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Abstract

The placenta is a unique and highly complex organ that develops only during pregnancy and is

essential for growth and survival of the developing fetus. The placenta provides the vital exchange

of gases and wastes, the necessary nutrients for fetal development, acts as immune barrier that

protects against maternal rejection, and produces numerous hormones and growth factors that

promote fetal maturity to regulate pregnancy until parturition.

Abnormal placental development is a major underlying cause of Pregnancy-Associated Disorders

that often result in preterm birth. Defects in placental stem cell propagation, growth, and

differentiation are major factors that affect embryonic and fetal well being and dramatically

increase the risk of pregnancy complications. Understanding the processes that regulate

placentation is important in determining the underlying factors behind abnormal placental

development. The ability to manipulate genes in a placenta-specific manner provides a unique tool

to analyze development and eliminates potentially confounding results that can occur with

traditional gene knockouts.

Trophoblast stem cells and mouse embryos are not overly amenable to traditional gene transfer

techniques. Most viral vectors, however; have a low infection rate and often lead to mosaic

transgenesis. While the traditional method of embryo transfer is intrauterine surgical implantation,

the methodology reported here, combining lentiviral blastocyst infection and nonsurgical embryo

transfer, leads to highly efficient and placental-specific gene transfer. Numerous advantages of our

optimized procedures include increased investigator safety, a reduction in animal stress, rapid and

noninvasive embryo transfer, and higher a rate of pregnancy and live birth.
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1. Introduction

Abnormal placental development has been identified as a major pathological finding

associated with Pregnancy-Associated Disorders; including preeclampsia, intrauterine

growth restriction, and placental insufficiency [1-4]. While the events associated with

abnormal development remain under investigation, it is well established that Pregnancy-

Associated Disorders can result in preterm birth, a leading cause of death in woman and

children [1,2,5-8].

The placenta is the defining feature of all mammals and a unique organ that is formed

transiently during pregnancy. It performs numerous functions for the developing fetus

including attachment; nutrient, gas, and waste exchange; hormone secretion; ion transport;

vascularization; and respiration. Gross defects in placental growth or differentiation can

result in embryonic lethality. Understanding the processes that control placental

organogenesis is important in determining the causes responsible for improper placental

development [1-12].

Developing embryos are not overly amenable to traditional gene transfer techniques. Most

viral vectors have a low rate of transduction, can lead to mosaicism, and are prone to gene

silencing. Embryo transfer has traditionally been performed by surgical implantation. Our

data indicate that by combining lentiviral blastocyst infection with nonsurgical intrauterine

embryo transfer, we are able to achieve highly efficient and placental-specific gene transfer

in mice. Lentivirally transduced genes have been shown to be expressed in vivo and are

predominantly free of silencing [13-15].

Lentiviral gene transfer at the blastocyst stage of embryonic development has recently been

shown to lead to placental-specific gene transfer [9,10,12,16,17]. Lentiviral transduction

specifically targets gene transfer to the trophectoderm, the future placenta, of the developing

blastocyst without altering the maternal or fetal genome and provides an important

advantage over traditional gene knockouts. Placental transgenesis provides an important tool

to evaluate organogenesis and assess new treatments for Pregnancy-Associated Disorders

[9-11].

In this study, we have combined and optimized lentivirally-induced, placental-specific

transgenesis with nonsurgical embryo transfer. This method provides a rapid, highly

efficient, and cost effective method of embryo transfer to study the role of the placenta in

development and disease states [18]. This method also eliminates the complications

associated with the use of anesthetics and analgesics that occur during and after traditional

surgical embryo transfer, while reducing maternal stress and producing a high rate of

pregnancy and live birth [19].
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2. Materials and Methods

2.1. Materials

M2 Media (#NC9460621), M2 Powder (#50-582-610), KSOM powder (#NC9505463),

Polybrene (#NC9515805) were all obtained from Fisher Scientific. Non-surgical embryo

transfer devices (#60010) were purchased from Paratechs Corporation. Mouse embryo

culture Mineral Oil (#M8410), Acidic Tyrode's Solution (#T1788-100ml), Pregnant Mare

Serum gonadotropin (PMSg) (G4877), and recombinant Human Chorionic Gonadotropin

(hCG) (#C6322) were obtained from Sigma Aldrich Co. Metafectene (#T020-1.0) was

obtained from Biontex. HIV type 1 p24 antigen ELISA 2.0 (#0801002) was purchased from

ZeptoMetrix.

