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Macromolecular crowded conditions strengthen contacts between
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Abstract. Macromolecular crowded culture medium formed by addition of polyvinylpyrrolidone (PVP; molecular weight
=360 000), positively influences the viability, growth, and development of bovine oocytes. Owing to its apparently various
effects, uncovering the specific mechanisms of crowding responsible for these outcomes is important. The present study
was conducted to determine the effects of crowding on oocytes with a particular focus on the intimacy of contacts between
oocyte and cumulus/granulosa cells. Growing mouse oocyte-granulosa cell complexes were cultured for 10 days in a modified
a-minimum essential medium, supplemented with PVP ata concentration of 0%, 1%, 2%, or 3% (w/v). Although the complexes
developed in all groups, 2% and 3% PVP medium induced a substantial morphological modification, and a larger proportion
of oocytes associated with cumulus cells survived in 3% PVP medium than in the 0% or 1% PVP medium. No significant
difference was found in the frequencies of polar body extrusion (78-88%) and blastocyst formation (approximately 40%)
after in vitro fertilization among the experimental groups. Confocal laser scanning microscopy indicated a higher number
of transzonal processes reaching the oocyte from cumulus cells in 2% PVP medium than in 0% PVP medium. Transmission
electron microscopy depicted close adhesion of the oocyte with cumulus cells in 2% PVP medium —bearing a resemblance to
their in vivo counterparts— and loose adhesion in 0% PVP medium. In conclusion, we found that a mechanism for the action
of crowded conditions involves the strengthening of contacts and communication between oocytes and companion cumulus/

granulosa cells.
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acromolecular crowding created in culture medium with the
help of polyvinylpyrrolidone (PVP; average molecular weight
=360 000) was found to exert significant positive effects on viability,
growth, and developmental competence of bovine oocytes during
a 14-day culture period [1]. Morphology of oocyte-granulosa cell
complexes was also affected by crowding [1]. These observations
imply various effects of crowding on both oocytes and granulosa cells,
and presumably on the interactions between these two cell-types, as
there are bidirectional interactions between oocytes and granulosa
cells that create a regulatory loop essential for oocytes to attain
normal growth and development (reviewed in references [2—4]).
Macromolecular crowding refers to the effects attributed to
volume exclusion by one soluble macromolecule for another [5].
The characterization of crowding-induced effects on macromolecules
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in solutions have been extensively studied using theoretical and
experimental approaches (reviewed in [5]). Recently, effects of
extracellular crowding on cultured cells have been gathered increasing
interest. Accumulating evidence has revealed that crowding enhances
the deposition of extracellular matrix (ECM) proteins by human
mesenchymal stem cells [6, 7] and fibroblasts [8, 9]. Crowding also
affects adhesion, proliferation, and migration behavior of mesenchymal
stem cells [7] and adipogenic differentiation responses [6].

Of particular importance, crowded media accelerate a regulatory
loop that is created by a series of cell-cell interactions [6]. Since the
loop of bidirectional communication that develops between oocytes
and granulosa cells is vital for oocytes [10], oocyte-granulosa cell
complexes make an excellent model for investigating the effects of
crowding. While granulosa cells are the nutrient supply lines for
growing oocytes, oocyte-secreted factors promote granulosa cell
proliferation [11] and establish the phenotypic heterogeneity seen
in cumulus cells (near the oocyte) and mural granulosa cells [12].
Moreover, the maintenance of meiotic arrest of oocytes by granulosa
cells also involves bidirectional interactions with cumulus and mural
granulosa cells [13]. In this model, three types of cells are involved—
the oocyte, cumulus, and mural granulosa cells.

In our previous study on PVP supplementation [1], we initially
speculated that culture medium crowded by macromolecules can affect
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the diffusion of paracrine or autocrine factors produced by oocytes
and granulosa cells, since the movement of these factors in vivo is
supposedly affected by other macromolecules (such as proteoglycans)
in the extracellular matrix. Indeed, a significant promotion in oocyte
growth was observed in conditions crowded by 4% PVP [1]. Among
the changes induced by crowding, we found it interesting that oocytes
and companion cumulus cells were firmly attached [1]; this modifica-
tion appeared directly related to the enhanced recovery rate of viable
oocytes associated with companion cumulus cells. Crowding can
influence the status of cell-cell contacts within oocyte-granulosa
cell complexes; therefore, to test this notion, we first examined the
viability and growth of mouse oocytes in the presence or absence
of macromolecular crowding. Oocyte competencies in undergoing
meiotic maturation, fertilization, and embryonic development were
also compared. Second, we examined the effects of crowding on
the status of contacts made by oocytes with companion cumulus/
granulosa cells.

