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Abstract.  The study of the size of cells and organelles has a long history, dating back to the 1600s when cells 
were defined. In particular, various methods have elucidated the size of the nucleus and the mitotic spindle in 
several species. However, little research has been conducted on oocyte size and organelles in mammals, and many 
questions remain to be answered. The appropriate size is essential to cell function properly. Oocytes have a very 
large cytoplasm, which is more than 100 times larger than that of general somatic cells in mammals. In this review, 
we discuss how oocytes acquire an enormous cytoplasmic size and the adverse effects of a large cytoplasmic size 
on cellular functions.
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Introduction

The cell size has been mentioned since Robert Hooke first described 
the “cell” in 1665. Although early cytologists have found that cell 
size is relatively constant within a species, in most mammals, oocytes 
are the largest single cells in the body. For example, the human body 
comprises 3.7 ± 0.8 × 1013 cells [1], distributed over 200 different 
cell types [2]. The shapes and sizes of cells depend highly on their 
function and span a wide range, as shown in Fig. 1. For example, red 
blood cells need to squeeze through narrow capillaries; their small size 
and biconcave disk shape make it possible and maximize the surface 
area to volume ratio contributing to carrying oxygen molecules [3]. 
In contrast, when transporting signals for long distances, neurons can 
reach lengths of over a meter with a width of only approximately 10 
µm [4]. On the other hand, storage cells, such as fat cells and oocytes, 
have large volumes. In mammalian species, oocytes are typically 
spherical, with diameters of approximately 80 µm in mice, 120–130 
µm in large animals, including humans, while a typical somatic cell 
has a diameter of approximately 10–20 µm.

Oocytes have evolved special mechanisms for arresting the meiotic 
cell cycle. Oocytes are arrested at the diplotene stage of meiotic 
prophase I, in a state equivalent to the G2 phase of a mitotic division 
cycle, lasting from a few days to many years, depending on the 
species. During this long period, the primary oocytes synthesize and 
stock proteins, ribosomes, and mRNA necessary for early embryonic 
development. The oocyte diameter is enlarged from 30 µm to 80 
µm in mice. The next phase of oocyte development is maturation. 
After gonadotropin stimulation, fully grown oocytes resume division 
I of meiosis and mature to metaphase II (MII). Nuclear envelope 
breakdown (NEBD) occurs to form spindles during metaphase I 
(MI) after the resumption of meiosis. The oocyte then undergoes 

asymmetric division to maintain a large cytoplasm and is arrested 
at MII until fertilization. After fertilization, division II of meiosis 
resumes, and the cytoplasm of the large secondary oocyte divides 
asymmetrically to produce the mature egg and the second small 
polar body. The oocytes maintain their large size by undergoing two 
asymmetrical meiotic divisions. Both polar bodies were small and 
eventually degenerated. After fertilization, the preimplantation embryo 
undergoes a series of reductive cell divisions without intervening in 
cell growth, progressing first to a 16–32 cell morula, followed by a 
64–128 cell blastocyst stage.

Cells have long been said to maintain their appropriate size by 
coordinating cell division and growth [5]. Cells use many systems 
to maintain them; however, different sizes can make it difficult to 
achieve similar control. A cell type-specific balance between the 
sizes of various intracellular compartments can support specialized 
cellular functions. Nevertheless, it may also negatively affect functions 
involved in common cellular processes, such as cell division. In this 
review, we discuss the scaling mechanism of oocytes and the merits 
and demerits of oocytes having a large cytoplasm.

