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Abstract

Lentiviruses are highly efficient vehicles for delivering genes into cells. They readily transduce 

primary and immortalized cells in vivo and in vitro. Genes delivered by lentiviruses are 

incorporated and replicated as part of their host genome and therefore offer a powerful tool for 

creation of stable cell lines and transgenic animals. However, the zona pellucida surrounding the 

fertilized eggs acts as a barrier and hinders lentiviral transduction of embryos. Here, we utilize a 

laser, typically used to perforate the zona pellucida for in vitro fertilization, to permeabilize the 

zona for lentiviral gene delivery. A single hole in the zona is sufficient for the lentivirus to gain 

access to fertilized eggs without the need for microinjection for en masse gene delivery. Embryos 

generated by this method elicit no damage and can develop to term for creation of transgenic 

animals.
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Introduction

Lentiviruses are members of the Retroviridae family of viruses that readily infect dividing 

and non-dividing mammalian cells delivering large amounts of genetic material. Their 

genome consists of two single stranded RNAs that shortly after infection are converted into 

DNA by the lentiviral reverse transcriptase protein (Stoye 2012). Upon entry into the cell 

2Correspondence should be addressed to: Negin P. Martin, Ph.D., ORCID 0000-0003-3166-8989, martin12@niehs.nih.gov, Phone: 
1-919-541-7751.
1Both authors contributed equally.

Competing Financial Interest
The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Transgenic Res. Author manuscript; available in PMC 2019 February 13.

Published in final edited form as:
Transgenic Res. 2018 February ; 27(1): 39–49. doi:10.1007/s11248-017-0056-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nucleus, lentiviral DNA is inserted into the host chromosome by the integrase. Lentiviral 

transduction results in permanent incorporation of genetic material and delivered genes are 

replicated and passed on to daughter cells as part of the host genome. Pseudotyping 

lentiviruses with vesicular stomatitis virus glycoprotein (VSVG) broadens the range of 

lentiviral host cells and creates a robust research tool for gene delivery and creation of stable 

cell lines (Salmon and Trono 2007, Sakuma, Barry et al. 2012).

The rapid and highly-efficient stable integration of lentiviral genome into the host 

chromosome also offers a powerful mechanism for stable expression of genes in fertilized 

eggs, embryos, and creation of transgenic animals. Lentiviruses have been used to create 

transgenic mice, rats, chickens, sheep, quail, and pigs (Lois, Hong et al. 2002, Filipiak and 

Saunders 2006, McGrew, Sherman et al. 2010, Zhang, Xi et al. 2012, Zhang, Sun et al. 2012, 

Liu, Wang et al. 2013). For previous lentiviral transgenesis, viral particles were delivered via 

single cell embryo microinjection into the perivitelline cavity, the space between the zona 

pellucida and the fertilized egg, since the zona pellucida is a potent barrier against lentiviral 

transduction. In order to produce a transgenic embryo and subsequent genetically modified 

mice, single cell embryos were held in place by a holding pipet while a microinjection 

needle delivers the virus through the zona pellucida. While a skilled microinjectionist would 

find sub-zona microinjection trivial, the initial acquisition of a microinjection workstation 

and the subsequent steep learning curve for embryo manipulation and microinjections served 

as a strong entry barrier for new groups hoping to utilize lentiviruses to generate transgenic 

mouse lines. Therefore, while easier than pronuclear single cell embryo microinjection, the 

need to manipulate the embryo for sub-zona microinjection minimized the use of lentiviral 

gene delivery in transgenic research.

The zona pellucida is a multifunctional porous matrix of glycoproteins that envelopes 

mammalian oocytes and preimplantation-stage fertilized eggs to limit environmental 

interactions (Wassarman 1988, Clift and Schuh 2013). Moreover, sperm receptors on the 

zona secure species-specific fertilization and block polyspermy. Upon fertilization of 

oocytes, rapid chemical modifications initiate crosslinking of the zona matrix glycoproteins 

to form a barrier around the fertilized eggs. The zona hardens to establish a protective shell 

around the embryo during its journey through the female reproductive tract. The zona’s 

primary function of protecting the early embryo from environmental insults including viral 

infection is in direct conflict to viral based gene delivery.

