
Accepted Manuscript

Title: The effect of Aldosterone on Na+/K+/ATPase
expression and development of embryos derived from
vitrified-warmed sheep oocytes

Author: Mohammad Mehdi Naderi Ali Sarvari Akbar Saviz
Tahereh Naji Sara Borjian Boroujeni Banafsheh Heidari
Bahareh Behzadi Mohammad Mehdi Akhondi Abolfazl
Shirazi

PII: S0921-4488(15)00007-3
DOI: http://dx.doi.org/doi:10.1016/j.smallrumres.2014.12.016
Reference: RUMIN 4853

To appear in: Small Ruminant Research

Received date: 21-9-2014
Revised date: 22-12-2014
Accepted date: 31-12-2014

Please cite this article as: Naderi, M.M., Sarvari, A., Saviz, A., Naji, T.,
Boroujeni, S.B., Heidari, B., Behzadi, B., Akhondi, M.M., Shirazi, A.,The effect
of Aldosterone on Na+/K+/ATPase expression and development of embryos
derived from vitrified-warmed sheep oocytes, Small Ruminant Research (2015),
http://dx.doi.org/10.1016/j.smallrumres.2014.12.016

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

http://dx.doi.org/doi:10.1016/j.smallrumres.2014.12.016
http://dx.doi.org/10.1016/j.smallrumres.2014.12.016


Page 1 of 33

Acc
ep

te
d 

M
an

us
cr

ip
t

1 

 

The effect of Aldosterone on Na+/K+/ATPase expression and development of 1 

embryos derived from vitrified-warmed sheep oocytes 2 

 3 

Mohammad Mehdi Naderi a, ☺, Ali Sarvari a, ☺, Akbar Saviz b, Tahereh Naji b, Sara Borjian 4 
Boroujeni a, Banafsheh Heidari a, Bahareh Behzadi a, Mohammad Mehdi Akhondi a, Abolfazl 5 
Shirazi a, c, * 6 

Names are blue and family names are black 7 

a Reproductive Biotechnology Research Center, Avicenna Research Institute, ACECR, Tehran, 8 
Iran 9 
b Cell and Molecular Biology Department, Pharmaceutical Science Branch, Islamic Azad 10 
University, Tehran, Iran 11 
c Research Institute of Animal Embryo Technology, Shahrekord University, Shahrekord, Iran 12 
 13 
* Corresponding author. Tel.: +98 913 1821238; fax: +98 21 22404145. E-mail address: 14 
shiraziabbas@yahoo.com and a.shirazi@avicenna.ac.ir. Reproductive Biotechnology Research 15 
Center, Avicenna Research Institute, ACECR, Tehran, Iran.  P.O.Box: 19615-1177, Postal code: 16 
1936773493 (A. Shirazi, Ph.D.). 17 
 18 

☺ These authors equally contributed to this work 19 

 20 

E-mail addresses: 21 

M.M. Naderi: m.naderi@avicenna.ac.ir  22 
A. Shirazi: shiraziabbas@yahoo.com 23 
 24 
 25 

26 



Page 2 of 33

Acc
ep

te
d 

M
an

us
cr

ip
t

2 

 

 26 

 27 

ABSTRACT 28 

 29 

Media supplementation with various compounds in order to increase the oocyte 30 

developmental competence is of particular importance. This experiment was conducted to 31 

evaluate the effect(s) of media supplementation with aldosterone on embryo development and 32 

Na+/K+/ATPase expression following sheep oocyte vitrification. The abattoir-derived sheep 33 

COCs (cumulus oocyte complexes) were randomly allocated into six experimental groups: IVM 34 

of fresh and vitrified COCs in the presence of aldosterone followed by IVF/IVC (F-IVM and 35 

Vit-IVM groups, respectively); IVM/IVF of fresh and vitrified COCs followed by IVC wherein 36 

the embryos were exposed to aldosterone on Day 4 of IVC (F-D4 and Vit-D4 groups, 37 

respectively); and IVM/IVF and IVC of fresh and vitrified COCs in the absence of aldosterone 38 

(F-Cont and Vit-Cont groups, respectively). The expression of Na+/K+/ATPase α1 and β1 39 

subunits in embryos were assessed at morula and blastocyst stages with related primary 40 

antibodies. The hatching rate was greater in aldosterone supplemented groups in both fresh and 41 

vitrified COCs compared to their controls. The expression of Na+/K+/ATPase β1 subunit was 42 

significantly greater in F-D4 and Vit-D4 groups compared to other groups. The ICM / Total ratio 43 

in F-IVM was greater compared to the other groups. In conclusion, addition of aldosterone to the 44 

