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ABSTRACT : Adaptive development of early stage embryo is well established and recently it is explored that the 
mammalian embryos also have adaptive ability to the stressful environment. However, the mechanisms are largely unknown. 
In this study, to evaluate the possible role of aquaporin in early embryo developmental adaptation, the expression of aquaporin 
(AQP) 5 gene which is detected during early development were examined by the environmental condition. To compare 
expression patterns between in vivo and in vitro, we conducted quantitative RT-PCR and analyzed localization of the AQP5 
by whole mount immunofluorescence. At in vivo condition, Aqp5 expressed in oocyte and in all the stages of preimplantation 
embryo. It showed peak at 2-cell stage and decreased continuously until morula stage. At in vitro condition, Aqp5 expression 
pattern was similar with in vivo embryos. It expressed both at embryonic genome activation phase and second mid-
preimplantation gene activation phase, but the fold changes were modified between in vivo embryos and in vitro embryos. 
During in vivo development, AQP5 was mainly localized in apical membrane of blastomeres of 4-cell and 8-cell stage embryos, 
and then it was localized in cytoplasm. However, the main localization area of AQP5 was dramatically shifted after 8-cell 
stage from cytoplasm to nucleus by in vitro development. Those results explore the modification of Aqp5 expression levels 
and location of its final products by in vitro culture. It suggests that expression of Aqp5 and the roles of AQP5 in homeostasis 
can be modulated by in vitro culture, and that early stage embryos can develop successfully by themselves adapting to their 
condition through modulation of the specific gene expression and localization. 
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INTRODUCTION 

Developing of media and culture methods make a way 

which support successful mammalian embryo development 

to the blastocoel stage within a given time, although the 

environment is different from their natural courses. Some 

of reports, which were concerned with the adaptational 

development of early stage embryo, evaluated the phe-

nomena in various animals. However, it is not well determined 

in mammalian embryos. Recently, adaptation of early 

stage embryo development to the stressful hyper-osmotic 

stress were studied by Bell et al. (2009) and revealed an 

expression modification of some genes. 

Homeostasis in cytoplasm is maintained through ex-

changes with external environment. Small changes in cell 

volume and pressure can serve as important signals for 
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cellular responses such as proliferation, death, and migration. 

Therefore, cell must adapt to osmotic shocks and actively 

adjust the adaptation levels (Jiang & Sun, 2013). Home-

ostatic internal environment in hydrostatic and osmotic 

pressure of egg and preimplantation embryo is partly 

depending in the amount of water, ion, and nutrients 

(Cheon, 2008; Yun et al., 2013). Therefore, mechanosensitive 

channels, active ion pumps, and water channels are a key 

to understanding the overall mechanical response for 

cellularization during early stage embryo development. 

AQPs are transmembrane channel proteins within cell, 

that function as water channels allowing water to flow 

rapidly across the membrane in the direction of osmotic 

gradients (Shiels & Griffin, 1993). In mammals, thirteen 

AQPs (AQP0-12) are revealed and distributed in different 

organs (Hua et al., 2013). AQPs can be distinguished by their 

sequence homology and permeable functions as following 

(Gonen & Walz, 2006): AQP0, -1, -2, -4, -5, -6, and -8 are 

aquaporins and highly selective for water molecules, 

although AQP6 and AQP8 only belong to this group based 

on their sequence, since AQP6 is an anion channel (Yasui 

et al., 1999) and AQP8 is permeable to urea (Ishibashi et 

al., 1997). AQP 3, 7, 9, and 10 are aquaglyceroporins 

allowing passage of small solute (for example, glycerol, 

urea, purines, pyrimidines, carbamides, and polyols) with 

AQP9 exhibiting the broadest substrate specificity (Borgnia et 

al, 1999; Gonen & Walz, 2006; Ishibashi et al, 2002; Itoh 

et al., 2005). In the mouse, AQP 10 gene is a pseudogene 

(Morinaga et al., 2002). The substrate specificities for the 

superaquaporins AQP11 and AQP12 have not yet fully 

determined (Ishibashi et al, 2002, 2014). 