Early attempts to chemically remove or weaken the zona for gene delivery have proven 

harmful and severely impede embryonic development and maturation (Nijs and Van 

Steirteghem 1987). Without the zona, fertilized eggs are vulnerable, adhesive, and are easily 

damaged. In conventional transgenic microinjection technique a “hatched” zona-less embryo 

is essentially deemed non-viable. The most commonly used methods for penetration of the 

zona for gene delivery is single cell embryo microinjection. Purified DNA for random host 

genome integration can be delivered directly to the nucleus via pronuclear microinjection 

(Gordon, Scangos et al. 1980) or viral elements can be microinjected beneath the zona for 

integrase-mediated genomic integration (Lois, Hong et al. 2002). Cultured rodent fertilized 

eggs can withstand microinjection with minimal damage and this method has been used to 

originate a number of transgenic animal models (Ikawa, Tanaka et al. 2003, Filipiak and 
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Saunders 2006). Although highly effective, micromanipulation and microinjection of single 

cell embryos is a laborious practice that require highly skilled technologists and costly 

microinjection workstations.

In order to facilitate gene delivery to mouse fertilized eggs, we report that perforating the 

zona using the XYclone laser (Hamilton Thorne Biosciences, Beverly, MA) renders 

fertilized eggs permeable for gene delivery using lentiviruses. The XYclone laser used in 

this study was initially designed for in vitro fertilization or thinning of the zona to facilitate 

sperm entry into unfertilized eggs and does not adversely affect the development of embryos 

to blastocysts (Woods, Qi et al. 2014). The XYclone laser is a small apparatus that is 

mounted in place of an objective lens on an inverted microscope (Fig. 1a). The controlling 

software allows for rapid laser fire while looking through the microscope eyepieces. A 

visible LED light serves as an indicator for the targeted area (Fig. 1b). The XYClone laser 

perforates targeted areas in the zona without micromanipulation. A novice user can utilize 

the system effectively to perforate the zona pellucida of free floating single cell embryos 

within minutes of first use. Conventional embryo microinjection requires more extensive 

training to develop expertise. By moving the LED light to the desired location on the zona 

while looking through the microscope eyepieces, the zona of large number of fertilized eggs 

can be perforated within minutes (Fig. 1b and 1c).

By combining the easy to use laser zona perforation method and gene delivery via 

lentiviruses, we were able to rapidly and efficiently transduce multiple single cell embryos 

in a drop of KSOM media. The lentiviral vectors were pipetted directly into the culture 

media containing the perforated embryos allowing for en masse infection and transduction. 

The embryos were cultured with the virus until they developed into blastocysts and non-

surgically transferred into pseudopregnant mice, so viability and gene expression could be 

assessed. The laser-assisted lentiviral gene delivery can be used to transduce fertilized eggs 

in bulk, takes less time for a novice user, and removes many of the technical limitations 

imposed by conventional micromanipulation and microinjection. Lentiviral gene delivery 

also allows for spatiotemporal control of gene expression.

Results

In the present study, either Crl:CD-1 (ICR) or C57BL/6J mouse single cell embryos were 

harvested and cultured according to standard protocols (see Material and Methods). The 

cumulus cells were removed by treating with 0.1% hyaluronidase in M2 media and the 

fertilized eggs were transferred to KSOM media under 5% CO2, 5% O2, and 90% N2, 37°C 

conditions for development. Single embryos were then incubated for two hours prior to laser 

zona pellucida perforation while free floating in KSOM media. For gene delivery, we used a 

lentiviral vector carrying a copepod green fluorescence protein (copGFP; abbreviated to 

