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Abstract
Purpose To determine the role of aquaporin 3 (AQP3)
isoform in early embryonic development and protecting
embryos subjected to freeze–thawing for assisted reproduc-
tion, we investigated the expression and distribution of
AQP3 in mouse embryos at different developmental stages
before and after vitrification.
Methods Eight-cell embryos, morulae, and blastocysts were
obtained from female mice that had been superovulated by
controlled ovarian hyperstimulation. Immunofluorescence
staining, laser confocal microscopy, and Western blot were
used to determine the expression and distribution of AQP3
in preimplantation mouse embryos before and after
vitrification.
Results AQP3 was expressed at the 8-cell to blastocyst
stage before and after vitrification. The expression and
distribution of AQP3 was developmentally regulated at the
8-cell to blastocyst stage. The expression of AQP3 was
significantly decreased in 8-cell embryos and early blasto-
cysts after vitrification. However, at the morulae stage, the
expression of AQP3 was increased after vitrification.
Conclusions The developmental and vitrification-dependent
changes in AQP3 expression and distribution suggest that
this transmembrane channel might regulate mouse embryo
development and contribute to the protective response
during vitrification.
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Introduction

Assisted reproductive technologies (ARTs) typically require
frozen–thawed embryo transfer (F-ET) to facilitate pregnan-
cy during controlled ovarian hyperstimulation (COH)
cycles. The transmembrane flux of water and cryoprotectant
is a key factor affecting the viability of embryos following
freeze–thawing, and AQPs are the main molecular pathways
through which water and cryoprotectants permeate embry-
onic cells [1].

Aquaporins (AQPs) channels are widely distributed in
animals and plants where they mediate the transmem-
brane movement of water to maintain cellular fluid and
osmotic balance. So far, at least 12 homologous members
(AQPO~AQP12) have been molecularly identified in
mammals [2], they are now subdivided into two major
groups [3]: orthodox AQPs and aquaglyceroporins.
Aquaglyceroporins includes five members: AQP3,
AQP7, AQP8, AQP9 and AQP10, they mediate the
transmembrane movement of ethylene glycol, glycerol,
ureophil, hydroxyl compounds, and other small mole-
cules in addition to water [4]. A previous study [5]
reported that AQPs are highly expressed in the mamma-
lian reproductive system and actively participate in mul-
tiple reproductive processes, including follicle growth,
spermatogenesis, embryo formation, embryo develop-
ment, and implantation.

Previous studies [6, 7] suggested that AQPs especially
aquaglyceroporins may provide a protective effect during
embryonic freeze–thawing. AQP3 channel is a member of
aquaglyceroporins and several independent investigations
[8–10] demonstrated that AQP3 is highly expressed in
mouse embryos of all early developmental stages. To
determine the role of this AQP isoform in early embryonic
development and protecting embryos subjected to freeze–
thawing for assisted reproduction, we investigated the
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expression and distribution of AQP3 in preimplantation
mouse embryos before and after vitrification.

Materials and methods

Mouse embryo collection

Embryos were obtatined from female KM mice (age 5–8 wk,
weight 25–30 g; Medical Experimental Animal Center of
Guangdong Province) that had been superovulated by
intraperitioneal injection of 5 IU pregnant mare serum gonad-
otropin (PMSG, DHY Pharm, China) followed 47 h by 5 IU
chorionic gonadotropin (hCG, Livzon,China). Immediatedly
after hCG, the females were caged overnight with KM males
(Medical Experimental Animal Center of Guangdong
Province). Successful mating was determined the following
morning (day 1) by detection of a vaginal plug. The time of
post-hCG was used to measure the embryo developmental
stage.

