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ABSTRACT 
 

Pronuclear stage murine embryos received electrical stimulation in 5, 10, 

or 20 μs pulse lengths, and 0, 100, 200, 250, 300 or 400 voltages.  Minimal embryo 

development occurred with 400 V.  Irreversible electroporation occurred in 

embryos electroporated for 5 µs pulse length at 100 and 400 V, 10 µs pulse length 

at 400 V, and 20 µs pulse length at 100, 250, 300 and 400 V.  Electroporated 

embryos that underwent reversible electroporation received 100 V for 5 μs, 400 V 

for 10 μs, and 250 for 20 μs and had similar development (P > 0.05) between the 

best and worst developed groups.  

Enhanced green fluorescent protein on a cytomegalovirus promoter 

(CMV-EGFP) was condensed with MgCl2 and injected into the cytoplasm of 

murine zygotes at three concentrations (100, 425 and 625 µg/ml).  Zygotes injected 

with the highest concentration had the highest percentages of fluorescing embryos 

(44%), fluorescing morula and blastocysts (16.7%), and the lowest percentage of 

mosaicism after 4 d in culture.  Five PCR analyses of tail DNA gave conflicting 
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results between 33.3% positive in two or more analyses to 2.8% positive in all five 

analyses.  Southern Analysis detected 2.8% transgenesis.  Cytoplasmic injection of 

linear CMV-EGFP (625 µg/ml in water) was 3.7% transgenic.  Pronuclear 

injections produced 7.9% transgenesis.   

This research identified a range of reversible electroporation that could 

easily be verified in vitro with a selectable dye or marker protein and applied in 

transgenic as well as preclinical treatment models of research.  Furthermore this 

research identifies the benefits and disadvantages of using Mg
2+

 in DNA 

condensation and injection buffers.   
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CHAPTER 1 

INTRODUCTION 

Humans have been selecting genetic preferences in plants and animals 

since the early days of farming and animal domestication.  For centuries selection 

was achieved through a combination of favorable genetic mutations and a 

discriminating breeding regimen.  In the last 35 years, selection has been more 

finely tuned with the advent of genetic engineering and the development of 

transgenic science.  Transgenic science is the science of producing organisms 

whose genomes are modified by the introduction of foreign DNA and whose 

transgenes are heritable in a Mendelian fashion.  Today transgenic species can be 

found in all five biological kingdoms and transgenic science is a cornerstone of 

biotechnology, a basis for humans to enhance our health, our environment, and our 

food supply.   

Transgenic bacteria have proven successful in the production of certain 

simple proteins of pharmaceutical value such as insulin and human growth 

hormone.  More complex proteins such as erythropoietin and the blood clotting 

factors require post-translational modifications that only mammal cells can 

perform.   Mammalian cells can make these types of modifications either in vitro 

as in tissue culture or in vivo as in transgenic animals.  In addition to 

pharmaceutical importance, transgenic animals hold great potential in human 
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disease research, advancements in gene therapy, ‘humanized’ organ culture for 

organ transplants, and livestock improvements.   

Of the three basic methods for producing transgenic animals: pronuclear 

microinjection, retroviral transfection, and embryonic stem cell manipulation; the 

most popular and successful method is pronuclear microinjection.  The technique 

is most successfully applied in mice.  Nevertheless, it remains relatively 

unsuccessful with a 94% or greater failure rate.  Furthermore, pronuclear 

microinjection is technically difficult to perform and somewhat impractical for 

most species whose embryonic cytosol is non-translucent.     

A quicker and easier technique for producing transgenic animals is 

cytoplasmic injection of DNA.  The embryo survival rate for cytoplasmic injection 

is higher post-injection compared to pronuclear microinjection and the technique 

can be applied to species with eggs and embryos containing dense, non-translucent 

cytosol.   Unfortunately, the success rate of transgene integration by cytoplasmic 

injection is historically extremely low.  The objective of this research was to 

improve the success rate of cytoplasmic DNA microinjection.  Modifications tested 

to improve the technique included counterion condensation of the transgene with a 

bivalent cation, and electroporation of the embryos following placement of the 

transgene in the cytoplasm.  Technique efficacy was evaluated by in vitro 
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transgene expression using a fluorescence marker assay and in vivo transgene 

integration and expression.   
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CHAPTER 2 

LITERATURE REVIEW 

Transgenic Techniques 

A transgene is an exogenous gene, either naturally occurring or 

genetically engineered, that is designed for introduction into the genome of another 

organism.   Transgenic animals are animals that contain exogenous genes 

(Sigmund, 1993).  Transgenes can be genomic or single-stranded complimentary 

DNA (cDNA, constructed from messenger RNA), which are ‘recombined’ with a 

promoter typically from another gene, a poly-adenylation sequence, and sometimes 

an enhancer and other regulatory sequences that allow them to be transcribed into 

mRNA and translated into protein in a specific fashion following gene transfer and 

integration into a host genome.  There are three basic methods for producing 

transgenic animals: 1) embryonic stem cell manipulation, 2) viral (adenoviral and 

retroviral) transfection, and 3) oocyte injection (pronuclear and cytoplasmic).  In 

each of these models for producing transgenic animals, the host embryos must be 

transferred into a female recipient and carried to term.   

 

Embryonic Stem Cell  

Embryonic stem (ES) cells are totipotent – capable of developing into 

any cell type of that species, and are harvested from progenitor cells of early 
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undifferentiated mouse embryos (Evans and Kaufman, 1981; Gossler et al., 1986).  

In mice, the totipotent embryonic cells are capable of forming an entire unique 

animal (Sigmund, 1993).  Usually ES cells are extracted from morula (Eistetter, 

1989) or blastocyst stage embryos (Evans and Kaufman, 1981).  Once harvested, 

ES cells are plated on feeder cells and require special medium to keep them 

pluripotent during the experimental stage.   

Embryonic stem cells may be genetically modified to carry transgenic 

DNA by viral infection (Pfeifer et al., 2002), electroporation (Friedrich and 

Soriano, 1991), or targeted homologous recombination (Koller and Smithies, 1989) 

to name a few techniques.  Once altered, ES cells are placed into recipient 

blastocoel cavities and are transferred into the oviducts of psuedopregnant mice 

where they may develop normally.  Xenograft ES cells along with the host ES cells 

develop at all three germ layers of the fetus: the ectoderm, endoderm, and 

mesoderm (Jiang et al., 2002) and every offspring born by this method are mosaic.  

The technique is widely applied in targeted experimental genetics and is believed 

most useful in gene ‘knockout’ technology (Cameron et al., 1994). 

 

Viral Infection 

Viral infections (Simian virus and retrovirus) were the method used to 

make the original transgenic animals (Jaenisch and Mintz, 1974; Jaenisch, 1976).  
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Retroviruses are eukaryotic viruses that use double stranded mammalian RNA as 

their genetic material.  Retroviral vectors are modified retroviruses engineered to 

carry transgenes as mRNA.  Retroviruses almost exclusively target the replicating 

cells of dividing embryos in the one-cell to 16-cell stage (Sigmund, 1993); they do 

not infect stationary cells (Miller et al., 1990).  Lentivirus is an exception to this 

classification (Lois et al., 2002).  Following retroviral transfection, the viral 

enzyme reverse transcriptase reverse-transcribes the transgenic mRNA into DNA 

within the host cell.  The viral DNA integrates into the host genome in the same 

random fashion that is observed with pronuclear microinjected transgenes.  The 

selected retrovirus must be capable of non-lytic infection and must be rendered 

replication incompetent to keep the virus itself from spreading in the host.  

Retroviral infection was a hot pursuit for decades among researchers following the 

success of Jaenish and Mintz in the 1970s, and the report that retroviral DNA 

integrated in mouse genome was transmitted to offspring through the germ line 

(Jaenisch, 1976).  Collares et al, (2005) reported that lentiviral vectors were still 

capable of integrating exogenous genes with high efficiency; however, 

transcription of these transgenes has been unsuccessful in both mice and cows 

(Chan et al, 1998; reviewed by Fassler, 2004).  Intervention by opposing 

transcriptional forces of the integrated retroviral genome and flanking host DNA 

sequences is thought to hinder the transcription process (Pfeifer et al., 2002; 
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Fassler, 2004).  A final note on retroviral vectors is that the insert size is restricted 

to 8 kb or less (Sigmund, 1993; Jaenisch, 1975; Jaenisch and Mintz, 1974). 

Like retroviral vectors, adenoviral vectors were designed to insert a 

transgene of interest into eukaryotic cells.  What makes them unique is the 

adenoviral vector can carry an insert no bigger than 4 kb (reviewed in Clarke, 

1995), most require helper vectors, and they have the ability to infect post-mitotic 

cells which makes them useful in neuron cell therapies (Dewey et al., 1999).  

Although the adenoviral vectors have a high infection and cloning capacity with 

generally stable gene expression (Lois et al., 2002), successful infection is 

associated with high toxicity (Gordon, 2002).  Furthermore, retroviral transgenes 

do occasionally rearrange in the host genome and alter gene expression (Harui et 

al., 1999).  Adenoviral vectors are also short-term expressers of the transferred 

gene in vivo (Gordon, 2002) and are therefore not useful in transgenic animal 

production (Harui et al., 1999).  Most adenoviral vectors are used in preclinical 

and clinical studies.   

 

Pronuclear Injection  

Pronuclear microinjection is by far the most popular and efficient 

method for producing transgenic animals.  Pronuclear injection is the direct deposit 

of the transgene construct into a host chromosome by microinjection into one 
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pronucleus (Brinster et al., 1985; Taketo et al., 1991; MacKenzie and Quinn, 1999; 

Clark and Whitelaw, 2003; Visel et al., 2009) or both pronuclei (Kupriyanov et al., 

1998).  The technique was developed and most successfully applied in mice, a 

species with translucent embryonic cytosol that makes it easy to visualize the 

pronuceli (Gordon and Ruddle, 1981).  Six to seven hours following fertilization in 

mice, the sperm forms the male pronucleus (Taketo et al., 1991) that contains half 

of the genetic information for the developing embryo.  The period prior to the 

fusing of the male and female pronuclei is called the pronuclear stage.  In mice, the 

male pronucleus is larger and more visible than the female pronucleus, and is 

generally the target for transgene insertion by puncture with a microinjection 

needle containing a solution of DNA; although either pronucleus will work (Hogan 

et al., 1986).  After more than three decades of use, pronuclear microinjection 

protocols have remained essentially the same as when first described by Gordon 

and Ruddle in 1981.  Pronuclear microinjection can take months to perfect (Brown 

and Corbin, 2002), but once learned the technician need only adjust the technique 

marginally to satisfy the specific requirements of a given project in which the 

technique is applied (Wall, 1996).  Pronuclear microinjection remains the primary 

method for transgenic animal production (Wheeler, 2003; Visel et al., 2009; Nakao 

and Inoue, 2010).  
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In 1985, Brinster and colleagues thoroughly explored the parameters of 

pronuclear microinjection.  They looked at different DNA copy numbers, 

concentrations, injection buffers, construct ends (sticky, blunt or dissimilar), shape 

(linear or supercoiled), and which pronuclei was the better deposit location; as it 

related to embryo development, embryo survival, and overall transgene integration 

efficiencies.  What they found was the higher the amount of DNA, the higher the 

embryo mortality but also a higher integration frequency.  Brinster and colleagues 

found that increasing the percentage of EDTA in the injection buffer above 0.25 

mM was detrimental to integration efficiency and that reducing it was beneficial.   

To summarize their findings, supercoiled DNA (375 copies, 4.8kb) 

injected into the pronucleus had a 7.7% successful integration of 52 animals tested.  

The overall integration frequency for linearized pronuclear microinjected DNA 

with the same injection buffer, copy number, and fragment length was 18.8% 

overall.  This frequency included linear DNA with blunt, sticky similar and sticky 

dissimilar ends.  The blunt ended transgenes had an 8.5% integration frequency of 

59 animals tested.  The similar sticky ended transgenes demonstrated a 24% 

integration frequency of 21 animals tested.  The pronuclear microinjected linear 

transgenes having dissimilar sticky ends gave the highest integration frequency of 

31% of 42 animals tested (Brinster et al., 1985)   
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It appears Brinster’s group tested these experimental factors separately, 

not as a single study that examined all these factors at one attempt.  That stated, the 

across-the-studies results revealed highest transgene integration efficiency was 

obtained when the investigators injected between 80 and 860 linear molecules with 

different ends in approximately 2 pl (1-2 ng/µl) in injection buffer comprised of 

0.1 M EDTA in 10 mM Tris-HCl (pH 7.5) to the male pronucleus zygotes.  Under 

these conditions approximately 25% of the mice that developed, inherited one or 

more copies of the microinjected DNA equivalent to an overall, embryo survival to 

transgenic pup born, transgene integration efficiency of 6% (Brinster et. al, 1985).  

The Brinster group also investigated the role of mouse strain on transgene 

expression and found it an important factor, a limiting factor others would say 

(Kupriyanov et al., 1998). 

Transgene integration of pronuclear microinjected DNA into the host 

genome is believed to be a random event that is facilitated by the fracture and 

enzymatic repair mechanisms of the chromosome that is thought activated by the 

microinjection process and generally insertion occurs at a single locus (Brinster et 

al., 1985).  The number of transgene copies that integrate range from one to several 

hundred.  Transgenes integrate in head-to-tail, tail-to-head, tail-to-tail, and head-to-

head arrangements.  The copy number of the inserted gene is typically not 

proportional to gene expression levels (Sigmund, 1993).   
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Following pronuclear injection, a transgene may persevere in embryos 

through several cell divisions before it either integrates into the host genome or is 

degraded; however, most pronuclear injected DNA integrates before the four-cell 

stage in murine embryos (Page et al., 1995a).   Mosaic animals are ones that do not 

contain integrated transgene in every cell.  If the transgene integrates at the one-

cell stage, mosaicism will not result.  If the transgene integrates at or past the two-

cell stage the animals will be mosaic and often are.  Mosaic animals can still 

express the transgene and mosaicism is not a problem provided the germ line cells 

carry the integrated transgene.  Animals with transgenic gametes may pass the 

transgene on to their offspring in normal Mendelian manner (Gordon and Ruddle, 

1981), which is necessary for developing lines of transgenic mice.   

The technique has been applied in sheep, pigs, and cows but has enjoyed 

greatest success in rodent transgenics.  The overall integration efficiency has not 

improved since Brinster’s time (Taketo et al., 1991; Wall, 1996; Clark and 

Whitelaw, 2003; Devgan and Seshagiri, 2003). 

 

Cytoplasmic Injection  

Cytoplasmic injection is the second form of oocyte injection to discuss.  

Typically cytoplasmic injection refers to deposit of transgene copies into the 

cytosol of a pronuclear stage embryo.  Traditional cytoplasmic injection of 
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embryos for the purpose of creating transgenic animals has a very low success rate.  

In 1985, Brinster and associates studied, in addition to pronuclear injection, the 

injection of exogenous DNA in the cytoplasm of one-cell mouse embryos.  In this 

study, the investigators compared the genomic integration effects from the cytosol 

of size of DNA fragment (4.8, 5.6, and 9.1 kb), DNA copy number (400-20,000), 

and double-stranded versus single-stranded linear DNA with dissimilar sticky 

ends.  The results obtained indicated that the 4.8kb linearized DNA with dissimilar 

staggered ends injected as 400 copies had the highest integration frequency of 

3.4% of 58 animals.  The 5.6 kb linearized DNA with dissimilar staggered ends 

injected as 3,000 copies had 0% integration efficiency of 60 animals tested.  The 

9.1 kb supercoiled DNA delivered cytoplasmically and injected as 1-20x10
3
 copies 

showed 0% integration frequency as well (Brinster et al., 1985).   

To summarize, the integration frequency of pronuclear microinjected 

linearized DNA was 25.8% compared with 3.4% obtained from cytoplasmically 

delivered linearized DNA (Brinster et al., 1985).  Southern blotting analysis was 

performed on the microinjected embryos 24 h post-injection to gain insight into the 

transgene integration activity.  To accomplish this, the researchers injected 

extremely high copy numbers of approximately 50,000 transgenes, which may 

invalidate the study or at least render it non-comparable to the other techniques.  

Nevertheless, the results obtained are worth mentioning.  Namely the researchers 
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found that linearized DNA injected cytoplasmically had spontaneously supercoiled 

within 24 h (Brinster et al., 1985).   

It should be noted that the Brinster et al. (1985) paper lacked any kind of 

statistical analysis, the animal study groups were small, and some experimental 

groups had inadequate control groups.  Nevertheless, the results produced were 

interesting and suggested the need for further research in the area of transgene 

delivery, namely transgene deposit location within the embryo and transgene 

conformation.  In 1995, Page and colleagues took a closer look at cytoplasmic 

microinjection from a condensed DNA standpoint.  The DNA preparation used in 

the polylysine condensation experiment was a 5.3 kDa construct containing a 

cDNA encoding human Protein C.  Condensation of the DNA by the polylysine 

was effective.  The cytoplasmic microinjection of the condensed DNA resulted in 

12.8% transgenesis rate when injected at a 1:1 polylysine to DNA (50 µg/ml) ratio 

in pronuclear stage embryos.  However, the cytoplasmic integration efficiency was 

41% less efficient than the pronuclear microinjection of the same linearized DNA 

that showed 21.7% transgene integration efficiency (Page et al., 1995a).    

 

DNA Condensation 

A quick review of the properties of DNA starts with nucleic acids which 

are comprised of nucleotides (a base, a sugar and a phosphoric acid reside 
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covalently bound together according to their type - purines or prymidines) which 

bind together in a phosphodiester bond between the phosphoric acid of the 

incoming nucleotide to the sugar residue of the preceding nucleotide to form 

nucleic acids.  Collectively, the phosphodiester bonds form the structural backbone 

of the DNA molecule.  The order of the paired bases along the nucleotide chain 

defines the primary structure of the DNA molecule.  The bases of two 

corresponding single DNA strands base-pair together in opposite directions to form 

double stranded DNA.  The secondary structure of the DNA molecule is defined 

by the negatively charged phosphodiester backbone that gives the DNA its three-

dimensional double helix configuration (Campbell, 1995).   

The tertiary structure of DNA is supercoiled.  Within eukaryotic cells the 

supercoiling of DNA is facilitated by histones and other positively charged 

proteins into highly condensed, complex molecules called nucleosomes.  Adjacent 

nucleosomes combine by means of histones to form chromatin during eukaryotic 

cell division.  Twenty percent of histone is lysine and arginine, two polar and basic 

amino acids.  Histones electrostatically bind to and neutralize the negatively 

charged phosphodiester backbone of the DNA at the positively charged lysine and 

arginine rich regions (Weintraub et al., 1975).  In addition to protein interaction, 

salt concentration, and DNA osmotic pressure contribute to in vivo DNA 

condensation (Weintrub et al., 1975; Vologodskii and Cozzarelli, 1995).  The 
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resulting chromatin looks like beads-on-a-string and is approximately one-fifth the 

length of the secondary structure (Campbell, 1995).  In short, DNA is either curved 

or linear in its relaxed state (Tobias and Olson, 1993), but for chromatin formation 

the DNA is condensed.  

This structural plasticity of DNA can be manipulated in vitro by the 

ionizing properties of cations.  Cations can be monovalent, divalent and 

multivalent.  The condensation of DNA by cations is called counterion 

condensation (Ma and Bloomfield, 1994; Bloomfield, 1991; Manning, 1978).  

Cation ligands bind to and neutralize the negatively charged phosphodiester 

backbone of DNA.  Condensation occurs when 89 to 90% of the DNA charge is 

neutralized (Ma and Bloomfield, 1994).  Condensation involves the polymerization 

of several DNA molecules.  The condensation of DNA typically results in the 

formation of individual particles with one of two distinct morphologies: toroidal or 

rod-shaped.  Aggregation is the assembly of several toroidal or rod-shaped DNA 

condensates.   

Rod-shaped DNA is an example of sharp DNA bending in a kinky, non-

continuous fashion.  Toroidal shaped DNA is an example of continuous DNA 

bending.  The DNA in toroidal condensates is circumferentially wrapped about 

itself to form a doughnut shape molecule.  The size of the condensate particle does 

not seem to depend on the length of the individual DNA molecule provided it 
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contains between 400 and 40,000 base pair (bp).  Perhaps because it possesses 

lower free energy, DNA of shorter lengths cannot be condensed from a low salt 

solution into a distinct toroidal or rod-shaped particle (Bloomfield, 1991). The 

toroidal and rod-shaped multicationic condensates have similar outer radii of 

approximately 500 Å (Bloomfield, 1991).  Knowing the radius of the DNA 

condensates provides a method for detecting them by light scattering technology.   

Monovalent cations are unable to neutralize DNA to the strong degree 

that 2+, 3+ and 4+ cations can and are not good condensing agents (Bloomfield, 

1991).  The salt concentration would need to be very high in order for a 

monovalent cation solution to neutralize the 80-90% of DNA necessary for 

condensation to occur, a salt level which may destabilize DNA secondary structure 

by interrupting DNA base pairing.  The divalent cations MnCl2 and MgCl2 were 

unsuccessful condensers of relaxed DNA in aqueous solution at room temperature.  

A mixture of water and alcohol enhanced the ability of divalent cations to 

condense DNA; however, aggregation was typically not observed (Widom and 

Baldwin, 1980).  Substituting alcohol for water lowers the dielectric constant of the 

solution and facilitates greater cation-DNA interaction.   Condensation with MnCl2 

works best on already supercoiled DNA and less efficiently on linearized DNA 

(Ma and Bloomfield, 1994).    
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Multivalent cations like the polyamines spermidine
3+

 and spermine
4+

 and 

cationic polypeptides were able to condense or aggregate DNA in vitro in a low 

salt aqueous solution (Bloomfield, 1991).  Polylysine is a cationic polypeptide that 

was used experimentally to condense linear DNA that was subsequently used to 

produce transgenic mice by cytoplasmic microinjection of pronuclear stage 

embryos (Page et al., 1995).  The DNA preparation used in the polylysine 

condensation experiment was a 5.3 kDa construct containing a cDNA encoding 

human Protein C.  Condensation of the DNA with polylysine was effective, 

resulting in 12.8% transgenesis when injected at a ratio of 1:1 polylysine to DNA 

(50 µg/ml) in pronuclear stage embryos.   

 

Green Fluorescent Protein (GFP) 

Wild-type GFP (w-GFP) is a natural bioluminescence found in the 

Atlantic jellyfish, Aequorea Victoria.  The cDNA for GFP was cloned in 1992 

(Cubitt et al., 1995; Gerdes and Kaether, 1996).  Subsequent analysis of the cDNA 

for GFP indicated it is as 238 amino acid protein with a 27-30 kDa molecular 

weight (Gerdes and Kaether, 1996).  The three amino acids Ser65, Tyr66 and 

Gly67 become cyclic following oxidation and form the light absorbing 

chromophore.  Chromophore formation appears to be autocatalytic.  Wild-type 
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GFP has two excitation peaks at 395 nm and 475 nm, and will emit fluorescence at 

508 nm (Gerdes and Kaether, 1996).   

Several mutant GFP have been developed for wide application both in 

vivo and in vitro in scientific experimentation.  Green fluorescent protein has been 

applied in protein localization experiments using yeast vectors with specific 

organelle targeting sequences (Kahana and Silver, 1996).  Green fluorescent 

protein has been used in various protein fusion experiments (Moores et al., 1996; 

Straight et al., 1996).  Scientists have made green mouse embryos (Okabe et al., 

1997), green cow embryos (Takada et al., 1997; Chauhan et al., 1999), green fruit 

flies (Wang and Hazelrigg, 1994), green fluorescent plants (Gu and Verma, 1997), 

green yeast (Kahana et al., 1995; Straight et al., 1996), green bacteria and green 

fish embryos (Webb et al., 1997).   

Green fluorescent protein has been a useful gene marker candidate.  

Several marker genes, for instance luciferase or beta-galactosidase, require 

cofactor substrates for activation.  Activation of GFP requires no additional 

substrate.  Activation of fluorescence requires the application of UV light.  

