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Introduction
Aquaporins (AQPs) constitute a growing family of water-spe-
cific membrane channel proteins that transport water across 
cell membranes[1, 2].  There are currently 13 known mammalian 
aquaporins (AQP0-12); a subset of these molecules are capable 
of increasing the permeability of small molecules such as 
glycerol (AQP3, 7, 9) and urea (AQP3, 7, 8, 9).  AQP8 is report-
edly permeable to ammonia[3].  The majority of aquaporins are 
constitutively expressed in the plasma membrane (AQP0, 1, 3, 
4, 7, 8, 9, 10), while others are almost exclusively restricted to 
intracellular membranes (AQP6, 11, 12)[4].

AQP8 complementary DNAs (cDNAs) were cloned from rat 
and mouse[5-7] in 1997 and human in 1998[8].  When expressed 
in Xenopus oocytes, mouse, rat or human aquaporin 8 genes 
increase the water permeability of oocytes by 10 to 20 fold.  In 
addition, the cytoplasmic localization of AQP8 may also hint 
at its involvement in intracellular osmoregulation[9].  

Subsequent studies[10–16] have shown that AQP8 has a wide 
tissue distribution in mammals, with expression noted in the 
testis, kidney, heart, gastrointestinal tract, airway, salivary 
gland, pancreas and placenta.  In the reproductive system, 
AQP8 is strongly expressed in the testis and sperm in the male 
and in the ovary, oviduct, uterus, placenta, amnion, chorion 
and cervix in the female[16–25].  While an earlier study[26] of 
AQP8 null mice reported no significant differences in compar-
ison to wild type controls with the exceptions of an increase 
in testicular volume and a reduction in water permeability 
within the testes, we observed that AQP8 deficiency increased 
the number of mature follicles and the resulting fertility of 
female mice[27].  The present study aims to survey the role of 
AQP8 during pregnancy in AQP8-KO mice.  

Materials and methods
Mice
AQP8 null mice were generated by targeted gene disruption 
as described in a previous study[26].  Wild type and AQP8-KO 
mice in a C57 genetic background were used at age 6–8 weeks.  
All animals were maintained in accordance with Institutional 
Guidelines for Care and Use of Laboratory Animals.  Mice 
were housed under standard lighting (12-h light/dark cycle) 
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and temperature (23±1 °C) conditions, with free access to a 
nutritionally balanced diet and deionized water.  Protocols for 
mouse experiments were approved by the Committee on Ani-
mal Research of Jilin University Bethune Second Hospital.

Homozygous AQP8-KO mice and wild type mice were 
mated.  Gestational day (GD) 1 was assigned as the day a 
copulation plug was observed.  Pregnant mice that delivered 
pups did so at term (19–21 GD); thus, there were no premature 
or post-term deliveries.  Embryos or offspring from AQP8-KO 
pregnant mice and wild type C57 pregnant mice (control 
group) were divided into 5 subgroups according to gestational 
age (7 GD, 13 GD, 16 GD, 18 GD, and newborn).  

Gestational age-dependent embryo quantification 
In total, 225 sacs from 31 AQP8-KO pregnant mice and 212 
sacs from 33 wild type pregnant mice were used for embryo 
quantification studies (including all subgroups).  

Mice that had shown copulatory plugs were anesthetized, 
and a Cesarean section was performed.  Pregnant or non-preg-
nant status was recorded.  The number of embryos per female 
was recorded at 7 GD, 13 GD, 16 GD, and 18 GD.  Evidence of 
macroscopic atrophies were counted and recorded.  The num-
ber of newborns delivered from 13 pregnant females was also 
recorded.

Fetal, placental and amniotic fluid measurements
AQP8-KO and wild type C57 pregnant mice were anesthe-
tized, and Cesarean sections were performed at 13 GD, 16 
GD, and 18 GD.  Parameters, including fetal weight, placental 
weight and placental area, were measured in each subgroup.  
A total of 260 sacs were measured in this study.