2.2. Induction of Superovulation and Pseudopregnancy

Upon arrival, animals were allowed to acclimate at least one week prior to the induction of

superovulation and pseudopregnancy. To induce superovulation, C57BL/6 females (four-

five weeks of age) were injected with 5IU of pregnant mare serum gonadotropin (PMSg)

intraperitoneally (IP) at noon and subsequently injected IP 47 hours later with 5IU human

chorionic gonadotropin (hCG). The primed females were then introduced to C57BL/6 adult

males for overnight mating. C57BL/6 females were checked for a copulation plug the

following morning and embryos were designated as embryonic day 0.5 (E0.5) [Table 1]. To

produce pseudopregnant females, vasectomized ICR male bedding was added to the ICR

female cages three days prior to mating to help induce estrus. All cages were kept

undisturbed until the day of mating, when ICR female mice were introduced to the

vasectomized male cage. Females were removed the following morning, checked for a

copulation plug, and designated 0.5 days post coitum (0.5 dpc) [Table 1].

2.3. Two Cell Isolation and Microdrop Culture

Oviducts were obtained from superovulated C57BL/6 females at E1.5 for 2-cell isolation.

The oviducts were teased apart and embryos were collected in M2 media. M2 media was

used at room temperature within two hours, and has a shelf life of two weeks at 4°C.

Isolated 2-cell embryos were placed in pre-equilibrated KSOM microdrops and cultured

until E3.5. Microdrops were prepared by pipetting five, individual, 20μl drops of KSOM

media in a p35 tissue culture plate and covered in 2ml of mineral oil. KSOM culture media

was prepared according to the manufacturer's instructions and was pre-equilibrated

overnight at 37.5°C and 5.5% CO2. KSOM culture media has a shelf life of two weeks at

4°C after preparation.

2.4. Lentiviral Production, Concentration, and Titer

293FT cells were cultured in DMEM/High glucose, 10% heat-inactivated fetal bovine serum

(Biowest, S01520), 1% antibiotic-antimycotic (Thermo Scientific, SV30079.01), 1 mM

sodium pyruvate (Mediatech, 25-000-CI), 2 mM glutaGRO Supplement (Mediatech,

25-105-CI), 0.1 mM NEAA Mixture (Lonza, 13-114E) and 500 μg/mL Geneticin sulfate

(G418, InvivoGen, ant-gn) and transfected with pLv-[GFP]-V5 (lentiviral green fluorescent

protein) and Virapower Lentiviral Packaging Mix (Invitrogen, K4975-00) using Metafectene
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as described by the manufacturer. Cell culture media was changed 24 hours post transfection

and virus was collected at 48-65 hours. Virus containing media was centrifuged for 20

minutes at 3,000 rpm at room temperature and the supernatant was stored at −80°C. To

concentrate lentivirus, viral supernatant (2ml) was mixed with 5× PEG-it viral precipitation

solution (500μl) (System Biosciences, Lv810A-1) and incubated overnight at 4°C. The

solution was centrifuged at 3,000 rpm for 30 minutes at room temperature and the lentiviral

pellet was resuspended in 1XPBS and polybrene (8μg/ml) in a volume of 20μl. Dilutions of

1/80,000 and 1/200,000 of the concentrated virus were then used to determine the viral titer

via use of HIV-1 p24 Antigen ELISA 2.0 according to the manufacturer's instructions.

Briefly, samples were added to the microplate and incubated for 24 hours at 37 °C. The

samples were subsequently washed and incubated with HIV-1 Detector Antibody for 1 hour

at 37°C. The microplate was washed, substrate was added and then incubated at room

temperature for 30 min. The reaction was stopped by adding Stop Solution and the plate was

read within 15 min at 450 nm on an ELISA plate reader.

2.5. Blastocyst Infection and Nonsurgical Embryo Transfer

20μl of titered virus (1,500 ng/ml) was placed as a microdrop covered in mineral oil and

allowed to incubate for 30 minutes at 37.5°C and 5.5% CO2. While the virus is

equilibrating, blastocysts were removed from KSOM culture then washed and held in one

40μl drop of M2 media. To remove the zona pellucida, blastocysts were transferred and kept

suspended in a 20μl drop of Acidic Tyrode's Solution until the zona pellucida was visibly

removed. It is extremely important to keep blastocysts suspended and moving while in

Acidic Tyrode's Solution to keep them from adhering. Upon zona pellucida dissolution,

blastocysts were immediately and repeatedly washed in M2 media and then placed into a

40μl drop. 5μl of the above blastocyst-containing M2 media was added to 20μl of the titered

virus (1,500 ng/ml) for a final viral infection rate of 1,200 ng/ml (25μl) and incubated 4-6

hours at 37.5°C, 5.5% CO2. Post-infection, blastocysts were washed extensively and held in

M2 media. For nonsurgical embryo transfer, 10-20 blastocysts in M2 media (1.8μl) were

expelled into the uterine horn of an unanesthetized 2.5 dpc pseudopregnant female according

to the manufacturer's instructions. No post-operative care was required and surrogate

(pseudopregnant) mothers were routinely monitored to ensure continual weight gain,

indicative of pregnancy. A recent study has shown that when using viral vectors, animal

bedding is safe to handle under normal BSL1 conditions 72 hours post infection [20].

