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Murine embryo transfer is the final and key step needed to 
produce offspring after in vitro fertilization or a transgenic 
procedure and is accomplished surgically or by transferring 
embryos into the oviduct or uterine horn of a pseudopregnant 
mouse. During the transfer of embryos into the uterine horn, 
air bubbles frequently are loaded with embryos into the transfer 
catheter.26 However, the role of air bubbles on murine embryonic 
development is unclear. In addition, the issue has not been ad-
dressed in regard to embryo transfer procedures for humans 
and other animals.5,31

In mice, the onset of pregnancy is heralded by the attachment 
of an embryo to the luminal epithelium and its penetration 
into the stroma of the endometrium. In response to the steroid 
hormones estrogen and progesterone, the stromal cells sur-
rounding the implantation chamber undergo a remarkable 
transformation. This process, known as decidualization, is an 
essential prerequisite for successful implantation.32 However, 
an implanting embryo is not absolutely required for endome-
trial decidualization.12 Decidualization can occur in response 
to an artificial stimulus, such as small beads or droplets of oil 
injected into the uterine lumen.2,24 The endometrial tissue that 
forms in response to an artificial deciduogenic stimulus is called 
a deciduoma to distinguish it from naturally induced decidua. 
Air bubbles reportedly can induce decidualization in mice, 
rats, and hamsters,11,28 but whether air-induced decidualization 
disturbs decidual gene expression, implantation, or embryonic 
development is unclear currently.

Materials and Methods
Animals. Female (age, 8 to 12 wk) and male (age, 3 to 10 mo) 

CD1 mice (Beijing Vital River Laboratory Animal Technology, 
Beijing, China) were housed under constant environmental con-
ditions (25 ± 1 °C; relative humidity, 40% to 60%; lights on, 0600 
to 1800) at our institutional animal facility. Quarterly sentinel 
surveillance was used to screen for a wide range of pathogens, 
including epizootic diarrhea of infant mice, mouse hepatitis 
virus, mouse norovirus, mouse parvovirus 1 and 2, Mycoplasma 
pulmonis, pneumonia virus of mice, Sendai virus, Helicobacter 
spp., fur mites, and pinworms. All results from sentinel mice 
tested negative throughout this study. Mice received autoclaved 
feed (Beijing Vital River) and reverse-osmosis–deionized water 
without restriction. Mice were housed in polycarbonate mi-
croisolation caging with autoclaved hardwood bedding (Beijing 
Vital River). Autoclaved environmental enrichment was pro-
vided weekly to all mice in the form of 5-cm squares of cotton 
batting that could be shredded to form nests. All procedures 
in this study were approved by Hebei Agricultural University 
Laboratory Animal Care and Use Committee.

Air-induced decidualization in pseudopregnant mice. Female 
CD1 mice were mated with vasectomized males. The next 
morning the female mice were examined for vaginal plugs, and 
the plug-positive females were considered to be at day 0.5 of 
pseudopregnancy. On day 3.5, between 1500 to 1700, air was 
infused into the lumen of a single uterine horn (stimulated) by 
using transcervical embryo transfer (TCET) devices (Zhengmu 
Biotechnology, Baoding, China); the contralateral horn served 
as a control (nonstimulated).7 On day 7.5, the mice were killed 
by cervical dislocation, and uterine horns were dissected. The 
extent of decidualization was evaluated by separately weighing 
the stimulated and nonstimulated uterine horns. The dilated 
uterine horn that had a nonbeaded appearance was considered 
to be the horn infused with air. The difference in weight between 
the 2 horns was taken as an estimate of the response to the air 
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stimulus. The diameter and weight of individual uterine horns 
stimulated with air were recorded, and both uterine horns were 
graded by using a described previously scoring method.34 Intra-
venous injection of trypan blue (T0776, Sigma, Beijing, China) 
dye solution was used to identify sites of increased uterine 
vascular permeability.9

Air-induced decidualization in pregnant mice. Female CD1 
mice were mated with fertile males; females with vaginal plugs 
the following morning were considered to be at day 0.5 of preg-
nancy. On the afternoon of days 1.5, 2.5, 3.5, and 4.5, pregnant 
females underwent air infusion into a unilateral uterine horn 
by using TCET devices; in contralateral (control) horns, normal 
embryo implantation was allowed to occur. Uterine tissues were 
collected on day 7.5. Conceptuses were mechanically isolated 
from decidua by using fine forceps, and their morphologic 
structure was examined.

