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Age-related changes in the
cytoplasmic ultrastructure of feline
oocytes
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This study elucidates the impact of aging on the cellular architecture of feline oocytes, with a particular
emphasis on organelles essential for fertilization and embryo development. Using transmission
electron microscopy (TEM), the research compares oocytes from prepubescent, cycling adult, and aged
cats, revealing notable differences in the arrangement of key structures, particularly mitochondria,
lipid droplets, and vacuoles. Oocytes from adult donors are at their metabolic peak, demonstrating a
higher concentration of mitochondria near lipid droplets, supporting efficient energy metabolism. In
contrast, younger and older oocytes exhibit larger lipid droplets and reduced mitochondrial density,
indicative of diminished metabolic activity. These findings not only underscore the necessity of
selecting an optimal donor age for in vitro fertilization but also suggest potential biomarkers for oocyte
quality assessment. This novel insight offers promising strategies to enhance reproductive success,
improve assisted reproduction outcomes, and support feline conservation efforts.
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The morphology and behavior of oocyte cytoplasmic organelles have been extensively studied in humans,
mice, and several other species!2. However, research on cats remains limited®-. Moreover, the ultrastructural
characteristics of feline oocytes of varying quality are poorly understood and remain largely unexplored. Key
organelles, such as mitochondria (Mt), cortical granules (CGs), and lipid droplets (LDs), play a crucial role
in the oocyte’s potential for successful fertilization and embryo development®. Given this, and assuming that
the quality of an oocyte determines its potential for fertilization and subsequent embryo development, it is
imperative to recognize the differences in the ultrastructural organization of oocytes from various donor groups.

Typically, oocyte selection for in vitro procedures is based on the general appearance of an oocyte under low
magnification microscopy without a full appreciation of the ultrastructural nuances’. However, in species with
advanced and successful assisted reproductive technologies (ART), additional factors such as donor age, health,
and reproductive status are also often considered important”8. Additionally, ovarian stimulation is commonly
performed before oocyte collection in many species to increase the number of available oocytes for in vitro
procedures®!°.

In contrast, the situation with cats is significantly different. Most in vitro procedures in feline species utilize
oocytes collected from ovaries, which are medical waste from routine neutering surgeries or occasionally
harvested postmortem. With recent advances in veterinary clinical practice, safe ovariohysterectomy procedures
can now be performed on very young, even pediatric, cats. This, combined with the growing popularity of
neutering programs aimed at reducing the stray cat population in Western countries'"'?, often leads to situations
where gonads intended for ART are harvested from sexually immature kittens. Conversely, in wild felid species,
the oocytes collected often originate from older or diseased females, which likely has an impact on in vitro
performance'>.

Furthermore, because the oocytes for in vitro use are typically selected based on their general morphology
under light microscopy”'4, many crucial characteristics that determine oocyte quality go unnoticed and are
therefore not considered in the final classification of the gamete. These include cytoplasmic organelles that
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influence developmental competence, such as the arrangement and architecture of mitochondria, lipid droplets,
and cytoplasmic vacuoles, cortical granules as well as the density of microvilli. The above factors, specific to cats
in terms of the random source of oocytes used in vitro, likely influence their developmental potential, thereby
affecting the outcomes and potentially leading to high failure rates.

Sexual maturity and aging affect gamete quality!®. At birth, ovaries have a limited number of primordial
follicles!®, with oocytes in early meiosis. Some follicles grow through developmental stages, but most undergo
atresia. After puberty, gonadotropins rescue a few to reach the preovulatory stage!”. Hormonal changes trigger
meiosis, but only a subset of oocytes is recruited per cycle!®.

As age advances, oocyte developmental competence declines, resulting in compromised fertility'®. It was
reported in humans, ovine, bovine, swine, mice, and carnivores that prepubescent oocytes exhibit good-quality
cellular structures due to the absence of extensive metabolic and reproductive demands. However, they might
not be as high in quality as their appearance under the light microscope might suggest?’. During pubescence,
oocytes reach full competence, characterized by optimal organelle distribution, which allows for cytoplasmic
maturation and readiness for fertilization. However, as oocytes age, they experience cellular senescence,
including mitochondrial dysfunction, chromosomal abnormalities, and altered cytoplasmic composition!7-21-22,

To date, no studies have compared the ultrastructural architecture of domestic cat oocytes classified as good
quality and obtained from prepubertal, cycling adults, and old domestic cats. Consequently, with the current
level of knowledge, it remains difficult to determine how cellular organelles change throughout a female’s
lifespan and which might serve as reliable indicators of oocyte quality. Comparative analysis of the cytoplasmic
organelle distribution among cats of various ages would provide insight into the suitability of particular donor
queens for oocyte collection and their use in in vitro procedures. To address this, this study aimed to characterize
the ultrastructure of high-quality oocytes obtained from cycling adult queens and compare them with oocytes
from younger (prepubescent) and older (post-reproductive peak) queens.

