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ORIGINAL ARTICLE Embryology

Mitogen-activated protein kinase
(MAPK) pathways mediate embryonic
responses to culture medium
osmolarity by regulating Aquaporin
3 and 9 expression and localization,
as well as embryonic apoptosis
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background: In order to advance the development of culture conditions and increase the potential for supporting normal preimplan-
tation embryo development in vitro, it is critical to define the mechanisms that early embryos utilize to survive in culture. We investigated the
mechanisms that embryos employ in response to culture medium osmolarity. We hypothesized that mitogen-activated protein kinase
(MAPK) pathways mediate responses to hyperosmotic stress by regulating Aquaporin (AQP) 3 and 9 expression as well as embryonic apop-
tosis.

methods: Real-time reverse transcription and polymerase chain reaction and whole-mount immunofluorescence were used to deter-
mine the relative mRNA levels and protein localization patterns of AQP 3 and 9 after hyperosmotic medium treatment.

results: At 6 and 24 h, a significant increase in Aqp 3 and 9 mRNA was observed in the sucrose hyperosmotic treatment compared with
standard medium and glycerol controls. Blockade of MAPK14/11 negated the increase in Aqp 3 and 9 mRNA levels, whereas culture in a
MAPK8 blocker did not. Hyperosmotic sucrose treatment significantly increased embryonic apoptosis which was negated in the presence of
MAPK8 blocker, but not MAPK14/11 blocker.

conclusions: MAPK14/11 activation is a component of the rapid adaptive stress response mechanism that includes the effects of
AQP mRNA expression and protein localization, whereas the MAPK8 pathway is a regulator of apoptosis.

Key words: programmed cell death / water channels / blastocyst / embryo culture

Introduction
Understanding the interactions between the early embryo and its
external environment is critical to developing optimal culture environ-
ments for the production of preimplantation embryos and also for
understanding the developmental program that controls preimplanta-
tion development. Assisted reproductive technologies have long
sought to mimic the environment of the reproductive tract to mini-
mize the environmental stress on the preimplantation embryo when

cultured in vitro (Diamond et al., 1991; Leese et al., 1998; Kwong
et al., 2000; Bogdarina et al., 2007). Our studies have revealed that
up to seven members of the Aquaporin (AQP) gene family are
expressed throughout preimplantation development (Offenberg
et al., 2000) and that AQPs are likely to function in facilitating the
trans-trophectoderm fluid movements that occur during cavitation
which result in the formation of the fluid-filled cavity of the blastocyst
(Barcroft et al., 2003). AQPs are water channels and represent a family
with 13 known members that are expressed in many tissues including
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the kidneys, lungs and uterus (Hoffert et al., 2000; Offenberg et al.,
2000; Barcroft et al., 2003; Agre, 2006; Hara-Chikuma and
Verkman, 2008). AQPs, such as AQP 3 and 9, are aquaglyceroporins
and in addition to water, these transmembrane proteins allow the
passage of small solutes such as urea and glycerol across the cell mem-
brane (Rivard et al., 2005).

More recently, our studies have investigated p38 mitogen-activated
kinase (MAPK11/14) pathway expression and function during preim-
plantation development (Natale et al., 2004; Paliga et al., 2005; Fong
et al., 2007; Hickson et al., 2007; Madan et al., 2007). We have discov-
ered that MAPK11/14 is required to support development beyond
the 8–16 cell stage in the mouse and that MAPK11/14 is also acti-
vated in response to embryonic exposure to hyperosmotic medium
(Natale et al., 2004; Paliga et al., 2005; Fong et al., 2007). Xie et al.
(2007) reported increased activation of MAPK11/14 and MAPK8
(previously known as the JNK/SAPK pathway) pathways in embryos
cultured in poor media compared with those cultured in optimized
media. Xie et al. (2007) also showed that embryos cultured in less
optimal conditions had higher levels of apoptosis than those cultured
in optimized media.

Culture medium osmolarity is an important parameter that must be
defined to provide embryos with appropriate environments in which
to develop in vitro. Studies conducted primarily in Dr(s) Baltz’s and
Gardner’s laboratories have demonstrated that in vivo reproductive
tract environments expose embryos to what would be considered
to be hyperosmotic environments for cultured embryos (Gardner
and Leese, 1990; Collins and Baltz, 1999). It has been determined
that amino acid concentrations, in particular glycine levels, in the
oviduct serve as osmolytes to allow for embryo development in
300–350 mOsm environments in vivo (Steeves et al., 2003; Steeves
and Baltz, 2005). In vitro preimplantation embryos cultured in
.300 mOsm culture medium do not normally progress to the blasto-
cyst stage. However, we have discovered that MAPK11/14 activity is
elevated only when embryos are cultured in hyperosmotic sucrose
medium and not in hyperosmotic glycerol medium (Fong et al.,
2007). We propose that exposure to hyperosmotic conditions
would increase the ionic gradient across the plasma membrane and
this may provide a stimulus for enhanced expression of AQPs in an
attempt to alleviate osmotic stress. Since the AQPs expressed
during preimplantation development include the aquaglyceroporins
AQP 3 and 9, we have investigated the influences of exposure to
hyperosmotic culture medium on AQP mRNA levels and protein dis-
tribution using either sucrose or glycerol to produce hyperosmotic
media. Embryos, and somatic cells in general, do not have the ability
to transport sucrose across the plasma membrane, however, the
existence of aquaglyceroporins provides early embryos and somatic
cells with an avenue for moving glycerol across the plasma membrane.
In addition, we have investigated the influences of exposure to hyper-
osmotic medium on blastocyst apoptosis and characterized the role of
MAPK11/14 and the MAPK8 pathways in mediating the responses to
hyperosmotic culture media. The early mouse embryo provides an
ideal model to investigate the effects of environment on the regulation
of AQP expression and function. This cellular model affords an oppor-
tunity to define the signaling pathways controlling AQP expression and
function. Our results indicate that AQPs are important mediators of
embryonic adaptive cellular responses to hyperosmotic stress. We
have determined that AQP expression and localization is primarily

regulated by the MAPK14/11 pathway, whereas apoptosis is primarily
controlled by the MAPK8 pathway.

