
Short-term hypertonic exposure enhances in vitro follicle growth 
and meiotic competence of enclosed oocytes while modestly 
affecting mRNA expression of aquaporin and steroidogenic 
genes in the domestic cat model

N. Songsasen1, C. Thongkittidilok1, K. Yamamizu2, D. E. Wildt1, and P. Comizzoli1

1Center for Species Survival, Smithsonian Conservation Biology Institute, National Zoological 
Park, Front Royal, Virginia, USA 22630

2Center for iPS Cell Research and Application (CiRA), Kyoto University, Kyoto, Japan

Abstract

Using the domestic cat as a non-rodent, larger animal model, the objective of the present study was 

to determine the impact of a brief incubation in a hypertonic microenvironment on (1) ovarian 

follicle and oocyte growth in vitro, (2) developmental capacity of the resident oocyte, and (3) 

expression of aquaporin (AQP) genes in parallel with genes involved in the regulation of 

folliculogenesis. In Study 1: Secondary or early antral follicles encapsulated in alginate were 

allocated to one of three treatment groups: 1) culture in standard medium at 290 mOsm for 15 d 

(Control); 2) incubation in 350 mOsm medium for 1 h followed by culture in standard medium for 

15 d (Hypertonic-1h); or 3) incubation in 350 mOsm medium for 24 h followed by incubation in 

standard medium for additional 14 d (Hypertonic-24h). After measuring follicle and oocyte 

diameters on Day 15, in vitro-grown oocytes were incubated for 24 h before assessing their 

nuclear status. In Study 2: secondary or early antral follicles were subjected to one of the three 

treatments: 1) culture in standard medium at 290 mOsm for 48 h; 2) incubation in 350 mOsm 

medium for 1 h followed by culture in standard medium for additional 47 h; or 3) incubation in 

350 mOsm medium for 24 h followed by culture in standard medium for additional 24 h. At the 

end of the culture period, all follicles were assessed for mRNA level of Cyp17a1, Cyp19a1, Star 
(Steroidogenesis genes)AQP1, 3, 5, 7 and 8 as well as Fshr using qPCR. Freshly collected follicles 

also were subjected to gene expression analysis and served as ‘Non-cultured control’. 

Hypertonic-24h follicles grew larger (P < 0.05) than the control, whereas those in Hypertonic-1h 

group exhibited intermediate growth, especially when the culture started at the early antral stage. 

Oocytes in the Hypertonic-24h group were larger and resumed meiosis at a higher rate than in the 

other treatments. In vitro culture affected (P < 0.05) mRNA expression of Cyp19a1, Star, AQP1 
and AQP7 in both secondary and early antral stage while FSHr was only affected in the former 

compared to the non-cultured control. Pre-incubating follicles in 350 mOsm medium for 24 h 
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enhanced (P < 0.05) Star and AQP7 while decreasing (P < 0.05) AQP1 expression compared to the 

control in secondary follicles, but not in the early antral stage. In summary, short-term hypertonic 

exposure promoted cat follicle development in vitro (including the meiotic competence of the 

enclosed oocyte) possibly through a mechanism that does not involve water transport genes.
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1. Introduction

In addition to live animal models, much of our contemporary understanding about the 

mechanisms regulating ovarian folliculogenesis are partly derived from incubating follicles 

in vitro while manipulating the surrounding biochemical and mechanical environment [1–3]. 

Beyond improving fundamental knowledge, this research area has practical implications. 

Because the ovary contains thousands of small, immature follicles, the development of an 

effective culture system could provide access to enormous numbers of viable oocytes from a 

given donor that could be matured and fertilized in vitro to produce embryos. This emerging 

fertility preservation technology would benefit the genetic management of numerous animal 

genotypes (including those used to study human diseases [4, 5] and diverse wildlife species 

[5]. Other beneficiaries are young female cancer patients who are at risk for permanent 

infertility due to their therapeutic treatments [6].

A three dimensional (3D) culture system involving alginate has been shown effective for 

growing mouse follicles to produce oocytes capable of fertilization and live births after 

embryo transfer [7]. This system has provided encouraging results for advancing follicle 

development in the human [8–10], rhesus monkey [11], baboon [12], goat [13], and dog [14, 

15], although with limited or no success at producing fertilizable oocytes. The lack of direct 

application from achievements in the mouse to other species likely is due to physical, 

anatomical and physiological differences [15, 16]. For example, the size of a mature cow, 

sheep, or human follicle is five- to 20-fold larger than for the same stage mouse follicle [16]. 

