter and the round #1 coverslip (Bellco Glass, 

Vineland, NJ) was glued to the outside of the culture dish with 30-Minute Epoxy (SuperGlue 

Corp., Rancho Cucamonga, CA; Mohler and Squirrell, 2000). The epoxy was permitted to 

dry at least overnight, then the dishes were rinsed several times with sterile culture quality 

water and placed at 37°C to 40°C for several hours before they were stored ready for use. 

Although Mitotracker can be purchased with a variety of fluorescent tags, these authors have 

not determined the efficacy of other Mitotracker probes, either with mammalian embryo or 

with MPLSM.

Image Collection Experiment 1—Assessment of Mitochondrial Organization—
Presumptive zygotes were labeled 14 to 16 h postinsemination (PI) and placed into a culture 

drop in the imaging dish, with 1 to 7 zygotes per drop. Optical sections (z-series) were 

collected every 5 µm through the entire volume of each specimen. The typical z-series was 

21 planes through the embryo. Such z-series were collected from each specimen at intervals 

ranging from 3 min to 6 h, over a total period of at least 24 h.

Image Collection Experiment 2—Correlation of Mitochondrial Organization 
and Development—Oocytes were labeled with Mitotracker prior to insemination and 
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each oocyte placed into separate, designated 20- or 25-µl drops of CMRL in imaging dishes. 

A single z-series, as described for Experiment 1, was collected of each oocyte. Following 

imaging, each oocyte was placed into a separate IVF drop and inseminated. At 16 h PI, 

presumptive zygotes were placed into 25-µl drops of either CMRL or G1/G2 media 

(Gardner and Lane, 1997) and imaged as described above (Experiment 1) for 24 h. 

Development to the blastocyst stage was assessed at 8 days PI.

Image Processing—Image data were collected as PIC files using either the COMOS (for 

single time points) or SOM (for time lapse recordings) software (BioRad, Hercules, CA). 

The digital images were prepared as figures using Adobe Photoshop (Adobe, San Jose, CA). 

Pseudocoloring and three-dimensional reconstruction were performed using NIH Image 

(NIH, Bethesda, MD).

Results

To assess the organization of mitochondria at different developmental stages, labeled 

presumptive zygotes were imaged for 24 h at various intervals after insemination so that 

information could be collected from multiple stages of the same specimens. From these 

images of living embryos, a time series of changes in mitochondrial organization during the 

first two cell cycles in the same specimens were constructed (Fig. 1). Oocytes undergoing 

fertilization exhibited an accumulation of mitochondria between the closely juxtaposed 

pronuclei (Fig. 2). In Experiment 1, this configuration of mitochondria was observed in 14 

of the 18 pronucleate zygotes imaged from six different females. The apparent hour-glass 

shape of the mitochondria accumulation resulted from the mitochondria accumulating in two 

somewhat sausage-shaped structures along the region where the pronuclei meet, as revealed 

by three-dimensional reconstruction of a series of optical sections through this region (Fig. 

3).

The organization of mitochondria became more homogeneous after fertilization (Fig. 1). Of 

the 20 two-cell rhesus embryos (from nine females) imaged in both Experiment 1 and 

Experiment 2, none exhibited a perinuclear clustering of mitochondria at the two-cell stage. 

There may be some asymmetry of mitochondrial distribution, with preference in the early 

stages to the region around the pronuclei or nuclei, but this distribution was subtle and 

inconsistent among embryos.

In addition to gathering information on the same specimen over relatively long periods of 

time (i.e., several hours), MPLSM can be used for the analysis of developmental events that 

require increased imaging frequency over shorter time intervals (on the order of minutes). 

The mitochondrial movements that occurred during the first cell division are highlighted in 

the selected image planes shown in Figure 4. Images were collected every 3 to 4 min, and 

illustrate the potential for imaging structural changes during dynamic cellular processes such 

as nuclear division and cytokinesis.