2.6. Placental and Embryonic Dissection and Analysis

Following infection of blastocysts with a lentivirally-packaged, GFP-reporter construct and

subsequent transfer to pseudopregnant females; placentas and developing embryos were

dissected as previously described [21]. Resulting placentas and corresponding embryos were

assessed for GFP expression by epifluorescence. Tissue sections (6μM) were processed and

analyzed by epifluorescence or in situ hybridization with a cRNA probe to detect and

confirm GFP mRNA expression [21-23].

2.7. Institutional Approvals

The Wright State University Institutional Biosafety Committee and the Laboratory Animal

Care and Use Committee approved all experiments and procedures performed.
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3. Results

The contribution the placenta provides to the developing embryo is essential to life. The

ability to create placenta-specific transgenic mice provides a novel tool to analyze placental

development and eliminates confounding results that occur in traditional knockouts that

genetically alter both the embryo and placenta. Table 1 illustrates the coordinated methods

used to produce high levels of superovulated and pseudopregnant females in preparation for

lentiviral infection and embryo transfer.

Lentiviral GFP infection at the blastocyst stage of development resulted in highly-specific,

uniform, and restricted expression to the external, single-celled trophectoderm, which gives

rise to the placenta (Figure 1A). It is important to note that the cells of the inner cell mass,

which give rise to the baby, are not infected. This level of specificity was confirmed by

analyzing the expression in the entire fetal-maternal unit at E10.5, which exhibits localized

and appropriate developmental restriction during early placenta formation (Figure 1B).

Placental-specific expression in the trophoblast giant cells and the labyrinth were further

verified in sectioned placentas at E10.5. Strong expression of GFP was observed in parietal

trophoblast giant cells (*) that separate the maternal uterine decidua from the fetal-derived

placenta (Figure 1C). GFP expression is also clearly evident in trophoblast cells of the

labyrinth associated with both maternal (m) and fetal (f) blood spaces (Figure 1D).

Examination at E12.5 further demonstrated that GFP expression was solely restricted to, but

throughout, the entire placenta and was not expressed in embryonic or maternal decidual

tissue (Figure 1E).

Placental GFP expression was maintained throughout pregnancy and was also present at

birth (E20). mRNA in situ hybridization conducted on sections from fixed and paraffin-

embedded placentas at E14.5 and E20 showed broad expression of GFP mRNA (Figure 2).

Compared to uninfected control, which showed no expression (Figure 2A), GFP expression

at E14.5 was detected in trophoblast giant cells (Figure 2B) as well as in spongiotrophoblast

and to a lesser extent, glycogen trophoblast. In the labyrinth, expression was consistently

observed in trophoblast cells associated with both maternal and fetal blood spaces (Figure

2C) in a pattern similar to and consistent with that of Syncytin-a expression, a lineage

marker of syncytiotrophoblasts [22]. At E20, expression of GFP remained strong and was

observed in trophoblast cells of both the labyrinth layer and junctional zone (Figure 2D).

Our results also indicate that blastocyst infection and nonsurgical embryo transfer produces

viable live births, as indicated by ICR pseudopregnant females (albino) that underwent

embryo transfer after implantation with C57Bl/6 (black) blastocysts (Figure 3).

A previous report indicated a comparable rate of live births between traditional surgical and

nonsurgical embryo transfer of approximately 24% [18]. Our data however, demonstrate that

optimizing several factors, substantially elevates the rate of live births to 38%. In particular,

a dedicated incubator maintained at 37.5°C and 5.5% CO2 increased the number of viable

blastocysts. The use of M2 media, in comparison to KSOM or M16 media, during embryo

transfer consistently produced a higher rate of pregnancy. Furthermore, the ability to

perform embryo transfer without the need for surgery or anesthetics and the elimination of

postoperative surgical recovery produced superior results in our studies compared to a
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currently published method [18]. Our results are consistent with a recent report that indicates

that the nonsurgical embryo transfer reduces maternal stress levels compared to traditional

surgical implantation [19].