Materials and Methods

Chemicals

Unless otherwise specified, chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Preparation of oocyte-granulosa cell complexes

All mice procedures and care protocols were in accordance with
the guidelines of the Committee on Animal Experimentation of
Iwate University and Institute of Livestock and Grassland Science,
The National Agriculture and Food Research Organization (NARO).
Female mice (ICR strain; 11-12-day-old) ovaries were obtained and
then preantral follicles were dissected out with needles. The follicles
were then treated with 1 mg/ml collagenase (Wako, Osaka, Japan)
in modified Eagle’s minimum essential medium (MEM; Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 30% (v/v) fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA)
for 10 min at 37°C. The follicles after collagenase treatment are
hereafter referred to as oocyte-granulosa cell complexes or OGC.
The complexes were divided into four groups of approximately 20
complexes each. The day of OGC collection was designated Day 0.
A series of preliminary experiments for determining optimal basal
culture conditions are described in the Results (Fig. 1).

In vitro growth

The culture medium used for in vitro growth (IVG) was a-MEM
(11900-024; Thermo Fisher Scientific) supplemented with 1 ng/ml
follicle stimulating hormone (FSH) (recombinant human; R&D
Systems, Inc., Minneapolis, MN, USA), 150 uM ascorbic acid
2-glucoside (AA2G; Hayashibara, Okayama, Japan), 5% FBS, and
0.08 mg/ml kanamycin sulfate. The culture substrates were membrane
inserts (Corning™ 354444; Thermo Fisher Scientific) set in 24-well
culture plates. To the membrane inserts and well, 0.5 ml of culture
medium was added. Culture medium with 0% PVP was used for
the first 2 days in all groups to ensure the same conditions for cell
attachment to the membrane. On Day 2, the concentration of PVP
was modified to 1%, 2%, or 3% (w/v), or remained 0%. The cultures
were housed in an incubator maintained at 37°C under an atmosphere
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Fig. 1. Determination of basal culture conditions for oocyte growth.

(A) Preantral follicles mechanically isolated from the ovary. (B)
Follicles cultured without collagenase treatment and recovered
after a 10-day culture period. Arrowheads indicate the basement
membrane persistent throughout the culture period. (C) Oocyte-
granulosa cell complexes treated with collagenase and cultured
for 10 days in medium without follicle stimulating hormone
(FSH) supplementation. (D) Oocyte-granulosa cell complexes
after a 10-day culture period in medium supplemented with 1
ng/ml FSH. (A-D) Scale bars = 100 pm. (E) Oocyte survival
(Survival) and development (GVB, germinal vesicle breakdown;
PB extrusion, first polar body extrusion) in culture medium
with various concentrations of FSH. Data represents the mean +
standard deviation of 3 replicates. Total numbers of oocytes used
were 58, 59, 60, and 60 in culture medium supplemented with 0,
0.1, 1, and 10 ng/ml FSH, respectively. ®® Significant difference
(P <0.05; Tukey’s test).

of 5% CO, in air, except during embryo culture as described below.
Half of the medium was changed every other day. At the end of a
10-day culture period, oocytes and associated (cumulus) granulosa
cells were removed from the membrane with a fine pipette. Oocytes
firmly attached to cumulus cells (covering at least half of the oocyte
surface) and those showing no signs of degeneration were considered
surviving oocytes.

In vitro maturation
The modified a-MEM used for IVG (0% PVP) was also used
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for maturation, except that 100 ng/ml FSH and 10 ng/ml epidermal
growth factor (EGF; Merck Millipore, Billerica, MA, USA) were
further added to the medium. Oocyte-cumulus cell complexes were
cultured in microdrops (50 pl) of medium for 16 h. As in a previous
study [14], germinal vesicle breakdown and emission of the first polar
body were used as indicators of meiotic resumption and progression to
metaphase I, respectively. Images of the oocytes were taken (IMT-2;
Optical, Tokyo, Japan) to measure the width of the zona pellucida.