Multiphoton microscopy also permits the correlation of early cytological organization with 

subsequent development. To understand the possible relationship between mitochondrial 

organization, in particular their pronuclear accumulation, and subsequent preimplantation 
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development, oocytes were labeled then imaged, inseminated, imaged again, and allowed to 

develop to the blastocyst stage in separate culture drops (Experiment 2). Data on oocytes/

embryos from three females were collected in this fashion. The mitochondria in the cortical 

region of oocytes (Fig. 5) were organized in three major patterns: homogeneous, tiny 

clusters, or larger, distinct clusters. Of the oocytes imaged (n = 13), five showed the 

homogeneous pattern, three exhibited tiny clusters, and the remaining five had large clusters 

of mitochondria. Twelve hours following insemination, 40% of the oocytes with the 

homogeneous organization contained two pronuclei, all of the oocytes with tiny clusters of 

mitochondria contained two pronuclei, while 60% of those oocytes with large clusters of 

mitochondria exhibited two pronuclei.

Of the eight pronucleate embryos observed, six exhibited pronounced pronuclear 

accumulation of mitochondria (Fig. 6E). Of these six embryos, on day 8, two had expanded 

blastocoel cavities, two had at least initiated blastocoel cavity formation (Fig. 6F), one was 

compacted, and one arrested with multiple cells but no indication of compaction or 

blastocoel formation. Both pronucleate ova in which the pronuclear accumulation of 

mitochondria was not observed (Fig. 6B) fragmented after the eight-cell stage (Fig. 6C).

The pronuclear accumulation of mitochondria was not present throughout the entire period 

prior to syngamy. Because the image collection was intermittent rather than continuous, with 

relatively large intervals between time points, it was not possible to accurately define the 

time during which this pronuclear accumulation occurred. However, the data can be used to 

estimate the range of times during which the mitochondria exist in this particular 

configuration. Analysis of images collected from seven females (n = 16 embryos) from both 

Experiments 1 and 2 indicated that this accumulation was observable beginning between 11 

and 20 h PI (mean = 16 h PI) and was no longer present after 15 to 34 h PI (mean = 21 h PI). 

The duration of the accumulation ranged from <1 h to 10 h, with a mean duration of 3 h.

Discussion

The use of multiphoton excitation for imaging cellular and subcellular dynamics during 

embryo development, although relatively new, is expanding, and now includes a variety of 

applications in several species. Not only has it been used for studying subcellular 

localization of mitochondria in mammalian embryos, as described here, but it has also been 

used to study vesicle dynamics in early nematode embryos (Skop et al., 2001) and the 

localization of symbiotic bacteria in wasp oocytes (Zchori-Fein et al., 1998). Green 

fluorescent protein (GFP; Chalfie, 1995) fused to proteins of interest, in conjunction with 

MPLSM, has been used to study various aspects of cell division in nematode embryos, such 

as spindle dynamics, utilizing a tubulin::GFP fusion (Strome et al., 2001) or chromosome 

dynamics (Siomos et al., 2001) utilizing a histone::GFP fusion protein. GFP fusion proteins 

have also been used to study cell dynamics during cell fusion in the hypodermis during the 

later stages of nematode embryo development (Mohler and White, 1998; Mohler et al., 

1998). The use of MPLSM within the realm of developmental biology has not been limited 

to fluorescent imaging. It has been used to regionally uncage fluorescent dextrans in order to 

follow cell lineages in the sea urchin embryo (Summers et al., 1996). The near infrared light 

which passes through the specimen (that which is not incorporated into a multiphoton 
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excitation event) can be used to generate a brightfield image (Wokosin et al., 2002) and 

three-photon excitation can be used to image the ultraviolet-excitable dyes, such as DAPI 

(Wokosin et al., 1996). Furthermore, optical workstations that incorporate MPLSM with 

other types of optical manipulations are being developed. With such multilaser systems, 

double-labeled imaging as well as laser microsurgery can be performed on a single 

microscope (Wokosin et al., 2002).

Our laboratory has previously shown that in developmentally competent hamster embryos, at 

the late one-cell and throughout the two-cell stage, the mitochondria become localized close 

to the nuclei (Barnett et al., 1996, 1997). In contrast, in polyspermic human oocytes, the 

mitochondria accumulate between the multiple pronuclei (Noto et al., 1993). However, it 

was unclear from that study whether the distribution of mitochondria was a normal 

phenomenon or a consequence of aberrant fertilization. Recently, it has been demonstrated 

that monospermic human oocytes also showed a similar pronuclear accumulation of 

mitochondria (Van Blerkom et al., 2000). The study by Van Blerkom et al. (2000) suggested 

that there is a positive relationship between the pronuclear accumulation observed in human 

oocytes and their developmental capacity, although the extent of the relationship remains to 

be determined.