4. Discussion and Conclusion

In this study, we have optimized numerous factors that contribute to higher rates of

successful embryo transfer and placental transgenesis. Numerous advantages include the

following: the use of a viral precipitate reagent, which increases investigator safety by

substantially reducing the increased risk of aerosolization that is present in traditional viral

concentration methods that can occur with ultracentrifugation as well as eliminating mouth

pipetting of virally infected embryos. The addition of male bedding to female cages 3 days

prior to mating, although not quantitatively determined, resulted in increased numbers of

pseudopregnant females. This increase may be a result of female estrus induction in

response to male scent factors. The use of nonsurgical embryo transfer provides a rapid and

noninvasive method that reduces animal stress due to the elimination of surgery and post-

surgical anesthetics. The increase in temperature and carbon dioxide likely maintained pH

stability in KSOM culture media leading to higher rates of blastocyst viability [24].

Furthermore, the use of M2 as the optimal nonsurgical embryo transfer media is consistent

with previous surgical uterine transfer techniques [24].

The advantages of nonsurgical embryo transfer with lentivirally-infected blastocysts to

achieve placental-specific gene transfer opens exciting new avenues of research on placental

development and the origins of Pregnancy-Associated Disorders, such as preeclampsia,

intrauterine growth restriction, and placental insufficiency. Using a strong global promoter

to drive GFP or luciferase markers can provide whole placental analysis at numerous levels,

including bioimaging [25]. In addition, studies with a tet-inducible promoter and placental-

specific gene transfer could be used to assess specific time windows critical to placental and

embryonic development [26]. Promoter-specific constructs, such as PLII, Tpbpa, or hCYP,

provide the ability to analyze cell-specific placental functions [27-29]. Lineage-specific and

inducible promoters will allow for transgenic overexpression or gene knockdown and will

provide a powerful new cross-disciplinary approach to assess numerous aspects of

reproductive, placental, and developmental function. Furthermore, using this optimized

methodology will accelerate our ability to assess and identify Placental-Associated

Disorders and design treatments that originate specifically due to placental defects.
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Figure 1. Trophoblast-specific epifluorescent GFP expression
Mouse blastocysts (E3.5) devoid of zona pellucida were infected with Lv-CMV-GFP-V5

lentivirus for 4.5 hours and subsequently assessed for GFP expression via epifluorescent

microscopy (A). Mouse blastocysts (E3.5) devoid of zona pellucida were infected with Lv-

CMV-GFP-V5 and transferred into a pseudo-pregnant female. The feto-placental unit was

collected at E10.5 and examined for GFP expression via epifluorescent microscopy (B).

E10.5 placentas were sectioned to analyze GFP expression by epifluorescent microscopy in

the region that distinguishes the maternal decidua from the developing placenta; (*) parietal

trophoblast giant cells, (Dec) maternal uterine decidua, and (Pl) fetal-derived placenta (C);
as well as trophoblasts in the placental labyrinth (D); (m) maternal and (f) fetal blood spaces

are indicated. An E12.5 feto-placental unit was evaluated for GFP expression by

epifluorescent microscopy that demarcates maternal (decidua), placental, and embryonic

(embryo) tissue (E). Nuclei (blue) were stained with DAPI.
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Figure 2. In situ hybridization of GFP expression at E14.5 and E20
In situ hybridization was conducted on paraffin-embedded, 6 uM sections of control

uninfected placentas (A, E14.5) and placentas derived from lentivirally-GFP transduced

blastocysts collected at E14.5 (B, C) as well as E20 (D). Positive staining for GFP mRNA

expression is stained purple. Arrows denote syncytiotrophoblasts; trophoblast giant cells are

indicated by asterisks (*) and glycogen trophoblasts (glyT). (JZ) denotes the placental

junctional zone and (lab) denotes the placental labyrinth. Scale bar = 100 μm.
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Figure 3. Intrauterine Nonsurgical Embryo Transfer
C57BL/6 two cell embryos were collected from superovulated females and cultured to the

blastocyst stage. Blastocysts were transferred via noninvasive embryo transfer into albino

ICR pseudopregnant females (foster moms) and allowed to develop to term. Shown is a

foster mom (albino) and embryo transferred C57BL/6 (black) blastocysts that developed into

offspring.
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Table 1
Coordinated Timeline for Creating Transgenic Placentas via Lentiviral Infection and
Nonsurgical Embryo Transfer

The Upper Panel shows the timeline to produce large numbers of superovulated embryos and lentiviral

infection. The Lower Panel shows the coordinated induction of pseudopregnancy and NSET to produce

transgenic placentas.
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