GFP) gene driven by a constitutive elongation factor 1α (EF1α) promoter. 0.5–3 uL of 

concentrated GFP lentivirus (titer 108–109 transducing units per ml) was pipetted directly 

into the KSOM media containing the fertilized eggs with laser-perforated zona pellucida. In 

the following 3 days, embryos were cultured in KSOM media under 5% CO2, 5% O2, and 

90% N2, 37°C conditions without further treatment to allow for the viral genome integration 

and the development into blastocysts. The expression of GFP was evident at the morula 
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stage in cultured embryos of Crl:CD-1 (ICR) and the inbred strain C57BL/6J (Fig. 2a). Most 

laser perforated embryos were readily infected by the lentivirus and expressed GFP (Fig. 2b 

and Table 1). The laser-assisted lentiviral gene delivery can also be used to deliver multiple 

genes simultaneously. We exposed perforated fertilized eggs to two viruses carrying either 

GFP or tdTomato while cultured in KSOM. They expressed either both GFP and tdTomato 

fluorescence or no fluorescence (Fig. 2c). 80% of fertilized eggs expressing both GFP and 

tdTomato developed to blastocysts in culture. The number of fertilized eggs used for the 

three independent experiments and the expression of fluorescence in blastocysts are 

summarized in Table 1.

Comparison between perforated and untreated fertilized eggs suggests that laser perforation 

was not harmful to the fertilized eggs. Earlier studies have evaluated laser-based 

microdrilling and use of lentiviruses for gene delivery to bovine oocyte and fertilized eggs 

(Ewerling, Hofmann et al. 2006). However, laser treatment resulted in reduced rate of bovine 

blastocyst formation in culture. The XYclone laser perforation of fertilized eggs had no 

adverse effect on the rate of embryonic development to blastocyst (66–67% for untreated 

fertilized eggs compared to 74–78%, 90–91%, and 74–79% containing 1, 3, and 9 holes on 

the perforated zona, respectively; Table 1). Interestingly, laser-perforation and perforation of 

the zona in mouse fertilized eggs improved the rate of development into blastocyst. This 

result echoes the reports that laser thinning of the zona pellucida has been shown to improve 

hatching of human embryos and enhance implantation (Blake, Forsberg et al. 2001, Kohli, 

Robles et al. 2007, Hiraoka, Fuchiwaki et al. 2008, Hammadeh, Fischer-Hammadeh et al. 

2011). We hypothesize that laser-perforation improved access to nutrients in the cultured 

media and boosted development. Further studies are needed to determine the exact cause of 

this enhancement.

On the other hand, increasing the amount of lentivirus used for gene delivery adversely 

affected the development of fertilized egg into blastocysts similar to other reported studies 

(Lois, Hong et al. 2002). Although a single hole in the zona following laser perforation was 

sufficient for lentiviral gene delivery, the most effective means of laser-assisted lentiviral 

gene delivery was achieved by laser perforation of the zona in three places (250uS laser 

setting) and the use of 2ul of concentrated lentivirus (titer 108–109 transducing units per ml) 

in our experiments (Table 1). We chose to laser perforate the area close to the polar body of 

the fertilized eggs to take advantage of the distance between the zona and the cell body and 

to minimize damage. We also observed GFP expression in 5% of fertilized eggs without 

laser-perforation but treated with the lentivirus carrying GFP (Table 2). We hypothesize that 

the naturally occurring damage to the zona could also render the fertilized eggs permissive 

to lentiviral infections. Although, this is a rare occurrence.

The thickness of the laser-perforated regions in the zona also impacts lentiviral gene delivery 

and embryo development (Li, Kinchen et al. 2013). Larger laser-perforated regions result in 

higher number of blastocyst expressing the virally delivered gene. However, the heat 

generated from the laser pulse could damage fertilized eggs. In our trials, we determined that 

minimum laser pulse of 250uS was necessary for greater than 80% of the cultured fertilized 

eggs to express GFP without incurring any damage to the embryo (Fig. 1c and Table 2). 
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Varying the laser settings to remove larger portions of the zona had a direct effect on gene 

delivery.