AQP5 can be detected in uterus, cervix, oviduct, embryo, 

and epidydymis (Huang et al., 2006). AQP5 is highly 

permeable to water but not to small organic and inorganic 

molecules. It plays a role in regulating membrane water 

permeability and in maintaining proper osmolarity of the 

secreted saliva and lens (Kumari & Varadaraj, 2013; Ma et 

al., 1999). In embryo development, it has been suggested 

that AQPs are important in early stage embryo deve-

lopment, especially in blastocoel formation (Offenberg et 

al., 2000) although AQP5 KO mice are prenatal survival 

(Krane et al., 2001). Besides, the expression profiling and 

mechanisms AQP5 are largely unknown during deve-

lopment of preimplantation embryos. Previously, our laboratory 

screened the expression of the AQPs family during early 

stage embryos and Aqp5 transcripts were detected. In this 

study, to know the possible role of Apq5 in the deve-

lopment of preimplantation embryo, we evaluate the expression 

and location modification of Aqp5 transcripts and proteins 

by in vitro culture.  

 

MATERIALS AND METHODS 

1. Experimental animals 

All experiment animals were maintained and treated 

according to the Guide for the Care and Use of Laboratory 

animals published by National Institutes of Health and 

under the Experimental Animals Committee of Sungshin 

University. Animals were maintained under standard conditions 

at animal house in Sungshin university with diurnal 

rhythm kept under the 14L : 10D schedule with light-on at 

06:00 and clean room system. Animals were fed a standard 

rodent diet and water ad libitum from weaning at 21 days 

after birth. 

 

2. Superovulation induction and embryo collection 

Six to eight week-old female CD-1 mice were used in 

this study. Animals were injected with 5 IU/0.1mL PMSG 

(Sigma) followed by 5 IU/0.1 mL hCG (Sigma) 48 hr later, 

and mated with CD-1 males. Next morning, the day of 

vaginal plug was designated Day 1 of pregnancy. Time 

post-hCG was standard to measure the developmental 

stage embryo which were collected at 18 hr unfertilized 

egg (UF); 21-24 hr pronucleus stage embryo (PN); 48 hr, 
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2-cell (2-C); 60 hr, 4-cell (4-C); 65-68 hr 8-cell (8-C); 80-

85 hr, morula (Mor); 96-100 hr, blastocyst (Bla). To collect 

in vivo embryos, we flushed the oviduct and uterus using 

flushing medium 0.4% BSA BWW. Flushed 2-cell stage 

embryo were cultured to blastocyst. Collected embryos 

were quick-frozen in a small amount of medium using 

liquid nitrogen. They were stored at –80°C until RNA 

extraction. 

 

3. Embryo culture 

The collected healthy two cell embryos were cultured in 

the 10μl microdrops of BWW medium contacting 0.4% 

bovine serum albumin (BSA). The embryo were incubated 

at 37°C with 5% CO2 in air until 120 hr post hCG injection. 

The embryo development was evaluated every 12 or 24 hr 

under the inverted microscope (Olympus, 1×70). 

 

4. Total RNA extraction and first strand cDNA 

synthesis 

Total RNA of embryos was extracted by using RNeasy® 

Micro Kit (QIAGEN, CA USA) according to the manual 

of manufacturer. Total RNA 5 μg were used to perform 

reverse transcription. First strand cDNA synthesis was 

conducted by AffinityScript cDNA Synthesis Kit (Agilent, 

CA, USA) according to the manufacturer’s instructions. 

Briefly, reaction reagents are total RNA 5 μg, 5.0 μL Accuscript 

buffer (10×), 6.0 μL oligo dT primer (0.5 μg/μL), 1.0 μL 

random primer (0.1 μg/μL), 2 μL dNTP mix (100 mM), 1 

μL RNase-free water. Reaction mixture was incubated at 

65°C for 5 min, placed the tube at RT to allow the primers 

 

to anneal to RNA for 10 min and then, added 4.0 μL DTT 

(100 mM), 1 μL Accuscript multiple temperature RT, 2 μL 

RNase block ribonuclease inhibitor (40 U/mL). The mixture 

was incubated at 42°C for 1 hr to synthesis and then 72°C 

for 15 min to terminate cDNA synthesis.  