Prolonged UV exposure will have a toxic effect on cells, including embryos (Eibs 

and Spielmann, 1977).  Mouse embryos observed under the UV fluorescent 

microscope for several minutes became non-viable and failed to develop further 

(Mohr and Trounson, 1980; Ikawa et al., 1995).  However, morulae stage embryos 
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viewed only briefly under the fluorescent microscope showed no subsequent sign 

of toxicity and developed to blastocyst stage (Ikawa et al., 1995).  These same 

embryos were transferred into pseudopregnant recipient females and maintained 

vitality throughout gestation.   

 

Enhanced Green Fluorescent Protein (EGFP) 

The DNA construct enhanced GFP (EGFP) combines human 

cytomegalovirus early promoter/enhancer (
P
CMV

IE
) followed by a multiple 

cloning site (MCS), a synthetic intron (IVS) to stabilize the mRNA, an attenuated 

internal ribosome entry site (IRES) from the encephalomyocarditis virus (ECMV), 

and the GFPmut1 EGFP cDNA.  The G+FPmut1 is the ‘humanized’ gene construct 

with codons optimized for improved mammalian expression.  The EGFP 

chromophore tripeptide is different from the w-GFP at amino acid 65 which was 

switched from serine to threonine.  Amino acid 64 is also switched in the EGFP 

cDNA from phenylalanine to leucine.  The mutations permit improved protein 

folding and chromophore formation for a more vibrant GFP expression (Cormack 

et al., 1996).  Enhanced GFP has a single excitation maximum at 488 nm, which is 

within blue light spectra, and a green fluorescent emission maximum at 508 nm.  

The entire EGFP construct is 2.7 kDa.   
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Embryo Electroporation 

Electroporation causes depolarization of embryo membranes and the 

formation of pores through which DNA can travel.  Electroporation offers a fast 

and easy way to manipulate transgenesis during embryo development (Chen et al., 

2004; Geng et al., 2010).  Excessive electroporation can result in complete 

mechanical breakdown of the membrane resulting in embryo death.  An 

osmotically correct medium is essential in controlling embryo exchange across the 

membrane during and following electroporation.   

Most commonly, electroporation has been applied in vitro to facilitate 

the transfer of DNA across cell membranes as in the example of bacterial cell 

transfection with plasmids (Weaver, 1995) in the introduction of genes in ES cells 

used in transgenic science (Cameron, 1994), and the introduction of DNA to 

mammalian cells (Friedrich and Soriano, 1991).  Electroporation technology has 

made possible the transdermal delivery of therapeutic proteins such as luteinizing 

hormone releasing hormone (Bommannan et al., 1994), the transfer of genes into 

mouse spermatogenic cells by electroporation of seminiferous tubules (Yamazaki 

et al., 1998), electroporation of skeletal muscles for aiding in localized production 

of therapeutic recombinant proteins (Mathiesen, 1999; Mir et al., 1999; Rizzuto et 

al., 1999), and the establishment of regulated gene expression in avian embryos 

(Momose et al., 1999).  Electroporation has also been successfully applied in vivo 
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in conjunction with the administration of anti-cancer agents in the ablation or 

shrinkage of tumor; this technology is termed electrochemotherapy (Al-Sakere et 

al., 2007; Hofmann et al., 1999; Hyacinthe et al., 1999; Mir et al., 1998; Dev and 

Hoffman, 1994).   

 

Transgene Detection 

Two of the more common methods of transgene detection include PCR 

analysis and Southern blotting.  These techniques are reliable but are complicated, 

requiring great skill, attention to detail, time-appropriate application and several 

hours to perform.  Generally, PCR and Southern Blot hybridization analyses are 

performed on tissue samples obtained several days to weeks after parturition from 

the neonate.  Polymerase chain reaction has been applied to mouse embryo 

blastomeres prior to embryo transfer (Sheardown et al., 1992).  The procedure 

involved blastomere separation followed by PCR analysis of the blastomere.  The 

individual blastomere is sacrificed for the experiment.  However, if separation is 

done correctly the embryo itself remains viable.  Polymerase chain reaction can 

identify the presence of the transgene at early embryonic developmental stages, but 

cannot tell whether or not the transgene incorporated into the genome.  As a result, 

PCR application at early stages of development has limited value.   
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Production of large transgenic animals is a goal of transgenic science 

and it is a costly endeavor.  For cows the price tag is estimated at $30K (Wall, 

1996).  In the case of cattle, gestation lasts 9 months and each cow typically has 

only one offspring per year.  Swine have a much shorter gestation than cattle and 

large litters making it arguably a better transgenic model.  The use of GFP or 

EGFP as a marker gene provides researchers with a quick, simple and non-invasive 

assay to identify those embryos that contain the integrated transgene shortly after 

the embryos become transcriptionally active.  Swine embryos become 

transcriptionally active at the 4-cell stage and mouse embryos at the 2-cell stage 

(Prather, 1993).  Ikawa et al. (1995) observed GFP activity in 4-cell stage embryos 

produced from a mating of hemizygous males with w-GFP females.  Early 

selection of only transgene-positive embryos for oviductal transfer and in vivo 

development would certainly enhance the efficiency of transgenic animal 

production efficiency and potentially lower costs. 
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CHAPTER 3 

Developmental Effects of Electroporation on Pronuclear Stage Murine 

Embryos 

 

ABSTRACT 

Reversible electroporation is the temporary abatement of normal 

electrical plasma membrane function resulting in improved membrane 

permeability and trans-membrane exchange.   Irreversible electroporation is the 

permanent disorganization of normal plasma membrane function resulting in cell 

death.  Even lengthy reversible electroporation may result in cell death.  The 

purpose of this study was to identify the parameters of reversible electroporation in 

murine zygotes as an initial step in characterizing its application in transgenic 

mammal research.  To that end, pronuclear stage murine embryos (n = 1,932) 

received one of three pulse lengths (5, 10, or 20 μs), and one of six voltages (0, 

100, 200, 250, 300 or 400 V).  Several combinations of voltages and pulse lengths 

produced 4 d embryo developments similar to controls (P > 0.05).  The embryos 

electroporated with 400 V for 5 and 20 μs had the lowest developments, an 

indication of irreversible electroporation.  Embryos electroporated with 100 V for 

5 μs, 400 V for 10 μs, and 250 V for 20 μs had similar 4 d developments (P > 0.05) 

that scored between the best and worst groups of embryo development.  These 

embryos most likely underwent reversible electroporation. 
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INTRODUCTION 

Electroporation is the application of electricity to living cells for the 

purpose of depolarizing plasma membranes and causing formation of temporary 

aqueous pores in the lipid bilayer through which charged ions and molecules may 

freely travel from the extracellular to intracellular environment (Chang et al., 1992; 

Weaver, 1995).  More specifically, when applied electricity exceeds the energy 

necessary for the membrane to retain its lipid bilayer shape a polar transmembrane 

potential is created (Somiari et al., 2000; Hui, 1995) that causes the opposite 

surfaces of the membrane to attract each other with force enough to cause 

membrane thinning and holes (Nakamura and Funahashi, 2001).  Electrically 

induced conversion of the polyunsaturated fatty acids that comprise the lipid 

bilayer of the cell membrane into lipid hydroperoxide by resident membrane 

enzymes, called oxidoreductases, is thought to make the membrane especially 

fluid; thereby, facilitating membrane thinning and pore formation (Radi et al., 

1993; Maccarrone et al., 1995a; Maccarrone et al., 1995b). 

The electric field and ‘poles’ created are localized in plasma membranes.  

The rest of the cell experiences a much lower potential gradient and remains 

largely unaffected (Hui, 1998).   Molecules, depending on their size and charge, 

may pass through the aqueous channels and enter the intracellular environment 

(Andre and Mir, 2004) by electrophoresis (Taketo, 1989), electro-osmotic flow, 
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colloid-osmotic flow (Stopper et al., 1987), and simple diffusion (Neumann et al., 

1982; Toneguzzo and Keating, 1986).  In short, electroporation increases 

permeability of the plasma membrane.  When enhanced permeability of the cell 

membrane is brief, the event is termed reversible electroporation.  Reversible 

electroporation can last for several minutes (Hui, 1998).  Excessive application of 

electrical pulse or voltage can result in permanent pore formation and cell death, 

termed irreversible electroporation (Geng et al., 2010).  Cell death can also occur 

during reversible electroporation as a result of excessive exchange across the 

membrane (Weaver, 1995).  Use of osmotically correct media is essential in 

controlling embryo exchange during and immediately following electroporation 

(van den Hoff et al., 1992).   

Electroporation is measured in quick unipolar, high electric field pulses 

called DC pulses (Hofman, 1989).  Pulses can vary in amplitude and length.  A 

pulse is obtained by charging a capacitor and then allowing it to discharge through 

two electrodes in a medium.  Objects in the medium between the two electrodes 

receive the pulse and are electroporated.  The BTX Inc. operators manual describes 

the electroporation event as a combination of field strength of the shock (kV/cm), 

rate of voltage decay (resistance x capacitance; in µs), and the number and duration 

of pulses.  Electroporation conditions are defined differently for different cell types 

and different purposes in the literature.   
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Most investigators use permeation for the purpose of transferring 

molecules across cell membranes.  In the case of DNA, effective transport across 

the membrane generally involves 50% to 80% cell death (Chu et al., 1987).  In 

normal cell culture, 50% death could be argued as reasonable because cells in 

culture are plentiful and relatively inexpensive to replace.  In terms of embryos, 

50% death is not reasonable because embryos are not plentiful and acquiring them 

involves euthanizing a donor animal.    

The purpose of this research was to investigate the effects of 

electroporation on murine embryo development in an in vitro culture system and to 

identify the measures that allow for reversible electroporation within a broad range 

of voltages and pulse lengths. 

 

MATERIALS AND METHODS 

Superovulation 

Weaned female CD-1 mice between 25 and 35 d of age and weighing 

19.5 to 23 g were administered 10 IU of equine chorionic gonadotropin (eCG, 

Diosynth, Chicago, IL, USA) by intraperitoneal (i.p.) injections.  Females were 

then i.p. administered 5 IU human chorionic gonadotropin (hCG, Sigma Aldrich 

Chemical Co., St. Louis, MO; Catalog #C5297) i.p. 46 to 48 h later.  The females 



 

33 
 

were then individually placed in cages containing a single male.  Female were 

examined for vaginal plugs 21-24 h later.  Females with plugs were euthanized by 

cervical dislocation and their ovaries and oviducts were removed for embryo 

harvesting (Hogan et al., 1986). 

 

Zygote Harvesting and Culture Conditions 

Zygotes were harvested at the cumulus stage into M2 medium (Sigma 

Aldrich, Catalog #M-5910) at 37.5
o
C and pH 7.4.  The cumulus cells were 

dissociated from the zygotes in M2 medium containing 1 mg hyaluronidase (320 

IU/mg; Sigma Aldrich, Catalog #H-3506) and then returned to essential M2 

medium.  All subsequent zygote manipulations excluding electroporation and long 

term in vitro culture were performed in M2 medium (Hogan et al., 1986).   

Following electroporation the zygotes were cultured for 4 d at 37.5
 o
C in CO2 

equilibrated CZB droplets.  Approximately 40 embryos were cultured in each 10 µl 

droplet (Chatot et el., 1989).   

 

Embryo Electroporation 

Pronuclear stage embryos were subjected to a single electrical pulse of 0, 

100, 200, 250, 300 or 400V for the duration of 0, 5, 10 or 20 µs (BTX Inc., ECM® 

200; San Diego, CA).  The electroporation media consisted of sterilized 0.3 M d-
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mannitol (Sigma Aldrich, Catalog #M-4125) in Hepes (35 mM; Sigma Aldrich, 

Catalog #H-6147) at a physiological pH of 7.2.  The electroporation microslide 

chamber was part #453 (BTX Inc.).   It had a 3.2 mm gap between two steel 

electrodes allowed for a 0.7 ml medium volume.  The chamber was sterilized with 

70% ethanol prior to and between each usage.  Approximately 40 to 80 embryos 

were electroporated at a single time.  These numbers were selected for convenience 

based on the 40 embryo culture capacity of a 10 µl drop of CZB medium (Chatot et 

al., 1989).   Following electroporation, embryos were rinsed in a series of three 

droplets of CZB medium cultured 4 d in 10 µl CZB medium.  The electrical 

activation of mouse oocytes can occur from applied voltage (Collas et al., 1989).  

The zygotes subjected to electroporation were first evaluated for the presence of 

the male pronucleus.   

 

Embryo Evaluation  

Embryo development was evaluated 4d post treatment.  The embryos 

were analyzed using one-way analysis of variance with Tukey's Multiple 

Comparison post test using GraphPad Prism version 4.00 for Windows, GraphPad 

Software, San Diego, CA. There were four classifications of embryo development 

that ranged from least to most developed.  Degenerated and lysed embryos were 

assigned the numerical score 1, one-cell and two-cell embryos were assigned the 
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numerical score 2, three-cell to ten-cell embryos were assigned the numerical score 

3, and embryos that progressed to morula to hatched blastocyst stage were assigned 

the numerical score 4.  All scoring was assigned on day 4.   

 

RESULTS 

Embryo Development 

Electroporation at all three pulse lengths had a significant effect (P < 

0.001) on embryo development as compared with control embryos; however there 

was no difference (P > 0.05) in development between the pulse lengths (Table 3.1).  

Additionally there was significant (P < 0.01) effect of voltage (Table 3.2) and 

electroporation pulse length by voltage (Table 3.3) effects on embryo 

development.  Among electroporated zygotes, embryos that received 10 µs 

electroporation pulse had the highest 4 d development score 3.0 ± 0.05, which was 

not different (P > 0.05) than other two pulse lengths (Table 3.1).   
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Table 3.1 Effect of pulse length on embryo development 4 d following 

electroporation 

         Embryo      Score
1
 

Treatment           Number     LS Mean  

__________________________________________________________________     

      0 µs           540       3.4
a
 ± 0.04      

      5 µs         448             2.9
b
 ± 0.06     

    10 µs         527             3.0
b
 ± 0.05      

    20 µs         421             2.9
b 
± 0.05 

ab
Means with different superscript differ significantly (P < 0.05) 

1
Score Key: 1 = degenerate/lysed; 2 = 1-2 cell; 3 = 3-10 cell; 4 = morula-hatched 

blastocysts 

See Appendix A  

 

The electroporation study included 1,932 CD-1 murine embryos.  

Control embryos (3.4 ± 0.04) and those that received 200 V (3.3 ± 0.06) exhibited 

the highest 4 d development across voltage treatments (Table 3.2).  The group of 

embryos administered 400 V had the lowest (2.3 ± 0.08) overall 4 d development 

following electroporation.  Embryos electroporated with 100 or 250 V had mean 

development scores of 3.0 ± 0.06 and 3.0 ± 0.07 respectively, and were not 

different.  The group that received 300 V had mean development score of 3.1 ± 

0.07.   

The control embryos subjected to 5, 10 or 20 µs pulse length had similar 

4 d development (Tables 3.3 and 3.4).  Development of embryos subjected to 5 µs 

pulse length and 200, 250 and 300 V, 10 µs and 100, 200, 250 and 300 V, and 20 

µs pulse length and 200 V was not different from controls.  Generally, lowest 
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embryo development occurred with 400 V at all pulse lengths.  Highest voltage 

stimulation to not impact development occurred at 300 V for 5 and 10 µs pulse 

lengths and 200 V for 20 µs pulse length (Table 3.4).    Embryos electroporated 

with 100 and 250 V for 5 μs, 400 V for 10 μs, and 250 V for 20 μs had similar 4 d 

development (P > 0.05) that scored between the best and worst developed groups.   

Table 3.2 Effect of voltage on embryo development across pulse lengths 4 d 

following electroporation 

       

Treatment        N                          Score
1
   

__________________________________________________________________              

 Control                    540             3.4
a 
± 0.04 

 100 V         316             3.0
b 
± 0.06 

 200 V         276             3.3
ab 

± 0.06 

 250 V         261             3.0
b 
± 0.07 

 300 V         281             3.1
b 
± 0.07 

 400 V         262             2.3
c 
± 0.08 

abc
Means with different superscript differ significantly (P < 0.01) 

1
Score Key: 1 = degenerate/lysed; 2 = 1-2 cell; 3 = 3-10 cell; 4 = morula to hatched 

blastocysts 

See Appendix B 
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Table 3.3 Embryo development by voltage within pulse lengths 4 d following 

electroporation 

                  

Treatment           5 µs          10 µs        20 µs  

   Group           Mean          Mean                 Mean 

__________________________________________________________________ 

Controls      3.4
a 
± 0.10     3.4

a 
± 0.07                       3.4

a 
± 0.07 

 100 V      2.8
bd 

± 0.12                     3.2
a 
± 0.10                       3.0

bc 
± 0.12 

 200 V                3.5
a 
± 0.11                      3.1

a 
± 0.12                     3.3

abd 
± 0.10 

 250 V      3.0
ad 

± 0.15                      3.3
a 
± 0.11                      2.6

ce 
± 0.12 

 300 V               3.2
ad 

± 0.14     3.1
a 
± 0.12                      3.0

cd 
± 0.11 

 400 V      2.1
c 
± 0.13     2.6

b 
± 0.13              2.4

e 
± 0.13 

abcde
Means with different superscript within columns differ significantly (P < 0.05) 

abcde
Means with same superscript within columns are not differ (P > 0.05) 

1
Score Key: 1 = degenerate/lysed; 2 = 1-2 cell; 3 = 3-10 cell; 4 = morula to hatched 

blastocysts 

See Appendix C  
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Table 3.4 Comparison of selected embryo developments across pulse lengths 

and voltages 4 d following electroporation 

                  

Treatment        5 µs          10 µs           20 µs  

   Group        Mean          Mean                    Mean 

__________________________________________________________________ 

Controls  3.4
 
± 0.10      3.4

 
± 0.07                          3.4

 
± 0.07 

 100 V          2.8
ac 

± 0.12                           3.2
 
± 0.10                       3.0

acd 
± 0.12 

 200 V   3.5
 
± 0.11                         3.1

ac 
± 0.12                          3.3

 
± 0.10 

 250 V          3.0
ac 

± 0.15                           3.3
 
± 0.11                       2.6

ab 
± 0.12 

 300 V  3.2
 
± 0.14              3.1

a 
± 0.12                       3.0

acd 
± 0.11 

 400 V          2.1
b 
± 0.13    2.6

bc 
± 0.13                        2.4

bd 
± 0.13 

abcdefghi
Means with different superscript across rows and columns differ 

significantly (P < 0.05) 
abcdefghi

Means with same superscript across rows and columns are not differ (P > 

0.05) 

Score Key: 1 = degenerate/lysed; 2 = 1-2 cell; 3 = 3-10 cell; 4 = morula to hatched 

blastocysts 

See Appendix D  

 

 

DISCUSSION 

 

Cell electroporation is a multifaceted event occurring inside, outside and 

at the cell membrane.  Considerations include the transmembrane potential created 

by the technique (Somiari et al., 2000; Hui, 1995), the extent in number and size of 

pores formed (Sowers and Lieber, 1986; Schwister and Deuticke, 1985; Kinosita 

and Tsong, 1977), the period of membrane permeability (Kinosita and Tsong, 

1977), the interval and mode of molecular flow, the concentration of molecules for 
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transport, the conformation of molecules for transport, cell stamina during 

permeation, and the heterogeneity of test cell population (Hui, 1995; Klenchin et 

al., 1991).   

To better isolate just the effects of voltage and pulse length on embryo 

development it was necessary to reduce the significance of the molecules 

transported across the membranes during electroporation.  This was accomplished 

by using fresh D-Mannitol in Hepes as the electroporation medium in every 

experiment.  To reduce the impact of test subject heterogeneity, only pronuclear 

stage embryos with seemingly the same propensity for growth and development 

were electroporated.  Factors still at play in this comparison of electroporation 

conditions were strength of transmembrane potential, magnitude of pore formation, 

duration of membrane permeability, interval and mode of molecular flow, and cell 

stamina during permeation – all functions of voltage and/or pulse length.   

A low molecular weight dye (Presse et al., 1988) or marker in 

electroporation media is a useful tool for characterizing the strength of 

transmembrane potential and by extension identifying the degree of membrane 

permeability and magnitude of pore formation (reviewed in Klenchin et al., 1991).  

In the absence of a selectable dye or marker to clearly illustrate the movement of 

molecules across the embryo membranes due to electroporation, differences in 

embryo development was the criteria used in this study to assess and compare 
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pulse length, voltage, and the interaction of pulse length and voltage.  No 

electroporated embryos developed significantly better than control embryos.   

In 1986, Nemec performed a smaller, similar study looking at murine 

embryo survival following electroporation at three voltages (200, 400 and 600), 

two pulse lengths (10 and 20 μs) and two temperatures (5 and 25
o
C).  In that study, 

the embryos electroporated at 25ºC with 200 V for 10 μs resulted in the highest 

pregnancy rate.  Although not statistically significant, the findings in this study 

support those results.  Among groups of electroporated embryos that developed 

similarly to control embryos in this study (5 µs pulse length at 200, 250, and 300 

V, 10 µs pulse length at 100, 200, 250 and 300 V, 20 µs pulse length at 200 V) it is 

difficult to conclude whether or not adequate trans-membrane potential was 

generated to render the membranes permeable (Table 3.3).  However, if these 

electroporation conditions did successfully induce membrane permeation, then it is 

reasonable to conclude that the magnitude of pores formed, duration of membrane 

permeability, and duration and mode of molecular flow did not hinder cell stamina 

during or following permeation.  The embryos that developed significantly worse 

than controls (5 µs pulse length at 100 and 400 V, 10 µs pulse length at 400 V, and 

20 µs pulse length at 100, 250, 300 and 400 V) clearly experienced some level of 

irreversible electroporation (Table 3.3).   
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Permeation occurs in the presence of an electric field pulse when the 

energy applied exceeds the energy holding the lipid bilayer intact.  When the 

electric field pulse is withdrawn the lipid bilayers immediately restore; however, 

they may remain permeable for a long time thereafter (Hui, 1995).  The 

electroporated embryos that developed worse (5 µs pulse length at 100, 250, and 

400 V, 10 µs pulse length at 400 V, and 20 µs pulse length at 100, 250, 300 and 

400 V) than control embryos may have suffered prolonged membrane permeability 

that allowed for longer periods of molecular flow in and out of the embryo.  The 

data in Table 3.2 and 3.3 are not linear and therefore, cannot be used to definitively 

indicate an inverse relationship between voltage strength and embryo viability, 

pulse length and embryo vitality, or a parallel relationship between voltage 

strength and size and scope of pore formation.  Two things the data indicates for 

certain are:  first, the lowest development was seen in embryos electroporated with 

400 V, the highest voltage applied; and second, all embryos electroporated for 20 

µs, regardless of voltage, had lower development than embryos electroporated for 

5 or 10 µs.    

Except for the 100 V treatment group at 5 and 20 µs, there appears to be 

a direct relationship between voltage and transmembrane potential, and voltage and 

membrane pore formation (Table 3.2 and 3.3).  Higher voltage equals higher 

transmembrane potential and more extensive pore formation.  Lower voltage 
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equals lower transmembrane potential and sparser pore formation.  Judging by 

mean development on d 4 within pulse lengths, there appeared to be no direct 

relationship between pulse length and duration of membrane permeability, and 

therefore interval of molecular flow (Table 3.1).  There was a direct relationship 

between voltage increase and duration of membrane permeability, as evidenced by 

an inverse relationship with embryo development (Table 3.2).  Together pulse 

length and voltage had an additive effect (Tables 3.3 and 3.4).   

Longer pulse lengths and higher voltages together caused increased 

permeability and longer interval of molecular flow.  These conditions weakened 

embryos and resulted in lower embryo development score.  The opposite is true for 

shorter pulse lengths.  Presumably the mode of molecular flow is inward during 

applied voltage and outward as the transmembrane potential disappears.  Embryo 

development is lowest in the 400 V treatment group at 5 and 20 µs pulse lengths 

(Table 3.2).  This is an indication that as voltage increases beyond a certain 

threshold of synergy, the effects of pulse length on embryo maturation are 

diminished not additive.  For pronuclear stage murine embryos that threshold 

appears to be 400 V in two out of three pulse lengths.   