Materials and Methods

Ovulation induction and mouse
embryo collection
Female MF-1 mice (Charles River, Canada; 3–5 weeks old) were injected
with 5 IU PMSG (Intervet Canada Ltd, Whitby, Ontario, Canada), fol-
lowed by 5 IU hCG (Intervet) 47 h later and mated with CD-1 males. Suc-
cessful mating was determined the following morning (Day 1) by the
detection of a vaginal plug. Time post-hCG was used to measure the
developmental age of the embryos. Preimplantation mouse embryos
were flushed from the reproductive tract using M2 flushing media
(Sigma, St Louis, MO, USA) at 65–68 h (8-cell and compacting 8-cell)
post-hCG. Embryos were then washed four to five times in 50 ml drops
of potassium simplex optimized medium with amino acids (KSOMaa, Che-
micon, Temecula, CA, USA) and transferred to 20 ml drops of KSOMaa
(Jones et al., 1997) or hyperosmotic treatment media, under light paraffin
oil. They were maintained in culture under 5% CO2 in air atmosphere at
378C for 3, 6 or 24 h. Animal care and treatment followed protocols
established by the UWO animal care committee.

Hyperosmotic media
Hyperosmotic media were prepared by the addition of sucrose or glycerol
to KSOMaa medium. The treatment groups consisted of (i) KSOMaa
(control, 265 mOsm); (ii) KSOMaa þ 0.023 g/ml sucrose (300 mOsm);
(iii) KSOMaa þ 0.032 g/ml sucrose (350 mOsm); (iv) KSOMaa (1 ml) þ
0.3 ml (1.26 g/ml) glycerol (300 mOsm) and (v) KSOMaa (1 ml) þ
0.7 ml (1.26 g/ml) glycerol (350 mOsm). The osmolarity of the embryo
culture medium was tested by freezing-point depression using an Advan-
cedw Model 3320 MicroOsmometer (Advanced Instruments Inc.,
Norwood, MA, USA).

MAPK14/11 and MAPK8 inhibition
SP600125, MAPK8 inhibitor negative control inactive analog, SB220025
and SB202474 were purchased from Calbiochem (La Jolla, CA, USA).
All compounds were dissolved in dimethylsulfoxide (DMSO) to make
stock concentrations of 10 mM and were stored at 2208C. Pools of 20
embryos were cultured for 6 or 24 h in 20 ml drops of either (i)
KSOMaa plus 0.1% DMSO; (ii) KSOMaa plus 2–10 mM SB220025
(CSAID, active MAPK14/11 inhibitor); (iii) 300 mOsm sucrose hypereos-
motic media plus 2–10 mM SB220025; (iv) 350 mOsm sucrose hypereos-
motic media plus 2–10 mM SB220025; (v) KSOMaa plus 10 mM SB202474
(CSAID, inactive analog) (Natale et al., 2004; Paliga et al., 2005; Fong et al.,
2007); (vi) KSOMaa plus 10 mM SP600125 (active MAPK8 inhibitor) (Xie
et al., 2006) or (vii) 300 mOsm sucrose hypereosmotic media plus 10 mM
SP600125; (viii) 350 mOsm sucrose hypereosmotic media plus 10 mM
SP600125; (ix) KSOMaa plus 10 mM MAPK8 inhibitor negative control
inactive analog (CSAID, MAPK8 negative control inactive analog).

RNA extraction
Total RNA was extracted from the pools of 20 embryos or from positive
control tissue (mouse heart, liver and kidney; 1 mg). Samples were frozen
and stored at 2808C in 5 ml of lysis buffer and processed as outlined in a
Microeasy RNA isolation Kit protocol (Qiagen, Mississauga, Ontario,
Canada) following collection. In samples used for real-time reverse tran-
scription and polymerase chain reaction (RT–PCR) analysis, 0.025 pg/
embryo of exogenous Luciferase control RNA (Promega Corporation,

1374 Bell et al.

 at U
niversity of W

estern O
ntario on M

ay 11, 2013
http://hum

rep.oxfordjournals.org/
D

ow
nloaded from

 

http://humrep.oxfordjournals.org/


Madison, WI, USA) containing a 30-base poly(A) tail was added to each
pool of embryos prior to RNA extraction.

Reverse transcription and polymerase
chain reaction
Embryo total RNA was reverse transcribed (RT) using Random Primers
(Invitrogen Life Technologies, Burlington, ON, Canada) and
RNaseOUTTM Ribonuclease Inhibitor (Invitrogen Life Technologies)
along with Sensiscript RT (Qiagen) according to the manufacturer’s
suggested protocol. Following 1 h incubation, the sample was diluted to
a concentration of one embryo equivalent per microliter (embryo/ml)
and subjected to PCR amplification of Luciferase, to determine the effi-
ciency of the RNA extraction and reverse transcription prior to investi-
gation of expression of the target genes by real-time PCR amplification.

Custom TaqManw gene expression assay
design for real-time PCR
The Custom TaqManw primer and probe sets for Luciferase were designed
using the Assays-by-Design File Builder program (Applied Biosystems,
Foster City, CA, USA). The probe sequence for luciferase was directed
against a target site 550 bp into the full-length sequence used to generate
the Luciferase Control RNA (Promega Corporation). The target site spe-
cifies an approximate location for the generation of a TaqManw probe, and
each target site was verified to be unique by performing the BLASTw

analysis. Dual-labeled probes were synthesized (Applied Biosystems) to
contain the reporter dye 6-carboxyfluorescein (6-FAM) at the 50 end
and a non-fluorescent quencher dye at the 30 end.