Size of Oocytes

Oocytes have special mechanisms for achieving a large size. In 
preparation for cell division, somatic cells with a diameter of 10–20 
μm typically take approximately 24 h to double in mass. At this 
biosynthesis rate, somatic cells would take a long time to reach the 
oocyte size, which has a 1000-fold cytoplasmic volume. A simple 
strategy for rapid growth is to have additional cell gene copies. Thus, 
the oocyte delays the completion of the first meiosis and grows while 
containing a diploid chromosome set in duplicate. Therefore, twice 
as much DNA is available for RNA synthesis in the oocyte than in 
an average somatic cell in the G1 phase of the cell cycle. Indeed, 
oocytes with half a set of chromosomes without undergoing meiosis 
by knocking out Star8 are small [6]. Moreover, eight transcription 
factors that drive the primordial-to-primary-follicle transition can 
convert pluripotent stem cells into oocyte-like cells [7]. These directly 
induced oocyte-like cells (DIOLs) that do not enter meiosis also have 
a half-set of chromosomes and show a small size. However, DIOLs are 
not half the size of in vivo oocytes, suggesting that other mechanisms 
increase the size of oocytes other than the amount of the genome.

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Subcellular Organelle Size in Oocytes

A cell type-specific balance between the sizes of the various 
intracellular compartments must be appropriately regulated to 
maintain cell physiology and division. Organelle scaling refers to 
the phenomenon in which the size and/or the number of organelles 
and other subcellular structures are generally positively correlated 
with cell size. Larger cells may contain proportionately larger or 
more abundant organelles.

Fully grown mammalian oocytes have a specific large nucleus 
called germinal vesicle (GV). The nucleus is one of the most studied 
organelles in scaling studies in many species, such as yeast [8-10], 
Xenopus [11, 12], worms [13], Arabidopsis [14], and mice [15]. 
However, there have been no reports of GV scaling. In general, nuclear 
size correlates with cytoplasmic size, and the nuclear-to-cytoplasmic 
ratio remains constant [16, 17]. However, the extent of size changes 
in the nucleus may be constrained by genome size [18]. Indeed, 
in fully grown mouse oocytes, the nuclear-cytoplasmic ratio is 
approximately 1:22, which is significantly smaller than that in 2-cell 
stage embryos (1:16). Therefore, it is thought that oocytes increase 
GV size through at least two scaling mechanisms. However, further 
detailed studies are required to confirm this hypothesis.

Fully grown oocytes and zygotes contain specific nucleoli, termed 
nucleolus precursor bodies (NPBs), which exhibit distinct structural 
and functional differences compared to nucleoli in somatic cells. In 
mouse zygotes, the volume of NPB material plays a major role in NPB 
scaling through a limiting component mechanism [19]. It is thought 
that NPBs are scaled by a similar mechanism in oocytes because 

oocytes from NPM2 heterozygous mice form half-sized NPBs [20]. 
NPM2 is an oocyte-specific nuclear protein, a component of oocytes 
and zygote NPBs in mice. Although NPM2 –/– mouse oocytes and 
embryos never form NPBs in the nuclei, NPM2 +/– mice can produce 
half the amount of protein compared to controls; thus, NPM2 +/– mice 
can form half the size of the NPBs.

Spindle Scaling in Oocytes

Spindle scaling is essential for properly assembling the spindle 
microtubule apparatus, which is crucial for faithful chromosome 
segregation. Spindle scaling has been studied for many decades 
for various species and methods. In particular, studies using non-
mammalian embryos are progressing in vivo and in vitro. When 
Xenopus embryos undergo rapid cell division following fertilization, 
spindle size is dramatically changed by decreasing the cell size 
[16, 21]. In Caenorhabditis elegans embryos, spindle scale size 
depends on cell size [22, 23]. Moreover, the cell size-dependent 
spindle scaling is observed in in vitro experiments using encapsulated 
Xenopus egg extracts [24, 25]. Recent studies have suggested a 
strong relationship between cell size and spindle length during early 
embryonic development in mammalians [26–29]. However, the 
meiotic spindle shape and formation mechanism differ from that of 
mitotic spindle formation. In mouse oocytes, the meiosis I spindle 
lacks astral microtubule and centriole-based microtubule organizing 
centers [30], and the cortically localized spindle segregates meiotic 
chromosomes a short distance into the polar body, which is important 
for asymmetric cell division [30, 31]. These reports suggest that the 