 

5. Real Time RT-PCR 

Transcripts of target gene were amplified using real time 

PCR (Takara, TP800) and the specific primer (Table 1). 

For quantitative RT-PCR (qPCR) was performed using 

SYBR Premix Ex Taq™ (TakaRa, Japan) and Thermal 

Cycler Dice Real Time System TP800 (TaKaRa, Japan) 

using ribosomal protein, 36B4 as internal control. Each 

reaction was run in triplicate and consisted of 1.0 μL cDNA. 

Dissociation curves were run on all reactions to ensure 

amplification of a single product with the appropriate 

melting temperature. The thermal cycling conditions were : 

95°C for 1min, 59°C for 30s, 72°C for 1 min, and for 45 

cycles Data were analyzed by the ∆∆comparative threshold 

cycle (CT) method.  

 

6. Whole mount immunofluorochemistry of the mouse 

embryo 

The in vivo and in vitro cultured embryos were fixed in 

4% paraformaldehyde in PBS containing 3.7% picric acid 

in phosphate-buffered saline (PBS) for 30 min and then, 

washed PBS. Permeablization was conducted by 0.2% 

PBST (PBS containing 0.2% Triton X-100) for 3 hr. The 

embryos were blocked in 0.1% PBST containing 10% 

normal serum for 1hr at RT. After then, the embryos were  

 

Table 1. Sequences of sense (S) and antisense (AS) primers (5’-3’) for real-time RT-PCR 

Genes Gene bank access No. Sequneces 

Aqp5 NM_009701.4 
S : GAA GAA GGA GGT GTG TTC AGT TGC 
AS : TGG TGT TGT GTT GCT GAG C 

Ppia NM_008907.1 
S : CCACCGTGTTCTTCGACATCA 
AS : GATGCCAGGACCTGTATGCTTTAG 
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incubated with rabbit polyclonal anti-AQP5 (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) at a 1:200 dilution 

at 4°C overnight. Washed embryos were incubated with 

fluorescence 2nd antibody Cy™3 conjugated AffiniPure 

(Jackson ImmunoResearch, USA) diluted 1:200 in PBS 

containing 2% BSA for 2 hr at RT. The nuclear of embryos 

was staining with Hochest33238 10 min. Dot slide were 

used for mounting. For negative controls, we deleted 

primary antibodies. Finally, fluorescent images were analyzed 

by Zeiss LSM 700 laser scanning microscopes with ZEN 

software. 

 

7. Statistics 

Quantitative RT-PCR was conducted at least in triplicate. 

Differences in the mean values of AQP cDNA copies in 

the in vivo and in vitro embryos were analyzed using an 

unpaired t-test and ANOVA. Results were presented as 

Mean ± SD. Immunofluorescence staining was performed 

to each group that included in 5 ea embryos. 

 

RESULTS 

1. Expression patterns of Aqp5 transcript in vivo 

We investigated the change of Aqp mRNA levels in in 

vivo embryo by measuring the quantitative RT-PCR. 

During development in vivo condition, Aqp5 mRNA was 

detected in oocyte, pronucleus stage embryo and all 

preimplatation stage embryos (Fig. 1). Its expression peaked 

at 2-cell stage. At morula stage, its expression was dramatically 

lower than the other stages. Its expression levels were 

recovered at blastocyst stage (Fig. 1). These results showed 

that embryonic Aqp5 expression increased at 2-cell and 

blastocyst stages. It means that there are 2 time points in 

expression of zygotic Aqp5 during early stage development.  