In vitro fertilization and embryo development

Human tubal fluid (HTF) medium [15] supplemented with 3 mg/
ml bovine serum albumin (BSA) and 150 uM AA2G was used for
in vitro fertilization. Prior to insemination, epididymal spermatozoa
obtained from the cauda epididymides were incubated at 37°C for
1 h in modified HTF medium, during which 0.4 mM methyl-f-
cyclodextrin was further added [16]. Oocytes were transferred to
the sperm suspension (4.0 x 103 cells/ml) and cultured for 6 h. The
oocytes were then completely denuded, examined for changes in
morphology including the formation of pronuclei, and then cultured
for 18 h in 50-pl microdrops of CZB medium [17] supplemented with
3 mg/ml BSA, 150 uM AA2G, and 50 uM ethylenediaminetetraacetic
acid (EDTA) in an atmosphere of 5% O,, 5% CO,, and 90% N,.
Embryos that had undergone first cleavage by 24 h after insemination
were transferred to microdrops of KSOM supplemented with amino
acids [18], 1 mg/ml BSA, 150 uM AA2G, and 50 uM EDTA and
incubated until 120 h after insemination.

Confocal laser scanning microscopy

For immunofluorescence microscopy, oocyte-cumulus cell com-
plexes were denuded of cumulus cells by pipetting to expose the zona
pellucida and then fixed with a 4% formaldehyde solution (Mildform;
Wako, Osaka, Japan). Following a series of treatments with Triton
X-100 in phosphate buffered saline (PBS) and a blocking solution
consisting of 20 mg/ml BSA and 150 mM glycine in PBS, oocytes
were incubated for 30 min with 2 IU/ml phalloidin (Alexa Fluor
488; Thermo Fisher Scientific). Oocytes were then transferred into
microdrops of a glycerol-based antifade solution (S2828; Thermo
Fisher Scientific) supplemented with 10 pg/ml Hoechst 33342, which
were prepared on glass bottom culture dishes (MatTek, Ashland, MA,
USA), and then covered with oil. Microfilaments were visualized
under a confocal laser scanning microscope (CLSM; Zeiss LSM
700; Carl Zeiss, Jena, Germany). Morphology of transzona processes
(TZPs) traversing the zona pellucida was examined and the number
of TZPs per 100 um along the perimeter of an oocyte was counted.

Transmission electron microscopy

To examine the status of contacts between the oocyte and cumulus
cells, the complexes recovered on Day 10 were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h, followed
by 1 h of post-fixation in 1% osmium tetroxide. Next, the samples
were prepared for transmission electron microscopy by following the
standard protocol. In brief, dehydrated complexes were embedded
in araldite resin (a mixture of Poly/Bed 812 resin [Polysciences,
Warrington, PA, USA], CY-212, DDSA [Nisshin EM, Tokyo, Japan],
and DMP-30 [TAAB Laboratories, Berkshire, UK]) and serially
sliced into ultrathin sections (70-90 nm) using a microtome (Ultracut;

Leica, Wetzlar, Germany). Sections were mounted on copper grids,
stained with uranyl acetate and lead citrate, and then examined under
a JEM-2100 microscope (JEOL, Tokyo, Japan) at 80 kV.

Data presentation and statistical analyses

Percentage data are represented by the means + standard deviation
(SD). For statistical analyses of percentages obtained, the values
were transformed by arcsine transformation. For simple and multiple
comparisons, Student’s #-test and Tukey’s tests were used, respectively.
For non-parametric multiple comparisons, Steel-Dwass tests were
used. P values < 0.05 were considered significant.

Results

Morphology of oocyte-granulosa cell complexes

Figure 1A shows preantral follicles after mechanical isolation;
the follicles were treated with collagenase, otherwise the basement
membrane persisted until the end of the culture period (Fig. 1B)
resulting in growth impediment of the oocytes within intact follicles.
Basement membranes may affect the movement of macromolecules
and nanoparticles through the membrane [19] or physically hinder
oocyte growth. In another preliminary series of experiments, the
optimal dose of FSH was determined; without FSH supplementation,
oocytes gradually became denuded (Fig. 1C), while 1 ng/ml of FSH
promoted granulosa cell proliferation and maintained complex
integrity (Fig. 1D). The addition of FSH also ensured acquisition
of meiotic competence by IVG oocytes (Fig. 1E). Thus, culture
medium supplemented with 1 ng/ml FSH was used for subsequent
experiments.