The entire gestational sac was weighed before rupture of the 
amniotic membrane.  After rupture of the amniotic membrane 
and absorption of the amniotic fluid, the fetus, placenta and 
fetal membranes were weighed.  The placental area was cal-
culated by measuring the placental diameter.  The weight of 
amniotic fluid was estimated as the difference in weight pre- 
and post-rupture.  

Statistical analysis
Differences in conception rate were assessed by a chi-square 
test.  Analysis of variance (ANOVA) of factorial design was 
used to determine differences in embryo number, fetal weight, 
placental area and weight, weight of amniotic fluid and 
the ratio of fetal weight (FW)/amniotic fluid weight (AFA) 
between AQP8-KO and wild type groups.  Parameters with 
significant interactions were assessed by LSD (Least Signifi-
cant Difference) post hoc tests.  Statistical significance was set 
at P<0.05.  

Results 
Embryo number
Fifty-three mated AQP8-KO females successfully conceived 40 
mice (75.47%), and 54 mated wild type females conceived 35 
mice (64.81%) (P=0.321).  

As pregnancy progressed, the number of embryos declined 

in both AQP8-KO and wild type groups (P=0.004).  However, 
the total number of embryos per female was significantly 
greater among the AQP8-KO group for all gestational days 
compared to the wild type group (P=0.018), without interac-
tions between the AQP8 gene and gestational age (P=0.93).  
Gestational age-dependent results are shown in Figure 1.  

While the number of macroscopic atrophic embryos was 
recorded for each gestational age investigated, no differences 
were observed among groups or during pregnancy.  

Fetal/neonatal weight (mg)
Fetal weight varied as a result of both the presence/absence 
of the AQP8 gene and gestational age (P<0.001).  Fetal weight 
progressively increased with gestational age (P<0.001) and 
was greater in AQP8-KO mice when compared to age-matched 
wild type controls (P<0.001) for gestational days 16, 18, and 
newborn (Table 1; P16 GD=0.001, P18 GD<0.001, PNew born<0.001) but 
not 13 (P13 GD=0.072).  

Amniotic fluid
Amniotic fluid amount 
The weight of calculated amniotic fluid increased progres-
sively during pregnancy for both AQP8-KO and wild type 
groups (P<0.001), although the increase in AQP8-KO mice 
was greater than that of wild type for each gestational 
age investigated (P<0.001).  There were also significant 
interactions between the AQP8 gene and gestational age 
(P<0.001).  As seen in Figure 2, the amount of amniotic 
fluid in AQP8-KO pregnant mice was elevated above wild 
type at each gestational age (P13 GD<0.001, P16 GD<0.001,  
P18 GD<0.001).  

Fetal weight (FW)/amniotic fluid amount (AFA)
There was no interaction between the AQP8 gene and ges-

Figure 1.  The mean number of embryos/pups at different gestational 
ages. The number of embryos per female decreased both in the AQP8-KO 
and wild type group as pregnancy progressed. The total number of em-
bryos/pups of AQP8-KO mice during gestation was higher than wild type 
(P=0.018) although statistical significance was not achieved (P7 GD=0.54, 
P13 GD=0.056, P16 GD=0.293, P18 GD=0.383, PNewborn=0.354). The number of 
pregnant mice examined at each checkpoint were 5, 7, 7, 5, 7 in AQP8-KO 
(n1=31) and 5, 7, 7, 8, 6 in wild type (n2=33) as pregnancy progressed. 
–/–: AQP8-KO; +/+: Wild type.
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tational age (P=0.35), and no difference in FM/AFA was 
observed between the two groups (P=0.157).  As pregnancy 
progressed, FM/AFA did increase (P<0.001).  

Placenta
Placental area 
Calculated placental area did not differ between AQP8-KO 
pregnant and wild type mice (P=0.862).  Placental area visibly 
increased from 13 GD to 18 GD (P<0.001).  However, an inter-
action between the AQP8 gene and gestational age for placen-
tal area was not observed (P=0.815).