IVM and IVC media could improve the hatching rate of blastocysts derived from both fresh and 45 

vitrified COCs. These improvements, in D4 supplemented groups, might be related to the greater 46 

expression of Na+/K+/ATPase β1 subunit induced by aldosterone supplementation.  47 

Keywords: aldosterone, sheep oocyte, embryo development, Na+/K+/ATPase  48 
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 49 

1. Introduction 50 

 51 

Based on previous studies the ovarian renin-angiotensin system (OvRAS) is quite active 52 

during the preovulatory period in bovine and human species (Nielsen et al., 2002; Loret de Mola 53 

et al., 1999). Aldosterone as an active component of the renin-angiotensin system is tightly 54 

regulated by angiotensin II. The same regulation scheme may be active in the ovary. 55 

Additionally, OvRAS in association with aldosterone may play a role in folliculogenesis and 56 

oocyte maturation. The synthesized mineralocorticoids in primate ovarian granulosa cells play a 57 

key role in steroid synthesis that is associated with luteinization of macaque granulosa cells (Fru 58 

et al., 2006).  59 

The presence of mineralocorticoids in human ovarian follicles has also been shown by 60 

Sneeringer et al (2011). They demonstrated high concentrations of aldosterone and its precursor, 61 

corticosterone, in follicular fluid of women undergoing IVF. The concentration was significantly 62 

increased in follicular fluid compared to plasma and the maximum concentration was achieved 63 

prior to ovulation. Moreover, they reported the primary evidence indicating the local aldosterone 64 

synthesis and its receptors in oocyte. Considering the increased concentrations of aldosterone in 65 

large follicles compared to small follicles and the more likely presence of mature oocytes in 66 

larger follicles, it can be inferred that aldosterone has a role in oocyte development (Sneeringer 67 

et al., 2011). Aldosterone as a steroid hormone, which is synthesized in zona glomerulosa of the 68 

adrenal cortex, plays a pivotal role in electrolyte and fluid balance (Booth et al., 2002). Several 69 

genes have been identified as being directly or indirectly regulated by aldosterone including 70 
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Na+/K+/ATPase and  cyclooxygenase-2 (COX-2) (Grossmann and Gekle, 2009; Sugiyama et al., 71 

2004). 72 

A few studies have demonstrated a correlation between cryopreservation and the 73 

amplitude expression of some specific genes in embryos (Tachatacki et al., 2003; Park et al., 74 

2004; Boonkusol et al., 2006). It has been shown that ovine oocyte vitrification significantly 75 

reduces mRNA abundance of some important genes such as Poli A Polimerase (PAP), P34cdc2, 76 

Cyclin b and Na+/K+/ATPase (Succu et al., 2008). 77 

The investigations on the effects of Na+/K+/ATPase on the mechanisms directing 78 

blastocyst formation in mouse  has demonstrated that (a) Na+/K+/ATPase has a polarized 79 

distribution confined to the trophectoderm basolateral membrane regions just before the onset of 80 

cavitation, (b) expression of Na+/K+/ATPase subunits genes are up-regulated during the morula 81 

to blastocyst transition, (c) Na+/K+/ATPase activity is significantly increased during the morula 82 

to blastocyst transition for a number of mammalian species, (d) treatment with ouabain (a potent 83 

and specific inhibitor of the Na+/K+/ATPase) affects cavitation and blastocyst formation in a 84 

number of mammalian species, (e) deletion of the Na+/K+/ATPase α1 subunit gene product is 85 

linked to aberrant blastocyst formation in vitro and likely peri-implantation lethality in vivo, and 86 

(f) Na+/K+/ATPase regulates the formation and function of trophectoderm tight junctions (Madan 87 

et al., 2007). 88 

Considering the greater concentrations of aldosterone in larger follicles of human and the 89 

significant role of Na+/K+/ATPase during blastocyst formation, we aimed to evaluate the effect 90 

of  aldosterone supplementation to the IVM and IVC media on sheep oocyte and embryo 91 

developmental competence.  92 

 93 
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2. Materials and methods 94 

 95 

All experimental procedures were reviewed and approved by the Avicenna Research 96 

Institute Bioethics Committee. All chemicals were purchased from Sigma Chemical Company 97 

(St. Louis, MO, USA), unless otherwise indicated in the text. 98 

 99 

2.1. Oocyte collection 100 

 101 

Adult sheep ovaries of Moghani breed were collected during the breeding season 102 

(September to November) from a local slaughterhouse and transported to the laboratory in saline 103 