Preimplantation mouse embryos were collected at 65–68 h
(the 8-cell stage), 80–85 h (the morulae stage), and 90 h (the
blastocyst stage) post-hCG. Embryos were flushed from the
reproductive tract and uterus employing phosphate buffer
(PBS) containing 0.05 % fetal bovine serum (FBS) by the
literature method [11]. Embryos were washed four to five
times in flushing medium, transferred to 10 μl microdrop of
G-1 (Vitrolife) culture medium under paraffin oil (Amresco),
and cultured under 5 % CO2 in air atmosphere at 37 °C.

Embryo vitrification freezing

At room temperature, embryos were transfered to multi-
blast medium (BM) containing PBS with 20 % FBS for a
few seconds. And then, embryos were suspended first in
vitrification solution 1 (VS1; BM solution containing 7.5 %
v/v DMSO and 7.5 %v/v ethylene glycol) for 2 min, then in
3–4 drops of VS2 (BM solution containing 15 %v/v DMSO,
15 %v/v ethylene glycol, and 10 %v/v sucrose) in turns,
40 seconds altogether; and placed to rod, put into liquid
nitrogen immediately.

All solutions were warmed in 37 °C at least 30 min
before application.

Embryo vitrification thawing

Carried rod with the embryos to be thawed was inserted to
warming solution 1 (WS1; BM solution containing 35 %v/v
sucrose) for 2 min, then the embryos were transfered to
WS2 (BM solution containg 25 %v/v sucrose) for 3 min,
BM solutions for 5 min, and then BM solutions again for
5 min, in turns. And then embryos were transferred to G-1
culture medium under paraffin oil, placed to 5 % CO2

incubator at 37 °C for at least 2 h. All solutions were
warmed in 37 °C at least 30 min before application.

Immunofluorescence for detection of AQP3

Mouse embryos were collected as described above. All
procedures were performed at room temperature unless
otherwise noted. Briefly, embryo pools were fixed in 4 %
paraformaldehyde in PBS for 30 min. Fixed embryos were
washed three times in PBS then used immediately, or stored
at 4 °C in Embryo Storage Buffer (PBS+0.9 % sodium
azide) up to 1 week until the next step. Fixed embryos were
permeabilized in 0.01 % Triton X-100 and 0.01 %G-1
culture medium in PBS for 30 min, followed by washing
three times in fresh PBS, and blocked in the goat serm
confining liquid for 1 h. Embryos were incubated with
primary antisera for AQP3 (Santa Cruz, America) at a
1:250 dilution in Antibody Dilution/Wash Buffer (ADB;
Boster, China) overnight at 4 °C. Embryos were then
washed three times for 20 min in ADB and incubated with
fluoresceine isothiocyanate (FITC)-conjugated secondary
antibody (1:64; Boster, China) for 1 h, followed by karyotin
for 20 min in 10 μl 4,6-diamino-2-phenyl indole (DAPI),
then washed twice in ADB. Fully processed embryos were
mounted and sealed onto glass slides in 20 μl of anti-fade
mounting Reagent (Boster, China), 22×22 mm glass
coverslips were slightly put under glass slides. Immunoflu-
orescence images was obtained using a fluorescence
microscope (Leica, DM1R13) or a laser-scanning confocal
microscopy (ZEISS, LSM710) in conjunction with the Leica
Image Capture System. Slides were stored in a light tight
box at −20 °C up to 2 days. The experiment was repeated
three times, every time, 20–30 embryos of each develop-
mental stage were examined.

Western blot analysis

A total of 150–180 embryos at each stage were collected in
loading buffer and frozen at −80 °C until use. Whole-cell
extracts were prepared using mammalian protein extraction
reagent (Beyotime, China) and the protein concentration
was determined by BCA assay (Beyotime, China). Samples
were separated onto 12 % SDS-polyacrylamide gels. After
electrophoresis, proteins were transferred onto a PVDF
membrane for 1 h, which were then incubated overnight at
4 °C in blocking solution containing 5 % non-fat dry milk in
PBS with 0.1 % Tween-20 (PBST). Subsequently, the mem-
branes were incubated with the primary antibody in
blocking solution overnight at 4 °C, following by an
incubated with horseradish peroxidase-conjugated IgG
secondary antibodies (1:1000, Boster, China) for 1 h .
Membranes were washed three times in PBST and then
processed using the enhanced chemiluminescence (ECL)
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detection system. SDS sample buffer was used as negative
control. The relative abundance of AQP3 protein was nor-
malized against GAPDH protein. All experiments were
repeated at least three times.

