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Summary

Despite advances in assisted reproduction techniques, the poor quality and failures in embryo in 
vitro development remain as drawbacks resulting in low pregnancy rate. Mouse embryonic 

fibroblasts (MEFs) have been widely used to support embryonic stem cells. Mesenchymal cells 

(MSCs) have also been shown to release bioactive factors. In the present study we have evaluated 

the ability of MSCs and MEFs to support early development of mouse embryos. The embryos 

were cultivated alone or in coculture with inactivated MSC or MEF for 4 days. After 4 days in 

culture the percentage of blastocyst formation in coculture with MSC (91.7±4.3%) or MEF 

(95.1±3.3%) was higher than in the control group (72.2±9.0%). We did not observe any difference 

in proliferation or apoptosis. However, the blastocysts cocultured with MSC or MEF presented a 

significantly higher number of cells within the inner cell mass per embryo when compared to 

controls. The MSC and MEF groups presented also a higher cell number and diameter when 

compared to the CTRL. In summary, our data indicate that coculture with MSC or MEF improve 

early embryonic development and quality in vitro.
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1. Introduction

Infertility is a critical component of reproductive health, affecting 50 million couples 

worldwide (Mascarenhas et al. 2012). Assisted reproductive technologies (ART) have helped 

many infertile couples, and ART babies comprise 1.5% of all births in the United States 

(Sunderam et al. 2014). Despite the undeniable improvement in the field, the efficacy of in 
vitro fertilization (IVF) procedures remains low and even when two or three embryos are 

transferred, the pregnancy rate is around 30% per IVF treatment cycle (Choi et al. 2013; 

Kupka et al. 2014). In addition, multiple gestation results in a much higher incidence of 

health complications for mothers and their babies (Ajduk and Zernicka-Goetz 2013). This 

low pregnancy efficacy and high number of transferred embryos required could likely be 

overcome by improving the quality of in vitro treatment of the embryos. In addition to its 

impact on human reproduction, improvement in the application of ART to animal species 

would also benefit assisted breeding programs in livestock.

The majority of human preimplatation embryos are morphologically variable, with unevenly 

sized cells frequently displaying cytoplasmic blebs of varying sizes (Hardy and Spanos 

2002). The poor development and implantation could be due to several factors, such as 

chromosomal abnormalities (Jamieson et al. 1994; Munne et al. 1995), inadequate nuclear or 

cytoplasmic maturation during oogenesis (Moor et al. 1998), poor embryonic-maternal 

dialogue or a suboptimal culture environment (Bavister 1995). The culture medium must 

contain the necessary components to support the embryo development and these molecules 

should pass through the pellucid zone, a highly porous glycoprotein membrane. Pellucid 

zone permeability appears to be independent of the developmental stage of the embryo 

(Turner and Horobin 1997). Several different protocols have been designed to optimize 

development rate and quality of the embryos in vitro. The main goal is to optimize culture 

condition to increase the chances of the embryo to achieve implantation and a better 

outcome of the infertility treatment. One approach is to simulate the maternal environment 

using various coculture conditions with somatic cells (Cordova et al. 2014; Duszewska et al. 
2000; Goovaerts et al. 2011; Kervancioglu et al. 1997). Despite studies showing that 

coculture with somatic cells can improve embryonic development, culture conditions are not 

completely effective to support early in vitro development in any species without altering 

normal embryonic development (Watson et al. 2004).

Stem cells are characterized by their ability to differentiate into many lineage-specific cell 

types and are being used for tissue engineering applications (Bernardo et al. 2012; Bianco et 
al. 2001; Jasmin et al. 2012; Moraes et al. 2012). Bone marrow mesenchymal stem cells 

(MSC) have been widely used for cell therapy due to their unique properties of releasing 

bioactive factors and supporting cell survival and growth (Caplan 2009; Uccelli et al. 2008). 

In addition, mouse embryonic fibroblast (MEF) has been widely used as a feeder layer to 

support embryonic stem cells due to their release of important bioactive factors which 

maintain the stem cells in an undifferentiated state (Bryja et al. 2006; Lim and Bodnar 

2002).