Furthermore, the mouse oocyte becomes ‘competent’ upon follicular antrum development 

[16], whereas this capacity in larger species, including the cow [17], dog [18], human [19], 

and cat [20, 21]) is more closely affiliated with the follicle and oocyte reaching a required 

size. For example, a human follicle must reach at least 5 mm in diameter for its resident 

oocyte to be able to complete nuclear maturation [19, 22]. Such observations probably mean 

that follicles from larger species require an in vitro microenvironment that allows meeting 

some minimal size requirement, likely in the presence of an antral cavity.

To-date, mechanisms regulating antrum formation and expansion within the ovarian follicle 

have not been fully elucidated. It has been suggested that transport of water into the 

follicular antral cavity is facilitated by water channel proteins, or aquaporins (AQPs) [23–

26] that are localized in granulosa cells. Thus far, at least 13 AQP subtypes (AQP1-13) have 

been found in mammalian cells [27]. APQ1 to 5 as well as AQP7 to 9 are present and 

participate in water transport and development of ovarian follicles of multiple mammalian 
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species [23, 26, 28]. Specifically, mRNA and protein expressions of APQ1 and 5 are highest 

during the follicular period of cycling pigs, suggesting a role(s) in follicle advancement [28]. 

In the rat, AQP7, 8, and 9 facilitate water transport in antral stage follicles [23]. Finally, it 

has been shown that APQ1 and 9 may play roles in preovulatory follicle growth and 

ovulation in the human [26, 29]. Based on these earlier observations, we speculated that 

AQPs may be exerting an influence by increasing water transport, that in turn, promoting the 

formation and expansion of the antral cavity.

Previous investigations explored the relationship between APQ expression and osmolality of 

the culture medium. Specifically, it has been determined that subjecting pre-implantation 

stage mouse embryos (zygote-16 cell) to a short-term osmotic, hydrostatic, or oxidative 

challenge stimulates ‘adaptive’ and positive developmental responses [30]. More precisely, 

such embryos in a hypertonic environment (350 mOsm) are stimulated to produce more p38 

mitogen-activated kinase that, in turn, increases AQP3 and 9 [31]. Furthermore, when pig 

zygotes are exposed to a slight hypertonicity for 48 h, more blastocysts form after transfer 

back into isotonic medium [32], and these embryos are more cryo-tolerant [28].

Using the domestic cat as a non-rodent, larger animal model, the objective of the present 

study was to assess the impact of a brief incubation in a hypertonic microenvironment on (1) 

follicle and oocyte growth in vitro, (2) developmental capacity of the resident oocyte, and 

(3) expression of AQP in parallel with genes involved in the regulation of folliculogenesis 

(follicle stimulating hormone receptor (Fshr) and steroidogenesis regulation, including 

Cyp17a1, Cyp19a1 and Star). We hypothesized that short-term exposure of follicles to a 

hyperosmolar medium enhance follicle growth, and developmental competence of the 

residence oocyte by modulating expression of genes regulating water transport and 

folliculogenesis.

2. Materials and Methods

2.1. Chemicals

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

stated.

2.2. Collection of ovarian follicles

Ovaries from 60 domestic cats (6 mo-3 yr of age) were recovered after routine 

ovariohysterectomy at local veterinary and spay clinics and transported on ice in Leibovitz’s 

L-15 medium supplemented with 10 IU/ml penicillin G sodium and 10 µg/ml streptomycin 

sulfate. Without predetermination, all ovaries used in the present study contained visible 

antral follicles on the gonadal surface and no evidence of corpora lutea or albicantia. Follicle 

isolation was performed within 6 h of the surgery. Briefly, the cortical sections (2–3 mm 

thick) were dissected from each ovary’s surface and individual follicles physically-isolated 

using 23 g needles under stereomicroscopic viewing. The isolated follicles were placed in 

‘collection medium’ comprised of Minimum Essential Medium (MEM) plus 3 mg/ml bovine 

serum albumin (BSA), 2 mM glutamine, 25 mM Hepes, and 10 IU/ml penicillin G sodium 

and 10 µg/ml streptomycin sulfate. Follicles were classified as secondary (mean ± standard 
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error of mean [SEM] = 208 ± 7.9 µm diameter) or early antral (329.8 ± 5.4 µm) stage using 

the following criteria established earlier in our laboratory [21]. Specifically, follicles with 

multiple layers of granulosa cells and an apparent basement membrane, but lacking a clearly 

visible antral cavity (under stereomicroscopy), were considered to be in the secondary stage; 

those containing evidence of a small antral cavity were classified as in the early antral stage.