Tetraploid embryo-induced decidualization. Tetraploid 
embryos were prepared as described previously.19 Briefly, to 
induce superovulation, female mice were injected with 7.5 IU 
pregnant mare serum gonadotropin (Sansheng Biologic Technol-
ogy, Zhejiang, China), followed 48 h later by injection of 7.5 IU 
human chorionic gonadotropin (Sansheng Biologic Technology, 
Zhejiang, China), and then were mated with males. The pres-
ence of a vaginal plug the next morning was taken as evidence 
of mating. On the morning of pregnancy day 1.5, female mice 
were killed by cervical dislocation, and the oviducts were 
removed and flushed with M2 medium (catalog no. M7167, 
Sigma) to recover the 2-cell embryos. The 2-cell embryos were 
placed between 2 platinum electrodes laid 1mm apart in a 
nonelectrolyte solution containing 0.3M mannitol (catalog no. 
M9546, Sigma,), 0.1mM calcium chloride (catalog no. C7902, 
Sigma), 0.1mM magnesium sulfate (catalog no. M2643, Sigma), 
and 0.3% bovine serum albumin (catalog no. B2064, Sigma) in 
an electrode chamber (model GSS-1000, BLS, Hungary). The 
blastomeres were fused by 2 short electric pulses (150 V for 
100 μs) applied by using a pulse generator (model CF-150B, 
BLS). After 60min in culture, embryos that had not undergone 
fusion were discarded. The fused embryos, which were deemed 
tetraploid, were then cultured in KSOM medium (catalog no. 
MR-121-D, Millipore Sigma, Darmstadt, Germany) in an incuba-
tor (model 311, Thermo Scientific, Beijing, China). The tetraploid 
embryos were surgically transferred into the right oviducts of 
pseudopregnant day 0.5 mice. After 3 d, these mice underwent 
intrauterine air infusion into the left uterine horns. Uterine tis-
sues were collected on day 7.5.

Oocyte-induced decidualization. Ovaries were isolated from 
female mice, put into a 35-mm dish, macerated by using scis-
sors, and then suspended in M2 medium. Germinal vesicle (GV) 
oocytes were collected and transferred (12 GV oocytes per recipi-
ent) into a single uterine horn of day 3.5 pseudopregnant mice by 
using TCET devices. Uterine tissues were collected on day 7.5.

Embryo transfer. Naturally matured blastocysts (6 to 10; with 
or without air) were transferred into a single uterine horn in 
day 2.5 pseudopregnant mice by using TCET devices. Pregnant 
recipients were necropsied on day 7.5, and embryo implanta-
tion and uterine decidualization were examined. Tetraploid 
embryos were surgically transferred into the oviducts of day 
0.5 pseudopregnant female mice, each of which received either 
a single 0.1-mL subcutaneous injection of flunixin (2.5 mg/
kg; Unovet Pharmaceuticals, Shandong, China) immediately 
after anesthetic induction through intraperitoneal injection of 
1.25% avertin solution (0.2 mL/10 g of body weight; catalog 
no. T48402, Aldrich, Beijing, China). The mice then were pre-
pared aseptically for flank laparotomy. Briefly, a single 5-mm 

incision was made in the right dorsal flank. The right oviduct 
was exposed. The 12 tetraploid embryos were transferred into 
the oviduct by using a glass transfer pipette. The oviduct was 
replaced carefully into the body cavity, and the skin was closed 
by using 1 or 2 sterile wound clips (Globalebio, Beijing, China). 
After 3 d, these mice again underwent intrauterine air infusion 
into the left uterine horn by using a glass transfer pipette. The 
mice were observed continuously until recovery from anesthesia 
and then daily until uterine tissue collection.