Real-time RT–PCR analysis
Real-time RT–PCRs were performed using the ABI PRISMw 7900HT
sequence detection system (Applied Biosystems) and TaqManw gene
expression assays (Applied Biosystems). Pre-designed and pre-optimized
commercially available TaqManw gene expression assays for Aqp 3
(Assay ID: mm01208559_m1), 9 (Assay ID: mm00508094_m1), were
used along with the Custom TaqManw gene expression assays described
above for Luciferase. The PCR mixture (50 ml) contained 25 ml of
TaqManw Universal PCR Master Mix (2� concentration, containing
AmpliTaq Goldw DNA Polymerase, AmpErasew UNG, dNTPs with
dUTP, Passive Reference 1 and optimized buffer components; Applied
Biosystems), 2.5 ml of the appropriate 20� TaqManw gene expression
assay (see above), 10 ml of embryo cDNA (at a diluted concentration of
0.1 embryo/ml) corresponding to one embryo equivalent per reaction
and 12.5 ml of HyPureTM Molecular Biology Grade Water (HyClone,
Logan, UT, USA). Thermal cycling conditions were 508C for 2 min and
958C for 5 min, followed by up to 60 cycles of 958C for 15 s, and a com-
bined annealing extension stage, 608C for 1 min. Each reaction was per-
formed in triplicate on ABI PRISMw 96-well optical reaction plates
(Applied Biosystems). Relative quantification of target gene expression
levels was performed using the comparative CT (threshold cycle)
method (ABI PRISMw sequence detection system, version 2.1, Applied
Biosystems). The quantification was normalized to the control luciferase
RNA levels (Li et al., 2005). Within the log linear phase region of the
amplification curve, the difference between each cycle was equivalent to
a doubling of the amplified product of the PCR. The DCT value was deter-
mined by subtracting the control CT value for each sample from the target
gene CT value of the sample. Calculation of DDCT used KSOMaa control
treatment as the standard for determining fold-changes in the relative
mRNA expression of the target gene using the formula 22DDCT.

Antisera
Immunolocalization of AQP 3 and 9 in treated 8-cell embryos was deter-
mined by using proven commercially available primary antibodies from
Alpha Diagnostic Int. (San Antonio, TX, USA) consisting of: (i) rabbit poly-
clonal anti-rat AQP 3, directed against a 15-amino-acid sequence from the
C terminus of rat AQP 3 and (ii) rabbit polyclonal anti-rat AQP 9, raised
against a 19-amino-acid synthetic peptide from the rat AQP 9 C-terminal
domain. The antisera were employed at a dilution of 1:100 in combination
with a goat anti-rabbit whole IgG secondary antibody (Jackson ImmunoR-
esearch, West Grove, PA, USA). Each antibody has been extensively
characterized in western blot and immunolocalization studies on mouse
and rat tissues, and established as specific for their target proteins (Ishiba-
shi et al., 1994; Ma et al., 1994; Ecelbarger et al., 1995; Echevarria et al.,
1996; Ishibashi et al., 1997; Koyama et al., 1997; Ishibashi et al., 1998; Bar-
croft et al., 2004).

Indirect immunofluorescence detection
of AQP 3 and 9
Mouse embryos were collected from the reproductive tracts of superovu-
lated female MF-1 mice as described above. Embryo pools were washed in
1� PBS (GIBCO) and fixed for indirect immunofluorescence in 2% paraf-
ormaldehyde in PBS at room temperature for 30 min. Fixed embryos were
washed once in 1� PBS and either used immediately or stored at 48C in
embryo storage buffer (1� PBS þ 0.9% sodium azide) for up to 1 week
before processing for whole-mount indirect immunofluorescence as pre-
viously described (Jones et al., 1997; Betts et al., 1998; MacPhee et al.,
2000; Barcroft et al., 2003, 2004). Fixed embryos were permeabilized in
blocking buffer (0.01% Triton X-100 þ 5% normal goat serum in 1�
PBS) at room temperature for 30 min followed by two washes in fresh
PBS. Embryos were incubated with primary antibody for AQP 3 or 9 at
a 1:100 dilution in antibody dilution/wash buffer (ADB; 0.005% Triton
X-100 þ 1% normal goat serum in 1� PBS) at 48C overnight. Negative
controls included embryos incubated in ADB alone without the addition
of the primary antibody in order to determine the levels of non-specific
fluorescence. Embryos were then washed three times for 20 min in
ADB at 378C and incubated with fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (1:200 in ADB) at 48C overnight, followed
by three washes for 20 min in ADB at 378C. Fully processed embryos
were mounted onto glass slides in 20 ml of FluoroGuard anti-fade
reagent (BioRad) under elevated 22 � 22 mm glass coverslips (No. 1
thickness), and slide preparations were sealed with nail polish. Slides
were stored for up to 2 days at 48C in a light tight box prior to immuno-
fluorescence imaging employing a BioRad MRC600 Confocal Laser Scan-
ning Microscope. In total, 20–30 embryos for each treatment were
examined for each of the two primary antisera.

Hyperosmotic treatment of embryos
for apoptosis assessment
Embryos were collected as described above. They were then placed in
KSOMaa or hyperosmotic sucrose or glycerol media, with or without
inhibitors, for 6 h. They were then washed in fresh 50 ml KSOMaa
drops and placed into fresh 20 ml KSOMaa drops and culture as described
above.

TUNEL apoptosis assay
Cleavage of genomic DNA during apoptosis yields single strand breaks in
high molecular weight DNA, which can be identified by labeling the free
30-OH terminal with modified nucleotides in an enzymatic reaction
(Saraste and Pulkki, 2000; Huerta et al., 2007). Once the blastocyst
stage was reached, embryo pools were fixed for 1 h in 2%
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paraformaldehyde in PBS and washed in PBS. Fixed embryos were then
permeabilized and blocked by room temperature incubation for 1 h in per-
meabilization solution (1% sodium citrate þ 0.01% Triton X-100). The
first negative controls did not undergo permeabilization. The embryos
were then placed into a humidified chamber and put into a 48C fridge
for 2 min. They were then washed again in PBS, and a positive control
group was removed from the treatment groups and treated with 100 ml
DNAse solution (10 ml DNAse1 in 990 ml 50 mM Tris-HCl) for 10 min
at room temperature. This was done to induce strand breaks, allowing
for the assessment of maximal DNA fragmentation during analysis.
A second group of embryos was removed from the treatment groups to
serve as the second negative control for fixed embryos. Both groups of
negative control embryos were put into 50 ml TUNEL label solution
(nucleotide mixture in reaction buffer). The positive control and the treat-
ment groups were placed in 50 ml TUNEL reaction mixture (terminal
deoxynucleotidyl transferase from calf thymus, recombinant in Escherichia
coli, in storage buffer þ nucleotide mixture in reaction buffer). The TUNEL
reaction mixture-labeled DNA strand breaks through terminal deoxynu-
cleotidyl transferase, which catalyzes polymerization of labeled nucleotides
to the free 30-OH DNA ends in a template-independent manner, and by
incorporating fluorescein labels in nucleotide polymers (Byrne et al., 1999;
Saraste and Pulkki, 2000). The fluorescein label was detected by epifluor-
escence microscopy. The two negative controls, the positive control and
the treatment groups were incubated for 60 min in a humidified chamber
at 378C. Upon removal from the chamber, the groups were washed in
0.5 ml DAPI (4’,6-diamidino-2-phenylindole dihydrochloride;
Sigma-Aldrich; diluted 1:2000 from 1 mg/ml stock solution) þ 200 ml
PBS for 30 min, to stain the DNA within the nuclei. The groups were
washed twice more in 200 ml PBS, leaving 15 min between the washes.
Fully processed embryos were mounted onto glass slides in a drop of
FluoroGuardTM anti-fade reagent (BioRad Laboratories Canada Ltd., Mis-
sissauga, ON, Canada). Fluorescence imaging was conducted on a Zeiss
Axiovert 100 inverted microscope equipped with epifluorescence optics
and digital image analysis software (Carl Zeiss Inc., Thornwood, NY,
USA).