(30–35oC) within 2 to 3 h following collection. Ovaries were washed three times with pre-104 

warmed fresh saline (37oC) and all visible follicles with a diameter of 2 to 6 mm were aspirated 105 

using gentle vacuum (30 mmHg) via a 20 gauge short beveled needle connected to a vacuum 106 

pump. Prior to aspiration, 2 mL pre-incubated hepes-modified tissue culture medium (H-TCM), 107 

supplemented with 50 IU ⁄ mL heparin was added to the collecting tube. 108 

 109 

2.2. In vitro maturation 110 

 111 

After aspiration, only oocytes with evenly granulated cytoplasm surrounded by more than 112 

three layers of unexpanded cumulus cells (COCs) were selected for in vitro maturation (IVM). 113 

Before culturing, oocytes were washed in H-TCM supplemented with 10% FBS (v / v; Fetal 114 

bovine serum, Gibco BRL, Grand Island, NY, USA), and 2 mM L-glutamine. The oocyte 115 

maturation medium consisted of bicarbonate-buffered TCM 199 with 2 mM L-glutamine 116 
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supplemented with 0.05 U/ mL FSH, 100 IU ⁄ mL penicillin, 100 µg ⁄ mL streptomycin, 0.2 mM 117 

Na. Pyrovate and 10% FBS (v / v). The medium was adjusted to 275 mOsm. The selected COCs 118 

were pooled and randomly distributed in six experimental groups. In each group the selected 119 

COCs were placed in maturation droplets (10 oocytes ⁄ 50 µL) and were covered by sterile 120 

paraffin oil in a 60-mm Petri dish (Falcon 3004; Becton & Dickinson, Franklin Lakes, NJ, USA) 121 

and were then incubated under an atmosphere of 5% CO2 and 95% air with 100% humidity at 122 

39oC for 24 h. 123 

 124 

2.3. Experimental groups 125 

 126 

The selected COCs were randomly allocated into two classes of fresh and vitrified 127 

oocytes. The COCs and the resulting embryos was received 1000 ng ⁄ mL aldosterone either 128 

during IVM (F-IVM and Vit-IVM groups, in fresh and vitrified COCs, respectively) or Day 4 of 129 

IVC (F-D4 and Vit-D4 groups, in fresh and vitrified COCs, respectively). The COCs and the 130 

resulting embryos without aldosterone supplementation were considered as controls (F-Cont and 131 

Vit-Cont, in fresh and vitrified COCs, respectively). Each group consisted of at least four 132 

replicates. 133 

 134 

(Table 1)  135 

 136 

The presumptive zygotes were cultured at 39oC under condition of 7% O2, 5%CO2, and 137 

88% N2 in humidified air for 8 days. The cleavage and blastocyst / hatching rates were recorded 138 

on Days 3 and 6 to 8, respectively (Day 0 was defined as day of fertilization). To evaluate the 139 
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effects of aldosterone on Na+/K+/ATPase subunits expression, the Day 8 embryos at morula and 140 

blastocyst stages were immunostained with specific primary and common FITC-conjugated 141 

secondary antibodies (~ 10 morula and blastocysts / replicate with at least three replicate / 142 

group). The mean fluorescence intensity of the subunits was measured with Image J 1.37v 143 

software (National Institutes of Health, Bethesda, MD, USA). In each group, the rest of resulting 144 

blastocysts were then subjected to differential cell staining (totally 83 blastocysts; three 145 

replicates / experimental group). 146 

 147 

2.4. Vitrification and Warming 148 

 149 

The selected immature COCs prior to vitrification were cultured in IVM media for 2h. 150 

Vitrification was performed following the method of minimum essential volume (MEV) using 151 

cryotop (Kitazato Ltd., Tokyo, Japan) as cryodevice (Succu et al., 2008). Briefly, group of five 152 

immature COCs were initially transferred into the holding medium (HM) consisting of 20 mM 153 

H-TCM supplemented with 20% (v / v) FBS for 1 min. The COCs were then incubated in 10% 154 

(v / v) ethylene glycol (EG)  and 10% (v / v) dimethyl sulfoxide (DMSO) dissolved in HM for 30 155 

s and successively transferred into 20% (v / v) EG, 20% (v / v) DMSO and 0.5 M sucrose for 20 156 

s. The COCs were then loaded on cryotop and immediately plunged into liquid nitrogen (LN2) 157 

for storage. Warming was performed by directly plunging the cryotops in the HM supplemented 158 

with 1.25M sucrose for 1 min. The COCs were then transferred into HM with decreasing sucrose 159 

concentrations (0.62 M and 0.31 M for 30 s of each) and then washed in HM and used for further 160 

experiments. 161 

 162 
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2.5. Preparation of sperm and in vitro fertilization 163 