RNA sequencing. Three different deciduoma or decidua 
tissues induced by using air, tetraploid embryos, or natural 
embryos were collected, and conceptus tissues (embryo and 
trophoblast) were carefully removed from these tissues. Total 
RNA was extracted by using TRIzol reagent (Invitrogen, Beijing, 
China) from the harvested specimens. ATruSeq RNA sample 
preparation kit (Illumina China, Beijing) was used to generate 
RNA-seq libraries according to the manufacturer’s protocol. 
High-throughput sequencing (HiSeq 2500 system, Illumina) 
was completed, and adaptor sequences were trimmed from 
raw RNA-seq data. Then reads with adaptor contaminants 
(length, 37bp or shorter) and low-quality sequence (n> 10%) 
were removed for quality control. The remaining sequences 
were aligned to the mm10 mouse transcriptome (UCSC Genome 
Browser, University of California, Santa Cruz, CA) by using 
TopHat (version 2.0.12),14,36 and uniquely aligned reads were 
assembled by using Cufflinks and normalized as fragments per 
kilobase of transcript per million fragments mapped (FPKM).37 
FPKM values were then normalized by log2 (FPKM+1) for the 
subsequent analysis. Marker genes of each group were identified 
by using the Seurat find all markers function (thresh.test, 1;test.
use,bimod;return.thresh, 0.01), and genes with fold-change > 1 
and P  value < 0.01 were selected as marker genes. Gene ontol-
ogy (GO) analysis of marker genes was performed by using 
DAVID (https://david.ncifcrf.gov/home.jsp).15

Gene network analysis. The gene network was generated 
by using the STRING database version 10.0.35 The minimum 
combined score was set to 0.9. Cytoscape software (www.
cytoscape.org) was used for visualization and analysis of the 
gene network. The degree distribution was analyzed by using 
the Cytoscape plugin Network Analyzer.1

Validation by quantitative real time-PCR analysis. Total 
RNA was extracted by using TRIzol (Invitrogen). cDNA was 
synthesized by using the PrimeScript reverse-transcriptase 
reagent kit (TaKaRa, Dalian, China). Quantitative real-time PCR 
analysis was performed by using the SYBR Premix Ex TaqTM 
kit (TaKaRa) on an IQ5 system (Bio-Rad, Shanghai, China). 
Glyceraldehyde 3-phosphate dehydrogenase  (Gapdh) served 
as the reference gene for normalization. Primer sequences are 
listed in Figure 1.

Statistical analysis. Groups were compared by using paired 
Student t tests and one-way ANOVA in SPSS 22.0 (https://
www.ibm.com/products/spss-statistics). A P value less than 
0.05 was considered statistically significant. Results are pre-
sented as mean ± 1 SD.

Results
Air-induced decidualization in pseudopregnant mice. To 

choose an appropriate volume of air for intrauterine infusion 
in this study, we using TCET devices to infuse 0.5, 1.0, 2.0, 5.0, 
or 10.0 µL into the uterine lumen of 8 day 3.5 pseudopregnant 
mice. At 4 d after air infusion, all of the mice displayed a dilated 
and nonbeaded appearance, consistent with decidualization, 
in the infused uterine horn (Figure 2 A). This phenomenon 
did not occur in the contralateral uterine horn, indicating that  
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decidualization was induced by the infused air. The mean 
weight of the uterine horns infused with air (725 ± 170 mg) 
was significantly (P < 0.001) greater than noninfused horns  
(74 ± 37mg, n = 8); the mean diameter of air-infused horns was 
greater (P < 0.001) as well (5.8 ± 1.2mm compared with 1.3 ± 
0.7mm, n = 8). Decidualization induced by different volumes 
of infused air yielded different scores. At volumes of 2.0 µL and 
lower, the score was positively correlated (r = 0.99, P < 0.001) 

with the volume of air infused; at volumes above 2.0 µL, the 
score did not increase with the increase in air volume. In light of 
these data, we selected a dose of 2.0 µL of air for all subsequent 
experiments (Figure 2 B). Decidualization did not occur when 
air was infused into a single uterine lumen of day 2.5 (n = 6) or 
day 1.5 (n = 6) pseudopregnant mice.