Within two days of culture onset, oocyte-granulosa cell complexes
adhered to the substratum and grew outward. The complexes developed
two prominent types of morphology, a dome-like structure that
developed in 0% or 1% PVP medium (Fig. 2A, B) and a gently-
sloping organization that developed in a rim pattern in 2% or 3% PVP
medium (Fig. 2C, D). In 0% or 1% PVP conditions, the complexes
grew upwards in a round shape (Fig. 2E), while in 2% or 3% PVP
conditions, the complexes expanded more outwards than in the
former conditions (Fig. 2F, G).

In vitro oocyte growth and maturation

The percentage of surviving IVG oocytes increased with respect
to PVP concentration, exceeding 90% in medium supplemented
with 2% or 3% PVP (Fig. 3A). Mean oocyte volume increased
significantly by 80%, 68%, 77%, and 81% from Day 0 to Day 10 in
medium supplemented with 0%, 1%, 2%, and 3% PVP, respectively
(Fig. 3B). However, IVG oocytes remained smaller than those grown
in vivo (Fig. 3B).

Cumulus cell mass grown in 2% PVP medium was larger than
those grown in 0% PVP medium (Fig. 4A, B) and complexes isolated
after in vivo growth (Fig. 4C). Oocytes remained at the germinal
vesicle stage in the tight cumulus cell mass by Day 10; only in
response to hormonal stimulation did meiosis resume and cumulus
cell mass expand (Fig. 4D—F). Production of the first polar body was
observed in approximately 80% or more of oocytes grown in vitro.
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Fig.2. Morphology of oocyte-granulosa cell complexes at the end of
the 10-day culture period. (A-D) Complexes cultured in medium
supplemented with 0%, 1%, 2%, and 3% PVP. Arrowheads
indicate oocytes. Scale bars = 200 um. (E and F) Simplified
illustration of oocyte-granulosa cell complex morphologies,
with emphasis on the differences regarding form and “occupancy
area”. (G) Shaded areas in E and F (shown as measured area)
were measured and compared. Images of oocyte-granulosa
cell complexes and a stage micrometer were captured using a
dissecting microscope (SZH; Olympus) and a digital camera
(C3040Z; Olympus) at 64 x magnification and viewed on a
computer monitor at 120 x total magnification. The areas covered
by the complexes were measured using Imagel.

In vitro fertilization and embryonic development

From the total number of oocytes initially used for culturing
(Day 0), percentage of blastocyst formation was 28%, 33%, 40%,
and 30% in media supplemented with 0%, 1%, 2%, and 3% PVP,
respectively (Table 1). On the next day of in vitro fertilization, 70—-77%
of in vitro-matured IVG oocytes underwent cleavage and 35-49%
developed to the blastocyst stage (Table 1). Crowded conditions
during growth did not affect the number of cells that constituted the
blastocysts (data not shown).
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Fig. 3. Oocyte survival and growth in vitro. (A) Viability of oocytes

cultured for 10 days in culture medium supplemented with various
concentrations of PVP. Data represent the mean + standard
deviation of 14 replicate experiments. ®® Significant difference
(P < 0.05; Tukey’s test). (B) Oocyte volume on Day 0 and Day
10. Images of oocyte-cumulus/granulosa cell complexes and a
stage micrometer were captured using an inverted microscope
(IMT-2; Olympus) and a digital camera at 100 x magnification
and viewed on a computer monitor at a total magnification of 500
x to measure oocyte diameter in 1 um increments. Oocyte volume
was calculated using the diameter. Numbers above the box plots
indicate the mean diameter (um) of oocytes. *¢ Significant
difference (P < 0.05; Steel-Dwass tests). Total numbers of oocytes
included are shown in parentheses.

Zona pellucida, cumulus cells, and TZPs

Thickness of the zona pellucida examined under light microscopy
decreased with increasing PVP concentration (Fig. 5). On the other
hand, observations using CLSM showed that there were more TZPs
across the zona pellucida in 2% PVP medium than in 0% PVP
medium (Fig. 6).

Finally, transmission electron microscopy of a cross-sectional
profile of corona radiata and oolemma across the zona pellucida
indicated the presence of submicron gaps between the zona pellucida
and cumulus cells in 0% PVP medium (Fig. 7A—C), while cumulus
cells in 2% PVP medium were tightly attached to the surface of the
zona pellucida (Fig. 7D—F), revealing a morphology similar to that
observed in vivo (Fig. 7G—H).