Fig. 1. Relative sizes of cells. A. Relative size of oocytes. B. The volume of the cells of various sizes in the body.
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spindle-scaling mechanism in meiosis I oocytes may differ from that 
in mitotic cells. Various mechanisms contribute to the regulation of 
spindle length, including the molecular gradients [32–34], density of 
kinetochore-microtubule attachments [35], balance of spindle forming 
forces [36], and limited availability of spindle building blocks in the 
cytoplasm [24, 25]. Our previous report showed an oocyte spindle 
scaling mechanism [37]. In that study, we generated mouse oocytes 
carrying half the normal cytoplasmic volume (halved oocytes) and 
oocytes carrying twice the normal cytoplasmic volume (doubled 
oocytes) using a micromanipulation technique. Live imaging analysis 
demonstrated that the spindle volume decreased by approximately 
half in the halved oocytes, whereas it increased by approximately 

2-fold in the doubled oocytes (Fig. 2A).
There are three possible explanations for how the cytoplasm 

scales the spindles (Fig. 2B). The first hypothesis is that there are 
nuclear factors (Fig. 2C). Some reports have shown that accurate 
control of spindle length requires a balanced ratio between nuclear 
and cytoplasmic volumes [29, 38]. Because the halved and doubled 
oocytes have different sizes of cytoplasm but the same size of nucleus, 
the concentration of nuclear factors in the cytoplasm will differ after 
nuclear envelope breakdown. If nuclear factors have a negative effect 
on spindle size, this could explain why smaller oocytes have smaller 
spindles than control oocytes. To test this hypothesis, we removed 
half of the cytoplasmic volume from oocytes after NEBD. These 

Fig. 2. Possible oocyte spindle scaling models. A. Oocyte spindle is scaled by cytoplasmic size. B. Hypotheses of spindle scaling models. C. Spindle 
scaling by cytoplasmic size is explained with a nuclear factor scaling model. D. In the nuclear factor scaling model, oocytes halved after NEBD 
should form normal-sized spindles. However, small-sized spindles were formed. E. Spindle scaling by cytoplasmic size is explained with a distance 
from the cortex scaling model. F. In the distance from the cortex scaling model, dumbbell-shaped doubled oocytes should form normal-sized 
spindles. However, large-sized spindles were formed.



KYOGOKU and KITAJIMA4

oocytes carried half the amount of cytoplasm-derived factors and the 
same concentration of nucleus-derived factors as the control oocytes 
(Fig. 2D). In the oocytes that were halved after NEBD, the spindle 
size was significantly smaller than that in the controls but was not 
significantly different from that in oocytes that were halved before 
NEBD. Thus, the concentration of the nucleus-derived factors did 
not significantly influence spindle scaling.

The second hypothesis was based on the distance from the cortex 
(Fig. 2E). This hypothesis assumes that the oocyte senses the distance 
between the spindle and cell cortex to regulate spindle size, as 
observed in C. elegans embryos during anaphase [22]. In larger 
oocytes, the distance between the spindle and the distal cortex is 
longer than in control oocytes, which promotes the formation of 
a larger spindle. To test this hypothesis, dumbbell-shaped double 

oocytes were generated by interrupting cell rounding after cell fusion 
(Fig. 2F). The spindle, formed on one side of the dumbbell in the 
doubled oocytes, was significantly larger than that in the control 
oocytes but was not significantly different from that in the round 
doubled oocytes. This finding suggests that the geometry of the cell 
cortex did not significantly influence spindle scaling.

The third hypothesis was based on the presence of cytoplasmic 
factors (Fig. 3A). This hypothesis assumes that critical components of 
the spindle exist in the cytoplasm. The cytoplasm may provide finite 
amounts of spindle components, thus scaling the spindle through 
a limiting component mechanism [16, 39], as observed in in vitro 
cell-like compartment experiments using encapsulated Xenopus egg 
extracts [24, 25]. Larger oocytes have a higher number of critical 
components of the spindle than control oocytes, forming a larger 