Placental weight 
Placental weight was dependent on both the AQP8 gene 
and gestational age (P<0.001).  The placenta grew heavier as 
pregnancy progressed (P<0.001).  As summarized in Table 
2, the placental weight of AQP8-KO mice was greater in 

comparison to age-matched wild type controls, specifically at 
16 GD and 18 GD (P13 GD=0.401, P16 GD<0.001, P18 GD<0.001). 
 
Pathology of the placenta
Placental hematoxylin and eosin staining revealed no differ-
ences in structure between AQP8-KO and wild type placentas 
and no signs of pathology in either genetic background.  Pla-
centas of both groups were composed of three trophoblast cell 
layers: trophoblast giant cells, spongiotrophoblasts and laby-
rinthine trophoblasts.

Discussion
Findings reported in the present study suggest that AQP8 defi-
ciency plays an important role in pregnancy outcome.  Com-
parison of the pregnant phenotype of AQP8-deficient mice 
with that of wild type controls revealed elevations in embryo 
number, fetus/newborn weight (16 GD, 18 GD, and newborn), 
and the amount of amniotic fluid at each gestational age.  

While a broad tissue distribution of AQP8 has been reported 
in rat, mouse and human, strong expression has been reported 
within the female reproductive system, in particular in the pla-
centas and fetal membranes of sheep, human and mouse and 
in the cervix of the mouse[16–19].  The reproductive impact of 
AQP8 deficiency has been addressed previously.  Yang et al[26] 
reported that the weight and size of the testes in AQP8-KO 
mice were remarkably elevated, and a recent study[27] from our 
laboratory has shown elevated fertility in female AQP8-KO 
mice.  Consistent with these studies, data presented here 
suggested an AQP8-mediated effect on female fertility.  A 
nonsignificant increase in conception rate for AQP8-KO mice 
(75.47%) was observed compared to wild type mice (64.81%).  
Furthermore, while embryo number progressively decreased 
with advancing gestational age in both groups, embryo num-
ber was greater in the AQP8-KO group compared to wild 
type, with a comparable incidence of atrophic embryos.  These 
results may be associated with an increase in follicular matu-
ration and ovulation, as an increase in corpus luteum number 
has previously been reported in mature AQP8-KO ovaries[27].  

Importantly, previous studies[26, 28] on AQP8-KO mice have 
shown that the number, survival, and growth of offspring, 
as well as urinary concentrating ability, salivary gland fluid 
secretion ability, pancreatic function and organ weight, do not 
differ in comparison to wild type mice, with the notable excep-
tion of increased testicular weight in AQP8 null mice.  Further, 
osmotically driven water transport, active fluid absorption, 

Table 1.  Fetal weight (mg) of AQP8-KO and wild type mice at 13, 16, 18 GD and newborn. Values are reported as Mean±SEM.

                                                                                                                                                 Gestational age    
                                                                       13 GD                                           16 GD                                           18 GD                                    Newborn
        Mice type                                           (n=49, 33)                                 (n=47, 45)                                 (n=42, 44)                               (n=43, 49)
 
 AQP8-KO (n=181)             68.500±1.59  395.750±4.80  838.674±9.08 964.6±13.3
 C57 (n=171)                 65.027±1.05 368.065±6.80 777.984±7.60 885.2±10.7
 P                               0.072          0.001        <0.001      <0.001 

Table 2.  Placenta weight (mg) of AQP8-KO and wild type mice at 13, 16 
and 18 GD. Values are reported as Mean±SEM.

                                                                   Gestational age    
                                          13 GD                      16 GD                     18 GD  
    Mice type                  (n=49, 33)              (n=47, 45)              (n=42, 44)   
 
AQP8-KO (n=138) 60.275±1.15  101.317±1.67 101.949±1.55
C57 (n=122) 58.568±1.77   87.357±0.99   84.138±1.20
P        0.401        <0.001        <0.001

Figure 2.  The amniotic fluid amount (AFA) differed both between groups 
and during gestation.  AFA in AQP8-KO mice was significantly greater than 
wild type throughout pregnancy (P13 GD<0.001, P16 GD<0.001, P18 GD<0.001).   
The number (n) of embryos examined at each checkpoint was in Table 2.  
–/–: AQP8-KO; +/+: wild type.  cP<0.01 vs wild type. fP<0.01 vs 13 GD.