Discussion

In the present study, culture medium crowded by a high concentra-
tion of PVP sustained the integrity of oocyte-granulosa cell complexes
for a longer period than conditions without PVP supplementation.
Crowding also altered morphological organization of the complexes.
These observations are in agreement with our previous findings
for bovine oocytes and granulosa cell culturing [1]. In addition,
more TZPs were found after growth in crowded conditions than in
medium without PVP. Furthermore, oolemma, zona pellucida, and
cumulus cells were found in closer contact in media crowded by
PVP than in standard media, bearing a morphological resemblance
to their in vivo counterparts. Thus, crowding affects a wide range of
events, including oocyte viability, complex morphology, and intimate
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Fig. 4. Morphology of oocyte-cumulus cell complexes before and after in
vitro maturation. Complexes recovered from (A) 0% PVP medium
and (B) 2% PVP medium. Note the smaller size of complexes
shown in (A) compared with (B). (C) Complexes collected
from antral follicles of 24-day old mice. (D-F) Complexes with
expanded cumulus cell mass derived from those shown in A—C.
Arrowheads indicate oocytes. Scale bars = 100 pm. (G-I) Meiotic
competence acquired during growth in vitro and in vivo. GVB,
germinal vesicle breakdown; IVM, in vitro maturation; 1PB,
first polar body extrusion; IVG, in vitro growth. (G and H) Total
numbers of oocytes used for IVM were 65, 58, 63, and 71 from
0%, 1%, 2%, and 3% PVP media, respectively. The number of
in vivo grown oocytes used was 99. (1) Total numbers of oocytes
used for IVG were 74, 73, 73, and 73 from 0%, 1%, 2%, and
3% PVP media, respectively. »® Significant difference (P < 0.05;
Tukey’s test).

conjunction of oocytes with cumulus/granulosa cells across the zona
pellucida. The crowding mechanisms of action responsible for these
phenotypes may, at least in part, overlap.
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Fig.5. Comparison of zona pellucida thickness after growth in culture
medium supplemented with various concentrations of PVP.
Typical appearance of zona pellucida of in vitro matured oocytes
following growth in (A) 0% and (B) 2% PVP media. The distance
between two arrows facing each other indicates width of zona
pellucida. Images of denuded oocytes and a stage micrometer were
captured using an inverted microscope and a digital camera at 200
x magnification and viewed on a computer monitor at 1000 x total
magnification. Width of zona pellucida was measured in 0.5 pm
increments. Scale bars = 20 um. (C) Thickness of zona pellucida
after growth in media with various PVP concentrations. Data are
shown as the mean + standard deviation. Total numbers of oocytes
used are shown in parentheses. * ¢ Significant difference (P < 0.05;
Tukey’s test).

In the absence of crowded conditions, oocyte-cumulus cell
complexes exhibited a reduced number of TZPs, fragility against
mechanical stress induced by pipetting, and formation of submicron
gaps between zona pellucida and cumulus cells. PVP supplementation
mostly resolved or reduced these problems. An intense enlargement

Table 1. Developmental competence of mouse oocytes grown in culture medium
supplemented with different concentrations of PVP 2

Growth PVP (w/v)

No. of oocytes

No. (mean % + SD) of

2-cell embryos

Blastocysts

(Day 0)
In vitro 0% 79
1% 80
2% 80
3% 80
In vivo ® 141

40 (50.6+5.7) 9
46 (57.5+12.5)4
50 (62.5+5.6) 4
50 (62.5+15.2)¢
123 (87.8£8.9)¢

22 (28.0 +10.7)
26 (32.5 + 14.8)
32 (40.0 £ 14.1)
24 (30.0 £ 15.4)
59 (427 +£4.7)

@ Data from 4 experiments. ® Fully grown oocytes were collected from 22-day-old mice.

¢d Values with different superscripts are significantly different (Tukey’s test, P < 0.05).
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Fig. 6. Confocal images of actin (green) and chromosomes (blue) of oocytes grown in vitro. TZPs (green) remaining in the zona pellucida of oocytes
grown in (A) 0% PVP and (B) 2% PVP media. Scale bars = 20 pm. (C and D) Enlarged image of TZPs shown in the insets of A and B. (E)
Comparison of the number of TZPs per 100 pm along the perimeter of the oocyte. Measurements were conducted on five oocytes for each group.
* Significant difference (P < 0.05; r-test).