2.3. Follicle encapsulation and in vitro culture

Follicles were individually-encapsulated in 0.5% (w/v) alginate (FMC BioPolymers, 

Philadelphia, PA, USA) using methods adapted from Songsasen et al. [14]. In brief, alginate 

(50 µl) was pipetted onto a cover of a 65 mm Petri dish. A group of five to seven follicles 

was transferred into each alginate drop. Then each follicle was aspirated in ~5 µl of the 

surrounding alginate and transferred into a calcium chloride (5 mM CaCl2/14 mM NaCl) 

solution. After allowing cross-linking for 2 min, each alginate-encapsulated follicle was 

washed twice in collection medium before being transferred into a 4-well culture plate 

(Nunc™, Fisher Scientific, Pittsburgh, PA, USA), each well containing 500 µl of pre-

equilibrated growth medium. The latter was comprised of MEM containing 3 mg/ml BSA, 

4.2 µg/ml insulin, 3.8 µg/ml transferrin, 5 ng/ml selenium), and 1 µg/ml FSH (Bioniche 

Animal Health, Belleville, ON, Canada). Individual follicles were cultured for a total of 15 d 

(or 360 h; Study 1) or 48 h (Study 2) at 38.5°C in humidified 5% CO2. For those incubated 

for 15 d, half of the culture medium (~250 µl) was aspirated from each culture well and this 

volume immediately replaced with fresh growth medium at every 72 h time-point.

2.4. Follicle and oocyte assessments

The diameter of each follicle was measured at the onset of in vitro culture (Day 0) as well as 

7 and 15 d of in vitro incubation using an inverted microscope (Leitz DMIL, Leica 

Microsystem, Buffalo Grove, IL, USA) equipped with an ocular micrometer. Each follicle 

was sized from the outer layer of the somatic cells, with the measurements including the 

widest diameter and perpendicular width to the initial assessment. The mean of these two 

metrics then was calculated and reported as ‘follicle diameter’. On each measurement day, a 

given follicle was also recorded as having ‘survived’ or ‘degenerated’. Follicles were 

classified as degenerated [14] when there was: 1) a decrease (>10%) in diameter (compared 

to the previous observation point; 2) evidence of oocyte deterioration (fracture, non-

homogeneous discoloration, or cellular extrusion); and/or 3) granulosa cell fragmentation.

At the end of culture (Day 15), follicles from each incubated group were mechanically-

removed from alginate beads by gentle repeated aspiration using a P1000 pipette. Oocytes 

were then recovered from the resident follicles using 23 g needles. The diameter of each 

enclosed oocyte (excluding the zona pellucida) was then assessed using the same inverted 

microscope equipped with an ocular micrometer.

2.5. In vitro oocyte maturation

Oocytes were matured in vitro for 24 h using our conventional protocol for the cat [33] in 

MEM supplemented with 1 µg/ml FSH, 1 µg/ml luteinizing hormone (LH; Bioniche Animal 

Health), and 1 µg/ml estradiol under a 38.5°C in humidified, 5% CO2 in air conditions. At 

the end of the IVM period, oocytes were fixed in 4% paraformaldehyde and stored overnight 
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at 4°C, stained with Hoechst 33342, and then evaluated for nuclear status using fluorescent 

microscopy (BX40, Olympus, Waltham, MA, USA) [33]. The stained oocytes were 

classified as being in one of the following stages: germinal vesicle (GV); germinal vesicle 

breakdown (GVB); metaphase I (MI); or metaphase II (MII) [33]. Oocytes with fragmented 

cytoplasm/chromatin or without chromatin were considered degenerate.

2.6. RNA extraction

Total RNA was extracted from a group of secondary and early antral follicles (n = 6–12/

treatment/replication) using absolutely RNA Nanoprep kit (Agilent technologies, Santa 

Clara, California, USA) following the manufacturer’s protocol. Extracted RNA was treated 

by RapidOut DNA removal kit (Thermo-Scientific, Carlsbad, California, USA) to remove 

genomic DNA contamination. The quantity and purity of extracted RNA was assessed using 

a Spectrophotometer (Nanodrop-One, Thermo- Scientific, Carlsbad, California, USA).