Caspase-3 assay for apoptosis
Activated caspase-3 in preimplantation embryos was detected using the
PhiPhilux G1D2 kit (OncoImmunin Inc., College Park, MD, USA).
Briefly, embryos serving as the positive control were removed from the
treatment groups and treated with 100 ml DNAse solution (10 ml
DNAse1 in 990 ml 50 mM Tris-HCl) for 10 min at room temperature. Fol-
lowing this, 10–15 embryos from each treatment were incubated with
30 ml caspase-3 substrate under oil for 1 h at 378C in air with 5% CO2.
After three washes in dilution buffer, embryos were fixed with 2% paraf-
ormaldehyde in PBS for 30 min at 48C in the dark. After three washes in
PBS, the first of which contained DAPI, fully processed embryos were
mounted onto glass slides in a drop of FluoroGuardTM anti-fade reagent
(BioRad). Fluorescence imaging was conducted on a Zeiss Axiovert 100
inverted microscope equipped with epifluorescence optics and digital
image analysis software (Carl Zeiss Inc.).

Apoptotic fluorescence image analysis
Apoptotic fluorescence was assessed by first counting the number of
DAPI-stained (blue) nuclei, visualized by an excitation wavelength of
450–500 nm, representing the total number of cells in the early
embryo. Then, the FITC-stained (green) apoptotic nuclei were counted,
visualized by an excitation wavelength of 515–565 nm. To obtain the
percent of apoptotic cells, the number of FITC-stained cells was divided
by the DAPI-stained cells. All microscope and image capture settings
remained constant during the digital capture of micrographs between

embryos and between treatment groups. Acquired micrographs were
saved in TIFF image format and processed using Adobe Photoshop CS2
(Adobe Systems Inc., San Jose, CA, USA) for recognition, selection and
separation of the desired chromogen signal. Qualitative analysis was
done by separation of the blue channels (representing DAPI-stained
nuclei) and the green channels (representing FITC fluorescence of frag-
mented DNA).

Statistical analysis
Statistical analysis of data was carried out using SPSSw, version 12.0 (SPSS
Inc., Chicago, IL, USA) software package. TUNEL assay and caspase-3
assay results are presented as the mean+ SEM for percent apoptosis
from three independent replicates. All data were tested for homogeneity
of variances by independent sample t-tests for equality of variances. In
instances of equal variance, data were subjected to one-way analysis of
variance (ANOVA), and followed by Tukey’s multiple comparison test.
When equal variances were not observed, data were arcsine-transformed
and then subjected to ANOVA, followed by Tukey’s multiple comparison
test. For all data analysis, P � 0.05 was considered statistically significant.

Results

Experimental design
Our first objective was to define the experimental parameters. Eight-
cell mouse embryos were cultured in normal KSOMaa (265 mOsm),
and KSOMaa made hyperosmotic with either sucrose or glycerol to
300 and 350 mOsm. Embryos were cultured for 3, 6 and 24 h and
examined and fixed or frozen for immunofluorescence or real-time
RT–PCR. Figure 1 shows representative phase contrast images of
embryos cultured under the above described conditions. Embryos cul-
tured in KSOMaa for 24 h progressed normally to the blastocyst stage.
Embryos cultured in 300 mOsm sucrose medium compacted, but
were unable to progress to the blastocyst stage. Embryos cultured
in 350 mOsm sucrose medium were delayed developmentally and
did not compact or proceed to the blastocyst stage. In contrast,
embryos cultured in glycerol hyperosmotic media at both 300 and
350 mOsm compacted and progressed normally to the blastocyst
stage (Fig. 1).

Aqp 3 mRNA levels after hyperosmotic
treatment using sucrose or glycerol
There was no significant difference in Aqp 3 mRNA abundance after
3 h in hyperosmotic media (data not shown). Aqp 3 expression after
6 h (Fig. 2A) in 350 mOsm sucrose media was significantly elevated
undergoing a 2.14-fold increase over KSOMaa control mRNA levels.
After 24 h, Aqp 3 (Fig. 2B) mRNA levels were significantly elevated
by 2.64-fold in 300 mOsm sucrose over control levels, but were not
significantly elevated in embryos cultured in 350 mOsm sucrose. Inter-
estingly, after 6 and 24 h in glycerol treatment, Aqp 3 mRNA levels
were significantly decreased (P � 0.05) in embryos cultured in
350 mOsm glycerol medium (Fig. 2C and D). Aqp 3 mRNA levels
were decreased by 80% compared with KSOMaa control levels after
6 h and 60% from KSOMaa control levels after 24 h in 350 mOsm gly-
cerol hyperosmotic treatment.
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Aqp 9 mRNA levels after hyperosmotic
treatment using sucrose or glycerol
There was no significant difference in Aqp 9 mRNA abundance after
3 h in hyperosmotic media (data not shown). Aqp 9 mRNA expression
underwent a 1.97-fold increase after 6 h (Fig. 2E) in 300 mOsm
sucrose media over KSOMaa control levels and a 2.73-fold increase
in 350 mOsm sucrose media over control levels. By 24 h, Aqp 9
mRNA expression was significantly (P � 0.05) increased by 4.3-fold
in 300 mOsm sucrose and 8-fold in 350 mOsm sucrose over
control levels (Fig. 2F). Figure 2G and H indicate that in contrast to
the sucrose hyperosmotic treatment results, Aqp 9 mRNA levels
were not significantly increased in any of the glycerol medium treat-
ment groups at either time point.