 164 

After IVM, the oocytes were washed four times in HSOF [4-(2-hydroxyethyl)-1-165 

piperazineethanesulfonic acid (HEPES)-synthetic oviductal fluid] and once in fertilization 166 

medium and were then transferred into the fertilization droplets. A frozen semen pool from a 167 

single batch of Shal breed ram, with approved fertility, was used in all experiments. Semen was 168 

fractionated on discontinuous Percoll (Amersham Biosciences AB, Uppsala, Sweden) gradients 169 

as previously described (Stefanello et al., 2006). Briefly, 700 µL of each percoll 90 % and 170 

percoll 40% were poured at a bottom of a 15 mL Falcon tube and 350 µL of thawed semen was 171 

slowly added on the top and tube was then centrifuged at 700 × g for 10 min. The fertilization 172 

medium was synthetic oviductal fluid (SOF), as originally described by Tervit et al. (1972), 173 

enriched with 20% heat inactivated estrous sheep serum and 10 mg / mL heparin. A 5 µL aliquot 174 

of sperm suspension, 1.0 × 106 sperm ⁄ mL, was added into the fertilization droplets (45 µL) 175 

containing 10 oocytes. Fertilization was carried out by co-incubation of sperm and oocytes in an 176 

atmosphere of 5% CO2 in humidified air at 39oC for 18 h.  177 

 178 

2.6. In vitro culture 179 

 180 

After IVF, presumptive zygotes were vortexed for 2 to 3 min to remove the cumulus cells 181 

and then washed in H-SOF to remove spermatozoa and cellular debris. They were then allocated 182 

to the 20 µL culture drops (5 embryos / 20µl IVC medium) containing SOF supplemented with 183 

2% (v ⁄ v) BME- essential amino acids, 1% (v ⁄ v) MEM-non essential amino acids, 1 mM 184 

glutamine and 8 mg ⁄ mL fatty acid free bovine serum albumin (BSA). They were then cultured 185 
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at 39oC under conditions of 7% O2, 5% CO2 and 88% N2 in humidified air. On the third and fifth 186 

day of culture, 10% (v ⁄ v) charcoal stripped FBS was added to the medium. The osmolarity was 187 

maintained at 270 to 285 mOsmol. The percentage of cleaved embryos at Day 3 and the 188 

percentage of blastocysts at Day 6 to 8 were expressed on the basis of the number of oocytes at 189 

the onset of culture, and the percentage of hatched blastocysts at Days 7 and 8 was expressed 190 

based on the total number of blastocysts at the same day. 191 

 192 

2.7. Differential staining  193 

 194 

The blastocysts were incubated in Triton X-100 prepared in the base medium (H-TCM 195 

supplemented with 10% FBS) for 15 s. The blastocysts were then stained in base medium 196 

containing 30 μg / mL propidium iodide (PI) for 1 min and after two washes in base medium 197 

were then transferred into ice-cold ethanol containing 10 μg / mL Hoechst for 15 min. The 198 

blastocysts were then directly mounted into a small droplet of glycerol on a glass slide and 199 

examined under a Nikon TE 300 epifluorescent microscope (Nikon Corporation, Melville, 200 

U.S.A.). Inner cell mass (ICM) nuclei were appeared blue, caused by DNA labeling with 201 

Hoechst, while trophectoderm (TE) cells appeared pink due to staining of nuclear DNA with the 202 

membrane impermeable PI. 203 

 204 

2.8. Immunostaining and quantification of fluorescence intensity 205 

 206 

The embryos at compact morula / blastocyst stages were washed 3 times with base 207 

medium (PBS supplemented with 1 mg / mL polyvinyl alcohol: PVA) and then fixed with 4% (w 208 
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/ v) Paraformaldehyde for 10 min at 37°C. After rinsing with base medium, the embryos were 209 

blocked for 30 min at room temperature in PBS supplemented with 10 mg / mL BSA and 10% (v 210 

⁄ v) sheep serum. Blocking solution was removed and embryos were then transferred to the 211 

primary antibody solution at 37°C for 4 h and then kept overnight at 4°C. The primary antibodies 212 

against Na+/K+/ATPase α1 and β1 subunits (Na+/K+/ATPase anti-α1 Monoclonal Antibody, 213 

Thermo scientific, Rockford, USA and Na+/K+/ATPase anti-β1 Monoclonal Antibody, Abcam, 214 