2.7. Quantitative RT-PCR (qRT-PCR)

Complementary DNA was synthesized from mRNA (1.74 ng from each sample) using 

Superscript III First strand synthesis system (Invitrogen, Thermo-Scientific, Carlsbad, 

California, USA) according to the manufacturer’s instructions, and stored at −20°C until 

qRT-PCR analysis. With the exception for Fshrthe gene-specific primers were designed by 

Beacon designer software package (Premier Biosoft, Palo Alto, California, USA). Fshr 
primer sequences were those previously reported by Hobbs et al [34]. All primer sequences 

used in the present study are shown in Table 1. The relative expression of all genes were 

normalized to an endogenous control gene, Succinate Dehydrogenase Complex Flavoprotein 

Subunit A (SDHA), which shown to be more stable when compared with Tyrosine 3-

Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta (YWHAZ), 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and β-actin in RefFinder software 

[35]. With the exception of Aqp7, each PCR reaction (total volume 20 µl) consisted of 2 µl 

DNA and 18 µl of reaction mixture that contained 10 µl of FastStart Essential DNA green 

master (Roche, Basel, Switzerland), 1 µl each of 10 µM for forward and reverse primers and 

6 µl of nuclease free water. For Aqp7 expression, the concentrations of forward and reverse 

primers were 5 µM. The reaction were performed with the following settings: 95°C for 10 

min, followed by 45 cycles of 95°C for 30 sec, specific annealing temperature (Table 1) for 

10 sec, and 72°C for 10 sec. All amplifications were performed in triplicate using 

LightCycler® 96 (Roche, Basel, Switzerland). Reactions without cDNA were performed in 

parallel as negative control. Primer efficiency was assessed in each gene by serial dilution of 

DNA. The Ct value of each gene was normalized against the average Ct of SDHA 
(housekeeping gene) to generate delta Ct (ΔCt). Relative expression was calculated using 

efficiency correction model to normalize gene expression of follicles in the Fresh, non-

culture control as described by [36].

2.8. Experimental design

2.8.1. Study 1: Influence of short-term exposure to a hypertonic medium on 
follicle growth and oocyte developmental competence—Secondary (n = 47) and 

early antral (n = 86) follicles were encapsulated in 0.5% alginate and then randomly 
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allocated (according to follicle size) to one of the three culture conditions: 1) controls 

(Control), isotonic (290 mOsm) medium only with no exposure at any time to hypertonic 

medium (secondary, n = 16; early antral, n = 30); 2) ‘Hypertonic-1h’, short incubation in 

350 mOsm growth medium (secondary, n = 15; early antral, n = 28) adjusted by 

supplementing with an appropriate NaCl concentration for 1 h; or 3) ‘Hypertonic-24h, short 

incubation in 350 mOsm growth medium for 24 h (secondary, n = 16; early antral, n = 28). 

Follicles in the Control group were exposed throughout the experiment only to our standard 

growth medium (as described above). Hypertonic exposure groups were cultured in the 

adjusted (to 350 mOsm) growth medium for 1 or 24 h before transfer to the isotonic medium 

followed by culture for 15 or 14 days, respectively. 350 mOsm was chosen based on a 

previous study conducted in the mouse, where this osmolality was shown to impact APQ 

expression in the mouse embryo [31]. Follicle survival and diameter were assessed as 

described above. At the end of culture, all oocytes were recovered and assessed for diameter 

and morphology. Only morphologically-normal oocytes (i.e., those displaying a spherical 

shape with dark, homogeneous cytoplasm) were subjected to IVM (as described above) and 

then evaluated for nuclear status (as above). The experiment was comprised of six culture 

trial replications.

2.8.2. Study 2: Influence of pre-exposure to a hypertonic culture medium on 
gene expression—Secondary (n = 155) and early antral follicles (n = 148) were isolated 

and randomly allocated to one of the three treatments: 1) culture in standard medium at 290 

mOsm for 48 h; 2) incubation in 350 mOsm medium for 1 h followed by culture in standard 

medium for additional 47 h; or 3) incubation in 350 mOsm medium for 24 h followed by 

culture in standard medium for additional 24 h. At the end of the incubation period, all 

follicles were assessed for mRNA levels of Cyp17a1, Cyp19a1, Star, AQP1, 3, 5, 7 and 8 as 

well as Fshr, as described above. This experiment consisted of three qPCR replications. 

Each qPCR replication involved a pool 6 to 12 follicles per treatment group.

2.9. Statistical analysis

All data were expressed as mean ± standard deviation (SD). Follicle and oocyte diameter 

data were tested for normality using Shapiro-Wilk normality test and variance homogeneity 

using Bartlett’s test. Follicle diameter data were normally distributed with homogeneity 

variance; thus comparisons among three culture treatments were performed using a mixed-

effect ANOVA model (random effects = ‘culture trial’, fixed effects = follicle stage + culture 

condition) followed by Tukey’s range test (SysStat 12 Version 12.00.08, Systat Software, 

Inc.). For oocyte diameter data, comparison among culture treatments were performed using 

Krukal Wallis Rank Sum Test. Comparison of nuclear maturation among the oocytes from 

different culture treatments were performed using a Fisher Exact test and RStudio3.2.2 