Fig. 3. A reliable oocyte spindle scaling model. A. Spindle scaling by cytoplasmic size is explained with a cytoplasmic factor scaling model. B and C. In 
the cytoplasmic factor scaling model, doubled after spindle removal, oocytes should form normal-sized spindles, however, actually slightly large-
sized spindles were formed. Spindle volume was determined at late metaphase (n = 92, 39, and 32 oocytes). Boxes show the 25th–75th percentiles 
and whiskers the 10th–90th percentiles. Two-tailed, unpaired Student’s t-tests were performed. ** P < 0.01. *** P < 0.001. Scale bars, 5 µm.  
D. Cytoplasm/Spindle ratio model.
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spindle. In contrast, the number of components in smaller oocytes 
is limited, resulting in a smaller spindle size. According to this 
model, spindle components are initially diffused in the cytoplasm and 
assembled into spindles. Doubled oocytes have double the amount 
of components, forming a double-sized spindle. A key prediction 
of this model is that the cytoplasmic pool of spindle components is 
depleted in the spindle form. To test this hypothesis, we removed the 
spindle from the oocyte with a reduced number of spindle components 
and then fused this oocyte with an intact oocyte (unpublished data; 
Fig. 3B and C). In the oocytes that doubled after spindle removal, 
the spindle size was significantly smaller than that in the normally 
doubled oocytes but was still larger than that in the control. Combining 
this result with the exclusion of the first and second hypotheses, 
the amount of cytoplasm-derived factors plays a major role in the 
spindle scaling observed in our system, in agreement with spindle 
scaling through a limiting component mechanism. However, this 
mechanism cannot be fully explained. Based on these results, we 
are considering a model to test the limiting component mechanism 
with the cytoplasmic spindle ratio (Fig. 3D). In this model, not all 
spindle-forming factors in the cytoplasm move to the spindle, but 
are balanced between the cytoplasm and spindle (for example, 1:2). 
This model could explain all the data.

What is the Scaling Factor of the Oocyte Spindle?

Although the scaling mechanism of the oocyte spindle was 
elucidated in our previous report, the spindle scaling factor remains 
unclear. For mitotic spindles, the molecular mechanisms of spindle 
length control have been broadly studied, and many spindle scaling 
factors have been determined.

The balance between microtubule polymerization and depoly-
merization is critical for controlling spindle length [28, 40]. Spindle 
size decreases or stops growing after inhibition of microtubule 
polymerization factors, such as TOG [41], EB1 [42], and CLASP 
[43]. The microtubule-depolymerizing kinesin KIF2A, a member 
of the kinesin-13 family, has been reported to play a role in spindle 
assembly during mitosis [44–46] and meiosis [47, 48]. KIF2A is 
released from importin α in smaller embryos, where it decreases 
the spindle size [49]. The microtubule-severing protein katanin 
is also a well-known spindle length-controlling factor in Xenopus 
mitotic and meiotic cells [50, 51]. RanGTP-dependent microtubule 
stabilization and nucleation factors, Cdk11 [52], CHD4 [53], ISWI 
[54], and MEL-28 [55] have been reported as regulators of spindle 
assembly. Other microtubule-related factors, such as TAC-1, which 
is a major regulator of microtubule length in C. elegans embryos 
[56], and GM130, which regulates microtubule organization in mouse 
oocytes [57], have also been reported. Many reports have shown that 
microtubule-associated proteins are involved in mitotic spindle size. 
Therefore, we tried to overexpress the microtubule-related proteins 
Cdk11, DKC1, ISWI, POP1, POP4, POP5, Cyclin-L1, Rpp38, Rpp30, 
TPX2, Ino80, RuvBL1, Rae1, RanBP2, CHD4, and chTOG in mouse 
oocytes. However, we could not find any proteins that significantly 
changed the meiotic spindle size (unpublished data).