843

www.chinaphar.com
Sha XY et al

Acta Pharmacologica Sinica

npg

and cholera toxin-driven fluid secretion are unimpaired in 
AQP8 null mice, with the exception of mild hypertriglyceri-
demia in null mice in closed intestinal loop measurements[26].  
However, data presented here indicate that fetal weight 
increased, together with an enlarged and structurally normal 
placenta in AQP8 null mice.

The placenta is a special organ, constructed and utilized only 
during pregnancy.  Nearly all material exchanges between 
mother and fetus take place via the placenta, including those 
involving nutrients and waste.  Our results suggest that AQP8 
plays a direct or indirect role in fetal and placental growth, as 
the fetuses of AQP8-KO mice were significantly heavier than 
those of wild type controls.  

Mann et al[29] reported that AQP1-KO pregnant mice had a 
greater volume of amniotic fluid than wild type and heterozy-
gous groups; they speculated that idiopathic polyhydramnios 
might contribute to amniotic fluid volume regulation and that 
the AQP1 knockout mice provided a polyhydramnios animal 
model.  In our research, although the amniotic fluid amount 
also increased in AQP8-KO pregnant mice, the increase in 
fluid was related to fetal weight, which was confirmed by the 
consistent and comparable FW/AFA ratios between the two 
groups.

Ye et al[30] detected that the embryos from LPA3-deficient 

(lysophosphatidic acid, LPA) uteri were consistently smaller 
than those from wild-type/heterozygote controls on embry-
onic days 10.5 and 18.5; however, newborns from LPA3-
deficient females were heavier.  Prolonged pregnancy and/
or smaller litter size were presumed to induce the above 
results.  Regarding our research, the number of embryos per 
female was elevated in AQP8-KO mice, as were fetal/neonatal 
weights, without post-term delivery.  The rise in number of 
embryos per female may be associated with an increase in fol-
licular maturation and ovulation in AQP8-KO mice[27], and the 
increase in amniotic fluid and larger placentas may provide a 
superior environment in utero as well as more nutrients to the 
fetuses to allow higher fetal/neonatal weights.

Our previous study[27] suggested that AQP8-KO mice dis-
played a greater number of mature follicles via reduced granu-
losa cell apoptosis, thus increasing the fertility of female mice.  
However, it remains unclear whether the findings reported 
here, namely, elevation in fetal/neonatal weight, amount of 
amniotic fluid and placental weight, are related to reduced 
apoptosis of placental cells.  Further studies are needed to elu-
cidate the molecular mechanism and cellular events occurring 
in the AQP8-KO placenta.

In conclusion, our collective results provide evidence that 
AQP8 deficiency plays an important role in pregnancy out-
come.  

Acknowledgements 
The authors thank Dr Alan S VERKMAN, Dr Xue-chao FENG, 
Lei GUO, and Wei-heng SU for their help and Song-ying 
SHEN and Xiao-yan XIA for data analysis assistance.  This 
study was supported by the National Natural Sciences Foun-
dation of China (No 30471828, 30973206) and the National 

Natural Science Funds for Distinguished Young Scholar (No 
30325011).  

Author contribution
Hui-shu LIU and Tong-hui MA designed research; Zheng-
fang XIONG, Xiao-yan SHA, and Zheng ZHENG performed 
the research; Hui-shu LIU and Tong-hui MA contributed new 
analytical tools and reagents; Xiao-yan SHA analyzed the data; 
Xiao-yan SHA, Zheng-fang XIONG, and Hui-hu LIU wrote 
the paper.  