Electroporation has been shown to be a valuable tool in the transfer of 

various molecules from the extracellular environment into the cytoplasm of several 

cellular species, including charged molecules like DNA as in the case of 
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transfection (Hui, 1995; Geng et al., 2010).  In 1998, Hui claimed that the electric 

field and ‘poles’ created during electroporation stayed localized at plasma 

membranes and that the rest of the cell remained largely unaffected.  That theory 

should be retested for both high and low survival electroporation measures.  

Because if it is found that the nuclear membrane as well as the plasma membrane 

experiences permeation, then whole embryo electroporation could successfully be 

applied in the making of transgenic animals, either alone or in combination with 

other methods.  Cytoplasmic injection of DNA, for example, is a particularly 

inefficient technique for producing transgenic animals (Page et al., 1995; Brinster 

et al., 1985) that might greatly benefit by the addition of embryo electroporation 

following introduction of the transgenes.  Transgene integration is believed to 

occur by fracture and enzymatic repair mechanisms of the chromosome which are 

activated by the injection needle during pronuclear injection (Brinster et al., 1985).  

It may be possible for electroporation to cause a temporary electrical disturbance 

or nick along the electrically charged chromosome – similar to the electrical 

disruption and pore formation caused along the cell membrane – that will allow the 

exogenous DNA to integrate, possibly at more than one locus and with increased 

copy number.  If transgenes integrate the host genome in multiple loci and/or in 

higher copy number, then the incidence of stable germline transmission may 

increase, as may gene expression (Krnacik et al., 1995).  Because several groups of 
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electroporated embryos yielded developments similar to the non-electroporated 

embryos it is likely the enzymatic repair activity of the nucleus, if it occurs, is not 

hindered significantly by the procedure.     

If electroporation is shown to facilitate the chromosomal integration of 

the injected DNA, it may also hasten the transgene integration process, thereby 

potentially decreasing the incidence of mosaicism and possibly increasing the 

likelihood that the genes will be transmitted to offspring.  Gene integration 

following pronuclear injection generally occurs before the third cell division in 

murine embryos (Page et al., 1995a).  When gene integration occurs following cell 

division the transgenic animal produced will lack the presence of the transgene in 

every cell.  Mosaicism is not a problem in the production of transgenic animals 

provided the transgene integrates the genome at heritable loci (Gordon and Ruddle, 

1981).  If electroporation is found to accelerate chromosomal integration of an 

injected gene the likelihood that more cells will contain the gene may increase, as 

may the heritability of the gene.   

The next step in embryo electroporation research should be to discern 

whether or not transmembrane potential occurs at these pulse length and voltage 

combinations, and at which membranes – plasma or plasma and nuclear.   Chu and 

colleagues wrote in 1987 that in the case of DNA, effective transport across the 

membrane generally involves 50% to 80% cell death.   Because embryos are costly 
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from several points of view, it would be particularly useful to find good 

permeation in the voltage and pulse length combinations that resulted in 

development similar to un-electroporated embryos, namely the 5 µs pulse length at 

200 and 300 V, 10 µs pulse length at 100, 200, 250 and 300 V, 20 µs pulse length 

at 200 V.  However it is more likely the embryos that underwent reversible 

electroporation were electroporated with 100 V for 5 μs, 400 V for 10 μs, and 250 

V for 20 μs.  These embryos had similar 4 d development scores (P > 0.05) 

between the best and worst developed groups.  Technique verification could easily 

be achieved in vitro with a selectable dye or marker protein.  From there whole 

embryo electroporation should be paired with cytoplasmic or pronuclear 

microinjection to see if transgene integration efficiency improves.    
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CHAPTER 4 

Embryo Development and Protein Activity Following Cytoplasmic Injection 

of Linear and Condensed DNA  

 

ABSTRACT 

In 1985 Brinster et al., observed that linearized DNA injected in the 

cytoplasm of mouse zygotes underwent spontaneous supercoiling within 24 h.  

This finding suggests that DNA prefers and functions best in tertiary structure.  In 

an effort to improve the efficiency of transgenesis by cytoplasmic injection, in this 

study the DNA was condensed with MgCl2 to form a three dimensional rod-shaped 

DNA prior to injection in pronuclear stage murine zygotes.  The DNA used was 

enhanced green fluorescent protein on a cytomegalovirus promoter (CMV-EGFP) 

and served as a marker for gene integration and protein expression in culture 

conditions.  The condensed CMV-EGFP construct was injected in the cytoplasm at 

three concentrations (100, 425 and 625 µg/ml).  For comparison linear CMV-

EGFP construct was injected in the pronucleus (5 µg/ml) and in the cytoplasm 

(625 µg/ml).  In all treatment groups the control and buffer injected embryos had 

similar development.  Among DNA treatment groups, the highest development of 

fluorescing embryos was observed in zygotes injected in the cytoplasm with linear 

CMV-EGFP (625 µg/ml); however, zygotes injected in the cytoplasm with 

condensed CMV-EGFP (625 µg/ml) had the highest percentage (44%) of 
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fluorescing embryos, the highest percentage (16.7%) of fluorescing morula and 

blastocysts, and the lowest percentage of fluorescence mosaicism at every stage of 

embryo development after 4 d in culture; thereby making it the best method for 

generating transgenic animals.   

 

INTRODUCTION 

Page et al., in 1995, attempted to improve the rate of transgenesis by 

cytoplasmic injection by condensation of DNA with polylysine prior to injection 

into pronuclear stage mouse zygotes.  Their efforts resulted in a transgenesis rate 

of 12.8% of the live animals tested.  This certainly was an improvement over the 

3.4% rate of transgenesis reported by Brinster et al. (1985).  However the new 

technique was tricky.  Polylysine is a very large molecule and the large DNA 

aggregates frequently obstructed the microinjection needle pore (standard < 1 µm).  

Thus, a larger needle pore (> 1 µm) became necessary to accommodate the transfer 

of the condensed DNA.  The larger needle pore made the tip of the needle blunt by 

normal pore size comparison and microinjecting DNA with the larger needle 

reduced the survival of the embryos compared to microinjection of non-condensed 

DNA (Page et al., 1995).   

Complexing DNA with a smaller cation prior to cytoplasmic injection 

might greatly improve embryo survival because a smaller molecule would require 
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a smaller pore on the tip of injection needle.  Monovalent cations do not condense 

DNA.  Divalent cations require the addition of alcohol to facilitate greater cation-

DNA interaction in an aqueous environment (Widom and Baldwin, 1980).  An 

added bonus to this process is that unlike condensation with poly-cations, 

aggregation is typically not observed when condensing with divalent cations (Ma 

and Bloomfield, 1994); naturally fewer and smaller aggregates pass more easily 

through the injection needle into the cytoplasm.  Greater embryo survival 

following cytoplasmic injection may result in an overall higher rate of 

transgenesis.   

The objective of this research was to quantify the development and 

protein expression effects of cytoplasmic injection of CMV-EGFP condensed with 

MgCl2. 

  

MATERIALS & METHODS 

DNA Preparation 

The cytomegalovirus-enhanced green fluorescent protein (CMV-EGFP) 

construct was purchased already cloned into pIRES plasmid (Clonetech 

Laboratories, Palo Alto, CA, Catalog # 6064-1).  The plasmid construct contained 

the CMV
IE

 (immediate early) promoter (700 bp), followed by the multiple cloning 

site (MCS, 65 bp), the internal ribosomal entry site (IRES, 702 bp), the intervening 
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sequence (IVS, 211 bp), and the EGFP complimentary DNA (cDNA, 1022 bp, 

including the polyadenylation sequence).  Isolation and purification of the gene 

construct followed the general guidelines described in Chauhan et al., 1999.  

Isolation began with digestion of the plasmid overnight at 37.5
o
C in 1X Universal 

Buffer (Stratagene, La Jolla, CA, #500005) with endonuclease BamHI (Stratagene 

#500220) to remove the IRES, IVS and a portion of the MCS.  The restriction 

products were separated on a 0.8% agarose gel.  The vector containing fragment 

was purified by Ultra Clean15 Kit (MoBio), re-ligated with T4 DNA ligase 

(Stratagene, LaJolla, Ca) per manufacturer's instructions, and used to transform 

E.coli XL-Blu competent cells (Stratagene) per manufacturer’s instructions which 

were then streaked on agar plates with Luria Broth and ampicillin (50 mg/L).  

Plasmid containing colonies were selected and cultivated in Terrific Broth (Gibco 

BRL, Carlsbad, California 92008 USA #22711-063) with amplicillin (50 mg/L) 

over several days and several steps. The plasmid was then isolated and purified by 

column absorption (Qiagen Plasmid Maxi Kit; Qiagen Inc, Valencia, CA).  Next 

the plasmid was digested overnight at 37.5
o
C in 1X Universal Buffer with NruI 

(Promega, Madison, WI, #R709A) and XhoI (Promega, # R616A).  The final 

construct which contained CMV
IE 

promoter, followed by the truncated MCS (30 

bp), and the intact EGFP cDNA.  The total construct size was 1.752 kbp and had 

one sticky overhanging end left by the XhoI cut and one blunt end left by the NruI 
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cut.  The gene construct was isolated from a non-denaturing 1% agarose gel and 

purified by the UltraClean
TM

15 DNA Purification Kit (Agarose Gels and Solutions, 

MoBio Laboratories Inc., Carlsbad, CA, #12100-300).  The purified construct was 

reconstituted in sterile deionized water.  The DNA concentration was determined 

by photospectroscopy at 260 nm.  The DNA was diluted to 5 and 625 µg/ml in 

intra-physiological saline (IPS) buffer comprised of 10 mM Tris HCl and 0.25 mM 

EDTA.  Both diluted and undiluted DNA was stored at -20
o
C until use.   

 

DNA Condensation 

The EGFP construct was condensed with MgCl2 according to a protocol 

developed by S. Butler (personal communication) to form rod shaped condensates 

(Bloomfield, 1991) for cytoplasmic injection.  The condensing medium contained 

8 mM MgCl2, 10 mM Tris buffer, 40% deionized H2O, and 60% isopropyl alcohol.  

Condensation occurred during centrifugation at 15,000 x g for 45 min at room 

temperature.  The DNA condensates were re-suspended overnight at 4
o
C in 

injection medium which was intra-physiological saline (IPS) buffer containing 160 

mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 (Butler, personal 

communication).  Condensates were identified by dynamic light-scattering 

technology.   The concentration was identified by photospectroscopy at 260 nm 

and then diluted with injection buffer to three concentrations for cytoplasmic 
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injection: 100, 425, and 625 µg/ml.  Condensates were then stored in injection 

buffer at 4
o
C up to 7 d prior to use, or at -80

o
C for later use. 

 

Embryo Collection 

Embryos were generated by superovulation, harvested, and cultured 

according to guidelines set forth by Hogan et al. (1986).  Weaned female mice 

(strain CD-1) between 25 and 35 d of age, and weighing 19.5 to 22.5 g were 

administered 10 IU of equine chorionic gonadotropin (eCG, Diosynth, Chicago, 

IL) intraperotineally (i.p.).  These females were administered 5 IU human 

chorionic gonadotropin (hCG, Sigma Chemical Company, St. Louis, MO; Catalog 

#C5297) i.p. 46 to 48 h later.   The females were individually placed in cages 

containing a single male and 21 to 24 h later were examined for vaginal plugs, 

euthanized by cervical dislocation, and had their ovaries and oviducts removed for 

embryo harvesting.  Embryos were collected at the cumulus stage and placed into 

37.5
o
C M2 medium (Specialty Media, Phillipsburg, NJ; Catalog #MR-015-D) at 

pH of 7.4 (Hogan et al., 1986).  The cumulus cells were dissociated from the 

embryos in M2 medium containing 1 mg hyaluronidase (320 IU/mg; Sigma 

Chemical Company, St. Louis, MO; Catalog # H-3506).   

 

Pronuclear Injection  
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Pronuclear microinjection was performed according to guidelines 

described by Canseco et al. (1994).  Embryos were loaded into the injection 

chamber, a 100 mm Becton Dickinson Petri dish (Falcon, Franklin Lakes, NJ, 

#1029) containing a narrow, centered droplet of M2 medium at 37.5
o
C  that was 

gently layered with mineral oil (Specialty Media, Phillipsburg, NJ, #MR-8410) to 

reduce embryo exposure by media evaporation and temperature flux.  Embryos 

were visualized and the male pronucleus was injected with 1 to 4 pl of DNA at 5 

µg/ml.  Following manipulation, the surviving embryos were cultured 4 d at 37.5
o
C 

in 5% CO2 equilibrated CZB medium (Chatot et al., 1989).   

 

Cytoplasmic Injection  

The injection chamber used for cytoplasmic injection was the same 

design as the one used for pronuclear injections.   For cytoplasmic injection, the 

mouse embryos were loaded into the injection chamber, visualized, and injected in 

the cytoplasm, avoiding the pronuclear area.  The volume of DNA injected was 10 

to 15 pl (Page et al., 1995a) and the copy number injected ranged between 3,750 

and 5,652 (Butler, personal communication).  The murine embryos received one of 

six treatments: no injection, IPS injection buffer, 625 µg/ml
 
linear CMV-EGFP in 

IPS buffer, or condensed CMV-EGFP in IPS with 160 mM KCl, 20 mM MgCl2, 

and 5 mM NaCl at 100, 425 or 625 µg/ml condensed CMV-EGFP.   Following 
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manipulation, surviving embryos were cultured 4 d at 37.5
o
C in 5% CO2 

equilibrated CZB medium (Chatot et al., 1989).   

 

In Vitro Embryo Development  

Embryo development was assessed on d 4 and given a numerical score 

between one and four.  Degenerated and lysed embryos were assigned the 

numerical score 1; one-cell and two-cell embryos were assigned the numerical 

score 2; three-cell to ten-cell embryos were assigned the numerical score 3; and 

embryos that progressed to the morula through blastocyst stages were assigned the 

numerical score 4.  Data on embryos that received no injection were used to 

establish optimum development in the culture system.  Embryos injected with IPS 

buffer were analyzed to establish the mechanical effects of the injection technique 

on embryo development.   

 

Embryo Fluorescence 

Embryos in the pronuclear injection study were evaluated for protein 

expression on d 4 as a percentage at each stage of development.  Embryos in the 

cytoplasmic injection study were evaluated for protein expression as evidenced by 

fluorescence 4 d post cytoplasmic injection of CMV-EGFP.  Fluorescing embryos 

were assigned a numerical score based on their stage of development, the same 
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score design used to assess in vitro embryo development.  Differences in embryo 

fluorescence between the treatment groups were then assessed as the percentage of 

embryos that showed protein activity in each treatment group and in the average 

development of the embryos that exhibited fluorescence across the treatment 

groups.  To induce fluorescence, all embryos were subjected to several seconds of 

blue light at 488 nm, the excitation maximum for EGFP.  Green fluorescent 

emission was examined in darkness at a wavelength of 508 nm (Nikon Filter set 

#EF-4 FITC HYQ, 480/(40) and 535/(50); Nikon, Japan).   

 

Fluorescence Mosaicism 

On d 4 embryos were also evaluated for mosaicism.  Mosaic embryos 

did not exhibit fluorescence in every cell.  Embryos with expression in every cell 

were identified as non-mosaic and were assigned the numerical score 0.  Embryos 

with fluorescence in only some cells were assigned the numerical score 1.  

Mosaicism was evaluated by treatment and stage of development per treatment for 

both the pronuclear and cytoplasmic injection studies, and for stage of 

development across treatments for the cytoplasmic injection study.  Data are 

expressed as least squares means.   

 

Statistics 
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On d 4 embryos were evaluated and data collected for development, 

presence of fluorescence, and prevalence of fluorescence among blastomeres.  Data 

were analyzed using one-way analysis of variance with SAS or GraphPad Prism 

version 4.00 for Windows with Tukey's Multiple Comparison post test (GraphPad 

Prism, GraphPad Software, San Diego California).      

 

RESULTS 

 

Embryo Development in Vitro 

Thirty-nine percent of pronuclear injected embryos lysed prior to 

culture.  The act of pronuclear injection had a significant negative impact on 

embryo development (Table 4.1).  Embryos that received no pronuclear injection 

had the highest (P < 0.05) mean development.   Embryos injected in the pronucleus 

with either buffer or 5 µg/ml CMV-EGFP had similar (P > 0.05) development.  

Specific notation in numbers and percentages of embryos at each stage of 

development are displayed in Table 4.2.   
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Table 4.1:  Least squares mean embryo development 4 d following pronuclear 

injections 

__________________________________________________________________

Treatment    Total Embryos      Least Squares Mean
1 

__________________________________________________________________ 

Control              230         3.3
a 
± 0.07 

Buffer
2
       92         2.5

b 
± 0.11 

5 µg/ml              196         2.6
b 
± 0.08 

ab
Means with different superscript are different (P < 0.001) 

1
Score Key for least square mean: 1=degenerated or lysed embryos, 2=one-cell to 

two-cell embryos, 3=three-cell to ten-cell embryos, 4=morula to hatched blastocyst 

embryos. 
2
10 mM Tris HCl and 0.25 mM EDTA 

Appendix E 

 

 

Table 4.2  Distribution of embryo development 4 d following manipulation or 

pronuclear injection 

       

Treatment        Deg/Lys
1
 (%)      1- 2-cell (%)      3-10 cell (%)     Mor-HB

2
 (%)  

   Controls           26 (11.3)           38 (16.5)                15 (6.5)          151 (65.7) 

    Buffer
3
               21 (22.8)           31 (33.7)               12 (13)           28 (30.4) 

   5 µg/ml      27 (13.8)           80 (40.8)               37 (18.9)           52 (26.5) 
1
Degenerated and lysed embryos   

2
Embryos developed to the morula through hatched blastocyst stages  

3
10mM Tris HCl and 0.25 mM EDTA   

 

The in vitro evaluation of cytoplasmic injection as a means of producing 

transgenic mice included 3,358 test zygotes.  Three thousand and fifty three 

(90.9%) embryos were injected with either buffer or CMV-EGFP (condensed or 

linear) and the rest received the minimal manipulation necessary to harvest and 

culture 4 d.  Of those injected, 61.2% lysed immediately (Table 4.3) and were 

discarded.   
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Control embryos totaled 305, of which 100% went into culture (Table 

4.3).  On d 4, the control group had the lowest percentage of degenerated and lysed 

embryos (Table 4.4) and the highest percentage to maximally develop to the 

morula to hatched blastocyst stage (Table 4.4).  The least squares mean 

development score of the d 4 control embryos was not different (P > 0.05) from the 

mean development score of the buffer treated embryos (Table 4.5), which also had 

approximately 60% embryo development to the morula and hatched blastocyst 

stage (Table 4.4). 

 

Table 4.3  Embryo lysing was 61% following cytoplasmic injections of CMV-

EGFP 

     Gene  Embryos        #    (%)          #    (%) 

Treatment          Conformation            Injected               Lysed
1
              Cultured  

  Controls              None           0              0              305 (100) 

    Buffer
2
              None       437       228 (52.2)    209 (47.8) 

100 µg/ml            Condensed
3
       816       561 (68.8)    255 (31.2) 

425 µg/ml            Condensed
3
       464       255 (55.0)    209 (45.0) 

625 µg/ml          Condensed
3
       708       491 (69.4)    217 (30.6) 

625 µg/ml     Linear
4
       628       381 (60.7)    247 (39.3) 

1
Lysing occurred immediately following cytoplasmic injection    

2
10 mM Tris HCl and 0.25 mM EDTA 

3
MgCl2 complexed CMV-EGFP in intraphysiological saline buffer with 160 mM 

KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
4
CMV-EGFP in 10 mM Tris HCl and 0.25 mM EDTA 
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Table 4.4  Distribution of embryo development 4 d following manipulation or 

cytoplasmic injection 

       

Treatment   Gene    D/L
1
(%)   1-cell(%)   2-cell(%)    3-10 cell(%)       M-HB

2
(%)  

 Controls None    25 (8.2)     12 (3.9)     37 (12.1)       42 (13.8)   189 (62.0) 

  Buffer
3
       None    25 (11.9)     9 (4.3)     28 (13.4)        25 (11.9)   122 (58.4) 

100 µg/ml    Cond
4 
  39 (15.3)   18 (7.1)    106 (41.6)       19 (7.5)     73 (28.6) 

425 µg/ml    Cond
4
   32 (15.3)   25 (12.0)    46 (22.0)       23 (11.0)     83 (39.7) 

625 µg/ml    Cond
4
    51 (23.5)   30 (13.8)    66 (30.4)       17 (7.8)     53 (24.4) 

625 µg/ml Lin
5
    25 (10.1)   12 (4.9)      67 (27.1)       64 (25.9)     79 (32.0) 

1
Degenerated and lysed embryos   

2
Embryos developed to the morula through hatched blastocyst stages  

3
10 mM Tris HCl and 0.25 mM EDTA 

4
MgCl2 complexed enhanced Green Fluorescent Protein in intraphysiological 

saline buffer with 160 mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
5
Enhanced Green Fluorescent Protein 

 

 

Table 4.5  Least squares mean embryo development 4 d following cytoplasmic 

injection 

             Gene            Score
1
             

Treatment           Conformation                 LSMean
2
  

Controls            None                          3.3
a 
± 0.06  

  Buffer
3
            None                                  3.2

a
 ± 0.08 

100 µg/ml            Condensed
4 

                     2.5
bc

 ± 0.07 

425 µg/ml            Condensed
4                                    

           2.8
bd

 ± 0.08 

625 µg/ml            Condensed
4                      

                      2.3
c
 ± 0.07

           
                         

625 µg/ml                    Linear
5
                              2.8

d
 ± 0.06 

1
Score Key for embryo development: 1=degenerated or lysed, 2=one-cell or two-

cell, 3=three to ten-cell, 4=morula through hatched blastocyst 
2
Least Squares Means 

3
10 mM Tris HCl and 0.25 mM EDTA 

4
MgCl2 complexed enhanced Green Fluorescent Protein in intraphysiological 

saline buffer with 160 mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
5
Enhanced Green Fluorescent Protein 

abcde
Means with different superscripts are different (P < 0.05) 

Appendix F 
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Embryos in the group of zygotes injected in the cytoplasm with the 

transgene in linear form (625 µg/ml) had a low rate of degeneration and lysing 

(10.1%) and one of the highest percentages to develop to the morula to hatched 

blastocyst stage (32.0%, Table 4.4).  The least square mean development for this 

group was 2.8 ± 0.06, the highest of all the groups injected cytoplasmically.  

Similar mean embryo development was observed in the zygotes injected in the 

cytoplasm with 425 µg/ml condensed CMV-EGFP (2.8 ± 0.08, Table 4.5).  The 

embryos cytoplasmically injected with 625 µg/ml condensed CMV-EGFP had the 

highest rate of degeneration and lysing (23.5%) and the lowest percentage of 

embryos develop to the morula to hatched blastocyst stage (24.4%, Table 4.4).   

The least square mean development for this group was 2.3 ± 0.07, the lowest of all 

the groups injected (Table 4.5).  The groups of embryos injected with 100 and 425 

µg/ml condensed CMV-EGFP had similar (P > 0.05) developments (2.3 ± 0.07 and 

2.5 ± 0.07 accordingly, Table 4.5) between the two-cell and three-cell to ten-cell 

stages.   Chart 4.2 is a visual depiction of embryo development in each treatment. 
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Chart 4.1:  Mean embryo development in each treatment group  

 
Mean based on score system for pronuclear injected embryos:  1=degenerated and 

lysed embryos, 2=one-cell to two-cell embryos, 3=three-cell to ten-cell embryos, 

4=morula to hatched blastocyst embryos 

PNM = pronuclear microinjection 

CI = cytoplasmic injection 

- = linear, + = condensed DNA 

Chart 4.2  Range of embryo development for each injection treatment after 4 d in 

culture 

 
M to HB = morula to hatched blastocyst 

Deg/Lys = Degenerated or lysed 

PNM = pronuclear microinjection 

CI = cytoplasmic injection 

100, 425, 625 = concentration DNA in µg/ml 

- = linear, + = condensed DNA 
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Embryo Fluorescence 

Forty percent of the pronuclear injected zygotes exhibited fluorescence 

at 4 d in culture.  The least squares mean development of fluorescing embryos 

generated by pronuclear injection was 2.3 ± 0.09 based on the following Score Key 

for embryo development: 1=degenerate or lysed, 2=one-cell to two-cell, 3=three to 

ten-cell, 4=morula through hatched blastocyst.  As the embryos in this treatment 

group developed, protein expression became more variable ending with 62, 81, and 

75% mosaicism across the latter three stages of growth and statistically there was 

no difference between them (P > 0.05, Table 4.6).   