Based on the release of factors from these cells that would be expected to improve the 

number and quality of embryos produced in vitro, we hypothesized that MSC and MEF 
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could be used as a feeder layer to support early embryonic development. Here we chose a 

mouse model to develop our experimental design since there are ethical conflicts for studies 

with human embryos. Thus, the goal of this study was to assess the impact of coculture of 

embryos with MSC and MEF. For these studies, we used a simple coculture system with 

very low numbers of embryos in each culture to directly evaluate embryo growth and 

viability.

2. Material and Methods

2.1. Animals

Experiments were performed on adult C57BL/6 mice (8–10 weeks old) and Wistar rats (10–

12 weeks old). All experiments were performed in accordance with the U.S. National 

Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 

80–23), and were approved by the Committee for the Use of Experimental Animals of 

Universidade Federal de Juiz de Fora, MG, Brazil (Protocol nº 080/2012).

2.2. Isolation and Culture of Bone Marrow Mesenchymal Cells

Bone marrow cells were obtained from tibias and femurs of rats. The bones were isolated, 

epiphyses were removed and individually inserted in 1 mL pipette tips inside 15 mL tubes. 

The bones were centrifuged at 300 × g for 1 min and the pellets suspended in Dulbecco’s 

modified Eagle’s high glucose medium (DMEM; Invitrogen Inc., Carlsbad, CA, USA), 

supplemented with 10% fetal bovine serum (Invitrogen Inc. Sao Paulo, SP, Brazil), 2 mM l-

glutamine (Invitrogen), 100 U/mL penicillin (Sigma-Aldrich Co., St. Louis, MO, USA), and 

100 μg/mL streptomycin (Sigma-Aldrich). The cells were plated in culture dishes with 

supplemented DMEM and maintained in 5% CO2 atmosphere at 37°C. After 48–72 hrs of 

culture the medium was aspirated to remove non-adherent cells and the adherent cells were 

grown to confluence before each passage. Medium was replaced three times a week and all 

experiments were performed on second or third passage cells. The cell cycle was inactivated 

by 10 μg/mL Mitomycin C (Sigma-Aldrich) incubation for 2–3 hours; inactivated MSC are 

termed iMSC.

In a previous study from our group using the same protocol described here, we observed 

that, when treated appropriately, the MSC were able to differentiate into cells recognizable 

with markers for chondrocytes, osteocytes and adipocytes, confirming their stem cell 

potential (Jasmin et al. 2011).

2.3. Isolation and culture of Mouse Embryonic Fibroblasts

Pregnant female mice were euthanized 13 days after mating for embryo acquisition. The 

head and the viscera were removed and the remaining tissues was minced and digested in 

0.05% trypsin/EDTA (Invitrogen) by manual pipetting. This solution was inactivated with 

fetal bovine serum, centrifuged 300 × g for 3 min and the pellets suspended in supplemented 

DMEM. The cells were plated in culture dishes with supplemented DMEM and maintained 

in 5% CO2 atmosphere at 37°C. The adherent cells were grown to confluence before each 

passage. Medium was replaced three times a week and all experiments were performed on 
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second or third passage cells. The cell cycle was inactivated by 10 μg/mL Mitomycin C 

(Sigma-Aldrich) incubation for 2–3 hours; these cells are termed iMEF.

2.4. Embryo Acquisition and Cultivation

Female mice were caged overnight with males at a 2:1 ratio. The females with confirmed 

plugs were euthanized 39–40 hours after mating to collect 2-cell stage embryos. The uterine 

tube and the distal portion of the uterine horn were isolated in phosphate-buffered saline 

(PBS). The embryos were flushed into 37 ºC heated EmbryoMax M2 medium (Millipore, 

Billerica, MA, USA) and after three washes morphologically normal embryos were 

randomly cultivated in 60 μL drops of EmbryoMax KSOM medium without supplements 

(Millipore) under mineral oil in specified experimental conditions. After 2 days 50% KSOM 

media was replaced for all groups. Twenty four hours before embryo acquisition, we thawed 

and plated 104 iMSC or iMEF in the cultivation drops with supplemented DMEM. 