In order to prove the viability of the infected blastocyst, we utilized non-surgical embryo 

transfer (NSET) (Green, Bass et al. 2009) to pseudopregnant dams to create transgenic mice. 

8–12 blastocysts were transferred to each pseudopregnant mouse yielding 1–5 pups 

(Generation 0, G0). Out of 68 implanted blastocysts (6 separate experiments), we recovered 

12 pups or 18% birthrate. Out of 12 live pups, 9 expressed GFP to yield the transgenesis 

efficiency of 75%. We bred 2 of the transgenic GFP positive mice shown in Fig. 3a with 

wild type mice (3 rounds of breeding) to demonstrate germline transmission. The presence 

of the GFP gene in generated pups was determined by genotyping (Supplementary Table S1) 

and histological studies (data not shown). Generation 0 pups had incorporated 9 (Fig. 3a, #5) 

and 7 copies of the GFP gene into their genome. Germline transmission was also confirmed 

in G1 progeny (Fig. 3a and Supplementary Table S1). After exposing laser perforated 

fertilized eggs to two separate viruses carrying GFP and tdTomato genes, we observed the 

presence of both fluorescent genes in G0 pups (Fig. 3b). By employing this method, 

treatment with multiple lentiviruses can deliver genes simultaneously and independently.

Discussion

The laser-assisted lentiviral gene delivery is a rapid in vivo expression system. Current 

innovations in the field of lentiviral gene delivery has availed a wide range of vectors with 

tissue specific, recombinase activated, inducible promoters, and/or selectable markers to 

researchers. Any available lentivirus can be substituted for the purpose of transgenesis and 

used for laser-assisted lentiviral gene delivery. Genes delivered by lentiviruses can replicate 

silently as part of the host genome and turned-on in specific tissues or induced at various 

stages of development as dictated by their promoters; therefore, offering spatiotemporal 

control over gene expression.

Alternative methods such as electroporation and photoporation are also effective means of 

transient gene delivery to rodent single cell embryos (Hosokawa, Ochi et al. 2011). In a 

recent study, electroporation was used to successfully permeabilize the zona to deliver 

engineered endonucleases to rat fertilized eggs (Kaneko, Sakuma et al. 2014). This method 

is effective and ideal for short-term expression of genes such as recombinases and CRISPR/

Cas9 components for creation of animal models. Electroporation of embryos is now 

becoming a standard method in CRISPR/Cas9 genome editing in single cell embryos in 

transgenic cores (Horii, Arai et al. 2014). CRISPR/Cas9 reagents delivered by 

electroporation, like microinjection, are transiently expressed and within days of 

electroporation, the delivered genes would either degrade or dilute away during cell division. 

For CRISPR/Cas9 genome editing, this transient expression is ideal for generating specific 

genomic manipulations at the early embryonic stage since stable or prolonged expression of 

CRISPR/Cas9 and guide RNA components would likely result in non-specific genetic 

modifications. Currently, the embryo electroporation system cannot be used to deliver a 

large stable genetic payload for host genome integration, or temporal control of CRISPR 

component expression via inducible or tissue specific promoters at the later developmental 

stage. Another efficient method for viral gene delivery and generation of transgenics is the 
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lentiviral infection of spermatozoa which has been successfully used to create animal models 

for research (Hamra, Gatlin et al. 2002, Dann and Garbers 2008, Kanatsu-Shinohara, Kato et 

al. 2008, Chandrashekran, Sarkar et al. 2014). In this technique, mouse epididymis is 

isolated, punctured, and exposed to lentiviruses for stable gene delivery to mouse 

spermatozoa. The transduced spermatozoa are incubated with oocytes for in vitro 
fertilization (IVF) for an estimated 42% rate of transgenesis.