Results

A total of 14 oocytes (n=14) were examined. The oocytes collected from cycling adult donor queens served as
the gold standard for comparisons in this study. The summary of ultrastructural findings is presented in Table 1.
Representative images of the suboolemmal region of distinctive groups are presented in Fig. 1. The middle
part of the ooplasm (O) and ultrastructural details are compared in Fig. 2. The outer part of the cumulus—
oocyte complex (COC), including the corona radiata (CR) and zona pellucida (ZP), is shown in Fig. 3. Summary
statistics of the results are presented in Table 2.

Ultrastructural quality of oocytes collected from cycling adult donor cats
The outer region of the oocyte from mature donors had a few layers of well-defined and semi-densely packed
cumulus cells (CC); the cells displayed non-uniform and irregular shapes, which contributed to the distinct

Young Adult old
Structure (n=4) (n=4) (n=6)
Corona radiata Very well-defined, regular and compac?ed Very well-defined, contains few layers of semi-densely Very variable, sometimes well-defined and similar to
cells; clear borders between corona radiata . . the adult group, sometimes not present at all. ER often
(CR) . compacted cells of non-uniform and irregular shapes . . R .
and zona pellucida with noticeable dilation - not seen in other groups.
Zona pellucida Well-deﬁlzled{ rﬁgular,;mooth and f }/\’Z{:g_d; ﬁn?d aniregularsrfd wi}(]ie, Wi.th vef:y rrflany Visibly thinner than in other groups, less TZP
@P) compacted with a moderate amount o of various shapes and lengths, quite often free- heterogenous, not very well visible, mostly free-ended
connected and free-ended TZPs ended ? ?
Perivitelline space i Wider than in the rest of the groups, irregular with
PVS) Regular, well-defined Well-visible, regular thinner and wider spots
1(\;;3;’ villi Well-visible, abundant Less abundant and shortened than in other groups
Cortical Uniformly in the suboolemmal region, dispersed, very rarely
granules (CG) seen in cytoplasm, single or in groups of 2 or 3
Ooplasm Darkest amone all eroups. uniform and Moderately light in color, with variable appearance; Lightest in color, and less uniform, vacuoles often
(0)p ranular well—%leﬁ 1§e d bI())r’ ders of vacuoles intracytoplasmic vacuoles are not always clearly exhibit partial loss of their borders, contributing to
§ ? differentiated from the surrounding cytosol the lighter appearance of the cytosol
}‘11‘13;1 droplets Mainly large in size and high in number Mainly small to mid-sized, moderate amount present | Mainly large and high in number
Simil he adull ith 1 Highest in number and surface area (CV/um®), Few in number but large - tend to fuse together;
les (C imilar to the adult group, with very wel ically clearly distineuishable f h di P 1 ; les blend into th
Vacuoles (CV) defined borders typically clearly distinguishable from the surrounding | frequently remnants of vacuoles blend into the
cytoplasm ooplasm
Pe.rldroplets. Mitochondria were sometimes seen around | High frequency of mitochondria found surroundin Mitochondria were sometimes seen around LDs, but
mitochondria 1 ireq 4 &
(PDM) LDs, but not as often as in adult queens LDs, often in association with endoplasmic reticulum | not as often as in adult queens
Golgi Apparatus . . Present in large numbers, all GA observed had the Present in 'large numl:fers, number of GA seem to
Sometimes present, but not very common .o . increase with age, variable trans subunit orientation -
(GA) trans subunit directed toward the inner cell . .
directed towards the inner or outer cell
Uniform morphology and size, round shape, rarely . . o
Mitochondria (Mt) | Dense mitochondria matrix, mostly intact | damaged, frequently tend to cluster around other Swollen, qften damaged, va'rlal?le dlameter, no visible
. pattern with regard to its distribution in ooplasm
cytoplasmic organellae (LDs and CVs)

Table 1. Age-dependent differences in oocyte ultrastructure.
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Fig. 1. Comparison of the suboolemmal region of oocytes from adult (A, B), prepubertal (C, D) and old
queens (E, F). Relatively small magnifications are on the left, larger magnifications are on the right. A, B:
Adult oocytes usually show an abundance of cytoplasmic vacuoles (CV) and several small and medium-sized
lipid droplets (LD). Mitochondria form clusters that aggregate around cytoplasmic vacuoles and larger LDs.
The perivitelline space (PVS) is clear, narrow and distinct from the zona pelucida (ZP). C, D: CVs of oocytes
collected from prepubertal queens tend to be less abundant. Fewer mitochondria are usually visible and do not
form visible large clusters. Oocytes from old individuals (E, F) show an abundance of severely damaged CVs,
the ooplasm is less distinct. Although mitochondrial clusters are present, they show no visible pattern in their
distribution relative to other organelles. Microvilli are scarce, perivitelline space is uneven and relatively thick.
Abbreviations: CV - cytoplasmic vacuole, CG - cortical granules LD - lipid droplet, Mit - mitochondria, GA -
golgi apparatus, Nu - cell nucleus, PVS - periviteline space, ZP - zona pelucida.

morphology of the CR. The ZP was well-defined, wide, and regular, appearing light in color and heterogeneous
in texture. It contained numerous transzonal projections (TZPs) of various shapes and lengths (Fig. 3A-B).