(http://www.r-project.org/). Linear mixed effect models (lmer function in lmerTest package 

in R) was used to compare gene expression level between fresh, non-cultured follicles to 

those of in vitro culture groups. Significance was set at P < 0.05.
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3. Results

3.1. Study 1: Influence of short-term exposure to a hypertonic medium on follicle growth 
and oocyte developmental competence

All follicles, regardless of initial developmental stage or culture treatment, retained a 

spherical shape, 80% of which had normal morphology, including the classical dark, 

homogeneous oocyte cytoplasm characteristic of the species (Fig. 1). Follicles in all groups 

also increased in size (P < 0.05) over the 15 d culture compared to Day 0 (Table 2). Follicle 

extrusion (breakdown of the basement membrane and expulsion of granulosa cells and 

usually the oocyte) occurred in ~10% of all follicles regardless of culture treatment. All of 

the extruded follicles were ≥400 µm in diameter.

When culture began at the secondary stage, there were no differences (P > 0.05) in the final 

mean diameter at 15 d among the three culture groups. However, when culture initiated at 

the early antral stage, exposure to the hypertonic medium for 24 h was beneficial as the final 

mean diameter of follicles in this treatment was larger (P < 0.05) than that of the Control 

group (Table 2). The final size of early antral follicles in the Hypertonic-1h condition was 

intermediate (P > 0.05) between the counterpart treatments (Table 2).

There was no difference (P > 0.05) in the oocyte diameter recovered post-culture, although 

both secondary and early antral follicles pre-incubated in hypertonic solution for 24 h tended 

(P < 0.07) to be larger by 3 to 5% compared to the Control or 1 h treatment, respectively at 

Day 15 (secondary: Control, 92.0 ± 13.7 [n = 12], Hypertonic-1h, 94.5 ± 14.1 [n = 8], 

Hypertonic-24h, 97.8 ± 6.14 µm [n = 15]; early antral: Control, 100.5 ± 5.0 [n = 23], 

Hypertonic-1h, 102.8 ± 10.0 [n = 21], Hypertonic-24h, 105.7 ± 12.4 µm [n = 25]). There 

also were distinctive morphological differences among oocytes, with those recovered from 

control follicles being mostly void of cumulus cells (Fig. 2A). By contrast, oocytes 

recovered from hypertonic-exposed follicles were fully or partially surrounded by several 

layers of compact somatic cells (Fig. 2B) that underwent expansion after IVM (Fig 2C). 

Culture condition also affected (P < 0.05) the ability of resident oocytes to resume meiosis in 

vitro. Less than 30% of pooled oocytes recovered from secondary and early antral follicles 

in the Hypertonic-24h treatment remained at the GV stage after 24 h IVM compared to 

~about 60% for both the Control and Hypertonic-1h groups (Table 3). Approximately 3-fold 

more oocytes from the Hypertonic-24h group completed meiotic maturation compared to the 

Control or Hypertonic-1h treatments (Table 3), although this difference was not significant 

(P = 0.14) due to small sample size.

3.2. Study 2 Influence of pre-exposure to a hypertonic culture medium on gene expression

For secondary follicles, in vitro culture significantly altered mRNA expression of Cyp19a1, 
Star, Aqp1, 7 and Fshr compared with the fresh, non-cultured control (Fig. 3A). 

Furthermore, expression levels of these genes were also affected by culture treatments. 

Specifically, Cpy19a1 increased (P < 0.05; Figs. 3A) 11 to 18 fold in cultured follicles 

compared with the fresh cohorts. However, no differences (P > 0.05) in the transcript level 

among culture conditions were observed. Star was upregulated (8 fold, P < 0.05) only in 

Hypertonic-24h treatment compared with the Fresh control. Expression of Aqp1 mRNA 
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decreased (P < 0.05) in Control and Hypertonic-24h compared with fresh, non-culture 

follicles with no changes in mRNA expression in Hypertonic-1h treatment (P > 0.05). Aqp7 
expression was down-regulated (P < 0.05; Figs 3A) in Control and Hypertonic-1h compared 

with in the fresh counterparts. Fshr mRNA level was also reduced in all cultured follicles 

(P< 0.05; Figs 3A).

For early antral follicles, in vitro culture influenced expression levels of Cyp19a1, Star, 
Aqp1 and Aqp7 (Fig. 3B). Cyp19a1 and Star transcripts were upregulated (P < 0.05; 6–8 

fold for Cyp19a1, 4–6 fold for Star) whereas Aqp1 and Aqp7 mRNA was downregulated (P 
< 0.05) in cultured follicles compared with Fresh cohorts (Figs 3B). However, pre-

incubating follicles in hypertonic medium either for 1 or 24 h had no impact (P > 0.05) on 

mRNA expression of these genes.