 

Table 4.6  Embryo fluorescence and degree of mosaicism at five stages of 

development 4 d following pronuclear injection with CMV-EGFP (5 µg/ml) 

     Embryo      Fluorescence      Non-Mosaic
2       

Development      Total
1
               #       (%)                #       (%)     LSMean

3
 

__________________________________________________________________ 
Degenerated/Lysed     27                   6     (22.0)         5      (83.3)  0.83

a 
± 0.13 

1-Cell                 36                 36     (100)       36       (100)  1.00
a 
± 0.05 

2-Cell                 44                 13     (29.5)         5      (38.0)  0.38
b 
± 0.09 

3 to 10-Cell                 37                 16     (43.2)         3      (19.0)  0.19
b 
± 0.08 

Morula to HB
4
      52                   8     (15.4)         2      (25.0)  0.25

b 
± 0.12 

1
Total number of embryos at each stage of developmental  

2
 Non-mosaic embryos express protein in every cell, calculated from number of 

fluorescing embryos 
3
Least Squares Mean based on Score Key for mosaicism: 0 = Mosaic, 1 = Non-

mosaic  
4
Hatched blastocyst  

ab
Means with different superscripts are different (P < 0.05) 

Appendix G 
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The zygotes injected in the cytoplasm with CMV-EGFP, whether linear 

or condensed, exhibited the highest percentages of fluorescence in the one-cell 

embryos (56.5%).  The lowest fluorescence was exhibited in morula and 

blastocysts (11.5%, Table 4.7).  A calculation (total number of fluorescing 

embryos/total number of cultured embryos) revealed that only 26.9% of all zygotes 

injected in the cytoplasm with the DNA exhibited fluorescence, of those only 

13.2% reached the highest stage of maturity and could safely be termed ‘viable’ or 

capable of generating a live animal.   

 

Table 4.7  Average fluorescence in embryos across treatments at all five stages 

of development 4 d following cytoplasmic injection with CMV-EGFP, both linear 

and condensed 

Stage of Embryo            # Fluorescing Embryos/   % Fluorescing Embryos 

Development                  Total in Developmental Group             within the Group 

Deg/Lys
1
              59/147    40.1 

One-Cell               48/85     56.5 

Two-Cell              57/285    20.0 

Three- to 10-Cell             53/123    43.1 

Morula to HB
2
    33/288    11.5 

1
Degenerated and lysed embryos 

2
Hatched Blastocysts 

 

Conversely, examination between the treatment groups and across all 

five stages of development, revealed the highest percentage of fluorescing embryos 

were in the zygotes injected  in the cytoplasm with 625 µg/ml condensed CMV-

EGFP (44.2%, Table 4.8), of which 16.7% - the highest among cytoplasmic 
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injected zygotes, were morula and blastocysts (Table 4.9).   The percentage of 

fluorescing embryos from cytoplasmic injection of 425 µg/ml condensed CMV-

EGFP was similar (15.2%, Table 4.9) to that of zygotes injected in the cytoplasm 

with 625 µg/ml condensed CMV-EGFP; however, that number is skewed because 

the overall percentage of fluorescing embryos in that group was only 15.8% (Table 

4.8).   

 

Table 4.8  Fluorescence at each stage of embryo development within treatment 

groups 

          Gene     Embryos           #            (%) 

Treatment   Conformation    Cultured        Fluorescing
1
     Fluorescing  

100 µg/ml    Condensed
2
        255                61            23.6 

425 µg/ml    Condensed
2
        209                33                     15.8 

625 µg/ml    Condensed
2
        217                96                     44.2 

625 µg/ml         Linear
3
         247                60                     24.3 

1
The number of embryos within the treatment group to exhibit enhanced green 

fluorescent protein activity 
2
MgCl2 complexed enhanced Green Fluorescent Protein in intraphysiological 

saline buffer with 160 mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
3
Enhanced Green Fluorescent Protein in 10 mM Tris HCl and 0.25 mM EDTA 

 

Zygotes injected in the cytoplasm with 625 µg/ml linear construct and 

100 µg/ml condensed construct had the two the lowest total percentage of 

fluorescing embryos (24.3% and 23.6% respectively, Table 4.8).  Zygotes injected 

in the cytoplasm with 625 µg/ml linear construct also produced the lowest 

percentage of fluorescing morula and blastocysts (6.7%, Table 4.9).  Similarly this 

treatment group also had the lowest percentage of fluorescing degenerated and 
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lysed embryos (11.7%, Table 4.9), and the highest least squares mean development 

of fluorescing embryos across treatments (2.6 ± 0.10, Table 4.10) with 53.3% 

development to the three-cell to ten-cell stage (Table 4.9).   

 

Table 4.9   Fluorescence within treatment groups at each stage of embryo 

development 

       

Treatment    Gene      D/L
1
(%)     1-cell(%)    2-cell(%)   3-10 cell(%)  M-HB

2
(%) 

100 µg/ml     Cond
3
     13 (21.3)     17 (27.9)     17 (27.9)       6 (9.8)        8 (13.1) 

425 µg/ml     Cond
3   

   12 (36.4)       8 (24.2)       5 (15.2)       3 (9.1)        5 (15.2) 

625 µg/ml     Cond
3
     25 (26.0)     18 (18.8)     25 (26.0)     12 (12.5)      16 (16.7) 

625 µg/ml  Linear
4
     7 (11.7)        5 (8.3)      12 (20.0)      32 (53.3)         4 (6.7) 

1
Degenerated and lysed embryos   

2
Embryos developed to the morula through hatched blastocyst stages  

3
MgCl2 complexed enhanced Green Fluorescent Protein in intraphysiological 

saline buffer with 160 mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
4
Enhanced Green Fluorescent Protein in 10 mM Tris HCl and 0.25 mM EDTA 

 

 

Table 4.10  Least squares mean of fluorescing embryo development 4 d following 

cytoplasmic injection 

             Gene         Score
1
             

Treatment           Conformation             LSMean
2
  

100 µg/ml              Condensed
3 

                 2.1
ab

 ± 0.12 

425 µg/ml              Condensed
3                                    

        2.0
a
 ± 0.19 

625 µg/ml              Condensed
3                      

       2.2
ab

 ± 0.10
          

                         

625 µg/ml                        Linear
4
                          2.6

b
 ± 0.10 

1
Score Key for embryo development: 0=degenerate or lysed, 1=one-cell, 2=two-

cell, 3=three to ten-cell, 4=morula through hatched blastocyst 
2
Least Squares Means 

3
MgCl2 complexed enhanced Green Fluorescent Protein in intraphysiological 

saline buffer with 160 mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
4
Enhanced Green Fluorescent Protein in 10 mM Tris HCl and 0.25 mM EDTA 

ab
Means with different superscripts are different (P < 0.05) 

Appendix H  
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All three groups of zygotes injected in the cytoplasm with condensed 

CMV-EGFP had low mean development among fluorescing embryos which was 

lower (P < 0.05) than development among fluorescing embryos injected with linear 

DNA (Table 4.10).  That means the biggest differences between the groups are 

observed in the highest overall percentage of fluorescing embryos, and in the 

highest percentage of maximally developed fluorescing embryos, both of which are 

seen in the group of zygotes injected in the cytoplasm with 625 µg/ml condensed 

CMV-EGFP.  Respectively, these percentages are 44.2% (Table 4.8) and 6.7% 

(Table 4.9).  Charts 4.2 and 4.3 are visual depictions of the differences and 

similarities between treatment groups of fluorescing embryos.  Note the zygotes 

injected into the pronucleus with linear CMV-EGFP (5 µg/ml) had the lowest 

average development of fluorescing embryos.   
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Chart 4.3:  Mean fluorescing embryo development for each injection treatment 

 
Mean based on score system for pronuclear injected embryos:  1=degenerated and 

lysed embryos, 2=one-cell to two-cell embryos, 3=three-cell to ten-cell embryos, 

4=morula to hatched blastocyst embryos 

PNM = pronuclear microinjection 

CI = cytoplasmic injection 

- = linear, + = condensed DNA 

 

 

Chart 4.4  Range of fluorescing embryo development for each injection treatment 

 
M to HB = morula to hatched blastocyst 

Deg/Lys = Degenerated or lysed 

PNM = pronuclear microinjection 

CI = cytoplasmic injection 

100, 425, 625 = concentration DNA in µg/ml 

- = linear, + = condensed DNA 
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Fluorescence Mosaicism 

As a group, fluorescing embryos injected at the highest concentration of 

condensed EGFP had the lowest rate (15%) of mosaicism, whereas fluorescing 

embryos in the other three injection groups had 40 to 62% mosaic expression of 

the transgene (Table 4.11).   By breaking the fluorescent embryos into 

developmental groups in Table 4.12, it became clear that mosaicism was more 

prevalent in the higher developed embryos.  To briefly summarize the other data 

findings in Table 4.12:  the highest concentration DNA injected in linear form had 

no mosaicism in degenerated and lysed embryos; the middle concentration of DNA 

injected cytoplasmically had absolute mosaicism beyond the two-cell stage and 

high mosaicism throughout; and pronuclear microinjection as a technique for 

delivering DNA is not the best choice for obtaining homogenous cell populations 

within embryos.  The best choice for obtaining low mosaicism in embryos is 

cytoplasmic injection of 625 µg/ml of CMV-EGFP condensed with MgCl2.  Chart 

4.4 is a visual depiction of mosaicism across treatments and stages of 

developments. 
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Table 4.11  Mosaicism of CMV-EGFP expression 4 d following microinjection  

__________________________________________________________________ 

Treatment             Gene              #Fluorescing           %Mosaic
1
           LSMean

2
 

           Non-Mosaic 

5 µg/ml                 Linear
3
          79                          35.0                0.65 ± 0.05 

100 µg/ml          Condensed
4  

         61                         42.6                0.57
a 
± 0.06 

425 µg/ml          Condensed
4  

         33                         57.6                0.42
a 
± 0.09 

625 µg/ml          Condensed
4  

         96                         13.5                0.86
b 
± 0.04 

625 µg/ml           Linear
3
           60                         61.7                0.38

a 
± 0.06 

1
Lacking protein expression in every cell of the embryo   

2
Least Squares Mean value for Mosaicism where 0 = Mosaic and 1 = Non-mosaic 

3
Enhanced Green Fluorescent Protein in 10 mM Tris HCl and 0.25 mM EDTA 

4
MgCl2 complexed enhanced Green Fluorescent Protein in intraphysiological 

saline buffer with 160 mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
abc

Means with different superscripts are different (P < 0.03) 

Appendix I 

   

Table 4.12  Percent mosaic expression of EGFP at each stage of embryo 

development within treatments 

__________________________________________________________________ 

Treatment       Gene          Deg/Lys
1
          1+2-Cell           3-10 Cell       Mor-HB

2 

_______________________________________________________________________________________________________ 

5 µg/ml     Linear
3
(PNM)

4 
     16.6            61.5                81.3          75.0      

100 µg/ml   Condensed
5  

      30.7                  50.0                  83.3          62.5      

425 µg/ml   Condensed
5
        64.2                  66.7                  100          100      

625 µg/ml   Condensed
5
        16.0                  16.0                   8.3          25.0 

625 µg/ml   Linear
3
           0                    33.3                  93.8          75.0 

1
Degenerated and lysed embryos   

2
Embryos developed to the morula through hatched blastocyst stages  

3
Enhanced Green Fluorescent Protein gene construct 

4
Pronuclear microinjection 

5
MgCl22 complexed enhanced Green Fluorescent Protein in intraphysiological 

saline buffer with 160 mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 
abc

Means with different superscripts are different (P < 0.01) 

Least squares mean for cytoplasmically injected embryos (Appendix J):  

Deg/Lysed
1
            0.72

ac 
± 0.06  

One to two Cell         0.8
a 
± 0.04         

3 to 10-Cell            0.26
b 
± 0.06                 

Mor-HB
2
            0.48

bc 
± 0.09    
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Chart 4.5 Percent mosaicism at each stage of development in each treatment group 

 
M to HB = morula to hatched blastocyst 

Deg/Lys = Degenerated or lysed 

PNM = pronuclear microinjection 

CI = cytoplasmic injection 

100, 425, 625 = concentration DNA in µg/ml 

- = linear, + = condensed DNA 

 

DISCUSSION 

 

Across cytoplasmic injection treatments there was approximately 61.5% 

instantaneous lysis of zygotes, and 38.8% for pronuclear injections.  Unlike the 

pronuclear injections, the cytoplasmic injections were performed in the absence of 

anti-vibration stabilizers.  In both events, however, the immediacy of embryo 

demise following cytoplasmic and pronuclear injection indicates lysis was a direct 

result of the mechanics of the injection process, namely the penetration of the 

injection needle through the zona pellucid and membrane(s), and introduction of 

fluid volume into either the embryonic cytosol or pronucleus.  Demise of zygotes 
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from the damage inflicted on them during microinjection is a common occurrence 

across species; including murine (Iqbal et al., 2009; Schmotzer, 2001) and cattle 

(Iqbal et al., 2009; Chauhan et al., 1999) embryos. 

Among the surviving zygotes that were cultured in this study, it is 

interesting to note the similarity in development of the control and buffer injected 

embryos 4 d following pronuclear and cytoplasmic injections.  This indicates the 

injection buffer (10 mM Tris HCl and 0.25 mM EDTA) and injection volume 

deposited in the male pronucleus or embryonic cytosol do not hinder post-injection 

embryo growth, a finding that has previously been reported in the literature 

(Schmotzer, 2001; Page et al., 1995a; Brinster et al., 1985).  The contrasting 

embryo development 4 d following cytoplasmic injection with DNA may, 

therefore, be presumed to result from the varying concentrations and 

conformations of the CMV-EGFP gene construct.  Indeed, embryo loss occurs at 

various developmental stages following pronuclear and cytoplasmic injections of 

DNA (Yamauchi et al., 2007).  In 1985, Brinster et al. reported it was the 

pronuclear microinjection of DNA that hindered maturation of embryos, not the 

injection process.  Furthermore, demise of injected zygotes occurs during earliest 

embryo development (Page et al., 1995b).  In 2001, Schmotzer reported similar 

findings for cytoplasmic injection of DNA.  These results were echoed for intra-

cytoplasmic sperm injection mediated transgenesis (Perry et al., 1999; Szczygiel et 
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al., 2002; Szczygiel et al., 2003).  In particular, Szczygiel’s group (2002) reported 

the incubation of spermatozoa with 5 µg/ml GFP lead to chromosomal damage in 

the fertilizing sperm that ultimately arrested pre-implantation murine embryo 

development compared with spermatozoa that was incubated in the absence of 

exogenous DNA.  

In the current study, all groups of zygotes injected with DNA had d 4 

average embryo developments greater than two-cell but less than 10-cell.  The 

zygotes injected in the cytoplasm with 625 µg/ml of CMV-EGFP complexed with 

MgCl2 had the lowest average development with only 24.4% development into 

morula and blastocysts.  The group with the highest percentage of morula and 

blastocysts were injected in the cytoplasm with 425 µg/ml condensed CMV-EGFP, 

an indication that this treatment group may well produce more fetuses.   

Previous research suggested the lethality of DNA is concentration 

dependent; the higher the concentration of DNA, the higher the rate of murine 

embryonic death (Covarrubias et al., 1986; Page et al., 1995).  That may well be 

true for pronuclear injections, but for the cytoplasmic injections that did not appear 

to be the entire situation.  The conformation (condensed versus linear) of the 

injected DNA proved more important a hindrance on embryo development than 

concentration.  A simple comparison of d 4 development between zygotes injected 

with linear DNA in the pronucleus (5 µg/ml) and cytoplasm (625 µg/ml) had 
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similar average development; whereas zygotes injected with MgCl
2
 condensed 

DNA (625 µg/ml) had the lowest.   

In 1988, Volgina et al. reported the presence of Ca, Mg-dependent 

endonucleases in cell nuclei of organs and tissues of many species.  In 2002, 

Szczygiel et al. reported that most endonucleases are dependent on Ca and/or Mg 

ions.  Logically, increasing Mg
2+ 

in the cytoplasm and nucleus of zygotes may 

increase chromosomal breakage.  On the one hand, an increase in chromosomal 

breakage would facilitate transgene integration, particularly in the presence of high 

exogenous DNA copy numbers.  Alternatively, an increase in chromosomal 

breakage would deteriorate the function of the nucleus leading to embryo 

degeneration or dysfunction. The same reasons can be applied to free Mg
2+ 

in the 

cytoplasm from both the condensed CMV-EGFP and the injection buffer.  Because 

embryos injected with only IPS buffer developed similarly to control embryos 

following cytoplasmic injections supports these theories (Table 4.4).     

Data obtained from embryos injected with 625 µg/ml of condensed 

CMV-EGFP illustrated both the positive and negative outcomes of using Mg
2+

 as 

the condensing agent and/or as a component of the DNA injection buffer.  

Although the percentage of fluorescing embryos (44%) in the 625 µg/ml 

cytoplasmic injection group was not higher than in embryos injected in the 

pronucleus with linear DNA (40%), there was a 10% lower degree of mosaicism in 
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the first group (25% and 35% accordingly), an indication of improved transgene 

integration.  At the same time, increased chromosomal breakage lead to nuclear 

degradation or dysfunction by the two-cell stage in 71% of fluorescent embryos 

generated by cytoplasmic injection of 625 µg/ml condensed CMV-EGFP versus 

68% for pronuclear injected.  In summary, the use of Mg
2+

 resulted in fewer live 

embryos and fewer mosaic embryos.   

The PCR of embryos reveals a higher detection of transgenes than does 

tissue from offspring (Burdon and Wall, 1992; Cousens et al., 1994).  The opposite 

is also true.  When PCR is applied to embryo biopsies for the purpose of screening 

positive embryos for transplant, as in the case of mosaic embryos, it is possible to 

miss a positive embryo if it expresses the transgene in a mosaic fashion (Page et 

al., 1995b).  Furthermore, they noted that PCR of embryos is not sensitive enough 

to distinguish integrated from non-integrated DNA.  For these reasons, and because 

visual screening is easier and less intrusive of embryos than blastomere biopsying 

and PCR, this study used EGFP expression as the screening method for detecting 

transgenesis in injected embryos; the expression of which in cultured embryos 

correlates to incidence of GFP transgenics in mice (Ikawa et al., 1995; Krisher et 

al., 1994).   

Although DNA microinjection may inhibit embryo development, it does 

not inhibit DNA transcription, mRNA translation, and protein expression (Wu and 
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Wu, 1987).   The zygotes injected in the cytoplasm with 625 µg/ml condensed 

CMV-EGFP had 44.2% of embryos exhibit fluorescence on d 4 in culture, 

followed closely by the zygotes injected in the pronucleus with 40%.  Across 

treatment groups, the largest percentage of fluorescing embryos were one-cell and 

two-cell and the smallest percentage were morula and blastocysts.  In 2009, Iqbal 

et al., injected covalently closed circular plasmids with a cDNA encoding EGFP 

(10 µg/ml) in the cytoplasm of murine zygotes evoked expression in one-cell 

embryos at approximately 12 hour post-injection.  All of this is feasible because in 

the mouse embryo, transcriptional activity begins during S/G2 phase of the first cell 

cycle, prior to the joining of the male and female pronucleus; and it is the male 

pronucleus that exhibits great transcriptional activity (Adenot et al., 1997).    

The greater the transcriptional activity of an embryo, the lower the 

development appears to be, and also the more likely it is the embryos will 

degenerate.  Of the zygotes injected in the cytoplasm in this study, the ones that 

were given the highest concentration of condensed DNA also had the highest 

percentage of fluorescing degenerated embryos (25%) on d 4; for the zygotes 

injected in the pronucleus, 22% of fluorescing embryos were degenerated on d 4.  

Page et al. (1995b) reported that transgene detection by PCR as high as 97% in 

degenerated embryos.  All that said, the treatment group with the highest mean 

development of fluorescing embryos after 4 d in culture was injected in the 
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cytoplasm with 625 µg/ml linear CMV-EGFP (2.4); although this group also had 

the lowest percentage of embryos to develop to morula and blastocysts, making 

this method a poor choice for making transgenic animals.  The second highest 

average development of fluorescing embryos belonged to the pronuclear injected 

embryos.   

Thirty-five percent of pronuclear injected zygotes grew to exhibit mosaic 

CMV-EGFP expression in embryos after 4 d in culture.  Among the cytoplasmic 

injection treatment groups, mosaicism was highest (61.7%) in the group that 

received 625 µg/ml linear CMV-EGFP and lowest (14.6%) in the group that 

received 625 µg/ml condensed CMV-EGFP.  Low levels of mosaicism were seen 

at every stage of development for these embryos, ranging from 8.3 to 25%.  

Transgenic mosaicism was observed initially in 1984 (Palmiter et al.) when the 

offspring of transgenic mice were born non-transgenic.  It has been reported many 

times since then (Burdon and Wall, 1992; Cousens et al., 1994; Wall et al., 1997).  

Schmotzer (2001) reported 71 % and Whitelaw et al. (1993) reported 76% 

mosaicism in pronuclear injected murine embryos.  Mosaic expression of GFP in 

bovine embryos was both low (Chauhan et al., 1999) and quite high at 79% (Chan 

et al., 1999).   Mosaic integration of transgenes from slow, post cleavage gene 

integration (Burdon and Wall, 1992) or from proposed gene silencing (Chauhan et 

al., 1999) is common throughout the literature.  Mosaicism is not necessarily a 
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problem.  A mosaic embryo can still form a transgenic animal with appropriate 

protein expression that is heritable, even though the animal does not carry the 

transgene in every cell.  However, because a portion of the blastomeres develop 

into placenta, it is possible to have a normal fetus and a transgenic placenta 

(Canseco et al., 1994).  
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CHAPTER 5 

Assessment of Embryo Development and Rate of Transgenesis of Three DNA 

Injection Techniques 

 

ABSTRACT 

 

The role of Mg
2+

 as a condensing agent and/or component of the 

injection buffer appeared to improve transgenesis in embryos when paired with the 

highest concentration of CMV-EGFP (625 µg/ml), despite causing an increase in 

embryo death and dysfunction.  The objective of this research was to evaluate the 

efficacy of this approach in the production of transgenic mice.  Linear DNA was 

also injected in the cytoplasm and pronucleus of zygotes.  The highest, middle, and 

lowest pregnancy rates coincided with the highest, middle, and lowest number of 

offspring.  Zygotes injected in the cytoplasm with linear DNA resulted in 72.7% 

pregnancy and 15.1% offspring; followed by pronuclear injections with 44.4% 

pregnancy, 6% live fetuses and 1.8% regressed fetuses; and cytoplasmic injections 

with condensed CMV-EGFP with 25% pregnancy and 4.7% pups.  Assessments of 

transgene integration by five PCR analyses performed on tail DNA from mice born 

by cytoplasmic injection of MgCl2 condensed CMV-EGFP (625 µg/ml) were 

inconsistent and reported 33.3 to 2.8% transgenic.  Southern Analysis identified 

2.8% transgenesis by cytoplasmic injection of condensed DNA, 3.7% transgenesis 
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by cytoplasmic injection of linear DNA, and 7.9% transgenesis by pronuclear 

injection.  Based on the data, injection of linear DNA into the cytoplasm of zygotes 

remains an unsuccessful technique for making transgenic mice and MgCl2 in the 

injection buffer appears to be highly toxic and hinders embryo development and 

possibly transgene integration.  Additional studies testing other condensing agents 

and injection buffers for cytoplasmic injection of DNA may be warranted.   