We euthanized 3 day 3.5 pseudopregnant mice immediately 
after air infusion and isolated the uterine tissues. Stereomicroscopy 

Figure 1. Primers and amplicon length of evaluated genes.

Figure 2. Intrauterine air–induced decidualization. (A) Air (2.0 µL) was infused into a single uterine horn of a pseudopregnant day 3.5 mouse. 
After 4 d, the right horn showed decidualization. (B) Relationship between the volume of intrauterine air infusion and decidualization. (C) A 
large intrauterine air bubble (asterisk) was observed immediately after air infusion into uterine horns. (D) Microbubbles (arrowhead) were 
detected at 2 h after air infusion. (E) Air was infused into a single uterine horn of a pseudopregnant day 3.5 mouse. After 1 d, the mouse was 
anesthetized and the tail veins injected with 0.1 mL of 1% trypan blue in saline. The unilateral uterine horn contained a diffuse blue area. (F) A 
natural day 4.5 pregnant uterine horn displayed distinct and isolated blue bands after the trypan blue injection.
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revealed uterine lumens that were filled with large bubbles 
(Figure 2 C). In addition, the uterine horns of 3 day 3.5 pseu-
dopregnant mice killed at 2h after air infusion contained micro 
air bubbles in the uterine lumens (Figure 2 D).

We further examined whether intrauterine air bubbles in-
creased endometrial capillary permeability. To this end, we 
used TCET devices to infuse air into a single uterine lumen 
in each of 3 day 3.5 pseudopregnant mice. After 1 d, the mice 
were anesthetized intraperitoneally by using avertin, and the 
tail veins were injected with 0.1 mL of 1% trypan blue in saline. 
After 3 min, the air-infused uterine horns of the 3 mice displayed 
a diffuse blue area (Figure 2 E). In contrast, the natural day 4.5 
pregnant horn displayed distinct and isolated blue bands after 
trypan blue injection (Figure 2 F).

Effects of intrauterine air infusion on fetal development in 
naturally pregnant mice. Air (2.0 µL) was infused into a single 
uterine lumen (n = 12) of day 1.5, 2.5, 3.5, and 4.5 pregnant 
mice. On day 7.5, the uterine tissues of 4 females in each group 
were collected; the number of live pups and birth weight were 
recorded at delivery in the remaining dams.

Among all 4 groups, all 48 mice with vaginal plugs became 
pregnant; 32 of them had pups. The number and birthweight of 

live pups (mean ± 1 SD) for each group were 9.3 ± 1.5 and 1.38 ±  
0.14 g, 9.0 ± 1.7 and 1.4 ± 0.12 g, 6.1 ± 1.9 and 1.42± 0.13 g, 
and 6.3 ± 2.1 and 1.35 ± 0.18 g, respectively. Dams infused 
when 3.5 or 4.5 d pregnant had fewer (P< 0.01) live pups than 
those infused on day 1.5 or 2.5, but birth weight did not differ 
significantly among the 4 groups. The left and right uterine 
horns of the 16 day 7.5 females displayed visible morphologic 
differences (Figure 3 A through D). In mice infused on day 1.5 or 
2.5 of pregnancy, the conceptuses in the air-infused horns were 
crowded around and unevenly distributed along the uterine lu-
mens compared with the noninfused horns (Figure 3 A and B). In 
dams infused on day 3.5 or 4.5, the air-infused horns displayed 
similar decidualization (Figure 3 C and D), comprising a dilated 
and nonbeaded appearance, as the air-induced decidualization 
of pseudopregnant mice (Figure 2 A). In addition, in all groups, 
the concept uses from noninfused horns were larger and had 
distinct anatomic structures (Figure 3 E through H) compared 
with conceptuses from air-infused horns (Figure 3 I through L). 
The conceptuses from the air-infused horns of dams infused on 
day 3.5 or 4.5 (Figure 3 K and L) had lost all anatomic structure, 
indicating that they were dead.