Laser perforation of the zona pellucida facilitates access to embryonic cells. It presents the 

cells for viral transduction without minimizing its protection of developing embryos. We 

anticipate that in laser-treated fertilized eggs, the zona permeability is not limited to retro/

lentiviruses and may be exploited for gene delivery using other types of viral vectors or 

transfection reagents.

Lentiviral gene delivery has its limitations. The genetic load carried by each virus is limited 

to 10 kilobases. Multiple random insertion sites of viral payload into the genome of the 

mouse embryo creates mosaicism and chimeras. Therefore, it complicates the establishment 

of transgenic lines with a single transgenic locus and can only be attained by multiple rounds 

of breeding and careful genotyping of progeny, similar to other established methods used to 

create transgenic mice (Sauvain, Dorr et al. 2008).

The virus concentration and the length of embryo incubation with the lentivirus may also 

contribute to the number of gene integrations and chimerism in resulting transgenic mice. In 

this study, we used concentrated virus (105–106 transducing units) and incubated embryos 

with the virus until they developed into blastocysts to maximize gene delivery. The KSOM 

cultured media and DMEM were assayed daily for the presence of virus and titered 

(Supplementary Fig. 1). The virus was deactivated rapidly and number of transducing units 

dropped to 15–16% of the starting material within 24 hours of transduction. The viral titer in 

the embryonic KSOM media, 24 hours post infection, was close to a typical unconcentrated 

viral titer which is not potent enough to transduce embryonic cells. In our experiments, 

unconcentrated virus (103–104 transducing units) did not result in transduction of embryonic 

cells. Users should optimize viral concentration and time of incubation to reach custom gene 

delivery goals.

Laser-assisted lentiviral gene delivery offers an alternative method for creation of transgenic 

animals. This method can be used to validate in vivo consequences of protein variant 

expression, CRISPR or recombinase modifications to genome, or to explore the effects of 

dominant negative mutations, and to determine manifested phenotypic changes by genetic 

modulations. The laser-assisted gene delivery is an alternate and for most part 

complementary method to traditional transgenesis for robust gene delivery to single cell 

embryos. An investigator could use this method to deliver his/her gene of interest rapidly to 

mouse single cell embryos and observe the consequences prior to committing time and 

resources to creation of a transgenic animals using traditional methods. This method could 

also be used for in vivo protein purification.

Laser-perforated lentiviral gene delivery for embryo modification presents a simple and 

accessible option for gene delivery to fertilized eggs for many laboratories and specially for 
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novice users. It is fast, effective, and less toxic to mouse fertilized eggs. The method 

employs the specialized XYclone laser which can be shared among a number of cores, 

research laboratories and departments due to the ease of use, its size, and the brief duration 

of its use per session, therefore, reducing cost while increasing efficiency. The observation 

that lentiviruses diffuse freely through thinned out/carved holes in the zona introduces an 

alternative method for gene delivery to fertilized eggs. This method should also be valuable 

in creating knock-downs and knock-outs by lentiviral delivery of shRNA or CRISPR 

components. This method is especially valuable for delivery and activation of CRISPR-Cas9 

components for knocking out genes in specific tissues or at later stages of development. We 

expect this method to also have applications in gene delivery to fertilized eggs of other 

species with barriers similar to the mouse zona.

Materials and Methods

Reagents

The following reagents were purchased for use in our experiments: M2 and KSOM media 

(Millipore); Hyaluronidase (Sigma); HEK293T/17 cells (ATCC #Crl-11268); KSOM and 

M2 (Millipore), DMEM-10 (Gibco), FBS (Fisher), 4mM l-Glutamine (Gibco), 1mM 

NaPyruvate (Gibco); OPTI-MEM (Gibco); Pen/Strep (Pen/Strep 10,000 U Penicillin, 10 mg 

Streptomycin/ml in 0.9% NaC1, Sigma-Aldrich #P0781); Lipofectamine 2000 (Invitrogen); 

0.25% Trypsin/EDTA (Gibco).