4. Discussion

Imposing a sub-lethal stress, such hydrostatic pressure or an anisotonic solution, to rodent 

gametes or embryos has been demonstrated to improve cell survival and development in 

vitro [30]. It is believed that such an effect may be expressed via up-regulation of APQ 

expression. In the present study, we explored an ‘osmotic challenge’ strategy previously 

described for mammalian embryos [31], that a hypertonic condition might increase APQ 

expression [31] that, in turn, would promote antral follicle development. Using the cat 

model, our hypothesis was that in vitro growth of secondary and/or early antral follicles 

could be enhanced by pre-incubation in a hypertonic medium, and that this effect might be 

regulated through one or more of the aquaporin genes. In this study, we made three 

significant discoveries, the first being that incubating cat follicles in a slightly hypertonic 

microenvironment (350 mOsm) for 24 h before in vitro culture in isotonic medium enhanced 

both follicle and oocyte growth. Secondly, this influenced the ability of the oocyte to resume 

meiosis. Surprisingly, stimulating effect of hypertonic microenvironment did not appear to 

be caused by upregulation of AQP mRNA, but this treatment stimulated the expression of 

Star, especially in the secondary follicle.

There have been few investigations directed at understanding the intricacies of 

folliculogenesis in the domestic cat. Most studies to-date have relied on a 2-dimensional 

(2D) culture system and conventional culture drops to grow follicles in vitro [37, 38]. Earlier 

efforts using that approach have demonstrated that cat preantral follicles (<150 µm in 

diameter) survive for the first 7 d of culture, but then degenerate [38]. Here, we 

demonstrated that a 3D culture technique utilizing alginate hydrogel (a system previously 

developed by others) [11, 39] sustained the ability of cat secondary and early antral follicles 

to grow and survive in vitro for up to 15 d. Furthermore, unlike in earlier cat studies [37, 38], 

some of the resident oocytes (up to 21%) recovered from donor follicles cultured in the 3D 

alginate system retained the capacity to resume meiosis and complete nuclear maturation. In 

that context, this alternative mode of incubation itself imparted advantages for incubating 

premature cat follicles, as it has for the mouse [7], human [9, 10, 40] and non-human 

primate [11, 12]. For the human, secondary follicles exposed to such conditions maintain a 

normal morphological structure, increase in size, and actually form an antral cavity by the 

30th day of culture [11]. The major milestone for 3D in vitro follicle culture has been 
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demonstrated in the non-human primate where early stage embryos have been produced 

from in vitro grown oocytes [41]. The benefit of the 3D/alginate approach is believed to be 

related to promotion of cell-to-cell contact and cell-to-extracellular matrix interaction within 

the follicle, both key to normal folliculogenesis [42]. Thus, we speculate that this same 

incubation system was at least partially overcoming a subpar microenvironment used in 

earlier cat investigations [37, 38] that likely was disrupting somatic cell-oocyte 

communication.

The present study proved the first part of our hypothesis that short-term incubation of cat 

follicles in a slightly hypertonic medium promoted growth and enhanced size and ability of 

the resident oocyte to resume meiotic maturation. However, the impact was duration-

dependent with 1 h being ineffective in generating the significant response achieved with 

only a 24 h exposure. In a general context, the cat was similar to the pig where 

developmental responses of the latter’s oocytes to extracellular osmolality also are time 

dependent. More blastocysts result from incubating pig oocytes in a 327 mOsm culture 

medium for 2 d compared to culturing in standard medium (273 mOsm) for 5 d. However, 

there was no advantage to development when pig oocytes were placed in a hypertonic 

solution for 1 or 3 d [32]. Future studies should examine the effect of other exposure periods 

(e.g., 6, 12 or 48 hr) and varying medium osmolality on cat ovarian follicle growth in vitro.

While follicles exposed to the hyperosmolar conditions for 24 h were larger than controls, 

none exceeded 820 µm which was still 20% less than required for fully achieving 

developmental competence (i.e., complete nuclear maturation and fertilisation [21]). We also 

observed that, as these incubated follicles reached ~400 to 500 µm with an expanding antral 

cavity, the basement membrane of 10% of follicles ruptured expelling both granulosa cells 

and the oocyte itself. This phenomenon has been observed earlier in the goat [43], human 

[44], and mouse [45], albeit with no known etiology. This phenomenon may be caused by a 

subtle rupture of the basement membrane at the time of follicle isolation that became 

apparent as follicle grew larger. Extrusion of oocytes from cultured follicles may be also 

linked to reduction in numbers of transzonal projections between the oocyte and granulosa 

cells as reported in the mouse [46]. Alternatively, we speculate that this expulsion event in 

our system occurred because the cat follicles were unable to expand within the non-

degradable alginate, which eventually resulted in disruption of the basement membrane.