Data analysis

Fluorescence staining and confocal images were analyzed
using Zeiss LSM Image Browser Version 4.2.0.121. Within
a given experiment, all images used for figures were subjected
to identical brightness and contrast adjustmens to optimize
visualization, and in no case did this change the visibility of
cellular structures. The Image-Pro plus software (6.0 version)
was used to quantify the IOD (Integral Optical Density) of
AQP3 forWestern blot. All data were presented as mean ± SE,
statistical analyses were performed using T-test, using
SPSS16.0 statistical software for statistical analysis, and their
values were considered statistically significant at P<0.05.

Statement

Any human subjects featured in this study have been
confirmed with the Helsinki declaration and have followed
the guidelines in this investigation. This study was approved

by the Cancer Center of Guangzhou Medical University
IRB and appropriate institutional animal care and use
committee (IACUC).

Result

Localization of AQP3 on embryos before and after
vitrification

Immunoflurescence staining revealed that AQP3 was highly
expressed in 8-cell embryos, morulae, and early blastocysts
before and after freeze–thaw treatment (Fig. 1).

Laser confocal microscopy revealed distinct spatial
expression patterns of AQP3 at different embryonic stages.
At the 8-cell stage, the AQP3-specific fluorescence signal
was evenly distributed over the cytoplasm and karyotheca of
blastomeres, with stronger expression in the karyotheca rela-
tive to the cytoplasm (Fig. 2a); In the morula stage, AQP3 was
evenly distributed over the plasma membrane of each blasto-
mere (Fig. 2b); In early blastocysts, AQP3 was predominantly
distributed over the plasma membrane and cytoplasm of
trophoblastic cell, as well as blastocyst cavity (Fig. 2c). After
freeze–thawing, at the morula stage, the AQP3 localization

Fig. 1 Expression of AQP3 in
mouse early embryo before and
after vitrification by
immunoflurescence
microscopy. Embryos were
labeled with DAPI (blue) as
shown, as is AQP3
immunolocation (green). In
control group, embryos were
collected at the 8-cell stage (a),
morula stage (b), and blastocyst
(c). After vitrification, 8-cell
embryo (d), morula (e), and
blastocyst (f) were labeled.
Examples of negative embryos
didn’t incubator with primary
antibody show absence of
AQP3 staining, (G,H) (20×)
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was the same as the control embryos at morula and blastocyst
stage (Fig. 2e, f). However, after vitrification, AQP3 mainly
distributed in the cytoplasm, and AQP3 immunofluorescence
wasn’t detected in karyotheca at 8-cell stage. (Fig. 2d).

The expression levels of AQP3 on embryos before and after
vitrification

We measured the expression levels of AQP3 at different
embryonic stage before and after vitrification by Western
blot analysis. According to statistics, the expression levels
of AQP3 before vitrification in 8-cell embryos was higher
than after vitrification (IOD 1.394 ± 0.068 to 0.573 ± 0.019,
P < 0.05), as well as blastocysts stage (IOD 1.000 ± 0.040 to
0.573 ± 0.019, P < 0.05), while the expression of AQP3
before vitrification in morulae was lower than after
vitrification(IOD 0.928 ± 0.046 to 1.173 ± 0.068, P <
0.05) (Fig. 3).