AQP 3 and 9 protein localization after
hyperosmotic treatment using
sucrose or glycerol
AQP protein localization was next investigated using whole-mount
immunofluorescence for AQP 3 and 9 polypeptides. Figure 3 displays
representative images of normal distribution of AQP 3 (Fig. 3A and D)
and 9 (Fig. 3G and J) and abnormal distribution of AQP 3 and 9 after
exposure to hyperosmotic conditions. These images represent the
range of morphologies observed after exposure to hyperosmotic
media. There were no visible changes in AQP 3 or 9 localization

after 3 h in hyperosmotic media (data not shown). Both polypeptides
maintained the cortical, apolar localization patterns reported by Bar-
croft et al. (2003). After 6 h, however, AQP 3 localization shifted
from the cortical distribution to become primarily cytoplasmic under
300 and 350 mOsm sucrose medium conditions (Fig. 3B and C).
After 24 h in sucrose hyperosmotic media, the AQP 3 distribution
became predominantly cytoplasmic (Fig. 3E and F). Localization of
AQP 9 underwent a more dramatic change to become predominantly
cytoplasmic in both 300 and 350 mOsm sucrose medium treatments
at 6 h, although some cortical localization was observed (Fig. 3H and
I). AQP 9 distribution remained cytoplasmic in both 300 and
350 mOsm at 24 h, although some cortical expression was observed
(Fig. 3K and L). AQP 3 and 9 protein localization was not affected by
culture in glycerol medium in any of the treatment groups or at any
time point (data not shown).

Aqp 3 and 9 mRNA levels after hyperosmotic
treatment using sucrose in the presence
of a MAPK14/11 inhibitor
Our next objective was to define the signaling pathways regulating the
sucrose hyperosmotic treatment induction of AQP mRNA expression.
We first examined the effects of blocking MAPK14/11 on Aqp mRNA
levels. To address this, embryos were cultured in sucrose hyperosmo-
tic media as described above with the addition of 2 mM SB220025

Figure 1 Phase contrast images of embryos cultured in hyperosmotic media using sucrose or glycerol. Phase contrast images of embryos cultured in
265 (normal KSOMaa), 300 (KSOMaa þ sucrose or glycerol) or 350 mOsm (KSOMaa þ sucrose or glycerol). Embryos were cultured for 3, 6 or 24 h
before development was assessed based on morphology. Embryos cultured in KSOMaa, KSOMaa þ 300 mOsm glycerol and KSOMaa þ 350 mOsm
glycerol were all able to develop to the blastocyst stage in normal proportions. Embryos cultured in 300 mOsm sucrose compacted, but did not cavi-
tate. Embryos cultured in 350 mOsm did not compact and arrested at the 8–16 cell stage; Scale bar ¼ 20 mM.
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(Natale et al., 2004). The 3 h time point was not included (nor the gly-
cerol treatments) in these experiments because Aqp 3 and 9 mRNA
expression did not vary from controls under these conditions. In con-
trast to what was observed with sucrose hyperosmotic media alone
(Fig. 2A), after 6 h of treatment with sucrose media in the presence
of MAPK14/11 inhibitor, we did not detect a significant increase in
Aqp 3 mRNA levels (Fig. 4A) compared with KSOMaa control
levels. However, after 24 h, we observed a significant decrease in
the Aqp 3 mRNA levels (Fig. 4B). In contrast to what was observed
with sucrose hyperosmotic media alone, in the presence of the
MAPK11/14 inhibitor, Aqp 9 mRNA levels did not significantly
increase in sucrose media after 6 (Fig. 4E) or 24 h (Fig. 4F) compared
with KSOMaa control levels. AQP 3 and 9 protein localization

following sucrose hyperosmotic treatment and MAPK14/11 inhibitor
did not vary from that observed in untreated controls, indicating
that MAPK14/11 blockade negated the transition to a predominantly
cytoplasmic distribution observed following sucrose hyperosmotic
medium treatment (data not shown).

Aqp 3 and 9 mRNA levels after hyperosmotic
treatment using sucrose in the presence
of a MAPK8 inhibitor
We next investigated whether the MAPK8 pathway may also regulate
Aqp 3 and 9 mRNAs following exposure to hyperosmotic media.
To address this, embryos were cultured in sucrose hyperosmotic

Figure 2 Relative Aqp 3 and 9 mRNA levels following treatment. Real-time RT–PCR was used to determine the relative mRNA levels of Aqp 3 after
6 (A) or 24 h (B) in sucrose hyperosmotic media. Aqp 3 mRNA was significantly elevated after (A) 6 h in 350 mOsm and (B) 24 h in 300 mOsm;
n ¼ 3, mean+ SE, P � 0.05. Real-time RT–PCR was used to determine the relative mRNA levels of Aqp 3 following (C) 6 or (D) 24 h exposure
to glycerol hyperosmotic medium treatment. There were no significant increases in Aqp 3 mRNA levels between glycerol medium treatments and
KSOMaa (265 mOsm) control. Real-time RT–PCR was used to determine the relative mRNA levels of Aqp 9 after 6 (E) or 24 h (F) in sucrose hyper-
osmotic media. Aqp 9 mRNA was significantly elevated in embryos cultured for (E) 6 and (F) 24 h in 300 and 350 mOsm treatment media. In contrast,
treatment for (G) 6 and (H) 24 h exposure to glycerol hyperosmotic medium did not result in a significant change in mRNA levels for Aqp 9 between
glycerol medium treatments and KSOMaa (265 mOsm) (G,H).
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media as described above with the addition of 10 mM SP600125 (Xie
et al., 2006, 2007). The 3 h time point was not included (nor the gly-
cerol treatments) in these experiments because Aqp 3 and 9 mRNA
expression did not vary from controls under these conditions (see
above). After 6 h of treatment with 350 mOsm sucrose hyperosmo-
tic medium in the presence of MAPK8 inhibitor, we still observed sig-
nificant increases in Aqp 3 (Fig. 4C) and 9 (Fig. 4G) mRNA levels

compared with KSOMaa control levels. After 24 h, we also observed
significant increases in Aqp 3 (Fig. 4D) and 9 (Fig. 4H) mRNA levels in
350 mOsm sucrose hyperosmotic medium compared with the
KSOMaa control. In the presence of a MAPK8 inhibitor, AQP 3
and 9 protein distribution predominantly consisted of the expected
cortical distribution observed in untreated controls but also included
a cytosolic component in the presence of hyperosmotic media and