The suboolemmal region was characterized by well-defined, regular, and clearly visible perivitelline space
(PVS) containing an abundance of prominent microvilli (MV) (Fig. 1B). The ooplasm of adult oocytes appeared
moderately light in color with a variable appearance. Intracytoplamic vacuoles (CV) were not always clearly
differentiated and demarcated from the surrounding cytosol, leading to a more diffuse and less organized
internal structure. Despite the less distinct boundaries of CV, adult oocytes contained the highest number of
vacuoles (Figs. 1A-B and 4, graph A; Table 2).
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Fig. 2. Comparison of the central part of oocytes from adult (A, B), prepubertal (C, D) and old queens (E, F),
focusing on the regions rich in lipid droplets. A, B: Mitochondria tend to cluster closely around LDs, possibly
as peri-droplet mitochondria (PDM). In some images, a clear association between PDM and LDs is visible (see
frames). C, D: Although less abundant, PDM are also visible in prepubertal oocytes. E, F: Many mitochondria
are clustered in seemingly random regions of the ooplasm, although some tend to be closely associated with
LDs as PDM. Abbreviations: CV - cytoplasmic vacuole, LD - lipid droplet, Mit - mitochondria, Nu - cell
nucleus, PDM - peri-droplets mitochondrium.

In the inner oocyte region, there was a moderate amount of LDs, predominantly of a small to mid-sized size.
A notable feature in adult oocytes was the frequent presence of Mt located near LDs. Compared to other groups,
oocytes in this group had a significantly higher number of Mt in close proximity to LDs with counts as follows:
young (0.24), adult (0.48), and old (0.2) number of PDM/um? of LD circumference (Figs. 2A-B and 4, graph
C; Table 2). Mt present in adult oocytes exhibit a consistent morphology, typically displaying a round shape
and rarely showing signs of damage. Additionally, these organelles tend to cluster around other cytoplasmic
structures, such as LDs and CVs (Fig. 2B). This pattern is not observed in younger groups or in oocytes from
older individuals (Fig. 2D, F; Table 2). The mean mitochondrial diameter was significantly larger in adult oocytes
(243,25) compared to young oocytes (177,75), (p < 0.05), indicating mitochondrial maturation, while old oocytes
exhibited further enlargement (257,50), likely due to swelling and structural deterioration (ANOVA p=0.009)
(Fig. 5A). The proportion of damaged Mt was found to remain at a relatively low level in adult oocytes (2.25), a
finding which was significantly higher than in young oocytes (0,25), and markedly lower compared to old oocytes
(12,25), (p<0.05) (Fig. 5B). This suggests that mitochondrial integrity is largely preserved during adulthood but
declines with aging (ANOVA p=0.028). The mean number of cristae per Mt did not differ significantly between
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Fig. 3. Comparison of zona pelucida and corona radiata of oocytes from adult (A, B), prepubertal (C,

D) and old queens (E, F). Left, low magnification; right, higher magnification focused on individual cells.

The zona pelucida (ZP) tends to be widest in oocytes from adult cats (A), although the cumulus cells tend

to be less densely attached than in the other two age groups. In each group, transzonal projections (TZP)
originating from cumulus cells penetrate the zona pelucida toward the oolemma. Cumulus cells show a similar
morphology in adult and prepubertal cats (B, D); in old cats, the endoplasmic reticulum (ER) tends to be
visibly dilated.

age groups (ANOVA, p=0.36). The mean counts were as follows: adult oocytes (0.98), young oocytes (0.75),
and old oocytes (0.87) (Fig. 5C). Similarly, this group exhibited the highest number of CV, with a count of 28.60
CV/um?, compared to 20.25 CV/um® in the young group and 10.17 CV/um? in the old group (Figs. 1A-B and 4,
graph A; Table 2). The Golgi apparatus (GA) was present in large numbers within the oocytes, interestingly all
observed GAs exhibited the trans subunit oriented towards the inner cell.

Ultrastructural characteristics of oocytes collected from prepubertal queens

The outer cell structures were quite similar to those in oocytes from cycling adult donors, however, the CR cells
were more compact with a very clear demarcation from the ZP. The ZP was well-defined, however, contrary to
adult oocytes, prepubertal oocytes were darker in color, very regular in shape and smooth, with only a moderate
amount of TZPs (Fig. 3C-D).
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Mean | Min | Max |n

% lipid droplets

Adult 10,89 | 3,98 | 26,31 | 4
Young 23,05 | 8,30 | 40,89 |6
Old 15,45 | 9,76 | 24,71 |4

Number of cytoplasmic vacuoles (CV)

Adult 28,60 | 7,00 | 58,00 |4
Young 20,25 | 8,00 | 42,00 |6
Old 10,17 | 3,00 | 16,00 | 4
Number of CV/pum?