Cambridge) were prepared in antibody diluent (PBS supplemented with 10 mg / mL BSA and 215 

3%; v ⁄ v; sheep serum). The embryos after several washes were transferred to the secondary 216 

antibody solution at 37°C for 4 h. The secondary antibody was sheep anti-mouse antibody 217 

conjugated with fluorescein isothiocyanate (Avicenna Research Institute, Tehran, Iran). In 218 

negative controls, the primary antibodies were removed. The primary antibodies against 219 

Na+/K+/ATPase α1 and β1 subunits as well as the secondary antibody were diluted at 1:50, 1:100, 220 

and 1:50, respectively. 221 

After immunostaining, the embryos were directly mounted into a small droplet of 222 

glycerol on a glass slide and examined under an epifluorescent microscope. Observations were 223 

performed by a Nikon TE 300 (Nikon Corporation, Melville, U.S.A.) epifluorescence 224 

microscope with excitation wavelengths of 488 nm (for FITC). All images were recorded 225 

digitally with a high-resolution CCD camera (Nikon Corporation) and duration of exposure for 226 

acquiring each type of fluorescence was kept constant. After subtracting the background, mean 227 

fluorescence intensity was measured by manually outlining all embryos with ImageJ 1.37v 228 

software (National Institutes of Health, Bethesda, MD, USA). 229 

 230 

2.9. Statistical analysis 231 
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 232 

Data were collected over at least four replicates. The differences in developmental 233 

competence in COCs and embryos as well as cells number in derived blastocyst and morula / 234 

blastocyst expression of Na+/K+/ATPase subunits between groups were analyzed by one-way 235 

ANOVA followed by post hoc Fisher LSD method using SigmaPlot (version 11.0). When equal 236 

variance test was failed, the treatments were compared by Student–Newman–Keuls Method. 237 

When normality test was failed the Kruskal–Wallis on ANOVA ranks was applied. Differences 238 

were considered significant when P < 0.05. Data were expressed as mean ± SEM. 239 

 240 

3. Results 241 

 242 

3.1. Effect of Aldosterone supplementation on embryo development in vitro 243 

 244 

In fresh and vitrified COCs, the addition of 1000 ng ⁄ mL aldosterone to the IVM and Day 245 

4 of IVC media had no significant effect on the rates of cleavage, expanded and total blastocysts, 246 

during days 6 to 8 of IVC. Though, the hatchability of blastocysts in aldosterone supplemented 247 

groups in both classes of COCs on Day 8 were greater than controls (p = 0.002 and p = 0.01; 248 

Tables 2 and 3, respectively).  249 

 250 

(Table 2) 251 

 252 

(Table 3) 253 

 254 
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3.2. Effect of Aldosterone supplementation on blastocyst cells number 255 

 256 

In fresh COCs, the blastocyst cell numbers, ICM, TE, and total cells were not influenced 257 

by the presence of aldosterone in media during either IVM or Day 4 of IVC. However, the ICM / 258 

Total ratio was significantly increased by addition of aldosterone to the IVM medium (Fig. 1; 259 

Table 4; p = 0.002). 260 

 261 

(Fig. 1) 262 

 263 

(Table 4) 264 

 265 

3.3. Effect of Aldosterone supplementation on Na+/K+/ATPase subunits expression in embryos 266 

 267 

There was a significant difference in Na+/K+/ATPase subunits expression among 268 

treatment groups (Fig. 2). The expression of Na+/K+/ATPase β1 subunit was significantly greater 269 

when aldosterone was added to Day 4 of IVC in both fresh (F-D4) and vitrified (Vit-D4) COCs 270 

(Fig. 3; p = 0.003 and p < 0.001, respectively) compared to the controls. Media supplementation 271 

with aldosterone during IVM or IVC in both fresh and vitrified COCs, however, had no 272 

influence on expression of Na+/K+/ATPase α1 subunit (Fig. 3). 273 

 274 

(Fig. 2) 275 

 276 

(Fig. 3) 277 
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 278 

4. Discussion 279 

 280 

It has been indicated that sheep oocyte vitrification significantly reduces mRNA 281 

abundance of some important genes including Na+/K+/ATPase. In mouse, the expression of 282 

Na+/K+/ATPase has been increased during morula to blastocyst transition and hatching process 283 

(Madan et al., 2007). Considering the increased concentration of aldosterone in larger follicles, it 284 

seems there is a positive role for aldosterone in oocyte development (Fru et al., 2006). Therefore, 285 

considering the reduction of Na+/K+/ATPase mRNA abundance after vitrification (Succo et al., 286 