Discussion

Edashige et al. [8] measured AQP1–9 mRNAs in oocytes
and early embryos from ICR mice at various develop-
ment stages and noted that AQP3 and AQP7 mRNAs
were highly expressed in MII oocytes, four-cell embryos,
morulae, and blastocysts, while AQP8 and AQP9
mRNAs were only expressed in blastocysts. In contrast,
AQP1, 2, 4, 5, and 6 were not detected in embryos.
Though several subsequent studies (9, 10) yielded some
discrepant results, all found that AQP3 and AQP7
mRNAs were highly expressed in preimplantation mouse
embryos at different stagesand that AQP8 mRNAwas highly
expressed in early blastocysts, suggesting that AQP3, AQP7,
and AQP8 have specific functions in the early stages of
embryogenesis. Edashige et al. [12] also examined the distri-
bution of AQP3 and AQP7 and found that AQP3 was
expressed at the morula surface but not at the oocyte surface,
while both stages expressed little AQP7. In CD1 mice,
Barcroft et al. [13] found that the AQP3 protein was expressed
in the plasma membranes of 1–8-cell embryos, the outer cells
of morulae, the inner cell mass of blastocysts, and at the
margins of trophectoderm base cells.

The present study compared the level of AQP3 protein
expression in mouse embryos at three developmental stages
before and after vitrifcation. Immunoflurescence revealed
that AQP3 was highly expressed in 8-cell embryos,
morulae, and early blastocysts before and after freeze–
thaw treatment. Laser confocal microscopy revealed dis-
tinct spatial expression patterns at these stages. In 8-cell
embryos, the AQP3-specific fluorescence signal was
evenly distributed over the cytoplasm and karyotheca
of blastomeres before vitrification, with stronger expres-
sion in the karyotheca relative to the cytoplasm. After
freeze–thawing, AQP3 mainly distributed to the cyto-
plasm, while much less AQP3 immunofluorescence was
detected in karyotheca. In the morula stage, AQP3 was
evenly distributed over the plasma membrane of each

Fig. 2 Localization of AQP3 in mouse early embryos before and after
vitrification by laser confocal microscopy. Embryos were labeled with
DAPI for DNA (blue; left) and AQP3 immunolocation (green; middle)
and merged images (right), as indicated (top). The images shown here
are representative images from about 50 independent replicates of
embryos treated without vitrification at 8-cell stage (a), morulae stage
(b), and blastocyst stage (e), and with vitrification at 8-cell stage (d),
morulae stage (e), and blastocyst stage (f). Scale bar = 20 μm
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blastomere before and after vitrification. In early blasto-
cysts, before and after vitrification, AQP3 was predom-
inantly distributed over the plasma membrane and
cytoplasm of trophoblastic cell, as well as blastocyst
cavity. These results differ slightly from those reported
by Barcroft (13), probably due to the different model
species and detection methods. The observations
reported in this study indicate that in KM mice 8-cell
embryos, AQP3 is expressed not only in the cytoplasm
but also in the karyotheca, then with stronger expression
in the karyotheca relative to the cytoplasm.

Aquaporins are expressed in mouse 8-cell to blasto-
cyst stage before and after vitrification. However, AQP3
was expressed at different sites at each embryonic stage
before and after freeze–thawing, suggesting distinct
functions at different developmental stages and different
effects on vitrification. Before vitrification, AQP3 was
mainly expressed in the karyotheca of 8-cell embryos,
hinting that AQP3 functions in nuclear division during
this period, and may play a role in fluid transport to
organelles such as the mitochondria and golgiosome to
maintain osmotic pressure balance. In contrast, AQP3
was predominantly expressed at the plasma membrane
during the morula stage, suggesting that AQP3 is main-
ly involved in fluid exchange between embryos and the
external environment and the formation of blastocyst
cavity. In the early blastocyst stage, AQP3 was mainly
distributed to the plasma membrane and cytoplasm of tropho-
blastic cell, as well as blastocyst cavity, suggesting that AQP3
may play a role in the differentiation of blastocyst and

maintain osmotic pressure balance. Moreover, it may involve
in blastocyst implantation, acting on same important processes
such as blastocyst’s position, adhesion, invasion, et al. These
expression sites changed dramatically after freeze–thawing, a
process associated with major shifts in osmotic pressure. After
vitrification, AQP3 was mainly distributed to the cytoplasm
and plasma membranes in all three stages of embryos exam-
ined, suggesting that AQP3 may mediates transmembrane
fluid exhange during freeze–thawing to maintain stable os-
motic pressure of embryos in hypertonic fluid.