 

 

INTRODUCTION 

 

In 1985 Brinster and colleagues reported 3.4% transgenesis when they 

delivered approximately 400 copies of 4.8 kb linear DNA (~2 µg/ml) with 

dissimilar and staggered ends into the cytosol of single-cell mouse embryos.  

Compared to the 28% integration frequency achieved with pronuclear DNA 

injection (2 µg/ml), it was inefficient.  Transgene integration from pronuclear 

microinjected DNA into the host genome is believed to be facilitated by 

spontaneous chromosome fracture and enzymatic repair mechanisms that are 

possibly intensified by the microinjection process (Brinster et al., 1985).  Hence, 

when DNA is deposited in the cytoplasm of mouse embryos, there is no direct 

mechanical injury to the chromosome to assist DNA integration.  The other 
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obstacles to successful transgenesis by cytoplasmic injection include hindrance of 

gene movement to the nucleus by molecular crowding and collisional interactions 

of mobile and fixed obstacles of the cytoplasm (Dauty and Verkman, 2005; Lukacs 

et al., 2000), threat of enzymatic degradation by cytosolic nucleases (Lukacs et al., 

2000), as well as multiple extracellular and cellular barriers of which the nuclear 

envelope is the biggest obstacle (Dean et al., 2005).  The nuclear envelope of 

mammalian cells is a dynamic lipophilic structure that restricts the passage of 

large, hydrophilic or charged molecules like DNA (Wagstaff and Jans, 2007).   

There are few and brief ‘normal’ opportunities for exogenous DNA 

deposited in the cytoplasm of a zygote to get past the nuclear membrane, enter the 

nuclear region, and encounter the chromosome.  The first opportunity occurs 

within 12 h post-fertilization when the membranes of male and female pronuclei 

briefly open and combine to form the nucleus and nuclear membrane (Iqbal et al., 

2009).  Thereafter, chances occur when the nuclear membranes momentarily open 

during mitosis (Dean et al., 2005).  In the case of pronuclear microinjection, 

transgenes may persevere through several cell divisions before either integrating 

the host genome or degrading (Chan et al., 1999; Page et al., 1995a).  In the 

cytoplasm transgene perseverance competes with cytosolic nucleases (Lukacs et 

al., 2000).   
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In 1995 Page and colleagues thought to extend the longevity of DNA 

deposited in the cytoplasmic of mouse embryos by condensing it prior to injection.  

Polylysine is the cationic polypeptide they used to condense a 5.3 kDa transgene 

encoding human Protein C.  The integration efficiency of the polylysine 

complexed DNA (50 µg/ml) injected into the embryonic cytosol was 12.8% of the 

live animals that tested positive for presence of the DNA construct, and 2.4% for 

the total number of zygotes transferred into recipients.  The integration efficiency 

of the condensed DNA was 41% less efficient in the number of animals that tested 

positive for the DNA than the same linear DNA (1.5 µg/ml) injected into the 

pronucleus.  The integration efficiency of pronuclear injections was 21.7%, and the 

overall efficiency for the total number of zygotes transferred into recipients was 

3.6%.  The integration efficiency of the same linear DNA (50 µg/ml) injected into 

the embryonic cytosol was 0% (Page et al., 1995).  

The objective of this research was to evaluate the efficacy of 

transgenesis by cytoplasmic injection of DNA condensed with MgCl2.  

 

MATERIALS & METHODS 

 

DNA Preparation 
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The cytomegalovirus-enhanced green fluorescent protein (CMV-EGFP) 

construct was purchased already cloned into pIRES plasmid (Clonetech 

Laboratories, Palo Alto, CA, Catalog # 6064-1).  The plasmid construct contained 

the CMV
IE

 (immediate early) promoter (700 bp), followed by the multiple cloning 

site (MCS, 65 bp), the internal ribosomal entry site (IRES, 702 bp), the intervening 

sequence (IVS, 211 bp), and the EGFP complimentary DNA (cDNA, 1022 bp, 

including the polyadenylation sequence).  Isolation and purification of the gene 

construct followed the general guidelines described in Chauhan et al., 1999.  

Isolation began with digestion of the plasmid overnight at 37.5
o
C in 1X Universal 

Buffer (Stratagene, La Jolla, CA, #500005) with endonuclease BamHI (Stratagene 

#500220) to remove the IRES, IVS and a portion of the MCS (Figure 1).  The 

restriction products were separated on a 0.8% agarose gel.  The vector containing 

fragment was purified by Ultra Clean15 Kit (MoBio), re-ligated with T4 DNA 

ligase (Stratagene, LaJolla, Ca) per manufacturer's instructions, and used to 

transform E.coli XL-Blu competent cells (Stratagene) per manufacturer’s 

instructions which were then streaked on agar plates with Luria Broth and 

ampicillin (50 mg/L).  Plasmid containing colonies were selected and cultivated in 

Terrific Broth (Gibco BRL #22711-063) with ampicillin (50 mg/L) over several 

days and several steps. The plasmid was then isolated and purified by column 

absorption (Qiagen Plasmid Maxi Kit; Qiagen Inc., Valencia, CA).  Next the 
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plasmid was digested overnight at 37.5
o
C in 1X Universal Buffer with NruI 

(Promega, Madison, WI, #R709A) and XhoI (Promega # R616A).  The final 

construct which contained CMV
IE 

promoter, followed by the truncated MCS (30 

bp), and the intact EGFP cDNA.  The total construct size was 1.752 kbp and had 

one sticky overhanging end left by the XhoI cut and one blunt end left by the NruI 

cut.  The gene construct was isolated from a non-denaturing 1% agarose gel and 

purified by the UltraClean
TM

15 DNA Purification Kit (Agarose Gels and Solutions, 

MoBio Laboratories Inc., Carlsbad, CA, #12100-300).  The purified construct was 

reconstituted in sterile di-ionized water.  The DNA concentration was determined 

by photospectroscopy at 260 nm.  Some of the DNA was diluted in water to 5 and 

625 µg/ml.  Both diluted and undiluted DNA was stored at -20
o
C until use.   
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Figure 1:   Digestion of pIRES-EGFP to make CMV-EGFP construct 

 

 

 

DNA Condensation 

The EGFP construct was condensed with MgCl2 according to a protocol 

developed by S. Butler (personal communication, 1997) to form rod shaped 

condensates for cytoplasmic injection.  The condensing medium contained 8 mM 

MgCl2, 10 mM Tris buffer, 40% de-ionized H2O, and 60% isopropyl alcohol.  

Condensation occurred during centrifugation at 15,000 x g for 45 min at room 

temperature.  The DNA condensates were re-suspended overnight at 4
o
C in 
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injection medium which was intra-physiological saline (IPS) buffer containing 160 

mM KCl, 20 mM MgCl2, and 5 mM NaCl at pH 7 (Butler, personal 

communication).  Condensates were identified by dynamic light-scattering 

technology.  The concentration was identified by photospectroscopy at 260 nm and 

diluted to 625 µg/ml.  Condensates were stored in injection buffer at 4
o
C up to 7 d 

prior to use, or at -80
o
C for later use. 

 

Embryo Collection 

Embryos were generated by superovulation, harvested, and cultured 

according to guidelines set forth by Hogan et al. (1986).  Weaned female mice 

(strain CD-1) between 25 and 35 d of age, and weighing 19.5 to 22.5 g were 

administered 10 IU of equine chorionic gonadotropin (eCG, Diosynth, Chicago, 

IL) intraperotineally (i.p.).  These females were administered 5 IU human 

chorionic gonadotropin (hCG, Sigma Chemical Company, St. Louis, MO; Catalog 

#C5297) i.p. 46 to 48 h later.   The females were individually placed in cages 

containing a single male and 21 to 24 h later were examined for vaginal plugs, 

euthanized by cervical dislocation, and had their ovaries and oviducts removed for 

embryo harvesting.  Zygotes were collected at the cumulus stage and placed into 

37.5
o
C M2 medium (Specialty Media, Phillipsburg, NJ; Catalog #MR-015-D) at 

pH of 7.4 (Hogan et al., 1986).  The cumulus cells were dissociated from the 
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zygotes in M2 medium containing 1 mg hyaluronidase (320 IU/mg; Sigma 

Chemical Company, St. Louis, MO; Catalog # H-3506).   

 

Pronuclear Injection  

Pronuclear microinjection was performed according to guidelines 

described by Canseco et al. (1994).  Zygotes were loaded into the injection 

chamber, a 100 mm Becton Dickinson Petri dish (Falcon, Franklin Lakes, NJ, 

#1029) containing a narrow, centered droplet of M2 medium at 37.5
o
C  that was 

gently layered with mineral oil (Specialty Media, Phillipsburg, NJ, #MR-8410) to 

reduce embryo exposure by media evaporation and temperature flux.  Zygotes 

were visualized and the male pronucleus was injected with 1 to 4 pl of DNA at 5 

µg/ml.  Following injection, one-cell embryos were transferred into the oviducts of 

pseudopregnant recipients in quantities between 24 and 39 embryos per recipient 

(Hogan et al., 1986).   

 

Cytoplasmic Injection  

The injection chamber used for cytoplasmic injection was the same 

design as the one used for pronuclear injections.   For cytoplasmic injection, the 

mouse zygotes were loaded into the injection chamber, visualized, and injected 

into the cytoplasm, careful to avoid the pronuclear area.  The volume of DNA 
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injected was 10 to 15 pl (Page et al., 1995a) and the copy number injected ranged 

between 3,750 and 5,652 (Butler, personal communication).  The murine embryos 

were injected in the cytoplasm with either linear or condensed CMV-EGFP at 615 

to 628 µg/ml.   Following injection, one-cell embryos were transferred into the 

oviducts of pseudopregnant recipients in quantities between 16 and 50 embryos per 

recipient (Hogan et al., 1986).    

 

Identification of Transgenic Mice by PCR Analysis    

Mice were generated by one-cell transfers of zygotes cytoplasmically 

injected with CMV-EGFP condensed with MgCl2 (610-625 µg/ml) in a procedure 

extrapolated for pronuclear injection by Canseco et al., 1994 and Hogan et al., 

1986.   Tail tissue was sampled from each weaned mouse (Brinster et al., 1985).   

DNA was isolated from each murine tail biopsy by the method of Velander et al. 

(1992) and digested for PCR analysis to identify the presence of the CMV-EGFP 

construct in the mouse genome (Hogan et al., 1994).   

Five PCR analysis were performed on tail DNA (30 ng in 1 µl) from all 

36 mice born in six litters.  Two sets of DNA dilutions were tested.  The first and 

second PCR reactions tested the first DNA dilutions in water.  The third and fourth 

PCR reactions tested the second DNA dilutions in 1X TE (1M Tris-HCl, 0.5M 

EDTA).  Positive control DNA was pIRES-EGFP (plasmid DNA) at different 



 

94 
 

concentrations or normal mouse DNA (20 ng) plus pIRES-EGFP (1 or 10 ng).  

Negative DNA was normal, control mouse DNA.  Primers were designed with 

assistance from T. O’Sickey on the website for the National Center for 

Biotechnology.  Primers had no overlapping and no palindrome sequences, had the 

same annealing temperature, amplified a section of the transgene that was 205 bp, 

and were themselves 16 (Primer 1:  GACTGACTGACTGACT) and 12 (Primer 2:  

GTACGTACGTAC) base pairs (bp) in length.  Primers were made by Chris 

Russell at Research Genetics, Inc. (Huntsville, AL).  The molecular weight marker 

used was ALL PURPOSE HI-LO DNA MARKER (Bionexus, San Leandro, CA, 

#BN2050).   

The first PCR used ELONGASE ® Enzyme Mix (Life Technologies, 

Invitrogen Corporation, Carlsbad, CA #10480-010).  All DNA dilutions were done 

in sterile, deionized water.  The PCR reaction was as follows: 1 cycle of pre-

annealing denaturation at 96
o
C for 4 min, followed by 40 cycles of denaturation at 

96
o
C for 1 min, annealing at 60

 o
C for 1 min, and elongation at 72

 o
C for 1 min.  

The PCR reaction was run in duplicate on 1% agarose gels with 40 wells each.   

Primer concentration was 200 nM.   

The second PCR was a repeat of PCR 1 with these modifications: 1 

cycle of pre-annealing denaturation at 94
o
C for 30 s, followed by 35 cycles of 

denaturation at 94
 o
C for 30 s, annealing at 60

 o
C for 30 s, and elongation at 68

 o
C 
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for 45 s.  The PCR reaction was run in duplicate on 1.2% agarose gels with 48 

wells each.  Sample 33 flooded so well 35 was skipped.    

The third PCR tested the same DNA dilutions in water with Taq DNA 

Polymerase in Storage Buffer A (Promega, Madison, WI #M1861).  The PCR 

reaction was as follows: 1 cycle of pre-annealing denaturation at 96.5
o
C for 3 min, 

followed by 40 cycles of denaturation at 96.5
 o
C for 15 s, annealing at 60

 o
C for 1 

min, and elongation at 74
 o
C for 30 s.  The PCR reaction was run in duplicate on 

1.2% agarose gels with 48 wells each.     

The fourth PCR used the same ELONGASE ® Enzyme Mix (Life 

Technologies, Invitrogen Corporation, Carlsbad, CA #10480-010) and PCR 

parameters as PCR 1 except that fresh DNA dilutions were made in 1X TE and the 

primers were 400 nM rather than 200 nM.  The PCR reaction was as follows: 1 

cycle of pre-annealing denaturation at 96
o
C for 4 minutes, followed by 40 cycles of 

denaturation at 96
o
C for 1 m, annealing at 60

 o
C for 1 m, and elongation at 72

 o
C 

for 1 m.  The PCR reaction was run in duplicate on 2% agarose gels with 48 wells 

each.   Positive control DNA was more diluted than PCR 1 and PCR 2. 

The fifth PCR used the same ELONGASE ® Enzyme Mix (Life 

Technologies, Invitrogen Corporation, Carlsbad, CA #10480-010) and PCR 

parameters as PCR 1 except that fresh DNA dilutions were made in 1X TE, the 

same ones used in PCR 4.  Also the primers were 200 nM as in PCR 1.  The PCR 



 

96 
 

reaction was as follows: 1 cycle of pre-annealing denaturation at 96
o
C for 4 min, 

followed by 40 cycles of denaturation at 96
o
C for 1 min, annealing at 60

 o
C for 1 

min, and elongation at 72
 o
C for 1 min.  The PCR reaction was run in duplicate on 

1% agarose gels with 48 wells each.    

 

Identification of Transgenic Mice by Slot Blot Analysis    

Mice were generated by one-cell transfers of embryos injected with 

linear CMV-EGFP into the cytoplasm (615-625 µg/ml) and pronucleus (5 µg/ml) 

by guidelines described in Canseco et al., 1994 and Hogan et al., 1986.   Tail 

tissue, fetal tissue and/or placental tissue (50-100 mg; Brinster et al., 1985) was 

sampled from each weaned mouse.   DNA was isolated from the murine tail 

biopsies by the method of Velander et al. (1992) and subjected to DNA Slot Blot 

Analysis by S. Butler to identify the presence of the construct in the mouse genome 

(Hogan et al., 1994).   

Slot Blot DNA samples were prepared by adding 10 µg of tail biopsy 

DNA to 200 µl of 0.5N NaOH and heating for 10 min at 100
o
C.  Samples were 

then loaded on a slot blot apparatus (BioRad, Hercules, CA) and blotted to a nylon 

charged membrane (MSI, Westbourgh, MA) per manufacturer’s instructions.  

Wells were washed with 200 µl of 0.5 N NaOH; then the membrane was removed 

and washed in 2X SSC for 30 s.  Blotted DNA was crosslinked with the membrane 
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under UV illumination and stored at –20
o
C until probed.  The probe was 

constructed by digesting the pIRES-EGFP plasmid with SacI and BamHI to release 

the EGFP cDNA.  The cDNA was separated from the plasmid by agarose (0.9%) 

gel electrophoresis and purified by silicon matrix bead absorption (MoBio: Solana 

Beach, CA #300385).  The purified fragment was radiolabelled by [
32

P]-dATP 

using a random primer kit (Promega, Madison, WI #U1100).  The probe was 

separated from unincorporated dNTPs by use of a G50 column.  Prehybridization 

and hybridization of each blot was carried out at 68
o
C for 2 h using QuikHyb 

(Stratagene) as detailed in manufacturer’s instructions.  After hybridization, the 

membrane was washed twice with 2X SSC (300 mM sodium chloride/30 mM 

sodium citrate) + 0.1% SDS (sodium dodceyl sulfate) (w/v) for 15 min, and once 

in 0.1X SSC + 0.1% SDS at 60
o
C for 30 min, before autoradiography at -80

o
C.  

Signal intensity (by volume determination) from autoradiographic film was 

performed using a densitometer and the corresponding Gel Works imaging 

software (UVP: Upland, CA). 

 

Identification of Transgenic Mice by Southern Blot Analysis    

Mice were generated by one-cell transfers of embryos (Canseco et al., 

1994; Hogan et al., 1986) injected into the cytoplasm with linear and condensed 

CMV-EGFP (615-625 µg/ml) and into the pronucleus (5 µg/ml).  Tail tissue (50-
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100 mg; Brinster et al., 1985) was sampled from each weaned mouse.   DNA was 

isolated from the murine tail biopsies by the method of Velander et al. (1992) and 

subjected to Southern Blot analyses by K. Knight and S. Butler to identify the 

presence of the CMV-EGFP construct in the mouse genome (Hogan et al., 1994).   

Southern analyses were performed on 10 µg of DNA extracted from live 

mouse tail biopsies, fetuses, and/or placentas.  The DNA was digested into smaller 

pieces with endonuclease PstI (New England BioLabs, Ipswich, MA, # R0140L) 

according to the supplier procedures, separated on a 0.8% agarose gel, and then 

transferred to a Magna Charge nylon membrane (Micron Separations Inc., York, 

YO10 3DW, United Kingdom) by vacuum transfer using the model 785 vacuum 

blotter (BioRad, Hercules, CA).  The CMV-EGFP fragment injected in the 

embryos does not contain an Endonuclease PstI cut site and was unaffected by the 

digest.  The membrane was then crosslinked by UV radiation using a UV 

crosslinker model FB-UVXL-1000 (Fisher Scientific, Pittsburgh, PA).  The probe 

was constructed by digesting the pIRES-CMV plasmid with Sac1 to release the 

EGFP cDNA.  The cDNA was separated from plasmid by 0.9% agarose gel 

electrophoresis and purified by Ultraclean15 silicon bead absorption (MoBio: 

Solana Beach, CA) and radiolabelled with [
32

P]-dATP using a random primer kit 

(Promega, Madison, WI #300385).   Prehybridization and hybridization of each 

probe was carried out at 68
o
C for 2 h using QuikHyb (Stratagene #200120).  The 
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membrane was washed twice with 2X SSC + 0.1% SDS (w/v) for 15 min, and once 

in 0.1X SSC + 0.1% SDS at 60
o
C for 30 min, before autoradiography at -80

o
C.  

Digestion of the mouse DNA was with endonuclease EcoRI, which cuts in the 

middle of the construct before the cDNA (Figure 2 to 3).   If the construct 

integrated head to tail the fragment will be a 1.8 kb fragment and if it integrates tail 

to tail the fragment will be a 2.1 kb fragment (Figure 4).       

 

Figure 2:   Digestion of pIRES-EGFP to make probes for Southern Analysis  

 

 

Figure 3:   Digestion of test mouse DNA and probing for Southern Analysis 

 



 

100 
 

Figure 4:   Detection of CMV-EGFP with probes created for Southern Analysis 

 

 

 

 

RESULTS 

Pregnancies 

 

Table 5.1 describes the results of one-cell embryo transfers following 

microinjection.  The 855 zygotes injected into the cytoplasm with 625 µg/ml 

condensed CMV-EGFP were transferred as zygotes into 27 female recipients.  

Three recipients died (11.1%) and six pregnancies (25% of recipients that lived) 

resulted in 36 live pups (4.7% of embryos in surviving transfers).  The 345 zygotes 

injected into the cytoplasm with 625 µg/ml linear CMV- EGFP were transferred as 

zygotes into 11 recipient females.  No recipients died and eight pregnancies 
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(72.7%) resulted in 50 pups (14.5% of embryos in surviving transfers).   The 649 

zygotes injected into the pronucleus with 5 µg/ml linear CMV- EGFP were 

transferred as one-cell zygotes into 21 recipient females.  Three recipients died 

(14.2%).  Eight pregnancies (44.4% of recipients that lived) were harvested 

between 11 and 18 d of gestation and resulted in 33 fetuses (6% of embryos in 

surviving transfers) and 10 regressed fetuses (1.8% of embryos in surviving 

transfers).   

 

Table 5.1   One-Cell Embryos Transferred into Recipients Following 

Microinjection 

_________________________________________________________________ 
          Embryos                  Transfer              Embryos              Offspring 

 Injection       Transferred        Transfers                Survivors          in Survivors    Pregnancies          live/regressed 

Technique               #                  #                     # (%)            #                     # (%
1
)                     # (%

2
)       

_____________________________________________________________________________________________ 

625 µg/ml +            855             27          24 (88.9)           759       6 (25)                     36 (4.7) † 

625 µg/ml -    345                  11          11 (100)           345      8 (72.7)                  52 (15.1) † 

  5 µg/ml -           649                  21          18 (85.7)           552      8 (44.4)           33 (6.0)/10 (1.8) ‡ 

_____________________________________________________________________________________________ 
1
 % is calculated from the number of surviving recipients 

2
 % is calculated from the number of pups per embryos in transfer survivors 

+ = MgCl2 condensed CMV-EGFP 

-  = MgCl2 linear CMV-EGFP 

†Full-term pregnancies 

‡ Pregnancies were harvested at d 18, 17, 12, 16, 16, 15, 12 and 11 of gestation 

 

Identifying Transgenic Animals by PCR Analysis 

Thirty-six mice in six litters were generated by cytoplasmic injection 

with MgCl2 condensed CMV-EGFP (625 µg/ml).  DNA from all 36 mice was 

evaluated by PCR analysis for presence of the transgene.   Five PCR analyses were 
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conducted and variations were found.  For PCR 1 (Figure 5) mouse numbers 27, 29 

and 35 were positive.  In PCR 3 (Figure 7) the positive mice were 27, 29, 31 and 

35. 