Adult 0,03 | 0,01 | 0,05 |4
Young 0,03 | 0,01 | 0,04 |6
Old 0,013 | 0,00 | 0,02 |4
Number of PDM/pum? of LD circumference

Adult 0,48 | 0,41 | 0,57 |4
Young 0,24 | 0,14 | 041 |6
Old 0,2 {0,08 | 0,28 |4

Cortical granules/um of oolemma

Adult 0,50 | 0,28 | 0,70 |4
Young 0,24 | 0,12 0,69 | 6
Old 0,43 | 0,31 | 0,61 |4
Mean mitochondria diameter [nm]

Adult 243,25 | 227 262 | 4
Young 177,75 | 144 213 |6
Old 257,50 | 246 269 | 4
Fraction of damaged mitochondria

Adult 2,25 2 3|4
Young 0,25 0 1|6
Old 12,25 2 25 |4
Mean number of cristae per mitochondrion

Adult 0,98 10,79 | 1,20 |4
Young 0,75 | 0,57 0,94 | 6
Old 0,87 | 0,63 1,18 | 4

Table 2. Summary.

The PVS was regular and well-defined in prepubertal oocytes, similar to the well-visible and regular
perivitelline space in adult oocytes. Additionally, as with adult oocytes, those obtained from prepubertal
individuals exhibit well-defined and abundant Mv (Figs. 1D and 3C). The ooplasm (O) in prepubertal oocytes is
notably darker and granular, with well-defined borders of CV when compared to adult oocytes. Vacuoles were
similar to those in adult oocytes but exhibited more distinctly defined borders (Figs. 1D and 2C-D).

In the inner region, the LDs were predominantly large and numerous, constituting the highest percentage
among the groups—in contrast to adult oocytes which had smaller and mid-sized LDs in moderate amounts
(Figs. 1C, 2C-D and 4, graph B; Table 2). The peridroplet mitochondria (PDM) were also sometimes observed
in prepubertal oocytes but not seen as frequently as in mature oocytes (Figs. 2C-D and 4, graph C; Table 2).
In young oocytes, Mt exhibited a dense matrix and were mostly intact; however, they lacked the characteristic
clustering around LDs and CV's observed in adult oocytes (Fig. 2D; Table 2). The GA is present in prepubertal
oocytes but in lower numbers compared to adult oocytes.

Ultrastructural characteristics of oocytes collected from old queens

In the outermost structures, of the oocyte from aged donors, the CR showed a highly variable appearance,
ranging from well-defined and similar to the cycling adult group to a reduced number of layers or complete
absence, with many cells exhibiting noticeable dilation of the endoplasmic reticulum (ER), a feature absent in
other groups (Fig. 3F). The ZP was visibly thinner, darker, and homogeneous in appearance with a lower number
of visible TZP, contrasting with the well-defined, regular, and wide ZP of adult oocytes (Fig. 3E).

The suboolemmal region consisted of the irregular PVS with thinner and wider regions, whereas it was well-
visible and regular in adult oocytes. Microvilli in old oocytes were less abundant and shorter than in adult oocytes
(Fig. 1E-F). The ooplasm of aged oocytes displayed the lightest coloration across all groups, likely resulting from
the fusion of multiple CV, with remnants often merging into and dispersing within the ooplasm. The CV were
often large but fewer in number, partially losing their borders and contributing to the lighter appearance of the
cytoplasm (Figs. 1E-F and 4A).
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Fig. 4. Presents bar plots comparing the number of cytoplasmic vacuoles per square micrometer (A), the
percentage of oocyte area occupied by lipid droplets (B), the mean number of peri-droplet mitochondria (or
contact sites) per lipid circumference micrometer (C), and the number of cortical granules per micrometer of
the oolemma (D). Every trait was calculated in hot-spots. In A, the results approach the statistical significance
threshold, whereas in C, they are statistically significant, indicating a more dense distribution of peri-droplet
mitochondria than in other groups. * - p-value <0.05.

The inner regions of oocytes from old donors contained generally larger and more numerous LDs compared
to adult oocytes (Figs. 2E-F and 4B; Table 2). The PDM were also found, but significantly less often, representing
the lowest number of PDM among the groups (Figs. 2F and 4C; Table 2). In oocytes from older individuals, the
Mt appeared to be swollen, frequently damaged, and exhibited a variable diameter (Fig. 2F). This is in contrast
to the uniform morphology and minimal damage observed in oocytes from adult donors. Furthermore, the
distribution of these organelles within the ooplasm exhibited no discernible pattern (Figs. 1F and 2F; Table 2).
The GA was more abundant in older oocytes suggesting that their quantity increased progressively with age. The
observed trans-subunit orientation was variable - directed towards the inner or outer cell.

Discussion

The present research aims to elucidate the ultrastructural differences in oocytes collected from female cat donors
of varying ages, and classified as good quality based on light microscopy assessments. This study investigates
critical aspects of oocyte architecture, including lipid droplets (LD), mitochondrial (Mt) distribution, cytoplasmic
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Fig. 5. The morphometric characteristics of mitochondria. Mean diameter of mitochondria (A), fraction of
damaged mitochondria (B) and mean number of visible cristae per mitochondrium (C). Mitochondria in
oocytes from prepubescent queens were significantly smaller and less often damaged. All mitochondria were
evaluated in their cross-sections. * - p-value <0.05.

vacuoles (CV) number, and morphology, as well as the characteristics of the oocyte’s outer region, as well as
encompassing the zona pellucida (ZP) and cumulus cells (CC).