2008) and the inductive role of aldosterone on Na+/K+/ATPase expression (Oguchi et al., 1993), 287 

it could be inferred that the greater hatchability of blastocysts in current study might be related to 288 

the greater expression of Na+/K+/ATPase β1 subunits.   289 

As shown, in fresh groups (F-IVM and F-D4), media supplementation with aldosterone 290 

was significantly increased the hatching rate of Day 8 blastocysts compared to the control (F-291 

Cont). Similarly, addition of aldosterone to the IVM and IVC media in vitrified COCs was 292 

significantly increased the rate of hatched blastocysts on Day 8 of culture compared to the 293 

control (Vit-Cont). It has been shown that Na+/K+/ATPase has a fundamental role in regulating 294 

mouse trophectoderm tight junction formation and function (Madan et al., 2007). On the other, 295 

blastocyst expansion only occurs when the tight junction permeability seal fully forms, to restrict 296 

the leakage of fluid via paracellular routes, ensuring the expansion of the cavity as fluid 297 

accumulates (Bell and Watson, 2013). Furthermore, previous studies have indicated that 298 

aldosterone can significantly increase the expression of Na+/K+/ATPase α1 and β1 subunits in a 299 

various cell types (Olivera et al., 2000; Verrey et al., 1989; Geering et al., 1982; Oguchi et al., 300 
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1993). Therefore, in current study it could be hypothesized that the increase in the rates of Day 8 301 

hatched blastocysts in aldosterone supplemented groups, in both fresh and vitrified oocytes 302 

might be related to the inductive role of aldosterone on Na+/K+/ATPase expression (Olivera et 303 

al., 2000; Verrey et al., 1989; Geering et al., 1982; Oguchi et al., 1993) during blastocyst to 304 

hatched blastocyst transition.  305 

Apart from the inductive role of aldosterone in expression of Na+/K+/ATPase and the 306 

subsequent embryo development, this question that whether this compound can exert its effect 307 

via other pathway (s) remains to be elucidated. There are evidences indicating the inductive role 308 

of aldosterone on expression of several pro-inflammatory genes, including COX-2 (Sugiyama et 309 

al., 2004). The crucial role of cyclooxygenase-2 (COX-2) as a potential regulator of mammalian 310 

hatching has been established in many species (Huang et al., 2007; Liszewska et al., 2009; Kim 311 

et al., 2010; Wang et al., 2002). In this context, it has been shown that COX-2 can modulate 312 

hatching process via regulation of zonalytic proteases which rather exclusively occur in 313 

trophectodermal projections at the abembryonic pole of the blastocyst. (Roy and Seshagiril, 314 

2013). Therefore, one possibility for the greater hatching rate in the presence of aldosterone 315 

might be related to the induction of COX-2 pathway.  316 

In this study, the expression of Na+/K+/ATPase β1 subunit was significantly increased 317 

when IVC medium was supplemented with aldosterone, in both fresh (F-D4) and vitrified (Vit-318 

D4) COCs. As demonstrated, Na+/K+/ATPase β1 subunit protein was required to support mouse 319 

early embryo development to the morula (16–32 cells) and blastocyst formation (Madan et al., 320 

2007).  321 

The Na+/K+/ATPase β1 subunit gene products display a dramatic up-regulation just 322 

before blastocyst formation, suggesting up-regulation of this gene is required for cavitation to 323 
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occur. Thus it could be inferred that the up-regulation of Na+/K+/ATPase β1 subunit might have a 324 

positive effect on hatched blastocyst formation in aldosterone treated groups. The up regulation 325 

of Na+/K+/ATPase β1 subunit in our study, however, had no positive effect on blastocyst 326 

formation. 327 

Concerning to the Na+/K+/ATPase α1 subunit, its mRNAs are present throughout 328 

preimplantation development and display a much more gradual increase as the embryo 329 

progresses to the blastocyst stage (Madan et al., 2007).Considering the physiologic up-regulation 330 

of β1 subunit just before cavitation and its specific role in cavitation, the positive effect of 331 

aldosterone in the hatching process might be exerted through the β1 subunit compared to the α1 332 

subunit. 333 

Addition of aldosterone during IVM, however, had no effect on expression of 334 

Na+/K+/ATPase α1 and β1 subunits (Fig. 3). One possibility for this issue might be related to the 335 

relatively longer time interval between aldosterone supplementation (during IVM) and the 336 

assessment of Na+/K+/ATPase α1 and β1 expression (blastocyst stage on Day 8). 337 