In PCR 2 the signals were faint in all samples excluding positive 

controls and the image had to be brightened to see the lanes properly.   Normal 

mouse DNA and the water blank were negative.   The positive mice identified in 

the second PCR were 1, 3, 16, 26, 27, 29, 35 and 36; a transgenesis rate of 22.2% 

(Figure 6).   The positive mice in PCR 4 were 2, 7, 8, 9, 25, 26, 27, 28, 29, 30, 31, 

33, 35 and 36; the transgenesis rate was 38.9% (Figure 8).  In PCR 5 the positive 

mice identified were 1, 2, 3, 4, 6, 7, 8, 27 and 28; the transgenic rate was 25% 

(Figure 9). 
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Figure 5:   PCR Analysis 1 of Mice Born from Embryos Cytoplasmically 

Injected with Condensed CMV-EGFP at 625µg/ml  
1% Agarose Gel, Elongase Reaction Mix with DNA Dilutions in Water, Primers at 

200nM 

 
1-19 = unknowns 1-19, 30 ng 

20 = Top Right Lane, All Purpose Hi-Lo DNA Marker  

21-37 = unknown 20-36, 30 ng 

37 +C = 20 ng negative control DNA + 10 ng of plasmid pIRES-CMV 

38 –C = normal mouse DNA, 30 ng 

39 = Buffer mix + 1 ul sterile water    
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Figure 6:   PCR Analysis 2 of Mice Born from Embryos Cytoplasmically 

Injected with Condensed CMV-EGFP at 625µg/ml  

1% Agarose Gel, Elongase Reaction Mixture with DNA Dilutions in water, 

Primers at 200 nM 

 
1-23 = unknowns 1-23, 30 ng 

24, Top Right Lane = All Purpose Hi-Lo DNA Marker 

25-34= unknowns 24-33, 30 ng 

35 = ship lane due to flooding of sample 33 

36-38 = unknowns 34-36, 30 ng 

39 +C = 20 ng normal mouse DNA + 10 ng of plasmid pIRES-CMV 

40 +C = 100 ng plasmid pIRES-CMV 

41 +C = 10 ng glasmid pIRES-CMV 

42 +C = 1.0 ng plasmid pIRES-CMV 

43 +C = 0.1 ng plasmid  pIRES-CMV 

Skipped lane 

45 –C = 30 ng normal mouse DNA 

46 = Buffer mix + 1 ul sterile water  

47 Bottom Right Lane = All Purpose Hi-Lo DNA Marker 

48 skipped 

 

 

  

1kb 
 
300bp 
200bp 

1kb 
300bp 
200bp 
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Figure 7:   PCR Analysis 3 of Mice Born from Embryos Cytoplasmically 

Injected with Condensed CMV-EGFP at 625µg/ml 

1.2% Agarose Gel, Taq Polymerase Reaction Mix with DNA Dilutions in Water, 

Primers at 400nM 

 
Row One 

1-23 = unknowns 1-23, 30 ng 

24, Top Right Lane = All Purpose Hi-Lo DNA Marker 

Row Two by sample not well number 

24-36 = unknowns 24-36, 30 ng 

37 +C = 20 negative control DNA + 1 ng of plasmid pIRES-CMV 

38 +C = 1.0 ng plasmid pIRES-CMV 

39 +C = 0.1 ng glasmid pIRES-CMV 

4 0 +C = 0.01 ng plasmid pIRES-CMV 

41 +C = 0.001 ng plasmid  pIRES-CMV 

Skipped lane 

42 –C = mouse DNA, 30 ng 

43 = Buffer mix + 1 ul sterile water  

 Bottom Right Lane, 2
nd

 from the end = All Purpose Hi-Lo DNA Marker 
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Figure 8:   PCR Analysis 4 of Mice Born from Embryos Cytoplasmically 

Injected with Condensed CMV-EGFP at 625µg/ml  

2% Agarose Gel, Elongase Reaction Mixture with Fresh DNA Dilutions in 1X TE, 

Primers at 400 nM 

 
1-22 = unknowns 1-22, 30 ng 

23 = 1ng pIRES-CMV 

Top Right Lane = All Purpose Hi-Lo DNA Marker 

25-38 = unknowns 24-36, 30 ng 

39 +C = 20 ng normal mouse DNA + 1 ng pIRES-CMV 

40 +C = 0.1 ng plasmid pIRES-CMV 

41 +C = 0.01 ng plasmid pIRES-CMV 

42 +C = 0.001 ng plasmid pIRES-CMV 

43 = Skipped lane 

44 = Skipped lane 

45 –C = normal mouse DNA 30 ng 

46 = All Purpose Hi-Lo DNA Marker 

47 = Skipped lane 

48 –C = normal mouse DNA 30 ng 
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Figure 9: PCR Analysis 5 of Mice Born from Embryos Cytoplasmically 

Injected with Condensed CMV-EGFP at 625µg/ml  

1% Agarose Gel, Elongase Reaction Mixture with Fresh DNA Dilutions in 1X TE, 

Primers at 200 nM 

 
1-22 = unknowns, 30 ng  

23 +C = 10 pg pIRES-CMV 

24 = All Purpose Hi-Lo DNA Marker 

25-37 = unknowns 23-36, 30 ng  

39 = Skipped lane 

40 –C = normal mouse DNA 30 ng  

41 = Skipped lane 

42 –C = normal mouse DNA 20 ng 

43 = +C 10 pg plasmid pIRES-CMV 

44 = +C 1 pg plasmid pIRES-CMV 

45 = +C 0.1 pg plasmid pIRES-CMV 

46 = +C 0.01 pg plasmid pIRES-CMV 

47 = All Purpose Hi-Lo DNA Marker 

48 = skipped lane 

 

The mice that tested positive in two or more PCR analysis were 1, 2, 3, 

7, 8, 26, 27, 28, 29, 31, 35 and 36 for a transgenesis rate of 33.3% of animals born.  

 
1kb 
300bp 
200bp 

 
1kb 
300bp 
200bp 
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Mice 27, 29 and 35 tested positive in four PCR reactions, for a transgenesis rate of 

8.3% of animals born.  Mouse 27 tested positive for CMV-EGFP in all five PCR 

reactions, for a transgenesis rate of 2.8% of animals born.  This information is 

summarized in Table 5.2. 

 

 

Table 5.2:   Summary of PCR Results for Mice Generated by Cytoplasmic 

Microinjection of CMV-EGFP (625 µg/ml) condensed with MgCl2     

__________________________________________________________________ 

DNA Samples  PCR 1  PCR 2         PCR 3        PCR 4          PCR 5 

__________________________________________________________________ 

         1       -       -                    +                 -                   + 

         2                         -                   -                     -                 +                  + 

         3       -       -                    +                 -                   + 

         4       -       -                     -                 -                   + 

         6       -       -                     -                 -                   + 

         7       -       -                     -                 +                  + 

         8       -       -                     -                 +                  + 

         9       -       -                     -                 +                    - 

         16                       -                   -                     +                 -                    -             

         25       -       -                     -                  +                   -         

         26       -       -                     +                 +                   - 

         27       +       +                    +                 +                  + 

         28       -       -                      -                 +                  + 

         29       +       +                     +                +                   - 

         30       -       -                      -                 +                   - 

         31       -       +                     -                 +                   - 

         33       -        -                     -                 +                   - 

         35       +       +                     +                +                   - 

         36       -        -                     +                +                   - 

__________________________________________________________________ 

+ = the transgene was detected by PCR 

- = the transgene was not detected by PCR 
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Identifying Transgenic Animals by Slot Blot and Southern Analysis 

The 36 mice generated by cytoplasmic injection of MgCl2 condensed 

CMV-EGFP (625 µg/ml) were evaluated for the presence of CMV-EGFP by 

Southern Analysis in the first three blots.  In Southern Blot 1 no positive bands 

were observed at 1.7 or 2.1 kb for mice 1 through 14 (Figure 10).  The normal 

mouse tail DNA (negative control) was negative at 2 kb, but positive at 5 to 6 kb.  

The positive control DNA (1.2 ng plasmid with normal mouse DNA) had two 

positive bands; the bottom band at 2 to 3 kb and the top band at 5 to 6 kb (Figure 

10).   
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Figure 10:   Southern Analysis Blot 1   
Analysis of Mice 1 to 14 generated by cytoplasmic injection of MgCl2 condensed 

CMV-EGFP (625 µg/ml) 

 
Left to Right 

MW = All Purpose Hi-Lo DNA Marker, molecular weight marker 

1 – 14 = Bam H1 cut DNA from mice 1 to 15 (10 µg) 

B = Blank, skipped lane 

-C = Normal mouse tail DNA (10 µg) 

B = Blank, skipped lane 

+C = pIRES-EGFP (1.2 ng) 

MW = 1 kb DNA Extension Ladder, molecular weight marker 

 

 

In Southern Blot 2 the normal mouse tail DNA (negative control) was 

negative.  The plasmid DNA (positive control) had two positive bands; bottom 

band at 1.7 kb and top at 5 to 6 kb (Figure 11).  A positive band was observed for 

mouse 16 below 3 kb, according to the marker on the left.  However, it is in close 

approximation of the cDNA band in the positive control.  This suggests the mouse 

16 band is probably 2.1 kb for 3’ to 3’ integration.  No other mice showed positive 

bands.   

40kb 

 

 

 

1.7kb 
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Figure 11:  Southern Analysis Blot 2 

Analysis of Mice 15 to 28 generated by cytoplasmic injection of MgCl2 condensed 

CMV-EGFP (625 µg/ml) 

 
Left to Right 

MW = All Purpose Hi-Lo DNA Marker, molecular weight marker 

15 – 28 = BamH1 cut DNA from mice 15 to 28 (10 µg) 

B = Blank, skipped lane 

-C = Normal mouse tail DNA (10 µg) 

B = Blank, skipped lane 

+C = pIRES-EGFP (1.2 ng) 

MW = 1 kb DNA Extension Ladder, molecular weight marker 

 

In Southern Blot 3 no mice showed positive bands (Figure 12).  The 

normal mouse tail DNA (negative control) was negative, showing no bands.  The 

plasmid DNA (positive control) had two positive bands; bottom band at 

approximately 2.5 kb and top band between 5 and 6 kb.   

  

1.7kb 
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Figure 12: Southern Analysis Blot 3 

Analysis of Mice 29 to 36 generated by cytoplasmic injection of MgCl2 condensed 

CMV-EGFP (625 µg/ml) 

 
Left to Right 

MW = All Purpose Hi-Lo DNA Marker, molecular weight marker 

29 – 36 = Bam H1 cut DNA from mice 29 to 36 (10 µg) 

B = Blank, skipped lane 

-C = Normal mouse tail DNA (10 µg) 

B = Blank, skipped lane 

+C = pIRES-EGFP (1.2 ng) 

MW = 1 kb DNA Extension Ladder, molecular weight marker 

 

 

Southern Blots 4 through 7 (Figures 13 to 16) tested DNA samples from 

fetuses generated by cytoplasmic injection with linear DNA and fetuses and 

placentas generated by pronuclear injections.  Samples 24 to 138 were selected for 

Southern analysis because they gave some level of positive signal for the transgene 

when tested by slot blot analysis (see Appendix 5.1).  There is no slot blot analysis 

for samples 1-23.  Samples 1- 20 on Blot 4 (Figure 13) and 21-23, 29, 40, 42 and 

51 on Blot 5 (Figure 14) represent fetuses created by cytoplasmic injection of 
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linear CMV-EGFP (625 µg/ml).  No placentas were harvest in this group so none 

are tested.  Samples within the number range 56 to 109 on Blots 6 and 7 (Figures 

15 and 16) represent live fetuses and placentas or regressed fetuses and placentas 

generated by pronuclear injection of  5 µg/ml CMV-EGFP linear construct.  The 

numbers at the top of each lane correspond to the mouse number.  The gene 

construct will appear in the gel as a 1.8 kb fragment for 5’ to 3’ integration on the 

genome and as 2.1 kb for 3’ to 3’ integration.  If the transgene integrated in 5’ to 5’ 

fashion the fragment length is unknown.  The molecular weight ladder used was 

Lambda DNA/Hind III Marker (Promega #G171A).   

In Southern Analysis Blot 4, there was one positive band in sample 5 

(cytoplasmic injection, linear DNA, tail) below 2 kb, suggesting transgene 

integration 5’ to 3’ (Figure 13).   Every lane also has a band in the 2 to 2.3 kb 

location, the fragment size of a transgene integrated 3’ to 3’.       
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Figure 13: Southern Analysis Blot 4 

DNA samples 1 to 20  from fetuses generated by cytoplasmic injection with linear 

DNA  

 
Left to Right  

MW = Lambda DNA/Hind III Ladder Marker  

1 – 20 = Bam H1 cut DNA from mice 1 to 20 (10 µg)  

MW = Lambda DNA/Hind III Ladder Marker  

 

In Southern Analysis Blot 5, there was one positive band in sample 56, 

(pronuclear, placenta) below 2.0 kb, indicating transgene integration is 5’ to 3’ 

(Figure 14).    There are also faint positive bands below 2.0 kb in mice 21, 22, 23, 

29, 42 and 57.   

 

  

23kb 
 
9.4 
6.6 
 
4.3 
2.3 
2.0 
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Figure 14: Southern Analysis Blot 5 

DNA samples from fetuses generated by cytoplasmic injection with linear DNA 

(625 µg/ml) or from fetuses and placentas generated by pronuclear injection (5 

µg/ml)  

 
MW = Lambda DNA/Hind III Ladder Marker  

21 – 23, 29, 40, 42, 51 Bam H1 cut DNA (10 µg) from cytoplasmic injection with 

linear DNA 

56 – 58, 63, 65, 66, 70, 71, 74, 76, 78, 77, 79 Bam H1 cut fetal or placental DNA 

(10 µg) from pronuclear injections    

MW = Lambda DNA/Hind III Ladder Marker 

 

 

In Southern Analysis Blot 6, the molecular weight markers do not give 

visible bands in the low molecular weight region of the gel (Figure 15).  However, 

the 10 copy positive controls (ten copies of plasmids in normal mouse DNA) give 

a low molecular weight band which should be 1.7 kb because the plasmid cDNA is 

5’ to 3’.  Thus, that band can be used as a marker.  There were two positive bands 

in sample 103, (pronuclear, fetus).  The bottom band is above 1.7 kb, indicating 

transgene integration is 3’ to 3’.  The top band corresponds to the top of the second 

band in the positive control sample.  The 1 copy positive control sample has three 

bands.  The top and lower bands align with the top and lower bands of the 10 copy 

23 
 
9.4 
6.5 
 
 
4.3 

23 

 

 
 
 
2.3 
2.0 
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positive control, although the lower band on 1 copy control DNA is quite faint.  

The middle band appears between the other two bands, but looks like a circle not a 

band.  Almost every test DNA sample including the 1 copy positive control and the 

negative control (normal mouse DNA) give a faint band at 1.7 kb. 

 

Figure 15: Southern Analysis Blot 6 

DNA samples from fetuses and placentas generated by pronuclear injection (5 

µg/ml )  

 
Left to Right  

MW = Lambda DNA/Hind III Ladder Marker  

85, 87 to 89, 92, 98, 100, 101 to 103, 109 Bam H1 cut fetal or placental DNA (10 

µg) from pronuclear injections 

Negative control normal mouse DNA 

1 copy positive DNA control 

10 copy positive DNA control    

MW = Lambda DNA/Hind III Ladder Marker  

DNA samples 87, 89, 92 and 109 were 12 d gestation 

 

In Southern Analysis Blot 7, the molecular weight markers do not give 

visible bands in the low molecular weight region of the gel (Figure 16).  However, 

the 10 copy positive controls (ten copies of plasmids in normal mouse DNA) gave 

a faint low molecular weight band which should be 1.7 kb because the plasmid 

23 kb 
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cDNA is 5’ to 3’.  Thus, that band can be used as a marker.  There were two 

positive bands in sample 121 (pronuclear, corresponding to placenta sample 103).  

The bottom band is above 1.7 kb indicating transgene integration was 3’ to 3’.   

The second band corresponds to the top of the second band in the positive control 

sample.  Almost every sample on the gel, including the negative control (normal 

mouse DNA) gives a faint band at 1.7kb.    

Figure 16: Southern Analysis Blot 7 

DNA samples from fetuses and placentas generated by pronuclear injection (5 

µg/ml )  

 

Left to Right  

MW = Lambda DNA/Hind III Ladder Marker  

111, 117 to 122, 125, 134, 135 Bam H1 cut fetal or placental DNA (10 µg) from 

pronuclear injections 

Negative control normal mouse DNA 

Blank 

1 copy positive DNA control 

10 copy positive DNA control    

MW = Lambda DNA/Hind III Ladder Marker  

DNA samples 111, 117, 118, 119, and 120 were 12 d gestation 

DNA samples 122, 125, 134, and 135 were 11 d gestation 

23 kb 
23 kb 

1.7 kb 
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DISCUSSION 

In this study, the highest, middle, and lowest pregnancy rates coincided 

with the highest, middle, and lowest number of offspring.  The zygotes given 

cytoplasmic injections with linear DNA resulted in 72.7% pregnancy and 15.1% 

offspring; followed by pronuclear injections with linear DNA which resulted in 

44.4% pregnancy, 6% live fetuses and 1.8% regressed fetuses; and cytoplasmic 

injections with condensed CMV-EGFP resulted in 25% pregnancy rate and 4.7% 

pups.  These results clearly indicate the condensed DNA negatively impacted 

zygote survival and development.  This means that the shape of the condensed 

DNA, the condensing agent (MgCl2), or possibly both hindered transgenesis.   

In terms of shape, Lukacs et al. (2000) conducted a study to decipher 

some basic facts regarding the diffusional mobility of naked DNA fragments 

microinjected in the cytoplasm and nucleus of Hela cells.  Results obtained 

suggested that DNA diffusion through the cytoplasm can be a rate limiting factor 

to DNA survival as well nuclear uptake.  Lukacs and colleagues discovered that a 

DNA fragment of 100 bp was fully mobile in the cytosol at a diffusive rate only 

about 5 times slower than diffusion in water, whereas the diffusion of larger DNA 

fragments in the cytoplasm became remarkably slowed with little or no diffusion 

for DNA greater than 2,000 bp.  In summary, these investigators noted the DNA 

diffusion coefficient decreased by 65-fold with increasing DNA size from 21 to 
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6,000 bp.  Although the CMV-EGFP construct was only 1,753 bp, it may have 

diffused slowly through the cytosol in the condensed form, colliding and possibly 

interfering with cytoplasmic structure and function – events that would hinder 

zygote survival and development.      

As for the condensing agent, the negative impact on zygote survival due 

to the presence of MgCl2 in the injection buffer was all but a guarantee if Brinster 

et al. (1985) were correct in their analyses that low concentrations of MgCl2 could 

be included in the injection buffer, but higher concentrations were toxic.  In that 

study, the fraction of injected and transferred eggs that developed into fetuses 

following pronuclear injection with MgCl2 in the injection buffer was 15% for 1.0 

mM and 0% for 3 mM.  The DNA condensates in the current study were injected 

in IPS buffer containing, among other essentials, 20 mM MgCl2.  The choice to 

condense CMV-EGFP with MgCl2 was based on the ideas that 1) the damaging 

effects of MgCl2 would be less harmful in the cytoplasm than in the pronucleus, 

and 2) that increasing the stability of the gene construct would extend its chances 

for successful integration beyond the damaging effects of the MgCl2.  Presumed 

toxicity in this case translated into 4.7% fetal development. 

Assessments of transgene integration by the five PCR analyses 

performed on tail sample DNA from mice created by cytoplasmic injection of 

MgCl2 condensed CMV-EGFP (625 µg/ml) were inconsistent.  Of the 36 DNA 
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samples examined by this method, 33.3% (12 mice) gave positive bands in two or 

more PCR analyses; 8.3% (3 mice) gave positive bands in four PCR analyses; and 

2.8% (mouse 27) gave a positive band in all five PCR analyses.  However, none of 

these mice tested positive by Southern Analysis in Blots 1 to 3.  Only mouse 16 

gave a positive band by Southern Analysis for a transgenesis rate of 2.8%; but the 

band was nearly 3 kb, possibly too high to be CMV-EGFP.  Blots 1 to 3 (Figures 

10 to 12) had positive and negative controls and the markers turned out well, but 

the sample DNA was only faintly apparent in Blot 3 (Figure 12).  Although the 

PCR primers created to detect CMV-EGFP are small (16 and 12 bp), they are 

unique and are clearly able to amplify the positive control DNA samples.  Because 

the results are so different between the two methods of analyses, it was not 

possible to accurately identify the rate of transgenesis for this treatment group.  

Based on repeatability in at least three PCR results, the top rate of transgenesis was 

put at 8.3%.  The bottom rate of transgenesis based on one mouse that tested 

positive in all five PCR analyses and one mouse that tested positive by Southern 

Analyses was 2.8%.  Therefore, the range of transgenesis for mice created by 

cytoplasmic injection of MgCl2 condensed CMV-EGFP (625 µg/ml) was 2.8 to 

8.3%.   

When Page et al. (1995a) injected DNA complexed 1:1 with polylysine 

the transgenesis rate was 12.8% of pups born, a rate much higher than was 
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obtained in the current study.  The difference in success may be due to the Mg
2+ 

content of both the condensed DNA and the injection buffer.  Page and colleagues 

(1995a) used injection buffer containing 10 mM Tris-HCl and 0.5 mM EDTA at 

pH 7.5 for the polylysine condensates.  The current study used injection buffer 

comprised of 160 mM KCl, 20 mM MgCl2 and 5 mM NaCl at pH 7 to keep the 

MgCl2 condensed CMV-EGFP in rod formation.  Brinster et al. (1985) found that 

1.0 mM MgCl2 substituted for 0.1 mM EDTA in the injection buffer for pronuclear 

injections reduced integration efficiency of approximately 740 transgenes by half 

from 10 to 5%, and down to 0% for 3.0 mM MgCl2.  Although both embryo 

survival and transgene integration were negatively impacted by presence of MgCl2 

in that study, the tolerance seems to be a little higher in the cytoplasm than in the 

pronucleus.      

Although Mg
2+

 complexed DNA was able to enter the nucleus during 

mitosis, it is unlikely the gene construct could integrate the host genome in the 

condensed conformation.  The more likely scenario is the DNA was unfolded prior 

to integration.  Unfolding the DNA would necessarily have required liberation of 

the Mg
2+

 that neutralized the phosphate backbone of the gene construct and 

allowed it to collapse upon itself in the condensed form.  Liberation of the divalent 

cation would change the molarity of the cytoplasm and nucleus and necessarily 

affect endonuclease activity (Volgina et al., 1988; Szczygiel et al., 2002) thereby 
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changing the conformation and function of host DNA.  Free Mg
2+

 in the nucleus 

and cytosol of developing zygotes might also create an environment by which 

Mg
2+

 competes with Ca
2+

 at membrane transport channels (Wedig et al., 2006).  

Both events are reasonable obstacles to the production of transgenic mice.     

Based on a Southern Analysis of DNA samples obtained from 27 of the 

52 mice generated by cytoplasmic injection of linear CMV-EGFP (625 µg/ml in 

water) the rate of transgenesis was 3.7%, equaling one positive.  There were six 

other potential positives in this group, but although the bands were distinct they 

were light positive signals.  However, it is possible the faint bands are true 

positives because these samples were chosen based on a degree of positive signal 

by Slot Blot analysis, in which case the transgenesis rate for the zygotes 

cytoplasmically injected with linear DNA is 25.9%.  In 1985, Brinster et al. 

produced a 3.4% transgenesis rate following cytoplasmic injection of mouse 

zygotes with 400 copies of 4.8 kb (approximately 2 mg/kg) linear DNA.  Ten years 

later Page et al. (1995a) obtained a 0% transgenesis when they injected mouse 

zygotes with 5.8 kb linear DNA (50 µg/ml) in the cytoplasm.  This study offered 

no suggestions for improving transgenesis by cytoplasmic injections with linear 

DNA.  

Furthermore, this data seems to confirm that cytoplasmic injection of 

DNA does not work effectively as a method for making transgenic mice even with 
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DNA condensation, although it is hard to evaluate the effectiveness of divalent 

cation condensation based on condensation with MgCl2 due to the toxicity 

associated with it.  On the other hand, it may be a fine technique for making 

transgenic placentas; however, that data was not assessed. Not only were placental 

tissues not sampled from the cytoplasmic injections in this study (linear and 

condensed CMV-EGFP), neither were they examined in the study outlined by Page 

et al. (1995a), nor in the study described by Brinster et al. in 1985.   In 1994, 

Canseco et al. identified that transgene detection occurs more frequently in 

placental rather than fetal tissue.  The reason for this is mosaicism.   Mosaicism 

happens because transgene integration often occurs following the first cell division 

(Chan et al., 1999) resulting in two populations of blastomeres – transgenic and 

non-transgenic.  As the embryo grows and develops, a portion of the blastomeres 

go to making the pup and the rest go to making the placenta.  As evidenced in 

Chapter 4, mosaicism was 61.7% in the group that received 625 µg/ml linear 

CMV-EGFP (no MgCl2) and 14.6% in the group that received 625 µg/ml 

condensed CMV-EGFP following cytoplasmic injection.  It is conceivable that 

screening placentas could improve the transgenesis rate for cytoplasmic injection 

of both linear and condensed DNA; however, the result does not improve the 

practical application of this technique.   
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Fetuses and placentas were screened in the pronuclear injection study.  