 

2. Differences in the expression patterns and levels 

of Aqp5 transcripts in vitro  

 
Fig. 1. Relative Aqp5 mRNA levels in preimplantation 

stage embryos in vivo. Real-time RT-PCR was 
used to determine the relative mRNA levels of 
Aqp5 in unfertilized oocyte (UF), pronucleus stage 
unfertilized egg (PN), 2-cell (2-C), 4-cell (4-C), 8-
cell (8-C), morula (Mor), and blastocyst (Bla) 
which were developed in vivo. Ten embryos were 
used for real-time RT-PCR per embryonic stage 
and repeated 3 times in all stages. * Significant 
difference among stages (p<0.05, ANOVA). 

Under the BWW, 37°C, 5% CO2 in > 95% humidified 

air culture condition, the Aqp5 transcript was detected in 

all the stages examined. Aqp5 mRNA expression patterns 

were similar to in vivo, but relative fold change was higher 

than in vivo (Fig. 2). It means that the expression patterns 

were not changed both in Aqp5 expression but the levels 

of expression or degradation were modified by in vitro 

culture.  

 

3. Localization of AQP5 in in vivo early stage 

embryos and modification by in vitro culture 

To evaluate the possible role of AQP5 in early embryo, 

we localized these proteins with whole mount immune-

fluorescence method. Whole mount immunefluorescence 

analysis confirmed expression of AQP5 in vivo and in 

vitro mouse preimplantation embryo. AQP5 was mainly 

localized in apical membrane of blastomeres and the levels 
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Fig. 2. Relative Aqp5 mRNA levels in preimplantation 

stage embryos which were cultured in vitro. Real- 
time RT-PCR was used to determine the relative 
mRNA levels of Aqp5 in 4-cell (4-C), 8-cell (8-C), 
morula (Mor), and blastocyst (Bla) which were 
cultured in vitro from 2-cell stage. Ten embryos 
were used for real-time RT-PCR per embryonic 
stage and repeated 3 times in all stages. * Signi-
ficant difference among stages (p<0.05, ANOVA). 

were similar with that of Aqp5 mRNA. During blastocyst, 

it was localized in cytoplasm of trophectoderm (Fig. 3A-I). 

During in vitro culture, AQP5 protein localization was 

mainly localized in apical membrane at 4-cell and 8-cell 

stages likes in in vivo embryos, but its localization shifted 

from cytoplasm to nucleus (Fig. 3A’-I’). It was totally 

different from the same stage in vivo embryo.  

 

DISCUSSION 

This study firstly validated the expression of Aqp5 and 

localization of their products in the all preimplanation 

stage embryos. The AQP5 was detected in all preimplantation 

stages. Previously mRNAs encoding AQP1, -3, -5, -6, -7, 

and -9 were analyzed by Offenberg et al. (2000) in 

preimplantation mouse embryo. Here, we clearly evaluated 

their expression in all early stages. Aqp5 gene transcripts 

were detected in oocytes. Aqp5 was sharply expressed from 2- 

 
Fig. 3. Laser scanning confocal microscopy image of AQP5 

in vivo (A-I) and in vitro (A’-I’) developed embryos. 
The localization of AQP5 in embryo was examined by 
whole mount immunofluorescence. A and A’: 
negative control; B and B’: 4-cell stage embryo; C 
and C’: 8-cell stage embryo; D and D’: morula 
stage emryo; E and E’: blastocyst stage embryo; A-
D and A’-D’: red (anti-AQP5); F-I and F’-I’: 
merged image (blue: Hochest33238); A-I: in vivo 
embryos; A’-I’: in vitro cultured embryos from 2-
cell stage; scale bar = 20 mm.  

cell stage and decreased until morula stage. It expressed 

sharply again at blastocyst stage. These results explored 

that maternal Aqp5 transcript exist until 2-cell stage and 

zygotic Aqp5 expression occurs two times during preim-

plantation stage. First is at embryonic genome activation 

phase and second is at second mid-preimplantation gene 

activation phase (Bell et al., 2008). It suggested that the 

role of Aqp5 product will be different between the 

expression phases. 