Approximately one hour before the cocultures we washed the cells three times with PSB and 

incubated them with the embryo media (KSOM) to acclimatize. The cells and embryos 

where maintained in incubator at 37ºC and 5% CO2 in high relative humidity. Embryonic 

development was evaluated daily for 4 days after establishing the cocultures (~ 138 hours 

after mating) and cleavage, morulae and blastocyst formation were measured. We compared 

the following groups: CTRL - cultured in control culture medium; iMSC - cocultured with 

inactivated MSCs; iMEF - cocultured with inactivated MEFs; and 2d iMSC+CTRL - 

cocultured with inactivated MSCs for the first 2 days followed by culture in CTRL condition 

for the next 2 days.

The groups were separated in two experiments. In the first experiment we performed the 

CTRL, iMSC and iMEF treatments with 3–5 embryos in each group with 12 repetitions 

(n=50 for CTRL, n=43 for iMSC and n=48 for iMEF groups). For the second experiment we 

compared the CTRL and 2d iMSC+CTRL groups with 3–5 embryos per treatment with 5 

repetitions (n=20 for CTRL, n=20 for 2d iMSC groups).

2.5. Immunocytochemistry and TUNEL Assay

After 3 days in culture (~114 hours after mating) the blastocysts were fixed for 30 minutes 

in 4% paraformaldehyde for immunocytochemistry and TUNEL assay. The embryos were 

acquired in a separate experiment from those described above (subsection 2.4). For 

immunocytochemistry the embryos were washed three times with PBS with 0.1% Triton 

X-100, incubated with 5% normal goat serum (Sigma-Aldrich) in PBS for 30 min, and then 

incubated with the primary antibody overnight at 4°C. The embryos were then incubated 

with the secondary antibody and mounted with VectaShield (Vector Laboratories Inc., 

Burlingame, CA, USA). Immunostaining with anti-Ki67 (1:400, rabbit IgG, Abcam Inc., 

Cambridge, MA, USA) and anti-Oct4 (1:400, rabbit IgG, Cell Signaling, Danvers, MA, 

USA) were used to detect proliferation and inner cell mass, respectively. The secondary 

antibody used in this study was Cy3-conjugated goat-anti-rabbit IgG (1:1,000; Jackson 

ImmunoResearch Inc., West Grove, PA, USA).

For TUNEL assays the blastocysts were permeabilized by performing two washes with PBS 

0.2% Triton X-100 before exposure to 50 μL of TdT reaction mix for 1 hour at 37 ºC in a 
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humidified chamber. We used the DeadEnd™ Fluorometric TUNEL system (Promega 

Corporation, Madison, WI, USA) following manufacturer’s recommendations.

Cell nuclei were counterstained with 0.1% 4′,6-diamidino-2-phenylindole (DAPI, Sigma-

Aldrich). In addition, we used the DAPI staining to count the total number of cells and to 

measure the blastocyst diameter. The photomicrographs were obtained using a Zeiss LSM 

510 Duo confocal microscope (Zeiss, GmbH, Germany). Quantifications were performed 

using AxioVision 4.3 software (Zeiss). The count was performed by observation of serial 

confocal optical sections of labeled embryos. The total number of TUNEL-, Ki67 and Oct 4-

positive cells was divided by the total number of DAPI-stained cells to obtain the percentage 

data. For diameter measurements, a line was traced along the long axis of the blastocysts 

side after merging all confocal sections followed by a second line perpendicular to the first. 

Diameters reported are the means of these two diameters. In blastocysts undergoing 

hatching, we did not measure the protrusion of trophectoderm cells.

2.6. Statistical Analysis

The statistical significance was evaluated by non-parametric Kruskal-Wallis test with Dunns 

post-test for comparison among multiple groups and t-test for comparison between two 

groups. All calculations were done using GraphPad Prism 5 (GraphPad Software, San 

Diego, CA, USA) and p<0.05 was considered as statistically significant. The data are 

presented as means and the error bars represent the standard errors of the means.