Thirty-three samples were selected for screening by Southern Analysis based on 

positive signals obtained from Slot Blot Analysis (Appendix K).  The 33 DNA 

samples tested by Southern Analysis in the pronuclear injection study came from 

26 fetuses, a portion of placentas, or both (live and regressed).  Of these, two gave 

positive signals for a transgenesis rate of 7.9% of animals screened.  This rate is 

much lower than the transgenesis rates obtained by Brinster et al. (1985) who 

injected a range of concentrations and DNA fragment ends and obtained 

transgenesis rates between 8.5 and 31%.  The integration efficiency by Page et al. 

(1995a) of pronuclear injections (1.5 µg/ml, linear, 5.3 kb DNA) was 21.7%, and 

the overall efficiency for the total number of zygotes transferred into recipients 

was 3.6%.  In the current study, fetuses were harvested between 11 and 18 d of 

gestation.  Brinster et al. (1985) reported that fetuses need to be 13 to 19 d to have 

enough DNA copy number for identification.  In short, they said that because 

detection of DNA by standard techniques requires about a million copies but less 

than a hundred are injected, the foreign DNA would not be detected unless it were 

amplified during embryogenesis.  Testing the fetuses harvested on d 11 and 12 of 

gestation may not have been representative of true transgenesis.   

The final point to consider is the use of CD-1mice, an outbred strain.  

Brinster et al. (1985) compared the efficiency of transferring genes into inbred C57 
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versus hybrid C57 x SJL mice.  Efficiency was deciphered from numbers of eggs 

obtained from donors, zygote survival following microinjection, development into 

pups, and percentage of mice that retained the microinjected DNA.  They reported 

that hybrid mice outperformed inbred mice in each instance and the difference was 

calculated as an 8-fold difference in the work involved in using the inbred line 

compared to hybrids.  In short, Brinster et al. (1985) summarily confirmed the 

existence of strain differences in test mice, and those differences may extend 

beyond heartiness to factors effecting gene integration or protein expression.   
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CHAPTER 6 

 

CONCLUSION 

Low gene integration and animal mosaicism continue to be major 

obstacles to the production of transgenic animals by microinjection of DNA.  This 

research looked at DNA condensation as a potential solution to increasing 

transgene stability following cytoplasmic injection, with the thought that increased 

stability would lead to increased transgenesis.  In this research, a CMV-EGFP 

construct was injected in the cytoplasm at three concentrations (100, 425 and 625 

µg/ml).  For comparison a linear CMV-EGFP construct was injected into the 

pronucleus (5 µg/ml) and into the cytoplasm (625 µg/ml).  Zygotes injected into 

the cytoplasm with condensed CMV-EGFP (625 µg/ml) had the highest percentage 

(44%) of fluorescing embryos, the highest percentage (16.7%) of fluorescing 

morulae and blastocysts, and the lowest percentage of fluorescence mosaicism at 

every stage of embryo development after 4 d in culture.   

Cytoplasmic injection of 625 µg/ml of CMV-EGFP condensed with 

MgCl2 was next evaluated in vivo where it yielded 25% pregnancy and 4.7% 

transgenic pups.  Assessments of transgene integration by five PCR analyses 

performed on tail DNA from mice born by cytoplasmic injection of MgCl2 

condensed CMV-EGFP (625 µg/ml) were conflicting with 33.3% positive in two 
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or more PCR analyses; 8.3% positive in four PCR analyses; and 2.8% positive in 

all five PCR analyses.  However, none of these mice tested positive by Southern 

Analysis which reported 2.8% transgenesis.  Cytoplasmic injection of linear CMV-

EGFP (625 µg/ml in water) resulted in 3.7% transgenic embryos.  Fetuses and 

placentas screened from the pronuclear injection study gave 7.9% transgenesis.   

This research also attempted to identify the traits of reversible 

electroporation in murine zygotes as an initial step in characterizing its application 

in transgenic animal research.  To that end, pronuclear stage murine embryos (n = 

1,932) received one of three pulse lengths (5, 10, or 20 μs), and one of six voltages 

(0, 100, 200, 250, 300 or 400 V) of electric current.  The lowest embryo 

development occurred with 400 V at all pulse lengths.  Highest voltage stimulation 

that did not impact development occurred at 300 V for 5 and 10 µs pulse lengths 

and 200 V for 20 µs pulse length.   The embryos that developed significantly worse 

than controls (5 µs pulse length at 100, 250 and 400 V, 10 µs pulse length at 400 

V, and 20 µs pulse length at 100, 250, 300 and 400 V) clearly experienced some 

level of irreversible electroporation.  The embryos that underwent reversible 

electroporation were electroporated with 100 and 250 V for 5 μs, 400 V for 10 μs, 

and 250 V for 20 μs.  These embryos had similar 4 d development scores (P > 

0.05) between the best and worst developed groups.   
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Based on the current data, injection of linear DNA into the cytoplasm of 

zygotes remains an unsuccessful technique for making transgenic mice.  

Furthermore, Mg
2+

 as the condensing agent and as a component of the injection 

buffer of condensed DNA appears to both facilitate transgene integration and 

hinder embryo development, at least at these concentrations.  However, it should 

be noted that at the embryo level the MgCl2 paired with the highest copy number 

DNA did seem to help overcome the physical and enzymatic challenges of 

cytoplasmic injection, making the technique nearly equivalent in performance to 

pronuclear injections of linear DNA but with less mosaicism.  Therefore, 

additional studies testing a variety of MgCl2 concentrations may result in the 

discovery of a more favorable ratio of transgene integration to embryo destruction.   

It may well be that 625 µg/ml CMV-EGFP is the threshold concentration for 

transgenesis by cytoplasmic injection and that higher ratios of DNA to MgCl2 

should be examined starting at 1250 µg/ml to 5000 µg/ml, for example.  To test 

that theory,   It may also be worthwhile to examine other injection buffers and/or 

different divalent cations for condensing DNA for cytoplasmic injections.  As for 

embryo electroporation, the next research pursuit should be to discern whether or 

not transmembrane potential occurs at these pulse length and voltage 

combinations, and at which membranes – plasma or plasma and nuclear.  This 

could easily be achieved in vitro with a selectable dye or marker protein.  Once 
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transmembrane potential is identified, whole embryo electroporation should be 

paired with cytoplasmic or pronuclear microinjection to see if transgene integration 

efficiency improves.    
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APPENDIX A:  Statistics for effect of pulse length on embryo development 

APPENDIX A:  Table 3.1:  Column statistics for effect of pulse length on embryo 

development, and least squares means, analysis of variance, Bartlett's test for equal 

variances, Tukey's multiple comparison test for effect of voltage on embryo 

development across pulse lengths 4 d following electroporation  

________________________________________________ __ 

 

0us 5us 10us  20us 

Number of values 540 448 527 421 

____________________________________________________ 

Mean 3.398 2.853 3.04 2.912 

Std. Deviation 1.028 1.302 1.21 1.082 

Std. Error 0.04423 0.06153 0.05271 0.05274 

____________________________________________________ 

 

One-way analysis of variance   

  P value P<0.0001 

  P value summary *** 

  Are means signif. different? (P < 0.05) Yes 

  Number of groups 4 

  F 22.45 

  R squared 0.03369 

_____________________________________________________________ 

  Bartlett's statistic (corrected) 33.33 

  P value P<0.0001 

  P value summary *** 

  Do the variances differ signif. (P < 0.05) Yes 

_____________________________________________________________ 

ANOVA Table SS df MS 

  Treatment (between columns) 90.28 3 30.09 

  Residual (within columns) 2590 1932 1.34 

  Total 2680 1935 

 _____________________________________________________________  
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Tukey's Multiple 

Comparison Test 

Mean 

Diff. q P value 

  0us vs 5us 0.5455 10.43 P < 0.001 

  0us vs 10us  0.3583 7.148 P < 0.001 

  0us vs 20us 0.486 9.132 P < 0.001 

  5us vs 10us  -0.1872 3.558 P > 0.05 

  5us vs 20us 0.05944 1.07 P > 0.05 

  10us  vs 20us 0.1277 2.387 P > 0.05 
 

 

 

 

 

 

  
    _______________________________________________  

    

 

APPENDIX B:  Statistics for effect of voltage on embryo development 

 

Appendix B. Table 3.2: Column statistics on effect of voltage on embryo 

development, analysis of variance with Bartlett’s test for equal variances and 

Tukey’s multiple comparison test for effect of voltage on embryo development 

across pulse lengths 4 d following electroporation  

__________________________________________________________________ 

 

0V 100V 200V 250V 300V 400V 

Number of values 540 316 276 261 281 262 
____________________________________________________________________________________ 

Mean 3.398 2.997 3.254 2.996 3.082 2.34 

Std. Deviation 1.028 1.151 1.059 1.191 1.191 1.251 

Std. Error 

0.0442

3 

0.0647

2 

0.0637

3 

0.0737

4 

0.0710

4 

0.0773

2 
_____________________________________________________________________________________ 

One-way analysis of variance 

   P value P<0.0001 

  P value summary *** 

  Are means signif. different? (P < 0.05) Yes 

  Number of groups 6 

  F 32.88 

  R squared 0.07849 
_____________________________________________________________________________________ 
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Bartlett's test for equal variances 

  Bartlett's statistic (corrected) 20.45 

  P value 0.001 

  P value summary ** 

  Do the variances differ signif. (P < 0.05) Yes 
_____________________________________________________________________________________ 

ANOVA Table SS df MS 

  Treatment (between columns) 210.3 5 42.07 

  Residual (within columns) 2470 1930 1.28 

  Total 2680 1935 

 _____________________________________________________________________________________ 

Tukey's Multiple Comparison Test Mean Diff. q P value 

  0V vs 100V 0.4013 7.084 P < 0.001 

  0V vs 200V 0.1445 2.442 P > 0.05 

  0V vs 250V 0.402 6.666 P < 0.001 

  0V vs 300V 0.3163 5.376 P < 0.01 

  0V vs 400V 1.058 17.58 P < 0.001 

  100V vs 200V -0.2568 3.897 P > 0.05 

  100V vs 250V 0.0006669 0.009968 P > 0.05 

  100V vs 300V -0.08502 1.296 P > 0.05 

  100V vs 400V 0.6571 9.833 P < 0.001 

  200V vs 250V 0.2575 3.728 P > 0.05 

  200V vs 300V 0.1718 2.534 P > 0.05 

  200V vs 400V 0.9139 13.25 P < 0.001 

  250V vs 300V -0.08568 1.246 P > 0.05 

  250V vs 400V 0.6565 9.385 P < 0.001 

  300V vs 400V 0.7422 10.8 P < 0.001 
_____________________________________________________________________________________ 
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APPENDIX C:  Statistics for embryo development by voltage within pulse 

lengths  

 

Appendix C. Table 3.3: Analysis of variance, Bartlett's test for equal variances, and 

Tukey's multiple comparison test embryo development by voltage within pulse 

lengths 4 d following electroporation.  

__________________________________________________________________ 

 

5 µs 

 

ANOVA Table SS Df MS 

  Treatment (between columns) 125 5 25 

  Residual (within columns) 794.4 556 1.429 

  Total 919.4 561 

 __________________________________________________________________ 

Tukey's Multiple Comparison Test Mean Diff. q P value 

  Controls 5us vs 100 V 5us 0.5832 5.175 P < 0.01 

  Controls 5us vs 200 V 5us -0.0447 0.3528 P > 0.05 

  Controls 5us vs 250 V 5us 0.4467 3.597 P > 0.05 

  Controls 5us vs 300 V 5us 0.2482 2.021 P > 0.05 

  Controls 5us vs 400 V 5us 1.316 11.51 P < 0.001 

  100 V 5us vs 200 V 5us -0.6279 4.93 P < 0.01 

  100 V 5us vs 250 V 5us -0.1365 1.093 P > 0.05 

  100 V 5us vs 300 V 5us -0.335 2.712 P > 0.05 

  100 V 5us vs 400 V 5us 0.7331 6.371 P < 0.001 

  200 V 5us vs 250 V 5us 0.4914 3.57 P > 0.05 

  200 V 5us vs 300 V 5us 0.2929 2.147 P > 0.05 

  200 V 5us vs 400 V 5us 1.361 10.57 P < 0.001 

  250 V 5us vs 300 V 5us -0.1985 1.48 P > 0.05 

  250 V 5us vs 400 V 5us 0.8696 6.883 P < 0.001 

  300 V 5us vs 400 V 5us 1.068 8.545 P < 0.001 

__________________________________________________________________ 
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10 µs 

 

One-way analysis of variance 

   P value P<0.0001 

  P value summary *** 

  Are means signif. different? (P < 0.05) Yes 

  Number of groups 6 

  F 7.919 

  R squared 0.05247 

__________________________________________________________________ 

Bartlett's test for equal variances 

   Bartlett's statistic (corrected) 13.81 

  P value 0.0168 

  P value summary * 

  Do the variances differ signif. (P < 0.05) Yes 

__________________________________________________________________ 

ANOVA Table SS Df MS 

  Treatment (between columns) 51.96 5 10.39 

  Residual (within columns) 938.3 715 1.312 

  Total 990.3 720 

 __________________________________________________________________ 

Tukey's Multiple Comparison Test Mean Diff.      q P value 

  Controls 10us vs 100 V 10us   0.2445 2.46 P > 0.05 

  Controls 10us vs 200 V 10us   0.3541 3.574 P > 0.05 

  Controls 10us vs 250 V 10us   0.1638 1.703 P > 0.05 

  Controls 10us vs 300 V 10us   0.3262 3.412 P > 0.05 

  Controls 10us vs 400 V 10us   0.8717 8.683 P < 0.001 

  100 V 10us vs 200 V 10us   0.1096 0.9638 P > 0.05 

  100 V 10us vs 250 V 10us -0.08071 0.7261 P > 0.05 

  100 V 10us vs 300 V 10us   0.08173 0.7383 P > 0.05 

  100 V 10us vs 400 V 10us   0.6272 5.461 P < 0.01 

  200 V 10us vs 250 V 10us  -0.1903 1.716 P > 0.05 

  200 V 10us vs 300 V 10us  -0.02786 0.2524 P > 0.05 

  200 V 10us vs 400 V 10us   0.5176 4.517 P < 0.05 
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  250 V 10us vs 300 V 10us   0.1624 1.507 P > 0.05 

  250 V 10us vs 400 V 10us   0.7079 6.318 P < 0.001 

  300 V 10us vs 400 V 10us   0.5455 4.888 P < 0.01 

__________________________________________________________________ 

 

20 µs 

 

ANOVA Table SS Df MS 

  Treatment (between columns) 67.8 5 13.56 

  Residual (within columns) 692.7 647 1.071 

  Total 760.5 652 

 __________________________________________________________________ 

Tukey's Multiple Comparison Test Mean Diff. q P value 

  Controls 20us vs 100 V 20us 0.376 4.355 P < 0.05 

  Controls 20us vs 200 V 20us 0.07925 0.9086 P > 0.05 

  Controls 20us vs 250 V 20us 0.7607 7.666 P < 0.001 

  Controls 20us vs 300 V 20us 0.3896 4.218 P < 0.05 

  Controls 20us vs 400 V 20us 0.9596 8.995 P < 0.001 

  100 V 20us vs 200 V 20us -0.2967 2.903 P > 0.05 

  100 V 20us vs 250 V 20us 0.3848 3.416 P > 0.05 

  100 V 20us vs 300 V 20us 0.01364 0.1279 P > 0.05 

  100 V 20us vs 400 V 20us 0.5836 4.894 P < 0.01 

  200 V 20us vs 250 V 20us 0.6815 6.014 P < 0.001 

  200 V 20us vs 300 V 20us 0.3104 2.891 P > 0.05 

  200 V 20us vs 400 V 20us 0.8803 7.343 P < 0.001 

  250 V 20us vs 300 V 20us -0.3711 3.163 P > 0.05 

  250 V 20us vs 400 V 20us 0.1989 1.543 P > 0.05 

  300 V 20us vs 400 V 20us 0.57 4.608 P < 0.05 

__________________________________________________________________ 
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APPENDIX D:  Statistics for embryo development across pulse lengths and 

voltages  

 

Appendix D. Table 3.4: Column Statistics, analysis of variance, Bartlett's test for 

equal variances, and Tukey's multiple comparison test on embryo development 

across pulse lengths and voltages 4 d following electroporation 

__________________________________________________________________ 
 

 

 
 

Controls 
5us 

100 V 
    5us 

200 V 
   5us 

250 V 
 5us 

300 V 
    5us 

400 V 
    5us 

Controls   
10us 

100 V 
10us 

200V   
10us 

Number of 

values 114 111 73 78         81 105 194    101    102 

Mean 3.421 2.838 3.466 2.974 3.173 2.105 3.423 3.178 3.069 

Std. Deviation 1.08 1.232 0.9292 1.299 1.223 1.33 1.016 1.004 1.196 

Std. Error 0.1011 0.117 0.1088 0.1471 0.1358 0.1298 0.07297 0.0999 0.118 

__________________________________________________________________ 

 

250 V 

10us 

300 V 

10us 

400 V 

10us 

Controls 

20us 

100 V 

20us 

200 V 

20us 

250 V 

20us 

300 V 

20us 

400 V 

20us 

Number of 

values 112 114 98 232 104 101 71 86 59 

Mean 3.259 3.096 2.551 3.366 2.99 3.287 2.606 2.977 2.407 

Std. Deviation 1.176 1.269 1.277 1.015 1.178 0.973 0.978 1.051 0.9847 

Std. Error 0.1111 0.1188 0.129 0.06662 0.1155 0.09682 0.1161 0.1134 0.1282 

__________________________________________________________________ 

 

One-way analysis of variance 

   P value P<0.0001 

  P value summary *** 

  Are means signif. different? (P < 0.05) Yes 

  Number of groups 18 

  F 11.84 

  R squared 0.09495 

__________________________________________________________________ 

Bartlett's test for equal variances 

   Bartlett's statistic (corrected) 46.36 

  P value 0.0002 

  P value summary *** 

  Do the variances differ signif. (P < 0.05) Yes 

__________________________________________________________________ 
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ANOVA Table SS df MS 

  Treatment (between columns) 254.5 17 14.97 

  Residual (within columns) 2425 1918 1.265 

  Total 2680 1935 

 __________________________________________________________________ 

Tukey's Multiple Comparison Test Mean Diff. q P value 

  Controls 5us vs 100 V 5us 0.5832 5.5 P < 0.05 

  Controls 5us vs 200 V 5us -0.0447 0.375 P > 0.05 

  Controls 5us vs 250 V 5us 0.4467 3.823 P > 0.05 

  Controls 5us vs 300 V 5us 0.2482 2.148 P > 0.05 

  Controls 5us vs 400 V 5us 1.316 12.24 P < 0.001 

  Controls 5us vs Controls 10us -0.001628 0.01735 P > 0.05 

  Controls 5us vs 100 V 10us 0.2428 2.235 P > 0.05 

  Controls 5us vs 200 V 10us 0.3524 3.252 P > 0.05 

  Controls 5us vs 250 V 10us 0.1621 1.533 P > 0.05 

  Controls 5us vs 300 V 10us 0.3246 3.082 P > 0.05 

  Controls 5us vs 400 V 10us 0.87 7.943 P < 0.001 

  Controls 5us vs Controls 20us 0.05467 0.6011 P > 0.05 

  Controls 5us vs 100 V 20us 0.4307 3.994 P > 0.05 

  Controls 5us vs 200 V 20us 0.1339 1.233 P > 0.05 

  Controls 5us vs 250 V 20us 0.8154 6.783 P < 0.001 

  Controls 5us vs 300 V 20us 0.4443 3.912 P > 0.05 

  Controls 5us vs 400 V 20us 1.014 7.953 P < 0.001 

  100 V 5us vs 200 V 5us -0.6279 5.24 P < 0.05 

  100 V 5us vs 250 V 5us -0.1365 1.162 P > 0.05 

  100 V 5us vs 300 V 5us -0.335 2.883 P > 0.05 

  100 V 5us vs 400 V 5us 0.7331 6.772 P < 0.001 

  100 V 5us vs Controls 10us -0.5848 6.18 P < 0.01 

  100 V 5us vs 100 V 10us -0.3404 3.113 P > 0.05 

  100 V 5us vs 200 V 10us -0.2308 2.116 P > 0.05 

  100 V 5us vs 250 V 10us -0.4211 3.954 P > 0.05 

  100 V 5us vs 300 V 10us -0.2587 2.439 P > 0.05 

  100 V 5us vs 400 V 10us 0.2868 2.602 P > 0.05 

  100 V 5us vs Controls 20us -0.5285 5.759 P < 0.01 
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  100 V 5us vs 100 V 20us -0.1525 1.406 P > 0.05 

  100 V 5us vs 200 V 20us -0.4493 4.109 P > 0.05 

  100 V 5us vs 250 V 20us 0.2322 1.922 P > 0.05 

  100 V 5us vs 300 V 20us -0.1389 1.216 P > 0.05 

  100 V 5us vs 400 V 20us 0.4311 3.365 P > 0.05 

  200 V 5us vs 250 V 5us 0.4914 3.795 P > 0.05 

  200 V 5us vs 300 V 5us 0.2929 2.283 P > 0.05 

  200 V 5us vs 400 V 5us 1.361 11.23 P < 0.001 

  200 V 5us vs Controls 10us 0.04307 0.3945 P > `0.05 

  200 V 5us vs 100 V 10us 0.2875 2.354 P > 0.05 

  200 V 5us vs 200 V 10us 0.3971 3.258 P > 0.05 

  200 V 5us vs 250 V 10us 0.2068 1.729 P > 0.05 

  200 V 5us vs 300 V 10us 0.3693 3.098 P > 0.05 

  200 V 5us vs 400 V 10us 0.9147 7.441 P < 0.001 

  200 V 5us vs Controls 20us 0.09937 0.9313 P > 0.05 

  200 V 5us vs 100 V 20us 0.4754 3.915 P > 0.05 

  200 V 5us vs 200 V 20us 0.1786 1.462 P > 0.05 

  200 V 5us vs 250 V 20us 0.8601 6.49 P < 0.001 

  200 V 5us vs 300 V 20us 0.489 3.864 P > 0.05 

  200 V 5us vs 400 V 20us 1.059 7.607 P < 0.001 

  250 V 5us vs 300 V 5us -0.1985 1.573 P > 0.05 

  250 V 5us vs 400 V 5us 0.8696 7.316 P < 0.001 

  250 V 5us vs Controls 10us -0.4483 4.205 P > 0.05 

  250 V 5us vs 100 V 10us -0.2039 1.701 P > 0.05 

  250 V 5us vs 200 V 10us -0.09427 0.7882 P > 0.05 

  250 V 5us vs 250 V 10us -0.2846 2.427 P > 0.05 

  250 V 5us vs 300 V 10us -0.1221 1.045 P > 0.05 

  250 V 5us vs 400 V 10us 0.4233 3.509 P > 0.05 

  250 V 5us vs Controls 20us -0.392 3.767 P > 0.05 

  250 V 5us vs 100 V 20us -0.01603 0.1346 P > 0.05 

  250 V 5us vs 200 V 20us -0.3128 2.609 P > 0.05 

  250 V 5us vs 250 V 20us 0.3687 2.827 P > 0.05 

  250 V 5us vs 300 V 20us -0.002385 0.01918 P > 0.05 

  250 V 5us vs 400 V 20us 0.5676 4.137 P > 0.05 
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  300 V 5us vs 400 V 5us 1.068 9.083 P < 0.001 