References
1 Liu H, Wintour EM.  Aquaporins in development — a review.  Reprod 

Biol Endocrinol 2005; 3: 18–28.
2 Liu H, Zheng Z, Wintour EM.  Aquaporins and fetal fluid balance.  

Placenta 2008; 29: 840–7.
3 Saparov SM, Liu K, Agre P, Pohl P.  Fast and selective ammonia 

transport by aquaporin-8.  J Biol Chem 2007; 282: 5296–301.
4 Itoh T, Rai T, Kuwahara M, Ko SB, Uchida S, Sasaki S, et al.  Identi fi-

cation of a novel aquaporin, AQP12, expressed in pancreatic acinar 
cells.  Biochem Biophys Res Commun 2005; 330: 832–8.

5 Ishibashi K, Kuwahara M, Kageyama Y, Tohsaka A, Marumo F, Sasaki 
S.  Cloning and functional expression of a second new aquaporin 
abundantly expressed in testis.  Biochem Biophys Res Commun 1997; 
237: 714–8.

6 Koyama Y, Yamamoto T, Kondo D, Funaki H, Yaoita E, Kawasaki K, et 
al.  Molecular cloning of a new aquaporin from rat pancreas and liver.  
J Biol Chem 1997; 272: 30329–33.

7 Ma T, Yang B, Verkman AS.  Cloning of a novel water and urea–
permeable aquaporin from mouse expressed strongly in colon, 
placenta, liver, and heart.  Biochem Biophys Res Commun 1997; 240: 
324–8.

8 Koyama N, Ishibashi K, Kuwahara M, Inase N, Ichioka M, Sasaki S, et 
al.  Cloning and functional expression of human aquaporin 8 cDNA 
and analysis of its gene.  Genomics 1998; 54: 169–72.

9 Calamita G, Mazzone A, Bizzoca A, Cavalier A, Cassano G, Thomas D, 
et al.  Expression and immunolocalization of the aquaporin-8 water 
channel in rat gastrointestinal tract.  Eur J Cell Biol 2001; 80: 711–9.

10 Calamita G, Mazzone A, Bizzoca A, Svelto M.  Possible involvement of 
aquaporin-7 and -8 in rat testis development and spermatogenesis.  
Biochem Biophys Res Commun 2001; 288: 619–25.

11 Calamita G, Mazzone A, Cho YS, Valenti G, Svelto M.  Expression 
and localization of the aquaporin-8 water channel in rat testis.  Biol 
Reprod 2001; 64: 1660–6.

12 Elkjaer ML, Nejsum LN, Gresz V, Kwon TH, Jensen UB, Frokiaer J, et al.  
Immunolocalization of aquaporin-8 in rat kidney, gastrointestinal tract, 
testis, and airways.  Am J Physiol Renal Physiol 2001; 281: F1047–57.

13 Hoque AT, Yamano S, Liu X, Swaim WD, Goldsmith CM, Delporte C, 
et al.  Expression of the aquaporin 8 water channel in a rat salivary 
epithelial cell.  J Cell Physiol 2002; 191: 336–41.

14 Hurley PT, Ferguson CJ, Kwon TH, Andersen ML, Norman AG, Steward 
MC, et al.  Expression and immunolocalization of aquaporin water 
channels in rat exocrine pancreas.  Am J Physiol Gastrointest Liver 
Physiol 2001; 280: G701–9.

15 Tani T, Koyama Y, Nihei K, Hatakeyama S, Ohshiro K, Yoshida Y, et al.  
Immunolocalization of aquaporin–8 in rat digestive organs and testis.  
Arch Histol Cytol 2001; 64: 159–68.

16 Liu H, Koukoulas I, Ross MC, Wang S, Wintour EM.  Quantitative com-
parison of placental expression of three aquaporin genes. Placenta 
2004; 25: 475–8.