 Considering the importance of TE and ICM cells in placenta and epiblast formation, 338 

respectively, the numbers of TE, ICM, total cells, and ICM/total cell ratio are considered as 339 

qualitative indices in evaluation of embryos produced in vitro.  340 

 In fresh oocytes, following aldosterone supplementation despite the lack of significant alteration 341 

in ICM, TE, and total cells numbers, the ICM/Total cells ratio was significantly increased by 342 

aldosterone supplementation during IVM. In this context, cell numbers of mouse embryos were 343 

significantly decreased following treatment with ouabain as a Na+/K+/ATPase inhibitor (Violette 344 

et al., 2006). In lymphocytes and prostatic smooth muscle, there was an association between 345 

higher expression of Na+/K+/ATPase and inhibition of apoptosis (Olej et al., 1998; Chueh et al., 346 
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2001). From above, It can be inferred that aldosterone by induction of Na+/K+/ATPase 347 

expression, could reduce apoptosis in ICM which in turn increased ICM / Total ratio (Kuran et 348 

al., 2002; Van Soom et al., 1996). 349 

    350 

5. Conclusion 351 

 352 

Addition of aldosterone to the IVM and Day 4 of IVC media was significantly increased 353 

the hatching rates of blastocysts derived from both fresh and vitrified COCs. The expression of 354 

the Na+/K+/ATPase β1 subunit in embryos derived from both classes of oocytes was significantly 355 

increased when aldosterone was added during IVC. The ICM/Total ratio was also increased by 356 

addition of aldosterone to the IVM medium.  357 
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Fig. 1. Differential staining of blastocysts derived from fresh oocytes supplemented with (during 477 

IVM and Day 4 of IVC; a and b, respectively) and without aldosterone (c). 478 
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Inner cell mass nuclei were appeared blue, caused by DNA labeling with Hoechst, while 479 

trophectoderm cells appeared pink due to staining of nuclear DNA with the membrane 480 

impermeable PI.  481 

 482 

Fig.  2.  Immunostaining of Na+/K+ /ATPase α1 and β1 subunits in morula and blastocysts derived 483 

from vitrified oocytes. The presence of α1 and β1 subunits was identified as green color areas. 484 

a and b) Expression of Na+/K+ /ATPase α1 subunit in blastocysts derived from the oocytes 485 

supplemented with and without aldosterone during IVM, respectively; c and d), Expression of 486 

Na+/K+ /ATPase β1 subunit in blastocysts derived from the oocytes supplemented with and 487 

without aldosterone during IVM, respectively; e and f) Expression of Na+/K+ /ATPase α1 subunit 488 

in blastocysts derived from the embryos supplemented with and without aldosterone during Day 489 

4 of IVC, respectively; g and h) Expression of Na+/K+/ATPase β1 subunit in blastocysts derived 490 

from the embryos supplemented with and without aldosterone during Day 4 of IVC, respectively. 491 

 492 

 493 

Fig.  3. Effect of aldosterone in culture medium during IVM or IVC (Day 4) on expression of α1 494 

and β1 Na+/K+/ATPase subunits in derived blastocysts. The values, expressed as mean ± SEM. 495 

Bars with different letters indicate significant difference (p ≤ 0.01).  496 

Table 1  497 

Experimental groups’ nomenclature. The COCs received aldosterone during IVM or Day 4 of IVC in both 498 

classes of fresh and vitrified COCs.  499 

 500 
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 501 
 502 

503 

Fresh groups  Vitrified groups 

Aldosterone supplemented 
Without 

aldosterone 
Aldosterone supplemented 

Without 

aldosterone 

IVM  IVC‐D4  Control  IVM  IVC‐D4  Control 

(F‐IVM)  (F‐D4)  (F‐Cont)  (Vit‐IVM)   (Vit‐D4)   (Vit‐Cont)  
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Table 2 503 

The presence of aldosterone in culture media during IVM or Day 4 of IVC on embryo development of fresh oocytes.  504 

Blastocyst % (mean±SEM) 
Day 6 Day 7 Day 8 Group 

Oocyte 

N 
Cleavage 

N (%) 
Expanded  Total  Expanded  Total  Hatch Total Hatch 

F‐Cont 122  108(86.6±4.9) 14(15.2±8.9) 24(23.6±12) 30(27.1±6) 52(44.4±6.6) 10(12±12.1) 50(41.3±3.3) 12(24.2±5.4)a 

F‐IVM 192  182(94.8±0.9) 20(10±5.8)  34(17.4±8.7)  40(20.8±2.6) 68(35.6±2.1) 20(29.8±6.5) 84(43.6±3.5) 44(52.8±4.7)b 