PVP 0% PVP 2% In vivo growth

Fig. 7. Transmission electron microscopy of oocytes grown in vitro and in vivo. Each experimental group shows three different oocytes. (A—C) Oocytes
grown in 0% PVP medium. Arrowheads indicate gaps observed between the zona pellucida and cumulus cells. (D-F) Oocytes grown in 2% PVP
medium. (G-I) Oocytes grown in vivo. cc, cumulus cells; ZP, zona pellucida; oo, ooplasm. Scale bars =2 pm.
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of the complexes around the oocyte in a rim pattern was observed
in 2% and 3% PVP medium; this suggests that adhesion properties
of granulosa cells to the substratum was altered, where crowding-
induced changes in the deposition of ECM proteins [6—9] may
have been involved. Another novel observation was the enhanced
growth of cumulus cell mass in crowded medium, suggesting the
involvement of soluble mitogenic factor(s) produced by the oocyte
[11]. It remains to be determined whether the tight packaging of
oocyte-cumulus cell complexes was caused by behavioral changes
of soluble factors, including ECM proteins, or by a more direct
excluded volume effect in extracellular crowded medium. It seems
plausible that crowding effects are manifested through a mixture of
these mechanisms.

Oocyte growth may be disturbed when TZPs are insufficient in
number; TZPs are the path connecting oocytes and granulosa cells
[20], reaching the oolemma where gap junction communication is
created, making TZPs indispensable for oocyte growth completion
[21, 22]. Considering that bidirectional communication creates
a regulatory loop between the oocyte and granulosa cells [10],
once communication becomes impaired, it may result in decreased
formation of new TZPs.

Contrary to our expectations, however, no significant enhancement
of oocyte growth was observed after the increase in TZPs by crowding.
These observations are inconsistent with our previous findings on
bovine oocytes— the growth of which was improved by crowded
conditions [1]. This discrepancy may have occurred due to the larger
size of bovine oocytes, as eventually, a bovine oocyte possesses 4—5
times the volume of a mouse oocyte. In retrospect, it was established
that mouse oocytes at the mid-growth stage can attain full growth
in vitro [23, 24] before we first used crowded medium for bovine
oocytes [1]. In the present study, the mean oocyte diameter on Day
0 was 58.3 um and grew to 71.0 pum by Day 10 in standard medium;
this represents a 46% increase in oocyte surface area during growth
in vitro. Perhaps substantial bidirectional communication was already
established around the oocytes when they were isolated from the
ovary. This point of view is supported by a recent study which
documented a remarkable effect of 2% PVP on oocyte-granulosa
cell complexes when oocytes had developed from the primordial
germ cell stage in vitro [25].

Despite the increased number of TZPs traversing the zona pellucida,
macromolecular crowding reduced the apparent thickness of the
zona pellucida under light microscopy observations. On the other
hand, transmission electron microscopy revealed submicron gaps
between the zona pellucida and cumulus cells of complexes grown
in standard medium. The presence of these gaps suggests that the
cumulus cell layer facing the oocyte may not properly function as
the mold for zona pellucida glycoproteins to fill. The resulting fluffy
outer surface of the zona pellucida might make it look thicker than
it actually is under a light microscope (Figs. 5 and 7). It also seems
reasonable to assume that the gaps between the zona pellucida and
cumulus cells may be responsible for the fragility of complexes
grown in 0% PVP medium.

Viscosity was another property altered by the addition of PVP,
as approximate viscosity was 1 and 6 mPa-s at 25°C in medium
supplemented with 0% and 2% PVP, respectively [1]. Although high
viscosity may not be an essential requirement for creating effective

macromolecular crowding conditions for mesenchymal stem cell
cultures [26], it is important to resolve if culture medium viscosity
was involved in the strengthening of contacts between oocytes and
companion cumulus cells observed in the present study.

Finally, it should be noted that the optimal concentration of PVP
varied depending on the primary interest of each examination. The
addition of 3% PVP was optimal in improving oocyte viability,
although it appears to be less effective than 2% PVP in terms of
oocyte competencies of undergoing maturation and embryogenesis.
The optimal concentration of PVP for oocyte growth also differed
among different animal species [ 1, 27]. Moreover, medium crowded
by 4% PVP was suboptimal in supporting the maturation of bovine
oocytes grown in vivo (Hirao et al., unpublished observations).
Thus, deliberate application of crowded conditions may be a crucial
strategy for achieving specific aims during cell culturing.
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