844

www.nature.com/aps
Sha XY et al

Acta Pharmacologica Sinica

npg

17 Wang S, Chen J, Au KT, Ross MG.  Expression of aquaporin 8 and its 
up-regulation by cyclic adenosine monophosphate in human WISH 
cells.  Am J Obstet Gynecol 2003; 188: 997–1001.

18 Beall MH, Wang S, Yang B, Chaudhri N, Amidi F, Ross MG.  Placental 
and membrane aquaporin water channels: correlation with amniotic 
fluid volume and composition.  Placenta 2007; 28: 421–8.

19 Anderson J, Brown N, Mahendroo MS, Reese J.  Utilization of different 
aquaporin water channels in the mouse cervix during pregnancy and 
parturition and in models of preterm and delayed cervical ripening.  
Endocrinology 2006; 147: 130–40.

20 Yeung CH, Callies C, Rojek A, Nielsen S, Cooper TG.  Aquaporin 
isoforms involved in physiological volume regulation of murine 
spermatozoa.  Biol Reprod 2009; 80: 350–7.

21 Yeung CH, Callies C, Tüttelmann F, Kliesch S, Cooper TG.  Aquaporins 
in the human testis and spermatozoa — identification, involvement in 
sperm volume regulation and clinical relevance.  Int J Androl 2010; 
33: 629–41.

22 McConnell NA, Yunus RS, Gross SA, Bost KL, Clemens MG, Hughes 
FM Jr.  Water permeability of an ovarian antral follicle is predominantly 
transcellular and mediated by aquaporins.  Endocrinology 2002; 143: 
2905–12.

23 Brañes MC, Morales B, Ríos M, Villalón MJ.  Regulation of the 
immuno expression of aquaporin 9 by ovarian hormones in the rat 

oviductal epithelium.  Am J Physiol Cell Physiol 2005; 288: C1048–57.
24 Jablonski EM, McConnell NA, Hughes FM Jr, Huet-Hudson YM.  

Estrogen regulation of aquaporins in the mouse uterus: potential roles 
in uterine water movement.  Biol Reprod 2003; 69: 1481–7.

25 Wang S, Kallichanda N, Song W, Ramirez BA, Ross MG.  Expression 
of aquaporin-8 in human placenta and chorioamniotic membranes: 
evidence of molecular mechanism for intramembranous amniotic 
fluid resorption.  Am J Obstet Gynecol 2001; 185: 1226–31.

26 Yang B, Song Y, Zhao D, Verkman AS.  Phenotype analysis of 
aquaporin-8 null mice.  Am J Physiol Cell Physiol 2005; 288: C1161–
70.  

27 Su W, Qiao Y, Yi F, Guan X, Zhang D, Zhang S, et al.  Increased female 
fertility in aquaporin 8-deficient mice.  IUBMB Life 2010; 62: 852–7.

28 Burghardt B, Nielsen S, Steward MC.  The role of aquaporin water 
channels in fluid secretion by the exocrine pancreas.  J Membr Biol 
2006; 210: 143–53.

29 Mann SE, Ricke EA, Torres EA, Taylor RN.  A novel model of poly-
hydramnios: amniotic fluid volume is increased in aquaporin 1 
knockout mice.  Am J Obstet Gynecol 2005; 192: 2041–6.

30 Ye X, Hama K, Contos JJ, Anliker B, Inoue A, Skinner MK, et al.  LPA3-
mediated lysophosphatidic acid signalling in implantation and embryo 
spacing.  Nature 2005; 435: 104–8.


	Pregnant phenotype in aquaporin 8-deficient mice
	Introduction
	Materials and methods
	Mice
	Gestational age-dependent embryo quantification
	Fetal, placental and amniotic fluid measurements
	Statistical analysis

	Results
	Embryo number
	Fetal/neonatal weight (mg)
	Amniotic fluid
	Amniotic fluid amount
	Fetal weight (FW)/amniotic fluid amount (AFA)

	Placenta
	Placental area
	Placental weight

	Pathology of the placenta

	Discussion
	Author contribution
	Acknowledgements
	References