Plasmids

The following plasmids were used for packaging lentiviruses: lentiviral transfer vector 

pCDH511 expressing copGFP (System Biosciences); pWPXL-eGFP (Addgene#12257); 

pWPXL-tdTomato (tdTomato inserted in place of eGFP in pWPXL-eGFP); psPAX2 

(encoding gag. Pol tat and rev proteins, Addgene#12260); pMD2.G (encoding VSV-G 

envelope protein, Addgene#12259).

Equipment

Non-surgical Embryo Transfer (NSET) device (Paratechs Corporation, Lexington, KY); 

XYclone Laser System (Hamilton Thorne Biosciences, Beverly, MA)

Production of Lentivirus

All lentiviruses were packaged and titered in HEK293T/17 cells (ATCC # CRL-11268) 

according to published Current Protocols in Neuroscience by P. Salmon and D. Trono 

(Salmon and Trono 2007). The sequences of primers used for titering are included in the 

aforementioned referenced paper. Briefly, 293T cells were transiently transfected with 

pMD2G, psPAX2 and transfer vector containing the desired gene using Lipofectamine 2000. 

Supernatant was collected 48 hours post transfection and concentrated by centrifugation at 

50,000 g for 2 hours. Viral pellets were resuspended in PBS or KSOM media and used for 

infection. All titers were determined by performing quantitative PCR to measure the number 

of lentiviral particles that integrated into the transduced HEK293T genome. In addition to 

quantitative PCR, biological titration of viruses that expressed fluorescent moieties were 

determined by flow cytometry.
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Animal Studies and Treatment

Animals used in this study were ordered from Charles River and Jackson Laboratories, 

USA. All animal procedures complied with NIH/NIEHS animal care guidelines and were 

approved by the Animal Care and Use Committee (ACUC) at NIH/NIEHS, animal Protocol 

# 2012-0004.

Isolation of fertilized eggs

Female mice from Crl:CD-1 (ICR) or C57BL/6J (The Jackson Laboratory Stock # 000664) 

strains were mated with intact male. The female was checked the following morning for the 

presence of a vaginal plug indicating successful mating. Females were humanely euthanized 

for ova/embryo collection via CO2 inhalation followed by cervical dislocation and vital 

organ transection. Fertilized eggs were isolated within 12–20 hours post mating. Upon 

euthanasia, the reproductive tract was removed. The collected fertilized eggs were stored in 

M2 sterile media prior to culturing in KSOM media at 37°C, 5% CO2, 5% O2 and 90% N2.

Embryo Transduction and Transfer

Pseudopregnancy was achieved by mating with vasectomized males. 3.5 days after mating, 

virally infected blastocysts were transferred into these females by non-surgical embryo 

transfer method. The Non-Surgical Embryo Transfer (NSET) Device was inserted 

approximately 5 mm into the cervix and fertilized eggs were deposited in a volume of 

approximately 2.0 ul (pictures and video available by the manufacturer at http://

www.paratechs.com/nset). A sterile NSET device was used at the beginning of each transfer. 

All reagents used in the manipulation of the fertilized eggs were sterile. For transgenesis, 

each KSOM drop was seeded with 15–25 fertilized eggs and treated with 2uL of high titer 

lentivirus (109 TU/ml, final concentration of 4×107 TU/mL). 8–12 blastocysts from each 

drop were transferred to a pseudo pregnant females using NSET. 0–5 pups were obtained 

from each NSET transfer. Out of 68 implanted blastocysts (6 separate transfers), we 

recovered 12 pups or 18% birthrate. Out of 12 live pups, 9 expressed GFP. We bred 2 of the 

transgenic GFP positive mice to demonstrate germline transmission. The 68 implanted 

embryos were 85% GFP positive, therefore, 9 pups were recovered from 58 GFP positive 

blastocyst and 12 live births, resulting in 75% rate of transgenesis (9/12). The experiment 

was repeated six times. The transfer of blastocysts that expressed both GFP and tdTomato 

was performed once with 8 embryos transferred yielding 3 pups. All pups expressed both 

GFP and tdTomato. The presence of viruses in pups were confirmed by isolation of 

chromosomal DNA from pups’ tails and genotyping them.