Figure 3 AQP 3 and 9 protein localization following treatment with sucrose or glycerol hyperosmotic medium. Representative images of AQP 3
after 6 (A–C) or 24 h (D–F) exposure and AQP 9 after 6 (G– I) or 24 h (J–L). AQP 3 and 9 protein localization pattern varied by 6 (B,C; H,I) and
24 h (E,F; K,L) in sucrose hyperosmotic medium from normal distribution patterns in KSOMaa (A,D; G,J), showing enhanced cytoplasmic components
of normal AQP 3 and 9 localization. Glycerol treatment did not affect AQP 3 and 9 localization compared with untreated controls. n ¼ 20–30
embryos in each group; scale bar ¼ 20 mM. No primary antibody negative control (M).
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the MAPK8 blocker (data not shown). These data suggest that the
MAPK8 pathway is not a primary mediator of the variations in level
and expression in AQP 3 and 9 in response to hyperosmotic stress.

Apoptosis in embryos cultured in KSOMaa,
300 and 350 mOsm sucrose or glycerol media
Our results to this point indicate that sucrose hyperosmotic treatment
affects AQP mRNA and protein distribution, and these effects are pri-
marily mediated via the MAPK14/11 pathway and not the MAPK8

pathway. We next investigated whether hyperosmotic treatment
would affect the incidence of cell death or apoptosis. We hypoth-
esized that the presence of aquaglyceroporins would reduce the inci-
dence of apoptosis in the presence of glycerol hyperosmotic
treatment. Eight-cell mouse embryos were treated with the respective
medium for 6 h and then placed into normal KSOMaa medium for
assessment of apoptosis at the blastocyst stage (24 h in culture total
time). Analysis of apoptosis by TUNEL in blastocysts after 6 h in
KSOMaa, 300 or 350 mOsm KSOMaa using glycerol or sucrose
revealed that there was a significant increase (P � 0.05) in apoptotic

Figure 4 Relative Aqp 3 and 9 mRNA levels following treatment in the presence of either a MAPK14/11 or MAPK8 inhibitor. Real-time RT–PCR
was used to determine the relative mRNA levels of Aqp 3 after (A) 6 or (B) 24 h exposure to sucrose hyperosmotic medium treatment þ SB220025
(a MAPK14/11 inhibitor). No significant increases in Aqp 3 mRNA levels were observed after (A) 6 h but after (B) 24 h exposure to sucrose hyper-
osmotic media Aqp 3 mRNA levels significantly declined in the presence of SB220025. The Aqp mRNA levels of Aqp 9 after (E) 6 or (F) 24 h exposure
to sucrose hyperosmotic medium treatment þ SB220025 did not vary significantly between any treatments after (E) 6 or (F) 24 h. The relative mRNA
levels of Aqp 3 were measured after (C) 6 or (D) 24 h exposure to sucrose hyperosmotic medium treatment þ SP600125 (a MAPK8 inhibitor). There
was a significant increase in Aqp 3 mRNA after 6 (C) and 24 h (D) in embryos exposed to 350 mOsm sucrose hyperosmotic medium treatment þ
SP600125; n ¼ 3, mean+ SE, P � 0.05. The Aqp 9 mRNA levels after (G) 6 or (H) 24 h exposure to sucrose hyperosmotic medium treatment þ
SP600125 were significantly increased compared with control values; n ¼ 3, mean+ SE, P � 0.05.
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nuclei in embryos treated with 350 mOsm sucrose medium when
compared with normal KSOMaa or hyperosmotic glycerol medium
(Fig. 5A). Comparison of means by independent sample t-tests and
one-way ANOVA indicated that there was no significant difference
in apoptotic cells between KSOMaa controls, 300 mOsm glycerol,
300 mOsm sucrose and 350 mOsm glycerol-treated groups
(Fig. 5A). To validate this finding further, we also measured apoptosis

using a caspase-3 assay. The caspase-3 assay revealed that embryos
treated for 6 h in 350 mOsm sucrose medium also displayed a signifi-
cant increase in apoptosis (P � 0.05) when compared with KSOMaa
or hyperosmotic glycerol medium. Figure 5B depicts representative
images of TUNEL and caspase-3-labeled apoptotic cells in embryos
cultured for 6 h in KSOMaa and 350 mOsm KSOMaa sucrose
treatments.

Figure 5 Apoptosis following hyperosmotic media treatment for 6 h. (A) TUNEL and caspase-3 assays were used to assess the level of apoptosis in
blastocysts after having been exposed to hyperosmotic media for 6 h and then allowed to develop to the blastocyst stage in normal KSOMaa media.
Embryos cultured in glycerol hyperosmotic media displayed the same level of apoptosis as control embryos cultured in KSOMaa. Embryos cultured in
350 mOsm sucrose medium displayed a significant increase in apoptosis compared with controls; mean+ SE, P � 0.05. (B) Representative images of
embryos displaying TUNEL or caspase-3 positive cells; n ¼ 20–30 embryos in each group. Embryos cultured in 350 mOsm sucrose hyperosmotic
medium displayed a greater incidence of apoptotic nuclei than embryos cultured in the control KSOMaa or 300 mOsm groups; scale bar ¼ 20 mM.
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Apoptosis following culture in KSOMaa
and 350 mOsm sucrose or glycerol
medium in the presence of MAPK14/11
or MAPK 8 blocker
We next investigated whether inhibition of the MAPK14/11 pathway
would affect apoptosis after embryos were cultured in hyperosmotic
medium. Figure 6 illustrates that embryos cultured in the 350 mOsm
sucrose medium in the presence of the MAPK14/11 inhibitor dis-
played similar levels of apoptosis using both the TUNEL and
caspase-3 assays as did embryos cultured in the MAPK14/11 inactive
analog SB202474 and DMSO. Figure 6B depicts representative images

of TUNEL and caspase-3-labeled apoptotic cells in embryos cultured
for 6 h in KSOMaa, 350 mOsm KSOMaa using glycerol or sucrose
treatments in the presence of SB220025. We next characterized
whether inhibition of the MAPK8 pathway would affect apoptosis fol-
lowing embryo culture in hyperosmotic medium. Apoptosis was not
affected by blocking MAPK8 activity in control (KSOMaa) culture
embryos or in embryos cultured in glycerol treatment media
(Fig. 7). However, for embryos cultured in the 350 mOsm sucrose
treatment medium, blockade of MAPK8 activity resulted in a significant
decrease in apoptosis as assessed by both TUNEL and caspase-3
assays (P � 0.05) (Fig. 7). Figure 7B depicts representative images of
TUNEL and caspase-3-labeled apoptotic cells in embryos cultured