Hormonal changes during puberty and each reproductive cycle significantly affect oocyte behavior and
cytoplasmic organelle distribution. Studies have shown that oocytes collected from cycling females exhibit distinct
patterns of organelle distribution, reflecting their developmental and hormonal status?’. By examining these
factors, the research aims to uncover age-related variances that could impact oocyte quality and reproductive
potential, providing valuable insights into the reproductive biology of female donors.

The successful development of a viable oocyte is closely linked to the preservation of energy balance within
the ovarian and follicular microenvironment?2 In reproductively active females, oocytes are triggered to resume
meiosis, a process that demands a significant amount of energy. Therefore, energy metabolism is one of the
critical factors affecting oocyte quality. It was suggested that lipids may play a role during oocyte metabolism,
because the energy originating from glucose may be inadequate to meet the demands and fatty acids need to
enter the mitochondria for B-oxidation (FAO) to produce additional energy to meet the demands®®. Research
suggests that the maturation of lipid-rich oocytes (like i.e. those of pigs) seems to be particularly dependent on
energy obtained from lipid metabolism?°-3°.

It is widely acknowledged that the dark appearance of the oocyte is indicative of a substantial accumulation
of lipid reserves within the ooplasm, with feline oocytes exhibiting a notable prevalence of lipid content'*3!.
Therefore, in our study, special attention was given to complexes comprising lipid droplets and mitochondria
which may be defined as peridroplet mitochondria (PDM). As previously noted, triglyceride metabolism is crucial
for oocyte function. Therefore, cytoplasmic complexes that facilitate the transfer of lipid droplet-derived fatty
acids (FAs) to mitochondria play a significant role in understanding cytostructural changes in cells throughout
female development. Our ultrastructural observations align with these findings and additionally highlight the
potential role of the PDM. It was observed that the smallest LD were present in oocytes from mature donors.
Concurrently, the PDM were found to be most densely distributed around LD in this group, which suggests that
adult oocytes may utilize lipids for energy production to a greater extent than oocytes from other age-groups.
These findings provide support for the hypothesis that lipid metabolism is undeveloped (there are few Mt in the
vicinity), which leads to larger LDs in prepubertal oocytes than in adult oocytes. It is noteworthy that larger and
more numerous LD were also observed in older queens. In this instance, the presence of larger LDs is indicative
of impaired lipid metabolism, as observed in oocytes with heterogeneous ooplasm. It is postulated that larger
in size and clustering LDs in oocytes with heterogenous ooplasm may indicate impaired lipid metabolism and a
reduced capacity for in vitro maturation (IVM)!%. In general, the presence of nonhomogeneous ooplasm (O) and
the accumulation of large LD in the center of the oocyte are indicative of atresia in the cat oocyte®?.

To the best of our knowledge, there is limited research on the occurrence of PDM in oocytes, and this area
requires more interest and focused study. We observed a high density of PDM in adult oocytes, followed by
young, and then old oocytes, which might suggest that such formations are responsible for lipid homeostasis
and energy metabolism®*. This aligns with literature indicating that PDM and contact sites are integral to
maintaining cellular lipid balance and energy production. The first description of the functional co-localisation
of both lipid-mitochondria organelles and lipid-mitochondria-SER was reported by Kruip in 1983 4. They also
introduced the term ‘metabolic units’ to describe this phenomenon. This finding was later supported by Strumey
with associates, who used fluorescence resonance energy transfer (FRET) to demonstrate the true molecular-
scale association in pig oocytes®.

However, it has been studied in tissues with high energy demand, such as muscle or brown fat tissue*® or in
the corpus luteum®”. Co-localization of LD and Mt was noted before® as well as the crucial role of the Mt in
oocyte development, quality, and aging'>’. Similarly, contact sites between mitochondria and other organelles
were also described, but focusing mainly on contact with ER*’. It was shown that in specific conditions (e.q.
nutrient starvation) the specialized cellular network connecting LDs and Mt is present to allow for LDs to
efficiently supply the fatty acids into Mt for f-oxidation*!.
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We observed that the number of PDM increased after the onset of puberty in the donors and decreased again
with senility as indicated by the mean contact site values (0.24 pm” in young, 0.48 um” in adults, and 0.20 um?
in old oocytes). Consequently, adult oocytes exhibited the highest number of PDM among the studied groups,
suggesting increased use of lipids for energy production by oocytes of adult cats. Moreover, in our study, we
often observed that PDM were also frequently associated with ER. These hotspots are crucial for the biogenesis
pathway of LDs, as the synthesis of neutral lipids begins in the ER membrane*2. It is worth noting that, according
to previous publications on the exact location of specific organelles, considerable differences were seen for the
SER, which was located around the CVs in good-quality oocytes. In this research, adult oocytes, which are
considered the gold standard, show a similar pattern.

Our observations confirm the previously published data on the ultrastructural quality of prepubertal and
adult feline oocytes reported that oocytes from prepubertal cats had a large number of LDs often associated with
Mt®.