3. Results

3.1. Embryo Development in Vitro

The analysis showed that the embryos cocultured with iMSC or iMEF developed more 

rapidly when compared with the control group. One day after culture bega (~66 hours after 

mating) the groups showed similar development as follow: 2–4 cells (28.7 ±7.2, 24.3±8.1 

and 22.8±6.5 % for CTRL, iMSC and iMEF respectively); 5–8C (34.6±4.5, 29.3±7.5 and 

32.9±6.3%) and morulae (36.7±7.5, 46.3±9.8 and 44.3±9.0%). However, a difference in 

development began to be apparent at ~90 hour after mating, with fewer morulae (81.8±5.8, 

62.2±9.2 and 67.7±8.9% for CTRL, iMSC and iMEF respectively) and more blastocysts 

(18.2±5.8, 37.8±9.2 and 30.2±8.6%) in the coculture groups (Figure 1A–B), and the 

difference was statistically significant at the fourth day in culture (~138 hours after mating) 

where we observed a higher percentage of blastocysts in coculture with iMEF (95.1±3.3%) 

or iMSC (91.7±4.3%) when compared to the CTRL group (72.2±9.0%) (Figure 1C).

We also analyzed the effect of withdrawing iMSC on the second day of culture (2d iMSC

+CTRL) when the majority of the embryos are in the morulae stage. Although rate of 

blastocyst formation was very similar to the continuous coculture, we did not observe 

statistical difference between CTRL (71. 7±10.7%) and their respective iMSC (95.0±5.0%) 

groups despite a clear tendency (p=0.08) for such improvement in cocultures as illustrated in 

Figure 2. However a statistical difference was observed when we evaluated the rate of 

hatched blastocysts [56.7±8.1% in CTRL and 90.0±6.1% in 2d iMSC group (p=0.03)].
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3.2. Total cell Number and Blastocyst Diameter

In the present study we calculated the total number of cells in the blastocyst and the 

blastocyst diameter using DAPI staining to perform these evaluations (Figure 3). We 

observed that the blastocysts co-cultivated with iMSC and iMEF presented a higher number 

of cells (70.9±2.5 and 74.5±2.7, respectively) and a larger diameter (133.7±2.5 and 139±2.3 

μm, respectively) than those cultivated in control condition (cell number: 60.3±2.1 and 

diameter: 123.8±2.0 μm).

3.2. TUNEL and Immunostaining Analyses

Blastocysts fixed after 3 days in culture were used to quantify the number of cell undergoing 

apoptosis by TUNEL assay and the proliferation rate, the cell number in the inner cell mass 

and the number of cells in the trophoblast by immunostaining. We did not observe any 

difference in the number of apoptotic cells among the groups (Figure 4) or in the 

proliferation rates among the different experimental conditions (Figure 5). However, it was 

interesting to notice a significant difference in inner cell mass among the groups (Figure 6). 

The iMSC (17.0±1.0) and iMEF (17.9±1.0) groups presented a higher absolute number of 

Oct 4-positive cells per embryo when compared to control group (12.7±0.9, Figure 6D). 

However, when we analyzed the percentage of Oct 4-positive cells we noticed that only 

iMSC (26.1±1.6%) treatment was different from control treatment (20.4±1.5%, Figure 6E). 

For trophoblast evaluation we did not detect differences among the groups in total number of 

trophoblasts per embryo (Figure 6F) but we did observe a slightly lower percentage of 

trophoblast cells when we compared iMSC (73.9±1.6%) with CTRL group (79.6±1.5%) as 

shown in Figure 6G.

4. Discussion

The post fertilization period is a critical time affecting blastocyst quality and implantation 

efficiency. It is well known that embryos produced in vitro have a lower quality when 

compared to those produced in vivo. Such difference has been attributed to many factors 

including intrinsic genetic abnormalities, damage during collection and manipulations of the 

gametes. However, culture conditions also represent crucial parameters that can and should 

be carefully optimized (Gelber et al. 2011). Inadequate culture conditions do not allow the 

embryo to preserve its homeostasis, resulting in short-term alterations in morphology, cell 

proliferation, apoptosis and metabolism. Over the longer term, adverse effects include 

reduced pregnancy rate, increased abortion risk, congenital abnormalities, postnatal death 

and diseases in adulthood (Hentemann et al. 2011).