In the current study, we show that although a slight graded increase in the perinuclear 

density of active mitochondria is observed in some rhesus embryos at and before the two-

cell stage, the highly reproducible perinuclear ring described for the hamster embryo is 

absent. However, fertilized rhesus oocytes do exhibit a distinct organization of mitochondria

—the mitochondria accumulate between the male and female pronuclei as these become 

closely apposed—similar to that described for human fertilized oocytes. Another marked 

difference is the heterogeneity of mitochondrial organization among oocytes, which may 

reflect the pronounced heterogeneity of oocyte quality and developmental competence in 

primates, unlike the striking homogeneity of hamster oocytes (Barnett et al., 1996). It is 

possible that the accumulation of mitochondria in rhesus oocytes is merely a biomechanical 

consequence of the pronuclei coming together, resulting in a compression of the cytoplasm 

with a concomitant increase in density of active mitochondria. However, the movement of 

the male and female pronuclei towards one another occurs in other mammalian oocytes 

during fertilization but such an accumulation of mitochondria has not been observed, even 

though the organization of mitochondria during the earliest stages of development has been 

documented in the hamster (Barnett et al., 1996), mouse (Batten et al., 1987; Muggleton-

Harris and Brown, 1988), pig (Luoh and Wu, 1996; Sun et al., 2001), and cow (Van Blerkom 

et al., 1990). The particular pronuclear accumulation pattern of mitochondria shown in the 

present study may be unique to primates. The fact that this organization has been observed, 

to date, only in primates clearly indicates a need for further investigations into its 

significance for embryo development. Furthermore, studies on how this mitochondrial 

organization may be affected either by culture conditions or by mechanically invasive 

assisted reproductive techniques should be conducted using non-human primates and will 

depend on the efficient use of specimens obtained.

The mechanism by which the mitochondria change their location in early mammalian 

embryos has not yet been entirely elucidated. It is likely that the cytoskeleton, particularly 
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microtubules, participate in the translocation of mitochondria in these embryos. The 

importance of the cytoskeleton to the movement of subcellular components has been shown 

in the embryos of a number of species (Bement et al., 1992). Microtubules are dramatically 

remodeled in mammalian embryos after insemination (Navara et al., 1995; Hewitson et al., 

1997; reviewed in Lehtonen et al., 1988). This massive polymerization of microtubules has 

been described for mice (Schatten et al., 1985), cattle (Navara et al., 1995), rats (Zernicka-

Goetz et al., 1993), pigs (Kim et al., 1996), rhesus monkeys (Wu et al., 1996), and humans 

(Van Blerkom et al., 2000). Microtubules are used to move mitochondria and other 

organelles in other cell types (Schroer and Kelly, 1985; Vale, 1987; Dabora and Sheetz, 

1988; Goodson et al., 1997; Hirokawa, 1998). Human pronucleate embryos exhibit a 

microtubule network that radiates from the nuclear region (Van Blerkom et al., 2000). 

Although it has not yet been definitively demonstrated, it is possible that this microtubule 

network guides the mitochondria to their pronuclear location in primate embryos.

The pronuclear accumulation of mitochondria in rhesus oocytes is transient, on the order of 

a few hours, although the exact length of time that it is present is currently uncertain. The 

fact that the pronuclear accumulation was not observed in some of the fertilized oocytes may 

be explained by slight temporal variability in their development. Because this organization is 

present for only a short period of time, live imaging studies based on the results presented 

here are crucial in order to observe such transient changes, as well as to determine their 

functional significance and relevance to embryo viability. It remains to be determined 

exactly how changes in the location of mitochondria, in any mammalian species, enhance 

embryo survival. In fact, a direct link between cytoplasmic organization and development 

may not be present but rather cytoplasmic organization may influence, and be influenced by, 

other parameters which impinge on embryonic health. It is also possible that embryos use 

cytoplasmic organizations to promote embryo development for a variety of reasons, and 

these reasons may be species specific (Bavister and Squirrell, 2000). For example, 

reorganizations in mitochondria may be providing localized energy and/or metabolites 

(Barnett et al., 1996; Van Blerkom et al., 2000) or may be related to changes in ionic balance 

(Lane and Bavister, 1998; Squirrell et al., 2001).