Previous animal studies concluded that cellular freezing is
a dehydrant procedure indeed, while thawing meaning the
reabsorption of water into cell. The major damage to embryos
induced by freeze–thawing was due to intracellular and extra-
cellular ice formation. Compared to slow-freezing, embryonic
vitrification effectively avoids such injuries, but the dramatic
changes in osmotic pressure and the excessive high concen-
tration of cryoprotectant required can still damage embryonic
cells during vitrification [14–16], thus reducing embryonic
reproductive potential. Now, except for AQPs, not any other
substance which could mediate water transmembrane move-
ment had been found yet [16]. A previous study [17] revealed
that changes in the expression of AQP mRNAs and shifts in
protein location were major stress responses to hypertonic
solution treatment before embryonic implantation. Our results
revealed that the distribution of AQP3 protein in mouse em-
bryos can change rapidly during vitrification and that these
specific patterns of expression and redistribution depend on
developmental stage. We suggest that AQP3 contributes to
embryo protection during freeze–thawing.

Fig. 3 Expression levels of
AQP3 as detected by Western
blot analysis. Protein levels of
AQP3 were normalized against
GAPDH. Expression level of
AQP3 were detected on before
and after embryo vitrification at
8-cell stage(8), morulae
stage(m) and blastocyst
stage(b),with the characteristic
34 Kda band. The form of 36
Kda was identified as GAPDH.
The calculation results shown
the expression level of AQP3
after vitrification(blue bar) was
lower before vitrification(green
bar) in 8-cell embryos and early
blastocysts, whereas that after
vitrification was higher than
before vitrification in
morulae.(*:P < 0.05)
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Western blot analysis revealed that AQP3 expression was
obviously detected in embryos of all stages before and after
vitrification. The results indicated that the expression level
of AQP3 in 8-cell embryos and blastocysts after vitrification
was lower than before vitrification, while the expression of
AQP3 in morulae was higher after vitrification, suggesting
that AQP3 probably plays an important role in fluid ex-
change during this particular stage.

In the morula stage, blastomere becomes bound tightly
together, with the narrowing of cellular gap and the forma-
tion of reticular structure of bounded cellular membrane.
According to result of this study, after thawing, AQP3 was
found mainly located on cell membrane of the once
cryopreserved morula with higher expression than before.
This indicates that in the presence of hypertonic cryoprotec-
tants, AQP3 seems to be the main media of fluid exchange,
stimulated to undergo protein localization and enhance ex-
pression. In this way, embryo is able to endure changes in
osmotic pressure during cryopreservation and thawing since
water and cryoprotectants can flow into and out of blasto-
meres effectively [18]. Besides, we speculate that other
AQP subtypes may play a more dominant role in the trans-
port and distribution of fluids during freeze–thawing of
blastocyst stage and 8-cell stage.

To our knowledge, this is the first study compared the
distribution and expression level of AQP3 in mouse 8-cell to
blastocyst embryo stage before and after vitrification. We
make the following conclusions. First, AQP3 expression
varies depending on the development stage, indicating that
AQP3s actively participate in early embryonic development.
Second, AQP3 likely plays an active role in maintaining
osmotic pressure balance during freeze–thawing of early em-
bryos, especially morulae. Future studies will focus on the
precise molecule mechnisms governing AQP3 expression and
localization during freeze–thawing of morulae. In addition,
we will investigate the expression and function of other AQPs
during embryonic development to further elucidate the role of
AQPs in protecting early stage embryos during freeze–
thawing. These studies could lead to more effective methods
for enhancing the viability of freeze–thawed embryos.
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