Several authors have already described the beneficial effects of coculture on embryo 

development in vitro (Cordova et al. 2014; Duszewska et al. 2000; Goovaerts et al. 2011; 

Kervancioglu et al. 1997). However, the culture conditions have not been completely 

optimized to support early in vitro development in any species (Watson et al. 2004). In the 

present study, we observed that both types of cells, MSC and MEF, improved mouse embryo 

development in vitro. An improvement in mouse embryo development after MEF coculture 

was also observed in a study where the authors used MEF and human embryonic fibroblast 

to prevent the effect of in vitro visible light exposure (Nematollahi-mahani et al. 2009). We 

Jasmin et al. Page 6

In Vitro Cell Dev Biol Anim. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are not aware of any other study evaluating the direct effect of MSC in in vitro embryo 

development. However, there is one study using a porcine model which evaluated the effect 

of MSC conditioned medium (Park et al. 2013) and another in bovine cells evaluating the 

effect of embryonic stem cell conditioned medium on embryo development in vitro (Kim et 
al. 2011). Both studies are from the same group and results were similar, with addition of 

10% stem cell conditioned medium improving embryonic development when compared to 

control group cultivated without FBS; however, no significant difference was observed when 

compared to treatment with 10% FBS.

Although we did not detect an effect of 2d iMSC on blastocyst formation, the number of 

hatched blastocysts was significantly higher. This result reveals that brief coculture with 

MSC can exert a long-term effect on embryonic development. The hatching process is 

critical for embryonic implantation and has been associated with subsequent viable 

pregnancy, whereas delayed implantation has been associated with a high incidence of 

abortion (Hammadeh et al. 2011). In the clinic, embryos can be transferred within 2–5 days 

after initial cultivation (Maxwell et al. 2015; Sunderam et al. 2014), thus the positive effect 

of shorter-term coculture with MSC is quite relevant.

During preimplantation development the embryo undergoes cell division, apoptosis and 

differentiation. A correlation has been found between blastocyst quality score and the 

proportion of embryos developing to the blastocyst stage, rate of development, metabolism, 

cell number in the blastocyst, and incidence of cell division and cell death (Gelber et al. 
2011; Kim et al. 2011; Matsuura et al. 2010; Polisseni et al. 2010). In our study we observed 

a higher number of cells per embryo and larger blastocyst diameter after coculture with 

iMSC or iMEF when compared to controls. However, when we evaluated the number of 

cells from ICM and trophoblast we noticed that only ICM had a higher number of cells, 

indicating a specific proliferation in this area. The ICM consists of cells that will give rise to 

the future embryo body and some extra-embryonic tissues. Therefore, it is not surprising that 

the size of ICM, measured either as the cell number or as the area, has been found to be an 

important indicator of viability and implantation success (Ajduk and Zernicka-Goetz 2013; 

Gardner et al. 2000; Lane and Gardner 1997; Richter et al. 2001). We also analyzed the 

proliferation and apoptosis rate but we did not observe significant differences among the 

groups. Since this evaluation was performed in the whole embryo it is possible that we 

missed specific changes in ICM and trophoblast regions. The choice for embryo-transfer 

number is based on patient characteristics and embryo quality, indicating that the quality of 

the embryos is more important than the quantity in ART. In USA, the average number of 

embryos transferred per procedure varied from 2.0 among women aged <35 years (range: 

1.5 to 2.2) to 2.3 among women aged 35–40 years (range: 1.8 to 2.8), and 2.9 among women 

aged >40 years (range: 2.1 to 4.0) (Sunderam et al. 2014). Multiple birthrates for transfers of 

two embryos to patients <35 years, 35–37 years, and 38–40 years were 40%, 33%, and 28%, 

respectively (Wright et al. 2008). Thus numerous publications have investigated the practice 

of elective single-embryo transfer since it has been advocated as the only effective means to 

avoid multiple pregnancy in IVF cycles (“Elective single-embryo transfer” 2012).

The analyses performed in the present study revealed superior development of embryos co-

cultivated with iMSC or iMEF. It has been described that cocultured cells release a complex 
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mixture of many different growth factors into the embryo culture media, which is believed to 

be the primary reason behind the improved embryonic development associated with 

coculture (Richter 2008). In the reproductive tract the preimplantation embryos develop in 

the absence of direct cell contact in a free-floating way, nevertheless they are dependent on 

released factors by oviduct, uterus luminal and by themselves (Besenfelder et al. 2012; 

Mishra and Seshagiri 2000; Seshagiri et al. 2002), including factors as IGF-I and -II, TGFα, 

TGFβ, IL-1b, EGF, SCF and LIF among others (Hardy and Spanos 2002). It is well known 

that both MSC and MEF cells release bioactive factors supporting embryonic growth and it 

is likely that these factors positively impacted early embryo development as shown here. 