The ability to image oocytes prior to insemination without compromising the fertilizability 

and developmental potential of the oocytes promises to illuminate the importance of the 

subcellular organization of the oocyte on embryo development under a variety of situations. 

Such studies have been conducted with bovine oocytes to compare the effects of maturation 

medium on the mitochondrial organization of oocytes and their subsequent development 

(Krisher and Bavister, 1997; Stojkovic et al., 2001). With the limited availability of primate 

oocytes and embryos, the ability to image the same specimens before and after insemination 

is essential, not only for maximizing the amount of information gathered from each 

specimen but also for strengthening the correlations among different physiological 

parameters in a heterogeneous population. Because the efficiency of in vitro fertilization and 

subsequent embryo transfer in humans is low (Scott et al., 2000), it is important that the 

oocytes and early embryos with the highest potential can be selected for transfer in order to 

increase the probability of a successful pregnancy. Morphological analysis, because it is 

relatively straightforward and minimally invasive, is frequently used to assess embryo 

potential. For example, nuclear morphology (specifically the size and location of nucleoli) 
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has been used as a predictor of development to the blastocyct stage in humans (Scott et al., 

2000; Salumet et al., 2001), while a centrally located granular region in the oocyte 

cytoplasm is correlated with an increase in chromosomal abnormalities and low pregnancy 

rates (Kahraman et al., 2000). However, to improve the accuracy of these morphological 

assessments it is important to determine the biological significance of the morphological 

changes observed. A more extensive discussion on the possible predictive properties of 

oocytes and early embryos, either with MPLSM or with other analytical methods, can be 

found in other sources (Van Soom and Boerjan, 2002).

It is clear that minimally invasive imaging techniques are important for the study of 

mammalian embryos, particularly when the specimens of interest are rare, difficult to obtain 

in large numbers, and exhibit a high degree of variability. An imaging technique such as 

MPLSM can be used to determine baseline information on the subcellular organization of 

oocytes and embryos from rare and endangered species. However, the arguably more 

significant application of this technique is to determine how cellular organization influences 

embryonic development. The work presented here, although it does not conclusively define 

the role of cytoplasmic organization in primate embryo development, provides evidence for 

a correlation between the presence of a particular mitochondrial accumulation pattern during 

fertilization and subsequent development to the blastocyst stage. To demonstrate a strong 

biological correlation, greater number of specimens would be necessary for establishing 

statistical significance. Mainly, this study illustrates the importance of live imaging for 

understanding the relationships between early cellular events and later development and as a 

method of extracting as much information as possible from a limited resource. For example, 

this type of imaging could be used to advance studies on changes in nucleoli profiles during 

fertilization (Scott et al., 2000). Additionally, live imaging is a significant tool for 

investigating how culture conditions and other oocyte and embryo manipulations alter 

proper cellular organization and concomitant development. Although in the study presented 

here we did not compare in vivo versus in vitro developed embryos, it does set the stage for 

similar studies which would investigate whether or not in vitro culture alters the cytoplasmic 

organization of mammalian embryos. Performing in vivo versus in vitro studies can be 

difficult since they require large numbers of animals for the collection of in vivo developed 

embryos at different stages. However, a few studies have shown that changes in culture 

conditions can alter the organization or structure of mitochondria in the oocytes or embryos 

of other species (mouse—Muggleton-Harris and Brown, 1988; hamster—Barnett et al., 

1997; Lane and Bavister, 1998; Squirrell et al., 2000; Ludwig et al., 2001; bovine—Krisher 

and Bavister, 1997; Abe et al., 1999; pig—Hyttel and Neimann, 1990). The advantage of the 

type of study presented here is that the embryos are imaged live, so that the effects of 

alterations of mitochondrial organization on subsequent development can be assessed. For 

this reason, and because the imaging of the living embryos must, by the very nature of the 

instrumentation at this point in time, be performed in culture drops rather than in vivo, 

MPLSM lends itself well to the study the effects of different culture conditions on 

embryonic development. Such studies have been performed using MPLSM to investigate the 

effect of various culture conditions on the mitochondrial distribution in the hamster embryo 