There are several hypotheses to explain why microtubule-associated 
factors did not alter the oocyte spindle size. The first hypothesis is 
that the scaling factors differ among animal species. In a unique 
pig-mouse inter-species GV transfer model, the spindle size of 
meiotic progression is controlled by cytoplasmic components rather 
than cytoplasmic volume and GV materials [58]. A recent report 
showed that oocyte spindle shape was changed by pole organization 
[59]. In that report, when spindle pole organization was disrupted in 

mouse oocytes, the oocyte spindle shape resembled a mitotic spindle. 
Moreover, the authors showed that the spindle assembly system 
differed between mouse and human oocytes. The second hypothesis 
is that oocyte spindle scaling factors are not microtubule-associated 
factors. A study showed that methylation equilibrium by LCMT1-
PME-1, an essential enzyme that regulates the methylation of the 
protein phosphatase 2A catalytic subunit, is critical for regulating 
mitotic spindle size [60]. In addition, importin α palmitoylation has 
recently been shown to play an important role in mitotic spindle size 
in Xenopus and human cells [61].

Oocyte Size Affects the Accuracy of Spindle 
Assembly Checkpoint (SAC)

The spindle assembly checkpoint (SAC), a mechanism that prevents 
chromosome segregation errors by delaying anaphase onset when 
kinetochores are not attached to microtubules [62, 63], exhibits 
several unique features in oocytes [64–69]. The low accuracy of 
SAC is one of the factors that makes oocytes more susceptible to 
error. While a single unattached kinetochore is sufficient to induce 
a checkpoint-dependent anaphase delay in normal mitotic cells [70], 
in oocytes, this delay is only triggered when multiple kinetochores 
are unattached [37, 64, 65, 67, 69, 71]. The low accuracy of SAC 
in oocytes may be due to its large cytoplasmic volume [72–74]. 
However, the influence of cytoplasmic volume on SAC response 
in oocytes remains unclear [75].

Our previous study showed that a large cytoplasm decreased SAC 
accuracy [37]. The timing of anaphase was significantly delayed in 
half of the oocytes and accelerated in double oocytes. When inhibitors 
such as Reversine, canceled the function of the SAC, the delay in 
anaphase timing observed in half of the oocytes was eliminated.