Several growth factors are produced by MSC such as TGFb1, HGF, IL-10, PGE2, IDO, 

HLA-G5, IL-6, VEGF and IGF-I (Caplan 2009; Uccelli et al. 2008) which can induce cell 

proliferation (Cheng and Yau 2008) and maintenance of bone marrow stem cells in an 

undifferentiated state (Gronthos and Simmons 1996). In addition, Lim and Bodnar (2002) 

identified 136 unique protein species in conditioned medium from MEF which included 

some that are known to participate in cell growth and differentiation, extracellular matrix 

formation and remodeling (Lim and Bodnar 2002). The proteomic analysis has revealed the 

complexity of the environment provided by the feeder cells.

Another important characteristic of MSC is their high antioxidant capacity as shown by 

different studies (Cho et al. 2012; Kemp et al. 2010). Physiological levels of reactive oxygen 

species (ROS) such as H2O2 and superoxide are generally produced during the normal 

metabolism of mammalian embryos however it seems likely that embryo cultured in vitro 

may be exposure to oxidative stress for which their defense mechanisms are insufficient to 

protect their cellular structures. This so-called “oxidative stress” situation critically threatens 

embryonic development and accounts, amongst the most important causes of retarded 

embryonic development, compromised viability and embryo arrest in several species (Ali et 
al. 2003; Guerin et al. 2001; Hosseini et al. 2011). To modulate extracellular ROS media can 

be supplemented with extra-cellular enzymatic antioxidants such as superoxide dismutase 

(Nonogaki et al. 1991). It has been shown that MSC can secrete superoxide dismutase which 

is a major antioxidant defense that protects tissues within the body from oxidative stress 

(Cho et al. 2012; Kemp et al. 2010).

Despite many years of testing coculture to improve in vitro embryos development it is still 

not exactly clear what these cells provide for them. For human embryos several feeder cell 

types have been clinically tested such as bovine uterine fibroblasts, human and bovine 

oviductal cells, Vero cells, cumulus cells, fetal skin fibroblasts, ovarian cancer cells, Buffalo 

rat liver cells and endometrial cells (Kattal et al. 2008). Due to the unique properties of MSC 

in releasing growth, antioxidant and immunomodularory factors together with simple 

isolation methods of these cells and the possibility to use human cells either autologous or 

allogeneic in ART, it seems likely that MSC is could be a preferable feeder cell type than 

MEF or other somatic cells.

Comparing our data with other studies in the literature we have observed that a large 

variation in blastocyst formation rate has been reported. Different mouse strains, culture 

medium and number of embryos per microdrop appear to be largely responsible for this 

variation. In a recent study using coculture of activated macrophages to improve embryonic 
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development, authors reported a blastocyst formation rate of 76.9 % in control condition 

(Lee et al. 2015). In another recent study testing the effect of cyclopamine, reported 

blastocyst formation rates were 53.6 and 57.1% in their control groups (Liu et al. 2014). In 

addition other authors have reported a high rate of embryo development (more than 90% 

blastocyst formation) (Biggers et al. 2005; Gelber et al. 2011). In our study we observed that 

72.2% of the embryos turned into blastocysts in control condition, a smaller percentage than 

in these last two cited studies. However, both authors cultivated more than twice as many 

embryos per microdrop than we used in our study, which could explain the difference. Using 

a protocol similar to ours, Matsuura et. al. (2010) observed that the developmental rate was 

proportional to the number of cultivated embryos per microdrop (75% for 10 embryos, 46% 

for 4–6 embryos and less than 30% for 1 embryo) (Matsuura et al. 2010). According to 

previous reports the concentration and production of autocrine and/or paracrine factors 

enhance mouse embryo development and thereby grouped embryos develop better than 

individually cultivated embryos (Contramaestre et al. 2008). Thus, based on the knowledge 

that ART protocols commonly cultivate the embryos individually (De Vos et al. 2015), we 

hypothesize that coculture with MSC or MEF could improve the development of these 

embryos and due to the previously described MSC proprieties they could be a better type for 

ART than MEF. Further studies are required to critically evaluate the conditioned medium in 

the cocultures and thereby potentially identify embryotrophic factors that can supply 

adjunctive supplements and improve embryogenesis.