Figure 3. Intrauterine air disrupted postimplantation embryonic development. Air were infused into a single uterine horn (asterisk) of pregnant 
mice. (A) Day 1.5. (B) Day 2.5. (C) Day 3.5. (D) Day 4.5. The contralateral uterine horn without air infusion was used as a control. On day 7.5, 
fetal development was significantly superior in the (E through H) control horns than in the (I through L) air-infused horns.
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Intrauterine air infusion disrupt development of transferred 
embryos. Blastocysts with air (2.0 µL; n = 48) and 32 blasto-
cysts without air were nonsurgically transferred unilaterally 
into day 2.5 pseudopregnant mice (n = 6 and 4, respectively). 
On day 7.5, 10 mice from each group were killed and uterine 
decidualization and conceptuses were evaluated. In the nonair 
group, the unilateral uterine horns of all 4 mice displayed even 
embryo distribution (total, 24 implantation sites) with a beaded 
appearance, and the conceptuses in each decidua displayed 
normal embryonic structure (Figure 4 A). By contrast, in the air 
group, all 6 mice displayed uneven decidualization, with the 
air-infused uterine horn showing a dilated and nonbeaded ap-
pearance and containing growth-delayed or dead conceptuses 
(Figure 4 B).

Oocyte- and tetraploid embryo-induced decidualization. To 
explore a potential underlying mechanism for the disruption 
of embryonic development due to air infusion, we used tetra-
ploid embryo- (tetraploid-induced) and GV oocyte-induced 
(oocyte-induced) decidualization. To this end, forty-five 2-cell 
embryos from 4 day 1.5 pregnant mice underwent electrofusion. 
The fused embryos were surgically transferred into the right 
oviducts of 3 day 0.5 pseudopregnant mice. On day 3.5, air was 
surgically infused into the left uterine horns of the 3 recipients. 
On day 7.5, the left uterine horns of all 3 mice displayed dilated 
and nonbeaded decidualization, whereas the right uterine horns 
displayed normal and beaded implantation sites (Figure 4 C); 
a total of 37 implantation sites were identified. In addition, 36 
GV oocytes were nonsurgically transferred into single uterine 
horns of 3 day 3.5 pseudopregnant mice. On day 7.5, the 3 mice 

displayed decidualization with dilated and nonbeaded appear-
ance (Figure 4 D). The oocyte-induced decidual responses were 
morphologically the same as those after air induction, whereas 
tetraploid-induced decidual responses were the same as those 
for embryo induction.

Genes differentially expressed among air-induced and 
tetraploid-induced deciduoma and embryo-induced decidua. To 
explore the potential effect of the air on uterine gene expression 
during decidualization, we compared the global mRNA levels 
among RNA samples from day 7.5 air-induced and tetraploid-
induced deciduoma and embryo-induced decidua.

Thirty-three genes were upregulated in the embryo-induced 
decidua compared with the air- and tetraploid-induced de-
ciduoma. No gene differed significantly in expression between 
air- and tetraploid-induced deciduoma (Figure 5). To validate 
the RNA sequencing data, a total of 8 genes with various fold 
changes (H19, Prl5a1, Mmp9, Cts7, Mmp1a, Prl2c3, Prl4a1, and 
Prl7a1) were selected and validated by quantitative real time-
PCR analysis (Table 1). Although the fold change varied between 
PCR and RNA-seq data, the overall expression patterns were 
coincident between these 2 techniques, indicating the high 
quality of our RNA-seq data (Table 2).

GO enrichment of differentially expressed genes. Regarding 
upregulated genes, 16 GO terms were significantly enriched 
in the biologic process category (Figure 6 A). In the molecular 
function category, transcripts associated with hormone ac-
tivity were enriched. The over-represented GO terms under 
the cellular component category were representative of the 
extracellular region and extracellular space. In contrast, none 

Figure 4. Decidualization on day 7.5 induced by different deciduogenic stimuli. (A) Natural day 3.5 blastocysts were transferred into a single 
uterine horn of a pseudopregnant day 2.5 mouse.(B) Natural day 3.5 blastocysts and 2.0 µL of air were transferred into a single uterine horn of 
a pseudopregnant day 2.5 mouse.(C) Tetraploid embryos were surgically transferred into the right oviduct of a pseudopregnant day 0.5 mouse, 
followed 72 h later by surgical infusion of 2.0µL of air into the left uterine horn.(D) Germinal vesicle oocytes were transferred into a single uterine 
horn of a pseudopregnant day 2.5 mouse.
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of these GO terms in these 3 categories were enriched among 
downregulated genes.