In the present study, oocytes from follicles exposed to hyperosmolar treatment for 24 h were 

3–5% larger than those recovered from non-hyperosmolar controls. Nevertheless, the size of 

all the oocytes was smaller (by about ~5–10%) than the minimal diameter of fully grown 

oocytes from naturally developing Graafian follicles (i.e., circa 110 µm diameter, [21, 47]). 

Similar to what has been described for the dog [48] and cow [49], developmental 

competence of the cat oocyte is directly correlated with this cell’s physical diameter [21]. 

Specifically, the cat oocyte acquires developmental competence (i.e., ability to complete 

meiotic maturation, fertilization, and develop into an embryo) only when follicle size 

exceeds 1 mm in diameter and at the onset of antrum formation [21]. Therefore, the overall 

modest meiotic competence measured across all the treatment groups was likely because 

these oocytes had not yet completed a full growth pattern. Nonetheless, it was clear that one 

stimulating factor to follicle size was an increased osmolality of the surrounding culture 
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medium. Importantly, expansive cumulus cell formations were observed around only those 

oocytes recovered from follicles pre-incubated in hypertonic medium. The latter condition 

may have afforded better cell-to-cell communication, which already is known to be essential 

for nutrient transport during intrafollicular oocyte growth and final nuclear/cytoplasmic 

maturation in the mouse [1, 50, 51], cow [52, 53], and pig [54, 55]). For the cat, we also 

suspect that the enhanced presence of cumulus cells encompassing oocytes from 

osmotically-exposed follicles indicating better health which likely contributed to observed 

improvements in meiotic resumption. Our laboratory has previously demonstrated that 

cumulus-oocyte communication is important for resumption and completion of meiosis in 

this species [56]. In this context, the cat differs from the mouse [57], cow [58], and pig [59] 

where removing the oocyte’s cumulus cells before IVM fails to prevent spontaneous 

resumption of meiosis in vitro.

There is previous evidence that the influence of osmotic stress on promoting developmental 

processes is modulated through altered AQP expression. For example, exposure of rat 

alveolar epithelial cells to a hypertonic solution containing sorbitol increases expression of 

AQP5 compared to non-hypertonic exposure control [60]. Furthermore, short-term (3 h) 

exposure to a hyperosmolar medium (via NaCl supplementation) decreases AQP2 
expression in a mouse kidney cortical collecting duct cell line [mpkCCD(cl4)] by inhibiting 

this gene’s transcription [61]. By contrast, extending the exposure time to 24 h enhances 

expression of AQP2 by stimulating transcription in this cell line [61]. In the mouse, 

incubating 8-cell stage embryos in hypertonic medium (via an addition of sucrose) for either 

6 or 24 h increases AQP3 and 9 mRNA expression compared to the control, with levels of 

AQP9 also amplified over time [31]. In contrast to the previous studies, our findings rejected 

the second part of our hypothesis that was, that hypertonic microenvironment stimulates 

mRNA expression of aquaporins. In fact, we discovered that pre-exposure follicles to 

hypertonic microenvironment did not affect the expression levels of aquaporin genes in the 

early antral stage. Modest effect of hypertonic environment on Aqp1 and Aqp7 was 

observed in the secondary stage follicles, where mRNA expression of the former was 

sustained in Hypertonic-1h and that of the latter remained constant (compared to fresh 

follicles) in Hypertonic-24h. This finding is also inconsistent to that of Sales et al. [62] who 

reported that exposing sheep ovary tissue to a hypertonic concentration of cryoprotectants 

(ethylene glycol or dimethyl sulfoxide) followed by transferring the cortices back to isotonic 

medium decreased Aqp3 mRNA expression. It is worth noting that the osmolality of 

medium used in the present study was much lower (350 mOsm) than that employed in the 

previous study (>1000 mOsm), and this likely contributes to the discrepancy in the finding 

between the two reports. Interestingly, in vitro culture appeared to negatively affect mRNA 

expression of these two genes in both developmental stages. This finding is somewhat 

similar to that previously reported in the sheep where down regulation of Aqp3, 7 and 9 
mRNA has been observed after 12 d in vitro culture, especially in follicles that have formed 

an antrum [62]. Nevertheless, the same authors have reported the discrepancy between the 

pattern of mRNA and protein expression of the three aquaporin genes [62]. Thus, future 

studies should examine the impact of hypertonic microenvironment on protein expression of 

these water transport genes. While the present study focused on the immediate impact of 

hypertonic exposure to AQP expression, it may be worthwhile examining long-term effect of 
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hypertonic exposure on gene expression. Our preliminary study revealed that AQP1 
expression level increased 2-fold in the Hypertonic-24 h group compared to that of the 

Control after 15 da in vitro culture (data not shown).