In summary, this study brings a novel coculture system that may provide an improvement in 

quality of in vitro embryo cultures in particular for protocols culturing single or few 

embryos per drop.
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Figure 1. Embryonic development at in culture and coculture
Embryos were cultivated in CTRL condition or in coculture with iMSC or iMEF. The 

development stage was evaluated at approximately (A) 66, (B) 90 and (C) 138 hours after 

mating. n=50 for CTRL, n=43 for iMSC and n=48 for iMEF groups. Group abbreviations: 

control condition (CTRL); cocultured with inactivated mesenchymal cells (iMSC); 

cocultured with inactivated murine embryonic fibroblasts (iMEF). *P<0.05
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Figure 2. Evaluation of embryonic development at reduced period in coculture
Embryos were cultivated alone or in coculture with iMSC for 2 days and afterward 

transferred to CTRL culture system. The arrow indicates the time point of culture condition 

modification. n=20 for CTRL, n=20 for 2d iMSC groups. Group abbreviations: control 

condition (CTRL); cocultured with MSCs inactivated for the first 2 days followed by 

culture in CTRL condition for the next 2 days (2d iMSC+CTRL). P>0.05
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Figure 3. Cell number and blastocyst diameter of embryos
cultivated in CTRL condition or in coculture with iMSC or iMEF for 3 days (~114 hours 

after mating). (A) Total cell number per embryo, assessed by observation of serial confocal 

optical sections of embryos stained with DAPI. (B) Blastocyst diameter. Both experiments 

were performed in same structures and the total number was n=61 for CTRL, n=50 for 

iMSC and n=56 for iMEF groups. Group abbreviations: control condition (CTRL); 

cocultured with inactivated mesenchymal cells (iMSC); cocultured with inactivated murine 

embryonic fibroblasts (iMEF). *P<0.05 and ***P<0.001

Jasmin et al. Page 15

In Vitro Cell Dev Biol Anim. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Apoptosis analysis in CTRL or co-cultivated embryos for 3 days (~114 hours after 
mating)
TUNEL-positive cells shown in green and nuclei counterstained with DAPI (blue). 

Representative sequential images from (A-A″) CTRL, (B-B″) iMSC and (C-C″) iMEF 

groups. (D) Number of TUNEL-positive cells per embryo. (E) Percentage of apoptotic cells 

per embryo. n=25 for CTRL, n=23 for iMSC and n=22 for iMEF groups. Group 

abbreviations: control condition (CTRL); cocultured with inactivated mesenchymal cells 

(iMSC); cocultured with inactivated murine embryonic fibroblasts (iMEF).
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Figure 5. Proliferation analysis after 3 days (~114 hours after mating) in vitro
Photomicrographs showing Ki67-positive (red) and nuclei labeled with DAPI (blue) of 

embryos in the 3 different experimental conditions. Representative sequential images from 

(A-A″) CTRL, (B-B″) iMSC and (C-C″) iMEF groups. (D) Number of proliferating cells 

per embryo. (E) Percentage of Ki67-positive cells per embryo. n=9 for CTRL, n=8 for iMSC 

and n=9 for iMEF groups. Group abbreviations: control condition (CTRL); cocultured with 

inactivated mesenchymal cells (iMSC); cocultured with inactivated murine embryonic 

fibroblasts (iMEF).
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Figure 6. Immunostaining for inner cell mass and trophoblast in embryos cultivated in CTRL 
condition or with cells for 3 days (~114 hours after mating)
The antibody anti-Oct 4 (in red) was used to differentiate inner cell mass from trophoblast 

by exclusion since all cells were counterstained with DAPI (in blue) as represented in the 

sequential images (A-A″) CTRL, (B-B″) iMSC and (C-C″) iMEF groups. (D) The absolute 

number of Oct 4-positive cells per embryo and (E) the percentage of Oct 4-positive cells. (F) 

Total number of trophoblast and (G) percentage of trophoblast. n=27 for CTRL, n=19 for 

iMSC and n=25 for iMEF groups. Group abbreviations: control condition (CTRL); 

cocultured with inactivated mesenchymal cells (iMSC); cocultured with inactivated murine 

embryonic fibroblasts (iMEF). *P<0.05 and **P<0.01
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