Identification of gene interaction through network analysis. 
We performed gene network analysis by using integrative 
gene interaction data from the STRING database. The gene 
network for 18 upregulated genes (Figure 6 B) contained 
8 prolactin-related genes, the trophoblast giant cell (TGC) 
differentiation-promoting bHLH transcription factor Hand1, 
TGC-specific marker Prl3d1, 2 placenta-specific cathepsins 
(Cts7, Cts8), the primitive visceral endodermal markers (Rhox5, 
Rhox6, Rhox9), transthyretin (Ttr), and lipid transport markers 
(Apoa1, Apoc2).

Discussion
This study provided strong evidence that intrauterine air 

disrupts embryo spacing, induces deciduoma, and impairs 
postimplantation embryonic development. The gene expres-
sion profile of air-induced deciduoma was significantly 
different from that of natural embryo-induced decidua but 
similar to tetraploid-induced deciduoma. The data indicated 
that intrauterine infusion of air into the uterine horns of preg-
nant mice probably disrupts the process of embryo-induced 
decidualization. Infused air was split into numerous micro air 
bubbles due to uterine contraction (Figure 2 C and D). These 
microbubbles probably adhered to embryos and endometria 
and then stimulated abnormal decidualization. The resulting 

Table 1. Number of fragments per kilobase of transcript per million fragments mapped through RNA sequencing

Gene Embryo-induced decidua Air-induced deciduoma Tetraploid-induced deciduoma

H19 92.6 ± 15.8 5.0 ± 3.7 10.4 ± 3.8
Prl5a1 16.5 ± 4.9 0.0 ± 0.0 0.4 ± 0.7
Mmp9 25.7 ± 11.0 0.4 ± 0.1 0.9 ± 0.6
Cts7 27.0 ± 11.8 0.1 ± 0.1 0.4 ± 0.2
Mmp1a 11.4 ± 5.9 0.0 ± 0.1 0.3 ± 0.2
Prl2c3 57.9 ± 23.3 0.3 ± 0.3 3.4 ± 2.4
Prl4a1 28.8 ± 3.1 0.0 ± 0.0 1.4 ± 1.4
Prl7a1 54.0 ± 20.6 0.2 ± 0.2 2.7 ± 1.7
Gapdh 1193 ± 77 1133 ± 219 1227 ± 175

Data are given as mean ± 1 SD.

Figure 5. Heatmap of genes differentially expressed between day 7.5 embryo-induced decidua compared with air- or tetraploid-induced de-
ciduoma. Yellow to black to pink indicates a gradient of high to low expression. A total of 33 genes were upregulated in the embryo-induced 
decidua compared with the air- and tetraploid-induced deciduoma. No genes showed significant differences in expression between air- and 
tetraploid-induced deciduoma.
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tissues resembled deciduoma rather than decidua in morphol-
ogy and gene expression profiling. Although only select species 
are said to exhibit uterine decidualization, similar changes 
have been suggested to occur in other species including those 
where implantation is superficial;16,17,22 therefore intrauterine 
air likely disrupts embryonic development in these species. 
Although less than 1.0 µL of air typically is transferred with 
embryos into murine uterine horns,26 trace air potentially may 
significantly disrupt embryonic development, and these data 
suggested that air should be excluded from the catheter during 
murine embryo transfer. Oviduct transfer in day 0.5 recipients 
or blastocyst transfer in day 2.5 recipients is used in many facili-
ties internationally. In pilot experiments for the current study, 
air and embryos that were cotransferred into oviducts did not 
disrupt decidualization and embryonic development. Although 
air can impair embryonic development after blastocyst transfer 
into both day 2.5 and 3.5 recipients, the impairment was more 
severe in day 3.5 recipients.