Figure 6 Apoptosis in hyperosmotic media-treated embryos plus MAPK14/11 inhibitor. TUNEL and caspase-3 assays were used to assess apop-
tosis in blastocysts following exposure of 8-cell stage embryos to hyperosmotic medium treatment for 6 h in the presence of SB220025. Blockade of
the MAPK14/11 pathway did not affect the appearance of normal elevated apoptosis levels following exposure to sucrose hyperosmotic media;
mean+ SE, P � 0.05. (B) Representative images of TUNEL or caspase-3-treated embryos exposed to 350 mOsm hyperosmotic media (sucrose
or glycerol) þ SB220025 or 350 mOsm hyperosmotic media (sucrose or glycerol) þ SB202474. Embryos cultured in 350 mOsm sucrose
hyperosmotic þ SB220025 medium displayed a greater incidence of apoptotic nuclei than embryos cultured in the control KSOMaa þ SB220025
or 350 mOsm glycerol þ SB220025. There was no significant difference in apoptosis levels between embryos cultured in the presence of
SB220025 or SB202474; scale bar ¼ 20 mM. n ¼ 20–30 embryos in each group.
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for 6 h in KSOMaa, 300 and 350 mOsm KSOMaa using glycerol or
sucrose treatments.

Discussion
In this study, we have demonstrated that preimplantation embryos
may be cultured at physiological osmolarities if the culture medium
is supplemented with glycerol instead of sucrose. In addition, AQP
3 and 9 gene expression and protein localization are regulated by
osmotic treatment, indicating that AQPs are important components
of the adaptive mechanisms that preimplantation embryos employ in

response to changing environment. Interestingly, Aqp 3 and 9
mRNA levels and protein distribution were only affected by sucrose
treatment and not by glycerol treatment, indicating that AQP 3 and
9 function to alleviate cellular stress imposed by the external environ-
ment. This conclusion was validated by our observations that glycerol
treatment did not result in elevated apoptosis, unlike the sucrose
treatment. Thus, AQP 3 and 9 also participate in regulating apoptosis
by reducing cellular stress. Furthermore, we have demonstrated by the
use of specific and potent MAPK inhibitors that the regulation of AQP
expression and localization primarily occurs by the MAPK14/11
pathway, whereas apoptosis is primarily regulated by the MAPK8

Figure 7 Apoptosis in hyperosmotic media-treated embryos plus MAPK8 inhibitor. (A) TUNEL and caspase-3 assays were used to assess apoptosis
in blastocysts following exposure of 8-cell stage embryos to hyperosmotic medium treatment for 6 h in the presence of SP600125; mean+ SE,
P � 0.05. MAPK8 pathway inhibition completely blocked apoptosis following treatment with 350 mOsm sucrose hyperosmotic media. (B) Represen-
tative images of TUNEL or caspase-3-treated embryos exposed to 350 mOsm hyperosmotic media (sucrose or glycerol) þ SP600125 or 350 mOsm
hyperosmotic media (sucrose or glycerol) þ MAPK8 inactive inhibitor. Embryos cultured in 350 mOsm sucrose hyperosmotic þ SP600125 medium
displayed no incidence of apoptotic nuclei compared with embryos cultured in the control KSOMaa þ SP600125 or 350 mOsm glycerol þ SP600125.
There was a significant difference in apoptosis levels between embryos cultured in the presence 350 mOsm sucrose hyperosmotic þ SP600125 and
embryos cultured in 350 mOsm sucrose hyperosmotic þ MAPK8 inactive inhibitor; scale bar ¼ 20 mM. n ¼ 20–30 embryos in each group.
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pathway. Taken together, these outcomes support the overall
conclusion that AQP 3 and 9 function in part to alleviate cellular
osmotic stress and indicate that the MAPK14/11 and MAPK8 path-
ways are important stress-activated pathways that have distinct roles
to play in regulating embryonic responses to stress.

AQPs act as water channels, allowing water and solutes to cross the
plasma membrane in the absence of a steep osmotic gradient. Their
physiological role has been defined as regulating near iso-osmotic
water transport (Ishibashi et al., 2000; Agre and Kozono, 2003; Bar-
croft et al., 2003; Agre, 2006). Exposure to hyperosmotic conditions
would increase the ionic gradient across the plasma membrane and
this may provide a stimulus for enhanced expression of AQPs in an
attempt to alleviate the stress. The shift in AQP protein distribution
from a primarily cortical to a cytoplasmic distribution may reflect
the progression of newly synthesized protein en route to the plasma
membrane. This finding would be consistent with our prediction
that the alterations in AQP expression that occur following exposure
to hyperosmotic medium reflect an adaptive cellular response to
culture-induced stress.

The MAPK14/11 pathway is activated in response to hyperosmotic
treatment in the embryo and in other cell types (Arima et al., 2003;
Fong et al., 2007). In addition, MAPK signaling is implicated in the regu-
lation of AQP 3 and 9 (Arima et al., 2003; Cao et al., 2006) and other
AQPs (Hoffert et al., 2000; Umenishi and Schrier, 2003; Hansen and
Galtung, 2007). These studies noted, however, that the total protein
levels for the MAPK pathway did not increase in response to hyperos-
motic stress and that signaling occurred via increased phosphorylation
of the MAPK pathway constituents. Our results certainly support the
conclusion that the hyperosmotic treatment-induced influences on
AQP expression and distribution are primarily regulated by
MAPK14/11 in the preimplantation embryo. Of interest, embryos cul-
tured in normal KSOMaa þ MAPK14/11 inhibitor did not show any
changes in Aqp 3 and 9 mRNA expression or protein localization.
Therefore, MAPK14/11 regulation of AQP 3 and 9 may be primarily
directed during responses to hyperosmotic stress and is not a com-
ponent of the normal regulatory mechanisms controlling basal AQP
expression during preimplantation development.