(Ludwig et al., 2001; Squirrell et al., 2001), and it will be exciting to see what additional 

insight will be revealed when similar studies are performed with oocytes and embryos from 
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other species. Live cell imaging studies will improve our ability to minimize the detrimental 

cellular effects of in vitro manipulations and thereby improve assisted reproductive 

techniques, and will also aid in the development of more accurate methods for identifying 

the most viable oocytes and embryos.
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Figure 1. 
Distribution of mitochondria in a living rhesus embryo over time. MPLSM images of single 

optical sections of the same Mitotracker-labeled embryo over time. The images were 

collected at several time points: (A) the pronucleate stage (12 h PI); (B, C) during the 

division from the one- to two-cell stage (205 h and 21 h PI, respectively); (D) early (235 h 

PI) and (E) late two-cell stage (265 h PI); (F) the four-cell stage (39 h PI). Spindle in B is at 

an oblique angle so that it appears essentially in cross section. pn: pronucleus; sp: spindle 

region; n: nucleus. Scale bar = 50 µm.
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Figure 2. 
Pronuclear accumulation of mitochondria in rhesus zygotes. In vivo matured, in vitro 
fertilized rhesus monkey pronucleate embryos labeled with Mitotracker and imaged with 

MPLSM at 12 to 16 h PI showing the accumulation of mitochondria between the pronuclei 

(pn). These images illustrate that although there were differences in the exact appearance of 

the mitochondrial labeling, due to variability in either embryos, staining, or imaging, the 

pronuclear accumulation was still observed. Apparent differences in size are due to 

differences in the level of optical section presented. Each embryo was from a different 

female. Scale bar = 50 µm.
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Figure 3. 
Three-dimensional reconstruction of optical sections through the pronuclear region. These 

rotations of a three-dimensional rendering of optical sections through a pronucleate region 

shows that the accumulation of mitochondria appears as two sausage-shaped structures 

along either side of the junction between the two pronuclei, connected by a thin, flat region. 

The angles of rotation are: (A) −60°, (B) −30°, (C) 0°, (D) 30°, (E) 60°. Images have been 

pseudocolored to reflect pixel intensity levels. Red indicates regions of high pixel intensity, 

yellow and green indicate regions of intermediate intensity, and blue indicates low pixel 

intensity. Scale bar = 50 µm.
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Figure 4. 
Imaging the first cell division. MPLSM images of a Mitotracker-labeled pronucleate embryo 

undergoing the first cleavage division. The closely apposed pronuclei begin to break down 

(A—18.6 h PI) and lose their shape (B—19.1 h PI). Then a spindle begins to form (C—19.6 

h PI) and exhibits a more distinct structure (D—20.25 h PI). The spindle elongates (E—20.4 

h PI) and a cleavage furrow initiates (F—20.6 h PI). Finally, the cleavage furrow bisects the 

spindle (G—20.9 h PI) to form two daughter cells (H—21.0 h PI). Note: pronuclear 

accumulation of mitochondria was observed in this embryo prior to the time of the first 

image shown in this series. pn: pronucleus, sp: spindle, n: nucleus. Scale bar = 50 µm.
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Figure 5. 
Variations in the distribution of mitochondria in rhesus oocytes. These representative images 

illustrate the three major patterns of mitochondrial organization observed at the cortex of in 
vivo matured oocytes. The patterns range from a fairly homogeneous distribution (A) to 

distinct clusters or islands of mitochondria (C). There are also intermediate patterns of 

distribution which include small clusters or groups of mitochondria (B). These oocytes are 

all from the same female. Scale bar = 50 µm.
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Figure 6. 
Possible relationship between cytoplasmic organization and developmental potential in the 

rhesus embryo. These are MPLSM images of living rhesus oocytes and embryos labeled 

with Mitotracker. A through C are images from one oocyte and the embryo derived from it 

while D through F are images from another oocyte and the embryo derived from it. (A, D) 

Two oocytes showing similar patterns of mitochondrial clustering. (B, E) The inseminated 

oocytes were imaged again beginning at 12 h PI. One pronucleate oocyte exhibits a 

pronuclear accumulation (E) of mitochondria (arrow) while the other does not (B). (C, F) 

These embryos were assessed for development at 8 days PI. pn: pronuclei; bc: blastocoel 

cavity. Scale bar = 50 µm.
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