Quality Assurance Testing

All weanlings were tested through the Comparative Medicine Branch’s Quality Assurance 

Laboratory (CMB/QAL) for the presence of adventitious rodent pathogens. Fecal samples 

from dams and weanlings were collected for PCR to detect pathogens including 

Helicobacter spp. and oropharyngeal swabs were collected to identify pathogens including 

Pasteurella pneumotropica. Blood was also collected when appropriate from euthanized 

foster dams at weaning for serology. Each set of weanlings was identified as a group and 

were not released by QAL until 3 negative tests were obtained. Groups of animals were 
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separated by cubicles or racks in a rederivation holding room until released by the CMB/

QAL. All reagents used in animals were tested by QAL and tested negative for the presence 

of contaminations prior to use in animals.

Perforating zona pellucida of fertilized eggs

The zona pellucida of fertilized eggs were laser perforated using XYclone Laser System 

(Hamilton Thorne Biosciences, Beverly, MA) in KSOM media. Zonas were carved with 1–9 

holes of 0–12um (power 100%, pulse 35–250uS) according to recommended manufacturer’s 

protocols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. An Infrared Laser Perforation System to Perforate the Zona
(a) The laser is housed in a lens and can be attached to the turret of most inverted 

microscopes. The laser permits perforation of targeted areas in zona without 

micromanipulation of the embryos. Perforations in the zona are circled in red. Perforation 

size is controlled by the duration of laser firing, typically 250 microseconds. Photographs 

provided by Steven R. McCaw, NIEHS Multimedia Services. (b) The factory-aligned laser is 

locked in place and contains a red LED light source for visualizing the target area. The 

controlling software allows for rapid laser fire while looking through the microscope 

eyepieces. The fertilized eggs are laser treated while free floating in KSOM drops – before 

(left) and after (right) images of an embryo. (c) Size of the perforation by the XYclone laser 

directly affected the efficiency of gene delivery. Perforations generated by the laser 

treatments ranged from 35uS to 250uS. Larger perforations allowed for a more effective 

viral transduction. The results of seven independent experiments are shown in Table 2 

summarizing the number of blastocysts and their fluorescence used in the experiments.
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Fig. 2. En Masse Gene delivery to Fertilized Eggs
(a) Development of C57BL/6J embryos from harvest (Day1) until the time of blastocyst 

implantation (Day 5). The embryos were perforated by the Xyclone laser (3 holes, 250uS) 

and treated with 2uL of high titer lentivirus (108–109 TU/ml) in 50uL KSOM drops. The 

presence of fluorescence was detected in days 3 and 4 and persisted until the time of 

implantation. The data is representative of five independent experiments - 49 blastocysts 

formed out of 82 treated fertilized eggs, 44 out of 49 blastocysts expressed GFP. (b) Most 

blastocysts infected with the lentivirus delivering GFP expressed fluoresce at the time of 

implementation. Cultured blastocysts from Crl:CD-1 (ICR) strain of mice are shown in the 

figure. (c) Co-infection of fertilized eggs with viruses expressing either GFP or tdTomato 

readily expressed both genes after 4 days. The pattern of expression for GFP and tdTomato 

in infected blastocysts are not identical although both genes are expressed from the EF1α 
promoter.
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Fig. 3. Laser-assisted Lentiviral Transgenesis
(a) Images of GFP positive G0 founders and their progeny G1. Photographs provided by 

Charles Romeo and David Goulding, NIEHS (b) Lentiviral transduction of eGFP and 

tdTomato genes in the founder, G0.
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