The beneficial effect of hypertonic microenvironment on follicle and oocyte growth 

observed in the present study was also reflected by enhanced mRNA expression of genes 

regulating steroidogenesis. Follicles in Hypertonic-24h group expressed a higher levels of 

Star mRNA than Fresh control. It also should be noted that mRNA expression of Cyp19a1 
and Star were highly upregulated (6 to 18 folds) after in vitro culture regardless of treatment. 

Cyp19a1 is predominantly expressed in granulosa cells, and have been shown to be 

upregulated as folliculogenesis progresses both in vivo [62] and in vitro [64]. Upregulation 

of this steroidogenic genes in cultured follicles confirmed that our in vitro culture system 

supports follicular cell proliferation, hence promotes growth.

In summary, we demonstrated that exposure of secondary and early antral cat follicles to a 

slightly hypertonic in vitro environment for 24 h enhanced in vitro growth, promoted 

cumulus cell-oocyte communication and improved the ability of resident oocytes to resume 

meiosis. However, parallel assessments of aquaporin genes did not find the beneficial effect 

to short-term exposure to hyperosmolality on AQP mRNA expression.
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Highlights

• Short-term hypertonic incubation enhanced in vitro secondary and early antral 

follicles

• Short-term hypertonic incubation stimulated development of in vitro grown 

oocytes

• Short-term hypertonic exposure did not impact mRNA expression of 

aquaporin genes

• In vitro culture affected aquaporin, steroidogenesis and FSH receptor gene 

expression
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Fig. 1. 
Cat secondary (A) and early antral follicles (B) before and the same follicles after (C, D, 

respectively) pre-exposure to the 350 mOsm culture medium for 24 h followed by isotonic 

culture for 14 d. Bars represent 100 µm. All photographs were taken at 200X magnification.
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Fig. 2. 
In vitro grown oocytes recovered from follicles (A, 200X) cultured in isotonic growth 

medium for 15 d or (B, 200X) pre-incubated in the same medium at 350 mOsm for 24 h 

before the same isotonic culture for 15 d. Morphology of oocytes from the latter culture 

condition (C, 200X) after in vitro maturation (D, 400X). The arrow indicates first polar 

body. Bars represent 100 µm.
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Fig. 3. 
ΔCt values (mean ± SEM) of Cyp17a1, Cyp19a1, Star, Aqp1, Aqp3, Aqp5, Aqp8 and Fshr 
in freshly collected (A) secondary and (B) early antral follicles (Fresh) or after cultured in 

isotonic (290 mOsm) for 48 h (Control) or pre-exposed to the same medium at 350 mOsm 

for 1 h (Hypertonic-1h) or 24 h (Hypertonic-24 h) followed by the same isotonic culture for 

48 or 24 h, respectively. Ct is the number of cycles to exceed the analysis threshold (lower 

Ct values represent higher mRNA levels). ΔCt is the difference in gene expression between 

the gene of interest and a panel of housekeeping genes (Sdha). a,bIndicates a difference 

between fresh and a culture group at P < 0.05.
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Table 2

Mean (± SD) diameter of cat secondary or early antral follicles at the onset of culture (Day 0) and after 15 

days of in vitro culture (Day 15) in isotonic medium (290 mOsm; Control), pre-exposure to hypertonic 

medium (350 mOsm) for 1 h followed by in vitro culture, or pre-exposure to hypertonic medium (350 mOsm) 

for 24 h followed by in vitro culture.

Culture group Secondary follicle diameter (n) Early antral follicle diameter (n)

(µm)

Day 0 Day 15 Day 0 Day 15

Control 209.0 ± 61.7
(16)

327.0 ± 77.0

(13)*
323.5 ± 51.7

(28)
460.0 ± 103.6

(23)a*

Hypertonic-1 h 206.1 ± 40.5
(15)

349.8 ± 89.3

(12)*
329.0 ± 53.1

(28)
505.6 ± 98.2

(21)ab*

Hypertonic-24 h 198.0 ± 34.9
(16)

366.2 ± 103.1

(14)*
337.0 ± 44.6

(28)
538.0 ± 103.7

(25)b*

ab
Within columns, values with different superscripts indicate differences (P < 0.05) among culture treatments.

*
Within rows, values with an asterisk indicate a difference (P < 0.05) between Days 0 and 15 within the same culture group and initial follicular 

stage
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