In complete contrast to the results obtained following sucrose
hyperosmotic treatment, embryos cultured in 350 mOsm glycerol
hyperosmotic medium were morphologically identical to embryos cul-
tured in KSOMaa. As well, they did not demonstrate any changes in
mRNA expression or protein localization for Aqp 9. We did,
however, observe a decrease in the mRNA expression of AQP 3
after 6 and 24 h in embryos treated with hyperosmotic glycerol
media. This could be indicative of the embryo attempting to regulate
the accumulation of glycerol within the blastomeres by decreasing the
expression of an aquaglyceroporin such as AQP 3. This result would
indicate that Aqp 3 mRNA is responsive but Aqp 9 mRNA is not,
demonstrating that these AQPs are differentially regulated and can
respond independently to environmental changes that the embryo
experiences. Offenberg et al. (2005) examined the expression of
Aqp 3 and Aqp 9 in blastocysts cultured from the 8-cell compacted
embryo in hyperosmotic conditions for 40 h and did not report any
changes in mRNA levels. Our studies examined effects over a much
shorter time period (3, 6 and 24 h). We predict that our results
and those of Offenberg et al. (2005) suggest that the influences on
AQP expression occur fairly rapidly following exposure to

hyperosmotic medium and then may return to basal levels by 40 h
after exposure to hyperosmotic medium. Offenberg et al. (2005)
did, however, show increases in Aqp 3 and 9 mRNA expression
after blastocyst puncture, which supports our observation that AQP
3 and 9 expression is regulated under stressful conditions.

The ability of treated embryos to progress in normal numbers to
the blastocyst stage in the 350 mOsm glycerol medium is intriguing.
We would propose that this occurrence is due in part to the presence
of AQP 3 and 9 and their role as aquaglyceroporins to promote the
movement of glycerol into the cell down the glycerol concentration
gradient (Zelenina et al., 2004; Hara-Chikuma and Verkman, 2005;
Karlgren et al., 2005; Hara-Chikuma and Verkman, 2006; Liu et al.,
2007; Rojek et al., 2007). The presence of AQP 3 and 9 could alleviate
the osmotic gradient, establishing equilibrium with the external
medium and thus eliminating the presence of osmotic stress on the
embryo in the 350 mOsm glycerol medium. Barcroft et al. (2003)
demonstrated that AQPs were present and functional in the preim-
plantation embryo by exposing blastocysts to an 1800 mOsm glycerol
solution. Under these conditions, the blastocysts initially collapse but
then recover completely within 3 min to restore their original shape
and volume (Barcroft et al., 2003). In this example, normal expression
of aquaglyceroporins allowed the embryos to transport glycerol across
the blastocyst membrane quickly and restore normal blastocyst
volume, however, when the same experiment was conducted using
sucrose instead of glycerol, embryos were not able to regain their
expanded form (Barcroft et al., 2003). In conclusion, our outcomes
would suggest that culture in 350 mOsm glycerol medium does not
impair development to the blastocyst stage in vitro, does not activate
the MAPK14/11 pathway or alter AQP expression, thus it does not
appear to evoke a cellular stress response.

Apoptosis is an important mechanism linked to the cellular
response to stress (Kurzawa et al., 2002; Esfandiari et al., 2005;
Zander et al., 2006; Esfandiari et al., 2007; Oh et al., 2007; Xie
et al., 2007). Apoptotic mechanisms are well defined during preim-
plantation development, and this developmental event is normally
first observed at the blastocyst stage (Pierce et al., 1989; Hardy,
1997, 1999; Warner et al., 1998; Byrne et al., 1999; Huppertz et al.,
1999; Pampfer, 2000; Levy et al., 2001). Both MAPK14/11 and
MAPK8 pathways mediate cellular apoptosis and it is for this reason
that we investigated the effects of exposure to hyperosmotic
medium treatment on apoptosis. Our results indicate that hyperosmo-
tic stress using sucrose treatment will increase the levels of apoptosis.
However, 350 mOsm glycerol medium does not elicit a similar apop-
totic response. Xie et al. (2007) demonstrated that the MAPK8
pathway regulates apoptosis during preimplantation development.
Interestingly, our results support those of Xie et al. (2007) and
suggest that the MAPK8 pathway is the primary mediator of
osmotic stress-induced apoptosis. Our outcomes support our asser-
tion that the exposure to glycerol hyperosmotic medium does not
elicit a cellular stress response due to the action of AQP 3 and 9,
which alleviate the osmotic stress by allowing glycerol to cross
the cell membrane. Thus, AQP 3 and 9 may also function to
regulate the occurrence of apoptosis in cell systems. Clearly, blockade
of the MAPK14/11 pathway had no effect on hyperosmotic
treatment-induced apoptosis, whereas blockade of the MAPK8
pathway completely negated the increased apoptosis observed follow-
ing treatment with hyperosmotic sucrose medium. Treatment with
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either the MAPK14/11 or MAPK8 inhibitor applied to normal
KSOMaa media control embryos had no effect on reducing embryonic
apoptotic levels, indicating that basal apoptotic levels are unlikely to be
under the control of either pathway. Thus, our experiments have also
shed light on the roles of two MAPK pathways, MAPK14/11 and
MAPK8 in regulating apoptosis, and also their roles in response to
embryonic exposure to hyperosmotic treatment. Each pathway has
a distinct but important contribution to the mechanisms controlling
preimplantation development.

We therefore conclude that the changes in Aqp 3 and 9 mRNA
levels and protein distribution are the components of a rapid adaptive
response that the embryo employs to alleviate cellular stress. The
sucrose treatment exceeds the adaptive capacity of the preimplanta-
tion embryo, resulting in the activation of apoptosis and induced cell
death. MAPK14/11 activation is therefore, in this context, a com-
ponent of the rapid adaptive stress response mechanism, whereas
the MAPK8 pathway regulates apoptosis. Our results indicate that
culture in 350 mOsm KSOMaa þ glycerol medium is not detrimental
for preimplantation development and this may allow early embryo
culture at more physiological osmolarities. These outcomes improve
our understanding of the embryonic adaptive mechanisms to environ-
mental stress and indicate that AQPs are critical components of the
embryo’s response to stressful environments. They may also lead to
further developments in the optimization of culture media for the pro-
duction of mammalian preimplantation embryos in vitro.
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