On the other hand, interestingly, their expression 

profiles were modified by in vitro culture. Aqp5 transcript 

was dramatically increased by in vitro culture. But sharp 

increase of the expression of zygotic Aqp5 transcripts was 

maintained at blastocyst stage both in vivo and in vitro. So 

far, the suggested role of AQPs in early stage embryos is 

the water transport for developmental transition of preim-
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plantation embryo. Developmental transition to blastocyst 

stage is defined by the appearance of a fluid-filled cavity 

(Watson & Barcroft, 2001). Critical gene families controlling 

these events include: the E-cadherin-catenin cell adhesion 

family, the tight junction gene family, the Na/K-ATPase 

gene family and perhaps the Aqp gene family (Andrew & 

Barcroft, 2001). Based on it, it is possible that reappea-

rance of zygotic Aqp5 expression and their modulation at 

second mid-preimplantation gene activation phase by in 

vitro culture is for the supporting the blastocoel formation, 

although more studies are needed.. 

In addition, the expression patterns of Aqp5 during 

preimplantation stages were not changed by in vitro 

culture. The zygotic Aqp5 transcript showed high levels at 

maternal-zygotic transition period and keeping the patterns of 

their transcription were observed in in vitro cultured 

embryos. AQPs are one of the key molecules for cellular 

osmolality regulation because AQPs transport water, gly-

cerol, CO2, ammonia, urea, and hydrogen peroxide across 

the membrane (Carbrey & Agre, 2009). Besides, AQPs are 

suggested as key molecules for energy and metabolic 

homeostasis. Cellular volume regulation by osmosis is a 

key factor for survival and other cellular responses in 

eukaryotic cells (Jiang & Sun, 2013). Physicochemical 

environmental changes are a cause of physiological adaptation 

of cells and tissues.  

Glycerol constitutes important metabolites as a substrate 

for de novo synthesis of triacylglycerols and glucose as 

well as an energy substrate to produce ATP. In this sense 

the control of glycerol influx/efflux in metabolic organs by 

aquaglyceroporins plays crucial role (Calamita et al., 2012; 

Méndez-Giménez et al., 2014). Because Aqp5 products are 

not included in aquaglyceroporins, its role in development 

of preimplantation stage embryo may be osmolality regulation. 

The known main function of AQP5 is regulation of membrane 

water permeability and maintaining proper osmolarity (Kumari 

& Varadaraj, 2013; Ma et al., 1999). Based on them, it is 

suggested that Aqp5 may be an osmotic adaption to in 

vitro culture condition. 

AQP5 role during preimplantation stage embryos were 

assumed with its localization. AQP5 localized mainly in 

apical membrane at 4-cell and 8-cell stages, after then it 

localization shifted from membrane to cytoplasm. Its location 

was not changed by in vitro culture. However, interestingly, it 

is mainly localized in the nucleus of blastocyst by in vitro 

culture. Previously, it is known that phosphorylation of 

AQP5 results in internalization of the protein from plasma 

membrane (Kumari et al., 2012), but it is not known how 

the AQP5 translocate into the nucleus. It suggested that 

AQP5 may be involved in water transprot at apical 

membrane of blastomeres at 4-cell and 8-cell but after then 

it may work in cytoplasm. In addition, it means that the 

role of AQP5 at blastocyst stage may differ between in 

vivo and in vitro. 

In summary, the expression of Aqp5 gene expression 

during early stage embryos showed dramatic adaptation to 

the changed environment. Location of AQP5 is also 

modified by in vitro culture. It is known that AQP5 is 

aquaporin and highly selective for water molecules. Put 

together, it suggests that AQP5 may be involved in the home-

ostasis of blastomere through water transport regulation at 

apical membrane of blastomeres at 4-cell and 8-cell, but 

not at morula and blastocyst. It also suggested that the 

expression of Aqp5 and its roles can be modulated by 

environmental changes, and early stage embryos can develop 

successfully by themselves adapting to their condition 

through modulation of the specific gene expression and 

localization. Furthermore, these finding can be applied to 

getting an implantation competent blastocyst. This study 

emphasizes the need to further appreciate and consider the 

adaptation phenomena in early stage mammalian embryo. 
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