Moreover, studies conducted on other species have provided further insights into the relationship between
Mt and oocyte maturation. In bovines, the final maturation of oocytes occurs within the ovulatory follicle
following the LH surge. During this process, Mt tend to associate with LD, and by approximately 15 h post-
LH peak, these complexes are evenly distributed throughout the cytoplasm*‘. In murine models, a decrease
in mitochondrial abundance in the oocytes of older animals compared to young ones has been confirmed*>+4.
Similarly, in hamsters, a significant reduction in the number of Mt and a lower frequency of clear Mt were
observed in MII oocytes from older compared to younger animals*®. These findings underscore the impact of
aging on mitochondrial dynamics across different species, further illustrating the complex role of Mt in oocyte
quality and reproductive aging.

Physical contact between LDs and Mt plays a crucial role in adenosine triphosphate (ATP) production
through mitochondrial B-oxidation?”. This interaction is not only significant in oocytes*® but has also been
observed in other fat-oxidizing tissues such as brown and white adipose tissue®, liver, pancreas, skeletal muscle,
and heart muscle®®, where PDM have been described. Some researchers describe the LD-Mt association as
contact sites®®, where the surfaces of two or more organelles are directly attached via specialized tether proteins,
such as PErilipin5, DGAT2, Mfn2, MIGA?2. These contact sites are believed to play a crucial role in mediating
the interorganellar exchange of lipids, ions, and other essential components®"*2 It is worth noting that Mt
play also a crucial anabolic role in the synthesis of key cellular components, including amino acids, lipids, and
nucleotides, which are essential for cellular growth and function. In a somewhat counterintuitive manner, PDMs
are increasing the size of LDs, rather than utilizing them>®33.

We speculate that in cycling adult donors, most oocytes are activated to undergo maturation. Since maturation
requires a high supply of energy that glucose metabolism alone cannot provide, oocytes must utilize lipid-based
sources to meet their energy demands. As a result, LD would be closely associated with Mt, and their size would
decrease as their contents are actively utilized. Conversely, oocytes from prepubertal and older females were
found to have larger LD and were less often surrounded by Mt. Crosier et al. also concluded that the LDs area
might indicate the effectiveness of the exchange with Mt. They noted in bovine morula that the increased lipid
content was associated with the decreased density of Mt suggesting that mitochondrial dysfunction may lead to
increased LDs size®. Furthermore, in bovine, it was proven that triglycerides are the key energy source during
oocyte maturation, which was hampered due to insufficient ATP source when the oocytes had restricted access
to fatty acids®. Whereas delipidated mouse oocytes could synthesize and accumulate new LDs immediately
afterward, these new LDs were essential for maintaining early embryo development®®. Furthermore, the study
by Mtodawska et al. demonstrated that the LD content in the ooplasm (O) influences the number of MII oocytes
after in vitro maturation, further supporting the idea that oolemmal lipid content in feline oocytes may be
related to their ability to resume meiosis'%. In general, the greater the concentration of lipids, the greater the
dependence of the oocytes on the energy derived from them. However, the capacity for energy production,
whether derived from lipids or carbohydrates, is species-specific®®.

Other traits evaluated in the current study included the evaluation of suboolemmal region. The ooplasm
(O) itself was darkest in prepubertal and lightest in aged oocytes. In the latter, the appearance of cytoplasms
was mainly due to CV disintegration and its content blending into the O. We observed similar distortion of
CV in bad-quality oocytes that were collected from ovaries stored for 48 h*®. During the examination of oocyte
ultrastructure, a preliminary observation seemed to indicate that the GA was more abundant in older oocytes,
with its quantity seemingly increasing progressively with age, but with variable trans subunit orientation
- directed towards both the inner and outer cell. While in adult oocytes we observed only the trans subunit
directed toward the inner cell. This arrangement suggests an increased role in protein processing, packaging,
and transport within the cell, which may be indicative of heightened cellular activity or an adaptation to aging.
Similar observations were made in other species®’.

In humans, it was observed that GAs were the most prominent organelles in oocytes at the early stages of
maturation®®, however, the cis-trans polarity was not easily distinguishable®. On the contrary, in non-domestic
cats GAs were rarely seen® whereas in young mice several large GAs were located around the nucleus®! while in
Siberian tiger GA were in close spatial relation to cortical granules®.

Cortical granules, first seen in secondary follicles, can be described as small, vesicle-like organelles
containing enzymes released after fertilization. At this stage, the granules are located in close proximity to the
plasma membrane of the oocyte. Their contents are released to strengthen the ZP, consequently preventing
the entry to multiple sperm cells - polyspermy®. The CGs in the secondary follicle tend to cluster and can be
distributed either localized around the GA or throughout the ooplasm®; surprisingly, in domestic cats, these
granules appear to be positioned in the cortical region of the oocyte even at the secondary follicular stage®*. This
characteristic, together with the early arrangement of organelles in clusters, implies that the process of oocyte
maturation happens earlier in domestic cats than in other species. This could be connected to their uniqueness
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as a species that undergoes induced ovulation via copulation. In contrast, in cows, small clusters of cortical
granules are first observed in large secondary follicle oocytes, while in non-domestic cats, the peripheral region
of the ooplasm exhibits a range of cortical granules from immature to mature stages. In the current study, the
observable amount and distribution of CG was similar in all age groups, as confirmed by statistical analysis
(ANOVA p=0.44). Although adult oocytes had a slightly higher mean cortical granule density, the differences
between groups were not statistically significant, indicating that cortical granule distribution remains relatively
stable across age groups.