The SAC operates through several processes (Fig. 4A). SAC 
prevents the anaphase-promoting complex/cyclosome (APC/C) 
ubiquitin ligase from recognizing cyclin B and securin by catalyzing 
the incorporation of the APC/C co-activator CDC20 into a complex 
called the mitotic checkpoint complex (MCC) [62, 63, 76]. In somatic 
cells, where on-kinetochore checkpoint activation is minimal, MCC 
is pre-formed at nuclear pores and then enriched on kinetochores 
after NEBD [77], suggesting that the anaphase timing onset may 
depend on the nuclear-to-cytoplasmic ratio prior to NEBD. The next 
hypothesis is that a larger cytoplasmic size dilutes the SAC signal 
generated on kinetochores during prometaphase [78]. The prevail-
ing view is that a larger cytoplasmic volume may dilute the active 
checkpoint signal generated on the kinetochores, weakening the SAC 
response [78]. This hypothesis is consistent with the observation that 
Xenopus oocytes have no detectable SAC response and a much larger 
cytoplasmic volume than mouse oocytes [79]. Moreover, when mouse 
oocytes are bisected, a single chromosome is sufficient to support 
the SAC-dependent anaphase delay [80]. A previous study showed 
that in C. elegans embryos, the strength of SAC, which is activated 
on all kinetochores through microtubule disruption by nocodazole, 
depends on the kinetochore-to-cytoplasmic ratio [78]. To distinguish 
these hypotheses, we removed half of the cytoplasm from mouse 
oocytes after NEBD. In the oocytes halved after NEBD, which had 
an intact nuclear-to-cytoplasmic ratio prior to NEBD and a doubled 
kinetochore-to-cytoplasmic ratio after NEBD, anaphase onset was not 
significantly delayed compared with that in the control oocytes. The 
cytoplasmic dilution of checkpoint and MCC components, such as 
Mad1, Mad2, and BubR1 that are enriched in the nucleus may also 
contribute to lowering checkpoint accuracy [37], which indicates 
that the pre-MCC formation step is size sensitive.
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Fig. 4. Spindle assembly checkpoint in oocyte. A. SAC signal pathway. Pre-MCC formation and MCC diffusion into cytoplasm step size sensitive. 
B. Ectopic kinetochore MCC formation by tethering Mad1 to kinetochore. C. Kinetochore Mad2 diffusion rate was fast and spread uniformly. 
Mad2-kikumeGR was expressed in oocytes. After activation few kinetochore (white box area), kikume-red signal intensity was measured at three 
different points (red, blue, and green box areas). The graph showed signal intensities were increased within 3 minutes and increasing rates were 
same among three different area. D. Ectopic cytoplasm MCC formation by inducing dimerization of C-Mad2 and Cdc20 in the cytoplasm [86]. 
E. Anaphase block by ectopic cytoplasm MCC formation in control and doubled oocytes. Bar graph shows the percentages of metaphase-arrested 
oocytes 10.5 h after NEBD. Chi-square tests were performed. N.S., not significant. F. Bub3 and Mad2 protein levels in halved and doubled oocytes. 
Western blotting analysis was performed and analysis the protein level of Bub3 and Mad2. The protein levels of Bub3 and Mad2 depended on 
their cytoplasmic amount, suggesting that their concentrations in the cytoplasm were almost constant. The number of oocytes loaded is indicated 
in parentheses.
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Next, we focused on kinetochore MCC formation. The formation 
of kinetochore C-Mad2, the active form of Mad2, is intact in oocytes 
of different cytoplasmic sizes oocytes [37]. Moreover, we ectopically 
activated checkpoint signaling on kinetochores by expressing Mad1, 
a scaffold protein for checkpoint activation that was fused to the 
constitutive kinetochore component CENP-C (Fig. 4B) [81]. In the 
control oocytes, the onset of anaphase was efficiently blocked. In 
contrast, forced MCC formation failed to block anaphase onset in 
doubled oocytes efficiently. These data suggest that the downstream 
events of kinetochore MCC formation are defective in double oocytes 
and responsiveness to on-kinetochore checkpoint activation depends 
on the nuclear-to-cytoplasmic ratio rather than on the kinetochore-
to-cytoplasmic ratio.

The next step is the diffusion of MCC from the kinetochore to the 
cytoplasm. All MCC constituents cycle on and off the kinetochores 
with high turnover rates [82–85]. By observing the behavior of 
Mad2 fused with a photoactivated fluorescent protein (KikumeGR), 
we clarified whether cytoplasmic size affects the diffusion speed 
and diffusion range (Fig. 4C; unpublished data). The cytoplasmic 
diffusion rate of kinetochore MCCs was high and spread uniformly 
in the cytoplasm. However, regarding the diffusion, it possible to 
assume that the larger the cytoplasm, the more kinetochore MCC 
is diluted, and the MCC concentration in the cytoplasm decreases; 
thus, this step can be affected by the cytoplasm size.

Next, we focused on cytoplasmic MCC formation by inducing 
dimerization of C-Mad2 and Cdc20 [86] (Fig. 4D; unpublished 
data). This forced formation of cytoplasmic MCC blocked anaphase 
onset in double oocytes as efficiently as in control oocytes (Fig. 4E). 
These data suggest that the downstream event of cytoplasmic MCC 
formation was intact in double oocytes.