Infused air did not induce deciduoma in day 1.5 and 2.5 
pregnant mice. The likely reason is that the air bubbles have 
disappeared from the uterine lumens by the time the window 
of receptivity occurs on day 3.5. The air bubbles probably were 
expelled from uterine lumens through uterine contraction or 
were resorbed.4,23 However, the air bubbles disrupted embryo 
spacing along the longitudinal axis, such that all of the embryos 
became crowded together near the uterus–oviduct junction. This 
distribution may have resulted because uterine peristalsis led 
to intrauterine air bubble movement, subsequently pushing the 
embryos together. Although air did not induce deciduoma in 
day 2.5 pseudopregnant mice, it did induce decidualization in 
day 2.5 pseudopregnant mice after blastocyst transfer, indicat-
ing that blastocysts stimulate the appearance of a window of 
receptivity.20,21

Artificially induced deciduoma due to a nonphysiologic 
decidogenic stimulus (oil, bead, air, oocytes) usually displays 
an even sausage-like or uneven bead appearance.8,11 These 
morphologic differences probably depends on the magnitude 
of stimulus rather than any intrinsic quality of stimulus. That 
is, deciduoma displays an even sausage-like appearance when 
numerous stimulus sites are present. In contrast, deciduoma 
has an uneven bead appearance when only a few stimulus sites 
occur. In many previous studies, oil-induced deciduoma usu-
ally displayed a sausage-like appearance.10 After intrauterine 
infusion, oil likely was split into numerous micro drops due 
to uterine contraction,4,23 and the drops moved randomly and 
distributed throughout the entire uterine lumen. This distribu-
tion might lead to the development of numerous deciduogenic 
stimulus sites and sausage-like deciduoma. Intrauterine-infused 
air might similarly be split into many micro air bubbles.6 In the 
current study, air-induced deciduoma usually displayed a sau-
sage-like appearance when more than 2 µL of air was infused. 
Indeed, the diffuse blue area in Figure 1 E indicated a large num-
ber of stimulus sites and a sausage-like appearance. However, in 
pilot studies, when infused air was less than 1 µL, the deciduoma 
usually displayed uneven beads (data not shown). Air- and 
oocyte-induced decidual responses were similar in morphology, 
whereas tetraploid- and embryo-induced decidual responses 
resembled each other morphologically, and tetraploid induction 
was completely indistinguishable from pregnant decidualiza-
tion in morphology. This tetraploid model of decidualization 
likely is more ‘physiologic’ than other artificial methods of 
inducing decidualization, including concanavalin A–coated 
Sepharose beads.13,24,33 However, gene expression profiling in 
tetraploid-induced decidualization differed significantly dif-
ferent from naturally pregnant decidualization. Consequently, 
the tissues resulting from tetraploid induction technically are 
deciduoma instead of decidua.

Table 2. Relative gene expression according to real-time PCR analysis

Gene Embryo-induced decidua Air-induced deciduoma Tetraploid-induced deciduoma

H19 8.9E–04 ± 2.6E–04 6.1E–05 ± 1.6E–05 1.5E–04 ± 9.5E–05
Prl5a1 3.6E–03 ± 2.0E–03 9.5E–07 ± 7.2E–07 6.0E–04 ± 7.6E–04
Mmp9 2.9E–03 ± 1.3E–03 7.0E–05 ± 2.3E–05 5.9E–04 ± 5.6E–04
Cts7 5.1E–03 ± 2.4E–03 1.3E–06 ± 2.4E–06 8.1E–04 ± 1.2E–03
Mmp1a 1.3E–03 ± 7.0E–04 4.8E–07 ± 2.8E–07 1.4E–04 ± 1.4E–04
Prl2c3 7.9E–03 ± 4.5E–03 3.7E–05 ± 1.7E–05 1.9E–03 ± 1.8E–03
Prl4a1 6.2E–03 ± 2.9E–03 4.5E–07 ± 5.3E–08 1.3E–03 ± 1.9E–03
Prl7a1 2.9E–03 ± 8.9E–04 3.4E–06 ± 1.7E–06 7.5E–04 ± 6.6E–04

Data (no. copies of target gene / no. of copies of Gapdh) are given as mean ± 1 SD.