Finally, the outer region of the oocyte, including PVS, ZP, and CR was evaluated. Similar to previous reports,
the PVS increased with the age of donors in our study, which is associated with both shrinkage of the oocyte
and the increase in the inner diameter of ZP'4%>. The MV were present in all groups, but their number and
quality were the best in cycling adult donors. According to Willis (1994) in horses, the number of MV increased
with oocyte maturity®®. Their shape change from a long slender profile to short and bulbous after ovulation as
reported in rabbits®’.

GC differed in their compactness between prepubertal, matured, and old donors. In cycling queens CCs
consisted of a few layers of well-defined, semi-densely compacted irregularly shaped cells. Similar observations
were made in humans and bovines®. The quality of CC depends on the oocytes that influence their normal
differentiation and function through paracrine signaling and so-called gap junctions®®. Concurrently, CC
participate in oocyte maturation and affect its developmental potential by transferring small molecules into
ova’’. The closeness of that communication is reflected in the ZP and TZP appearance. We observed differences
in ZP character as well as in the number of TZP between donors of different ages, likely due to the reciprocal
metabolic activity of CG and oocytes. Specifically, the thick, regular, and well-defined ZP became thinner and
irregular with age, potentially due to the reported spontaneous activation of CG, resulting in a brittle and
uneven appearance in older oocytes”"”2. Similarly, human studies reported that while the ZP of fresh oocytes
is characterized by a granulofibrillar, interconnected network with pores, the ZP of aged oocytes shows signs
of disintegration. This aging-related change results in a ‘cobblestone-like’ appearance, with narrow clusters of
granulofibrillar material separated by clear spaces approximately 0.3 mm wide®®73. Since, the number and the
quality of TZP clearly reflect oocyte activity, the highest amount is expected in reproductively active queens
and reduced numbers of shorter and often free-ended TZP to be seen in aged oocytes®>”%. This aligns with our
findings, as we observed a moderate quantity of both connected and free-ended TZPs in oocytes from young
queens. In adult queens, TZPs were numerous, displaying a wide range of shapes and lengths, and frequently
presented as free-ended. In contrast, oocytes from aged queens exhibited a reduced number of TZPs, which
appeared heterogeneous compared to adult ones, were not as clearly visible, and were predominantly free-ended.
These age-associated changes in CC and TZP morphology could thus reflect reduced intercellular support
mechanisms, ultimately diminishing the developmental competence of aged oocytes.

Expanding our understanding of these cytoplasmic organelles and their correlation with standard selection
methods used in ART protocols could identify the primary factors affecting oocyte quality. This, in turn, could
lead to advancements in fertility preservation programs and the in vitro techniques employed for cat species.
While some studies have linked oocyte appearance with subsequent in vitro performance, the success rates for
in vitro maturation, fertilization, and embryo culture of feline oocytes remain limited compared to livestock and
other species such as humans or laboratory animals”.

These findings highlight the importance of considering hormonal influences when assessing oocyte
quality and developing ART protocols. By integrating these insights, the present study aims to contribute to
the optimization of oocyte selection and handling techniques, ultimately enhancing the success rates of feline
reproductive technologies and improving conservation efforts for endangered cat species.

Materials and methods

Unless specified otherwise, all chemicals and reagents used in this study were obtained from Sigma-Aldrich,
Poland. Ethical approval was not required since the study involved cells derived from medical waste tissues,
which were processed in compliance with ethical guidelines, including institutional approval (Decision no.
13/2024). The medical waste tissues used in this study were sourced from the Small Animal Reproduction Clinic
following routine ovariectomy or ovariohysterectomy procedures. The tissues were anonymized and obtained
under protocols that do not require explicit owner consent.

Collection and processing of oocytes

Oocytes were collected from ovaries obtained from queens of various ages undergoing routine ovariectomy or
ovariohysterectomy at the owner’s request. The queens were divided into three age groups: prepubescent (11-13
weeks old), mature (at least 1,5 years old), and old (more than 10 years old). Immediately following surgical
removal, the ovaries were transported to the laboratory, where they were fixed and sliced in ovum pick-up
medium (IVF Bioscience, Bickland Industrial Park, Falmouth, UK) to release camulus-oocyte complexes (COC).
The high-quality oocytes were used in the experiment i.e. those that were uniform, had dark ooplasm, and were
surrounded by a few layers of cumulus cells?. The selection process was conducted utilizing a stereomicroscope
[Nicon SMZ1000], according to classification published by Wood and Wildt?*solely for feline oocytes. However,
in cat during the initial selection we cannot determine the exact stage of the oocyte. It is assumed that immature

GV oocytes are mainly recovered from antral follicles of female cat donors®*.