In summary, the large cytoplasm of oocytes dilutes nuclear factors, 
thereby increasing the number of unattached kinetochores required 
to trigger SAC arrest. MCC, which is pre-formed at the nuclear 
membrane and is critical for determining checkpoint accuracy [77], 
is a nuclear factor diluted by the cytoplasm. Further studies are 
needed to determine the critical molecules that limit SAC accuracy 
in oocytes. In the SAC molecular pathway, the Mad1-Mad2 complex 
is recruited to unattached kinetochores by upstream components 
of the SAC, including Mps1, Aurora B, and Bub1 kinases, and the 
Rod-Zw10-Zwilch complex [87, 88]. MCC is created dynamically 
at or near kinetochores [82–85]. Kinetochore MAD2 consists of a 
stable and a high-turnover pool [85]. Compelling evidence indicates 
that Mad1 binding shifts Mad2 from its “open” (O or N1) to “closed” 
(C or N2) conformation. This not only stabilizes the heterodimer, but 
also confers prion-like activity, which can induce similar conformation 
change in soluble O-Mad2 [88, 89]. Similar to C-Mad2, this pool can 
bind to Cdc20, a key activator of APC/C [90]. In conjunction with a 
second Cdc20 inhibitor, BubR1 and its cofactors Bub3, C-Mad2, and 
Cdc20 form one or more MCCs [91–93] that inhibit APC/C-mediated 
proteolysis of securin and cyclin B, thereby delaying sister-chromatid 
separation and mitotic exit [87, 88]. The concentrations of Mad2 
and Bub3 before NEBD did not change in the different cytoplasmic 
oocytes (unpublished data; Fig. 4F). Therefore, the ratio of O-Mad2 
to C-Mad2 may be important for size-dependent SAC activity.

Chromosome Segregation Error Due to Large 
Cytoplasmic Size of Oocytes

Weakness of the spindle checkpoint contributes to chromosome 
segregation errors when oocytes carry misaligned chromosomes. 
Misaligned chromosomes are generated through age-related defects, 

such as the precocious separation of bivalents into univalents and 
decreased function of kinetochores [94–98]. In human oocytes, 
chromosomal misalignment due to unstable spindle bipolarity does 
not block anaphase onset through the spindle checkpoint [99]. A 
recent study showed that the efficiency of spermatocyte injection 
in mice could be greatly improved by reducing the size of recipient 
oocytes [100]. In this study, spermatocyte chromosomes, which might 
be intrinsically more error-prone, were dramatically rescued from 
segregation error by reducing the cytoplasm. However, spermatocyte 
chromosomes lack the SAC activator MAD2, indicating that increased 
SAC activity due to cytoplasmic depletion did not reduce chromo-
some segregation errors. Alternatively, changes in the biochemical 
environment of the oocyte cytoplasm or spindle forces owing to 
changes in oocyte size may influence chromosome segregation.

Why do Oocytes have Large Cytoplasm?

The large cytoplasmic size of oocytes is linked to error-prone 
chromosomal segregation. Why do oocytes have a large cytoplasm? 
The most reasonable theory is that a large cytoplasmic volume plays 
a role in supporting embryogenesis. Fully grown oocytes have huge 
cytoplasmic volumes, thus creating ample space to stock all materials 
(e.g., maternal proteins and RNAs) needed for embryonic development 
after fertilization [101]. Indeed, a large cytoplasmic size is critical for 
post-fertilization development; decreasing the cytoplasmic volume 
significantly decreases the developmental potential after fertilization 
[37, 102]. Another hypothesis is that large cytoplasmic size is required 
to maintain the distance between the site of sperm fertilization and 
the meiotic MII spindle of oocytes. A study showed that sperm is 
released to the polar body side when sperm is microinjected near 
the MII spindle and that there is a mechanism by which sperm 
move away from the MII spindle after fertilization. [103]. In other 
words, if the cytoplasmic size is too small to keep away from the 
MII spindle, sperm may be accidentally released into the polar 
body. We hypothesized that the error-prone nature of mammalian 
oocytes before fertilization is a trade-off of the large oocyte volume, 
which is important for supporting fertilization and post-fertilization 
development.

Conclusion

In recent years, the development of an in vitro experimental 
system using egg extracts and microdevices has made it possible 
to study scaling without a special cellular environment, such as in 
early embryos, where the cytoplasmic size changes. The in vitro 
experimental systems have led to great progress in scaling spindle and 
nuclear sizes. In addition, by using micromanipulation methods that 
can artificially change the size of the oocyte, it is possible to study 
the enigmatic organelle scaling and function of the oocyte. There 
are many unexplained areas in oocyte-specific scaling mechanisms, 
which are expected to be clarified in the future.
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