F‐D4 168  156(92.8±1) 4(1.8±1.8)  14(7.8±4.6)  38(21±3.7) 56(31±5.2) 10(13.2±7.1) 68(36.5±7.6) 42(63.2±2.3)b 

a,b Numbers with different lowercase superscript letters in the same column differ significantly (p ≤ 0.01). The percentage of  505 
expanded and total blastocysts at Days 6 to 8 were expressed based on oocytes number at the onset of culture, and the 506 
percentages of hatched blastocysts at Days 7 and 8 were expressed based on the total number of blastocysts at the same day.  507 
IVM: In vitro maturation in the presence of 1000ng / ml aldosterone; D4: In vitro embryo culture in the presence of 1000ng / ml 508 
aldosterone on Day 4 of culture 509 
 510 

511 
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Table 3 511 

The presence of aldosterone in culture media during IVM or Day 4 of IVC on embryo development of vitrified oocytes.  512 

Blastocyst % (mean±SEM) 
Day 6 Day 7 Day 8 

Group 
Oocyte 

N 
Cleavage 

N (%) 
Expanded  Total 

Expande

d 
Total  Hatch Total Hatch 

           

Vit‐Cont 212  106(50.3±4.7) 0(0±0) 1(0.4±0.4) 2(0.8±0.8) 7(2.9±1.5) 0(0±0) 8(6.2±1.4) 2(8.3±6)a 

Vit‐IVM 227  133(58.3±7) 3(1.3±0.6)  3(1.3±0.6)  8(3.9±0.8) 11(4.5±2.3) 3(10.6±5.8) 11(7.1±3.2) 9(79.1±15)b 

Vit‐D4 168  79(48.7 ±3.8) 1(0.4±0.4)  2(1 ±0.6)  3(1.7±1.1) 9(1.7±0.6) 2(17±8.5) 6(8.2±2.6)  4(72.2±14.7)b 

a,b Numbers with different lowercase superscript letters in the same column differ significantly (p ≤ 0.01). The percentage of 513 
expanded and total blastocysts at Days 6 to 8 were expressed based on oocytes number at the onset of culture, and the 514 
percentages of hatched blastocysts at Days 7 and 8 were expressed based on the total number of blastocysts at the same day.  515 
Vit‐IVM: In vitro maturation in the presence of 1000ng / ml aldosterone; Vit‐D4: In vitro embryo culture in the presence of 516 
1000ng / ml aldosterone on Day 4 of culture 517 
 518 

519 
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Table 4 519 

The presence of aldosterone in culture media during IVM or Day 4 of IVC on blastocyst cells number in embryos 520 

derived from fresh oocytes 521 

    Blastocysts cell numbers (mean±SEM)   

Group  Blastocyst 

N 

 

ICM 

 

TE 

 

Total 

Ratio 

%±SEM 

F‐Cont  24  19.9±4.1  115.9±17.1  135±20.8  14±0.01a 

 F‐IVM  32  23.8±2.6  86.6±6.8  110.3±8.8  21.1±0.01b 

 F‐D4  27  19.6±2.5  97.9±7.9  117.5±9.5  16.5±0.01a  

a,b Numbers with different lowercase superscript letters in the same column differ significantly (p ≤ 0.01). IVM: In vitro 522 
maturation in the presence of 1000ng / ml aldosterone; D4: In vitro embryo culture in the presence of 1000ng / ml aldosterone 523 
on Day 4 of culture 524 
 525 
 526 

527 
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Highlights 533 

 534 

 535 

� Sheep oocyte vitrification reduces mRNA abundance of Na+/K+/ATPase gene 536 

� The increased concentration of aldosterone in larger ovarian follicles 537 

� Aldosterone induces Na+/K+/ATPase expression 538 

� Hatching rates improvement induced by aldosterone  539 

� Greater expression of Na+/K+/ATPase β1 subunits in aldosterone supplemented group 540 

 541 

 542 

 543 



Page 29 of 33

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 1

http://ees.elsevier.com/rumin/download.aspx?id=165073&guid=2d097493-ea9b-4fb1-9c4f-f6245a740644&scheme=1
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Figure 1 Gray

http://ees.elsevier.com/rumin/download.aspx?id=165074&guid=1997a936-8b1a-4974-a0a7-19f0f9f61c7e&scheme=1
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Figure 2

http://ees.elsevier.com/rumin/download.aspx?id=165075&guid=d5bde150-cfb8-4aaa-b31b-a0cfc0dd5936&scheme=1
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Figure 2 Gray
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Figure-3
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