Figure 6. (A) Gene ontology enrichment chart of upregulated genes in 
biologic process category and (B) the protein interaction network of 
genes highly expressed in embryo-induced decidua.
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The present study exploited the deciduogenic activity of GV 
oocytes in pseudopregnant mice. The introduction of 12 GV 
oocytes into the lumen of a uterine horn of a day 3.5 pseudo-
pregnant mouse induced a decidual response that was virtually 
indistinguishable in morphology from that produced by using 
concanavalin A–coated Sepharose beads.13,24,33 Therefore GV 
oocyte-induced deciduoma provides a simple and inexpensive 
model of focal deciduogenic stimulus and localized deciduali-
zation.

In this study, we assessed a subset of 33 genes whose expres-
sion in the uterus during decidualization may be regulated by 
molecular signals from ICM (Figure 5). However, these genes 
showed decreased expression in embryo-induced decidua  
(Table 2). In this study, all of the decidual tissues were collected 
on day 7.5 of pregnancy, at the initiation of decidual regression.32 
According to GO analysis, the 33 differentially expressed genes 
likely participated in decidualization by regulating TGC dif-
ferentiation (Figure 6 A). TGC participate in several processes 
essential to successful pregnancy, including blastocyst implanta-
tion, remodeling of maternal decidua, and secretion of hormones 
that regulate the development of both the fetal and maternal 
compartments of the placenta.25

The mouse preimplantation blastocyst consists of 2 cell types, 
the trophectoderm and ICM. The trophectoderm is a functional 
epithelium that is responsible for initiating decidualization, 
mediating attachment with and implantation into the uterine 
wall, and subsequently contributing to the placenta, whereas 
the ICM gives rise to all cell types of the embryo proper as 
well as some nontrophoblastic extraembryonic tissues.3,30 
Tetraploid blastocysts have a functional trophectoderm but 
lack a functional ICM.29 As such, tetraploid blastocysts are not 
independently capable of completing normal development but, 
when complemented by the introduction of ICM cells, they 
develop into mature fetuses in which embryonic lineages are 
derived entirely from the ICM cells, and extraembryonic line-
ages arise largely from the tetraploid component. This approach 
is often referred to as tetraploid complementation.27 Tetraploid-
induced deciduoma was morphologically indistinguishable 
from natural embryo-induced decidua: all of them displayed 
an even bead appearance and regular distribution along the 
uterine longitudinal axis. However, the gene expression profile 
of tetraploid-induced deciduoma was significantly different 
from that of natural embryo-induced decidua and was almost 
identical to that of air-induced deciduoma.

Our data suggest that whereas the morphologic differences 
among tetraploid-, air-, and embryo-induced deciduoma and 
decidua may depend on the trophectoderm, the difference in 
gene expression may depend on the ICM. Because of the lack 
of a functional ICM, tetraploid-induced deciduoma displayed 
a similar gene expression profile to that of air-induced decidu-
oma. We therefore propose that the ICM plays a key role in 
regulating decidualization.

Given our current results, the traditional view of an antago-
nistic relationship between the conceptus and the uterus should 
be revised;2 instead, an ICM-directed decidualization model is 
perhaps more appropriate. A relay mechanism exists among 
the ICM, trophectoderm, uterine endometria, and other target 
cells. As an intermediate, the trophectoderm relays ICM-derived 
signals to other target cells. If the ICM is not developing well, the 
trophectoderm relays ‘no/wrong’ signals regarding deciduali-
zation, and pregnancy failure would result. This ICM-directed 
decidualization model was suggested previously, prior to previ-
ous conceptus-directed decidualization model.2,18,38 In addition, 
the roles of the ICM-directed changes in gene expression are 

likely related to TGC differentiation and placental development 
(Figure 5 A). The discovery of genes whose expression in the 
decidua are dependent on the presence of a functional ICM 
has very important clinical implications. This association may 
provide an innovative approach to detect the developmental 
status of embryos in human reproductive medicine.
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