Preparation of oocytes for ultrastructural analysis

Selected COCs were first placed in a 2.5% glutaraldehyde solution in 0.1 M cacodylate buffer (Serva
Electrophoresis, Heidelberg, Germany) for 30 min before being embedded in 30 pl of 2% agarose gel drops at
37 °C. Once the agarose solidified, the oocytes were stored in a 2.5% solution of glutaraldehyde, until transferred
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for further proceeding. These agarose-entrapped oocytes were processed according to Anguish and Coonrod’s
standard protocol with modifications®>%. In brief: cells were washed four times at 4 °C in 0.1 M cacodylate buffer
(Chempur, Piekary Slaskie, Poland), post-fixed with 1% osmium tetroxide (Serva Electrophoresis) in 0.1 M
cacodylate buffer for 1 h 4 °C, washed again in cacodylate buffer (4 times for 5 min each at 4 °C) and dehydrated
in a graded series of ethanol solutions: 30%, 50%, 70%, 90%, 96%, 100% and acetone. Subsequently, the samples
were incubated overnight at room temperature in an epoxy resin acetone solution (1:1), embedded in epoxy
resin blocks (Serva Electrophoresis), and solidified at 60 °C for one week.

Sectioning and staining for oocyte TEM examination

After the one-week curing period, the blocks containing COC were sectioned into semi-thin slices (600 nm) using a
Power-Tome ultramicrotome. These sections were stained with a toluidine blue solution (Serva Electrophoresis).
This cutting and staining process was repeated until the optimal sectioning spots were identified (about 3 — &
of the oocyte thickness). Following the evaluation of the semi-thin sections, the blocks were further sectioned
into ultrathin slices (60 nm) using an Ultra 45° Diamond Knife (Diatome, Nidau, Switzerland). These ultrathin
sections were transferred onto rhodium-coated copper grids (Maxta form, 200 mesh, Ted Pella, Redding, CA,
USA), contrasted with lanthanides RTU solution (Uranyless; Delta Microscopies, France) and lead citrate RTU
solution (Delta Microscopies). The contrasted specimens were then analyzed using a JEM-1011 Transmission
Electron Microscope (Jeol, Tokyo, Japan) operating at 80 kV, and images were captured with a Morada Camera
(Olympus, Miinster, Germany).

Experimental design and statistical evaluation
The ultrastructural cytoplasmic arrangements, individual organelle morphology, position, and inter-structure
relationships were compared using Transmission Electron Microscopy among oocytes obtained from donors
of 3 age groups: prepubertal (11-13 weeks-old, n=4), mature (at least 1-year-old, n=4), and old (more than
10-years-old, n=6). Key features such as the corona radiata (CR) with granulosa cells (GC), perivitelline space
(PVS) with microvilli (Mv), ooplasm quality (O), cytoplasmic vacuoles (CV), lipid droplets (LD), mitochondria
(Mt), and endoplasmic reticulum (ER) were carefully evaluated. Special attention was given to the association
between LDs and Mt, as well as evaluation of mitochondria morphometrics. Complexes, where Mt were found
in close proximity to LDs, were identified, evaluated separately, and termed peridroplet mitochondria (PDM).

Each COC was evaluated separately. The evaluation included both qualitative and quantitative characteristics.
Each trait was evaluated in hot-spots (the region with the most abundant occurrence of evaluated structures),
at magnifications ranging from 5,000x to 7,500x. Quantitative traits included (1) percentage of area occupied
by LD, (2) number of CV/um?, and (3) number of PDM/um of LD circumference, (4) mean number of CG
per pm of oolemma’s circumference. All characteristics were calculated in GIMP ver. 2.10.38 and expressed as
follows: (1) as the number of pixels belonging to LD divided by all pixels occupied by ooplasm, (2) the number
of undamaged CV divided by pm? of visible ooplasm, (3) the diameter of all LDs in was summed, multiplied by
7 (rounded to 3.14) to calculate the total circumference of given LDs. Then, all mitochondria in close proximity
(<100 nm) to the LDs were counted and divided by the total circumference of the examined LDs. (4) CG in
the suboolemmal region were counted and divided by length of the visible oolemma. For the evaluation of
morphometric traits in mitochondria the magnification of 15,000-30,000x in hotspots including 25-30 um2 of
ooplasm were used. To avoid the observatory bias resulting from observations of different sectioning, only cross-
sections of mitochondria were evaluated, while longitudinal sections were excluded. Evaluated traits included
(1) mean diameter, (2) mean number of cristae per mitochondrion, and (3) fraction of mitochondria with visible
structural damage (including significantly swollen cristae, broken membranes, and large rarefactions).

The statistical significance of differences in all groups was assessed using the ANOVA test and between
different pairs of groups using the LSD post-hoc test, with the significance level at p <0,05.

Data availability

The data supporting the findings of this study, entitled “Age-related changes in the cytoplasmic ultrastructure
of feline oocytes’, are stored in the Department of Ultrastructural Research, Wroclaw Medical University, Wro-
claw, Poland (50-368) and the Department of Reproduction and Clinic of Farm Animals, Wroclaw University
of Environmental and Life Sciences, Wroclaw, Poland (50-366). The data were gathered in a laboratory setting
and generated entirely by our research team. While we do not intend to make the data publicly available, we can
provide access upon reasonable request to the corresponding author.
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