  300 V 5us vs Controls 10us -0.2498 2.375 P > 0.05 

  300 V 5us vs 100 V 10us -0.005378 0.04535 P > 0.05 

  300 V 5us vs 200 V 10us 0.1042 0.8806 P > 0.05 

  300 V 5us vs 250 V 10us -0.08609 0.7423 P > 0.05 

  300 V 5us vs 300 V 10us 0.07635 0.6607 P > 0.05 

  300 V 5us vs 400 V 10us 0.6218 5.208 P < 0.05 

  300 V 5us vs Controls 20us -0.1935 1.886 P > 0.05 

  300 V 5us vs 100 V 20us 0.1825 1.548 P > 0.05 

  300 V 5us vs 200 V 20us -0.1143 0.9637 P > 0.05 

  300 V 5us vs 250 V 20us 0.5672 4.388 P > 0.05 

  300 V 5us vs 300 V 20us 0.1961 1.593 P > 0.05 

  300 V 5us vs 400 V 20us 0.7661 5.629 P < 0.05 

  400 V 5us vs Controls 10us -1.318 13.68 P < 0.001 

  400 V 5us vs 100 V 10us -1.073 9.686 P < 0.001 

  400 V 5us vs 200 V 10us -0.9639 8.719 P < 0.001 

  400 V 5us vs 250 V 10us -1.154 10.69 P < 0.001 

  400 V 5us vs 300 V 10us -0.9917 9.221 P < 0.001 

  400 V 5us vs 400 V 10us -0.4463 3.996 P > 0.05 

  400 V 5us vs Controls 20us -1.262 13.49 P < 0.001 

  400 V 5us vs 100 V 20us -0.8856 8.051 P < 0.001 

  400 V 5us vs 200 V 20us -1.182 10.67 P < 0.001 

  400 V 5us vs 250 V 20us -0.5009 4.1 P > 0.05 

  400 V 5us vs 300 V 20us -0.872 7.54 P < 0.001 

  400 V 5us vs 400 V 20us -0.302 2.334 P > 0.05 

  Controls 10us vs 100 V 10us 0.2445 2.506 P > 0.05 

  Controls 10us vs 200 V 10us 0.3541 3.641 P > 0.05 

  Controls 10us vs 250 V 10us 0.1638 1.735 P > 0.05 

  Controls 10us vs 300 V 10us 0.3262 3.476 P > 0.05 

  Controls 10us vs 400 V 10us 0.8717 8.845 P < 0.001 

  Controls 10us vs Controls 20us 0.0563 0.7278 P > 0.05 

  Controls 10us vs 100 V 20us 0.4323 4.473 P > 0.05 

  Controls 10us vs 200 V 20us 0.1356 1.389 P > 0.05 

  Controls 10us vs 250 V 20us 0.817 7.408 P < 0.001 
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  Controls 10us vs 300 V 20us 0.4459 4.329 P > 0.05 

  Controls 10us vs 400 V 20us 1.016 8.593 P < 0.001 

  100 V 10us vs 200 V 10us 0.1096 0.9818 P > 0.05 

  100 V 10us vs 250 V 10us -0.08071 0.7397 P > 0.05 

  100 V 10us vs 300 V 10us 0.08173 0.7521 P > 0.05 

  100 V 10us vs 400 V 10us 0.6272 5.563 P < 0.05 

  100 V 10us vs Controls 20us -0.1882 1.985 P > 0.05 

  100 V 10us vs 100 V 20us 0.1878 1.691 P > 0.05 

  100 V 10us vs 200 V 20us -0.1089 0.9733 P > 0.05 

  100 V 10us vs 250 V 20us 0.5726 4.65 P > 0.05 

  100 V 10us vs 300 V 20us 0.2015 1.727 P > 0.05 

  100 V 10us vs 400 V 20us 0.7714 5.921 P < 0.01 

  200 V 10us vs 250 V 10us -0.1903 1.749 P > 0.05 

  200 V 10us vs 300 V 10us -0.02786 0.2571 P > 0.05 

  200 V 10us vs 400 V 10us 0.5176 4.602 P > 0.05 

  200 V 10us vs Controls 20us -0.2978 3.152 P > 0.05 

  200 V 10us vs 100 V 20us 0.07824 0.7061 P > 0.05 

  200 V 10us vs 200 V 20us -0.2185 1.958 P > 0.05 

  200 V 10us vs 250 V 20us 0.463 3.767 P > 0.05 

  200 V 10us vs 300 V 20us 0.09188 0.7893 P > 0.05 

  200 V 10us vs 400 V 20us 0.6618 5.089 P < 0.05 

  250 V 10us vs 300 V 10us 0.1624 1.535 P > 0.05 

  250 V 10us vs 400 V 10us 0.7079 6.436 P < 0.01 

  250 V 10us vs Controls 20us -0.1075 1.174 P > 0.05 

  250 V 10us vs 100 V 20us 0.2685 2.48 P > 0.05 

  250 V 10us vs 200 V 20us -0.0282 0.2585 P > 0.05 

  250 V 10us vs 250 V 20us 0.6533 5.416 P < 0.05 

  250 V 10us vs 300 V 20us 0.2822 2.475 P > 0.05 

  250 V 10us vs 400 V 20us 0.8521 6.662 P < 0.001 

  300 V 10us vs 400 V 10us 0.5455 4.98 P < 0.05 

  300 V 10us vs Controls 20us -0.2699 2.967 P > 0.05 

  300 V 10us vs 100 V 20us 0.1061 0.9841 P > 0.05 

  300 V 10us vs 200 V 20us -0.1906 1.754 P > 0.05 

  300 V 10us vs 250 V 20us 0.4909 4.083 P > 0.05 
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  300 V 10us vs 300 V 20us 0.1197 1.054 P > 0.05 

  300 V 10us vs 400 V 20us 0.6897 5.408 P < 0.05 

  400 V 10us vs Controls 20us -0.8154 8.511 P < 0.001 

  400 V 10us vs 100 V 20us -0.4394 3.925 P > 0.05 

  400 V 10us vs 200 V 20us -0.7361 6.529 P < 0.001 

  400 V 10us vs 250 V 20us -0.05461 0.4407 P > 0.05 

  400 V 10us vs 300 V 20us -0.4257 3.623 P > 0.05 

  400 V 10us vs 400 V 20us 0.1442 1.101 P > 0.05 

  Controls 20us vs 100 V 20us 0.376 4.007 P > 0.05 

  Controls 20us vs 200 V 20us 0.07925 0.836 P > 0.05 

  Controls 20us vs 250 V 20us 0.7607 7.054 P < 0.001 

  Controls 20us vs 300 V 20us 0.3896 3.881 P > 0.05 

  Controls 20us vs 400 V 20us 0.9596 8.277 P < 0.001 

  100 V 20us vs 200 V 20us -0.2967 2.671 P > 0.05 

  100 V 20us vs 250 V 20us 0.3848 3.143 P > 0.05 

  100 V 20us vs 300 V 20us 0.01364 0.1177 P > 0.05 

  100 V 20us vs 400 V 20us 0.5836 4.503 P > 0.05 

  200 V 20us vs 250 V 20us 0.6815 5.534 P < 0.05 

  200 V 20us vs 300 V 20us 0.3104 2.66 P > 0.05 

  200 V 20us vs 400 V 20us 0.8803 6.757 P < 0.001 

  250 V 20us vs 300 V 20us -0.3711 2.911 P > 0.05 

  250 V 20us vs 400 V 20us 0.1989 1.42 P > 0.05 

  300 V 20us vs 400 V 20us 0.57 4.24 P > 0.05 

__________________________________________________________________ 

 

 

 

 

 

 

APPENDIX E:  Statistics for embryo development following pronuclear 

injections 

 

Appendix E. Table 4.1: Mean embryo development 4 d following pronuclear 

injections 

__________________________________________________________________ 
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Dependent Variable:  score 

            Sum of 

Source        DF          Squares  Mean Square  F Value             Pr > F 

 

Model          2     64.0859865     32.0429932     27.34         <0.0001 

Error      515  603.5047471       1.1718539 

Corrected Total     517  667.5907336  

__________________________________________________________________ 
R-Square  Coeff Var  Root MSE  score Mean 

0.095996  37.68457  1.082522  2.87258 

__________________________________________________________________ 
Source  DF Type I SS Mean Square       F Value   Pr > F 

method  2 64.08598647 32.04299324        27.34   <.0001 

 

Source  DF Type III SS Mean Square       F Value   Pr > F 

method  2 64.08598647 32.04299324        27.34   <.0001 

_________________________________________________________________ 

Level of  ------------Score------------ 

method   N    Mean   Std Dev 

1            230 3.26521739  1.09946740 

2   92 2.51086957  1.15306153 

3            196 2.58163265  1.02705423 

_________________________________________________________________ 
Least Squares Means 

          Standard    LSMEAN 

method  score LSMean  Error  Pr > ǀ t ǀ  Number 

1  3.26521739      0.07137939  <.0001   1 

2  2.51086957      0.11286072  <.0001   2 

3  2.58163265      0.07732300  <.0001   3 

Least Squares Means for effect method 

Pr > ǀ t ǀ for HO:  LSMean(i) = LSMean(j)  

__________________________________________________________________ 
 

 

Dependent Variable:  score 

 

    i/j     1    2    3 

     

     1            <.0001         <.0001 

     2         <.0001          0.6052 

              3         <.0001         0.6052 

________________________________________________________________ 

 

 

 



 

145 
 

APPENDIX F:  Statistics for embryo development following cytoplasmic 

injection 

 

Appendix F. Table 4.5: Least squares means, analysis of variance, Bartlett's test for 

equal variances, Tukey's multiple comparison test of embryo development 4 d 

following cytoplasmic injection 

 

 

100ug/ml 

 

425ug/ml 

Condensed 

625ug/ml 

 

No 

 Injection 

IPS 

Buffer 

625ug/ml 

Linear 

Number of 

values 255 209 217 305 209 247 

Mean 2.494 2.751 2.318 3.295 3.167 2.798 

Std. Deviation 1.064 1.137 1.087 1.012 1.103 1.004 

Std. Error 0.06665 0.07867 0.07377 0.05796 0.07631 0.06387 

________________________________________________________________ 

One-way analysis of variance 

   P value P<0.0001 

  P value summary *** 

  Are means signif. different? (P < 0.05) Yes 

  Number of groups 6 

  F 31.28 

  R squared 0.09823 

________________________________________________________________ 

Bartlett's test for equal variances 

   Bartlett's statistic (corrected) 5.749 

  P value 0.3315 

  P value summary ns 

  Do the variances differ signif. (P < 0.05) No 

_________________________________________________________________ 

ANOVA Table SS df MS 

  Treatment (between columns) 176.9 5 35.39 

  Residual (within columns) 1624 1436 1.131 

  Total 1801 1441 

 __________________________________________________________________ 
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Tukey's Multiple Comparison Test Mean Diff. q P value 

  100ug/ml vs 425ug/ml -0.2571 3.664 P > 0.05 

  100ug/ml vs 625ug/ml 0.1761 2.536 P > 0.05 

  100ug/ml vs No Injection -0.8010 12.55 P < 0.001 

  100ug/ml vs IPS Buffer -0.6733 9.596 P < 0.001 

  100ug/ml vs 625ug/ml L -0.3035 4.520 P < 0.05 

  425ug/ml vs 625ug/ml 0.4332 5.944 P < 0.001 

  425ug/ml vs No Injection -0.5439 8.054 P < 0.001 

  425ug/ml vs IPS Buffer -0.4163 5.658 P < 0.01 

  425ug/ml vs 625ug/ml L -0.04637 0.6561 P > 0.05 

  625ug/ml vs No Injection -0.9771 14.63 P < 0.001 

  625ug/ml vs IPS Buffer -0.8495 11.66 P < 0.001 

  625ug/ml vs 625ug/ml L -0.4796 6.854 P < 0.001 

  No Injection vs IPS Buffer 0.1276 1.890 P > 0.05 

  No Injection vs 625ug/ml L 0.4975 7.728 P < 0.001 

  IPS Buffer vs 625ug/ml L 0.3699 5.233 P < 0.01 

________________________________________________________________ 
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APPENDIX G:  Statistics for embryo fluorescence and degree of mosaicism 

following pronuclear injection 

 

Appendix G. Table 4.6: Least square means of embryo fluorescence and degree of 

mosaicism at five stages of development 4 d following pronuclear injection with 

CMV-EGFP (5 µg/ml) 

 
  
Dependent Variable:  score 

            Sum of 

Source        DF          Squares  Mean Square  F Value  Pr > F 

 

Model          4     10.22819296  2.55704824    24.11             <0.0001 

Error        74       7.84775641  0.10605076 

Corrected Total       78     18.07594937  

  

__________________________________________________________________ 

R-Square  Coeff Var  Root MSE  quality Mean 

0.565845  50.44450  0.325654     0.645570 

________________________________________________________________ 

Source  DF Type I SS      Mean Square       F Value   Pr > F 

method  0   0.00000000        .                   .               . 

score   4 10.22819296 2.55704824       24.11   <.0001 

method*score 0   0.00000000        .                     .                . 

 

Source  DF Type III SS  Mean Square   F Value   Pr > F 

method  0   0.00000000   .                   .                . 

score   4 10.22819296 2.55704824       24.11   <.0001 

method*score 0   0.00000000   .                          .                . 

__________________________________________________________________ 

method    N    Mean   Std Dev 

3                    79 0.64556962    0.48139686 

________________________________________________________________ 

score    N    Mean   Std Dev 

0             6 0.83333333   0.40824829 

1  36 1.00000000           0.00000000 

2  13 0.38461538    0.50636968 

3  16 0.18750000    0.40311289 

4    8 0.25000000    0.46291005 

_______________________________________________________________ 
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method    score  N    Mean   Std Dev 

3           0    6 0.83333333    0.40824829 

3  1  36 1.00000000           0.00000000 

3  2  13 0.38461538           0.50636968 

3  3  16 0.18750000           0.40311289 

3  4   8 0.25000000           0.46291005 
__________________________________________________________________ 

quality  Standard 

Method  LSMEAN Error  Pr > ǀ t ǀ 

3           0.53108974 0.04411950  <.0001 

______________  __________________________________________________ 

quality             Standard            LSMEAN 

score  LSMEAN     Error  Pr > ǀ t ǀ  Number 

0  0.83333333     0.13294784 <.0001   1 

1  1.00000000      0.05427573 <.0001   2 

2  0.38461538     0.09032027 <.0001   3 

3  0.18750000      0.08141359 0.0241   4 

4  0.25000000     0.11513620 0.0331   5 

________________________________________________________________ 

 

 

Dependent Variable:  quality 

 

i/j  1  2  3  4  5 

1            0.2495          0.0067         <.0001         0.0014 

2          0.2495            <.0001         <.0001         <.0001 

3          0.0067          <.0001           0.1093         0.3606 

4          <.0001          <.0001          0.1093                   0.6589 

5          0.0014          <.0001          0.3606         0.6589 

_________________________________________________________________ 
    quality  Standard   

 LSMEAN 

method score  LSMEAN Error  Pr > ǀ t ǀ 

 Number 

3  0  0.83333333 0.13294784 <.0001   1 

3  1  1.00000000 0.05427573 <.0001   2 

3  2  0.38461538 0.09032027 <.0001   3 

3  3  0.18750000 0.08141359 0.0241   4 

3  4  0.25000000 0.11513620 0.0331   5 

_________________________________________________________________ 
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i/j  1  2  3  4  5 

1            0.2495          0.0067         <.0001         0.0014 

2          0.2495            <.0001         <.0001         <.0001 

3          0.0067          <.0001           0.1093         0.3606 

4          <.0001          <.0001         0.1093                   0.6589 

5          0.0014          <.0001          0.3606         0.6589 
___________________________________________________________________________________________ 

 

 

 

 

APPENDIX H:  Statistics for fluorescing embryo development following 

cytoplasmic injection 

 

Appendix H. Table 4.10:  Least squares mean, analysis of variance, Bartlett’s test 

for equal variances, and Tukey's multiple comparison test of fluorescing embryo 

development 4 d following cytoplasmic injection 

 

 

100C 425C 625C 625L 

Number of values 61 33 96 60 

__________________________________________________________________ 

Mean 2.131 1.970 2.198 2.550 

Std. Deviation 0.9032 1.075 1.012 0.7903 

Std. Error 0.1156 0.1871 0.1033 0.1020 

__________________________________________________________________ 

One-way analysis of variance 

   P value 0.0190 

  P value summary ** 

  Are means signif. different? (P < 0.05) Yes 

  Number of groups 4 

  F 3.379 

  R squared 0.03958 

__________________________________________________________________ 

Bartlett's test for equal variances 

   Bartlett's statistic (corrected) 5.636 

  P value 0.1307 
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  P value summary ns 

  Do the variances differ signif. (P < 0.05) No 

__________________________________________________________________ 

ANOVA Table SS df MS 

  Treatment (between columns) 9.066 3 3.022 

  Residual (within columns) 220.0 246 0.8944 

  Total 229.1 249 

 __________________________________________________________________ 

 

 

 

 

Tukey's Multiple Comparison Test 

 

 

 

 

Mean Diff. 

 

 

 

 

q 

 

 

 

 

P value 

  100C vs 425C 0.1615 1.117 P > 0.05 

  100C vs 625C -0.06677 0.6098 P > 0.05 

  100C vs 625L -0.4189 3.445 P > 0.05 

  425C vs 625C -0.2282 1.691 P > 0.05 

  425C vs 625L -0.5803 4.004 P < 0.05 

  625C vs 625L -0.3521 3.199 P > 0.05 

__________________________________________________________________ 

 

 

 

APPENDIX I:  Statistics for mosaicism of CMV-EGFP expression in embryos 

injected cytoplasmically  

 

Appendix I. Table 4.11:  Least squares mean, Bartlett’s test for equal variances, 

analysis of variance, and Tukey's multiple comparison test of mosaicism of CMV-

EGFP expression in embryos injected cytoplasmically 

 

 

100 425 625c 625 L 5 L 

Number of 

values 61 33 96 60 79 

      Minimum 0 0 0 0 0 

25% 

Percentile 0 0 1 0 0 
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Median 1 0 1 0 1 

75% 

Percentile 1 1 1 1 1 

Maximum 1 1 1 1 1 

      Mean 0.574 0.424 0.865 0.383 0.646 

Std. Deviation 0.499 0.502 0.344 0.490 0.481 

Std. Error 0.064 0.087 0.035 0.063 0.054 
 

 __________________________________________________________________ 

 

 

Table Analyzed 

 Data 1 

 One-way analysis of variance 

   P value P<0.0001 

  P value summary *** 

  Are means signif. different? (P < 

0.05) Yes 

  Number of groups 4 

  F 17.79 

  R squared 0.1782 

__________________________________________________________________ 

  

Bartlett's test for equal variances 

   Bartlett's statistic (corrected) 14.44 

  P value 0.0024 

  P value summary ** 

  Do the variances differ signif. (P < 0.05) Yes 

        

__________________________________________________________________ 

ANOVA Table SS df MS 

  Treatment (between 

columns) 10.5 3 3.499 

  Residual (within columns) 48.4 246 0.1968 

  Total 58.9 249 
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__________________________________________________________________ 

Tukey's Multiple Comparison Test Mean Diff. q P value 

  100 vs 425 0.1495 2.206 P > 0.05 

  100 vs 625c -0.2908 5.663 P < 0.001 

  100 vs 625 L 0.1904 3.339 P > 0.05 

  425 vs 625c -0.4403 6.957 P < 0.001 

  425 vs 625 L 0.04091 0.6018 P > 0.05 

  625c vs 625 L 0.4813 9.323 P < 0.001 

__________________________________________________________________ 

 

APPENDIX J:  Statistics for mosaic expression of EGFP within treatments 

Appendix J. Table 4.12: Least squares mean, Bartlett’s test for equal variances, 

analysis of variance, and Tukey's multiple comparison test of mosaic expression of 

EGFP at each stage of embryo development within treatments 

__________________________________________________________________ 

Number of values 60 104 53 33 

 
      Minimum 0 0 0 0 

 25% Percentile 0 1 0 0 

 Median 1 1 0 0 

 75% Percentile 1 1 1 1 

 Maximum 1 1 1 1 

 
       

Mean 

 

0.7167 

 

 

0.7885 

 

0.2642 

 

0.4848 

Std. Deviation 0.4544 

 

0.4104 0.4451 0.5075 

Std. Error 0.0587 

 

0.04024 0.06114 0.08835 

      Lower 95% CI of 

mean 0.5993 

 

0.7087 0.1415 0.3049 

Upper 95% CI of 

mean 0.8341 

 

0.8683 0.3868 0.6648 

      Sum 43 82 

 

14 16 

__________________________________________________________________ 
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One-way analysis of variance 

  P value P<0.0001 

  P value summary *** 

  Are means signif. different?  

(P < 0.05) Yes 

  Number of groups 4 

  F 18.47 

  R squared 0.1838 

__________________________________________________________________ 

Bartlett's test for equal variances 

   Bartlett's statistic (corrected) 2.502 

  P value 0.4750 

  P value summary Ns 

  Do the variances differ signif. (P < 0.05) No 

___________________________________________________________________ 

ANOVA Table SS df MS 

  Treatment (between 

columns) 10.83 3 3.609 

  Residual (within 

columns) 48.07 246 0.1954 

  Total 58.9 249 

 __________________________________________________________________ 

Tukey's Multiple 

Comparison Test 

 

 

Mean 

Diff. 

 

 

q 

 

 

P value 

  1 vs 2 -0.0718 1.417 P > 0.05 

  1 vs 3 0.4525 7.68 P < 0.001 

  1 vs 4 0.2318 3.422 P > 0.05 

  2 vs 3 0.5243 9.939 P < 0.001 

  2 vs 4 0.3036 4.861 P < 0.01 

  3 vs 4 -0.2207 3.184 P > 0.05 
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Appendix K:  Examination of DNA by Slot Blot Analysis 

 

Appendix K. Table 4.13:  Slot Blot Analysis of DNA isolated from mice generated 

by cytoplasmic and pronuclear injection 

 
Note +standard lane 6 row 8, -standard lane 6 row 7 

         
Blot 2 samples 24-46 

            
Lane 1 

    

Lane 2 

    

Lane 3 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

417,082.17 142.02 29.55 28.7 1 149,866.71 55.73 8.47 8.14 1 195,995.82 68.31 14.3 13.73 1 

232,844.01 83.24 16.5 16.02 2 194,784.05 67.33 11.01 10.58 2 164,069.53 59.43 11.97 11.49 2 

164,173.76 66.06 11.63 11.3 3 94,247.99 40.99 5.33 5.12 3 223,440.51 74.48 16.31 15.65 3 

228,451.76 82.68 16.19 15.72 4 521,230.55 124.59 29.45 28.3 4 280,942.60 85.29 20.5 19.68 4 

178,776.34 100.07 12.67 12.3 5 348,045.67 102.45 19.67 18.9 5 160,493.11 54.91 11.71 11.24 5 

189,994.64 62.17 13.46 13.07 6 173,738.00 58.52 9.82 9.43 6 136,960.71 48.99 10 9.6 6 

     

149,446.33 49.53 8.45 8.11 7 81,191.73 38.51 5.93 5.69 7 

     

138,242.84 51.43 7.81 7.51 8 127,163.33 45.93 9.28 8.91 8 

               
Blot 3 samples47-69 

             
Lane 1 

    

Lane 2 

    

Lane 3 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

298,449.31 82.21 17.4 16.81 1 387,730.71 96.7 18.47 17.97 1 154,014.53 48.33 3.63 3.52 1 

115,984.26 37.79 6.76 6.53 2 405,784.59 104.95 19.33 18.81 2 161,531.14 54.56 3.8 3.7 2 

231,611.67 63.97 13.5 13.04 3 314,281.89 77.82 14.97 14.57 3 803,810.74 165.41 18.92 18.39 3 

161,162.15 53.21 9.39 9.07 4 271,498.51 68.92 12.93 12.58 4 813,238.06 167.1 19.15 18.61 4 

230,369.08 65.75 13.43 12.97 5 142,904.40 45.66 6.81 6.62 5 489,146.19 114.52 11.52 11.19 5 

173,580.74 57.4 10.12 9.77 6 114,052.93 37.56 5.43 5.29 6 482,191.45 110.58 11.35 11.03 6 

286,884.47 83.12 16.72 16.15 7 285,544.35 69.73 13.6 13.23 7 772,118.35 158.75 18.18 17.67 7 

217,553.74 62.86 12.68 12.25 8 177,674.85 52.97 8.46 8.23 8 571,596.46 147.87 13.46 13.08 8 

               

                

 

 

 

Blot 4, samples 70-92 

            

               
Lane 1 

    

Lane 2 

    

Lane 3 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

198,323.03 117.25 18.74 18.71 1 74,527.58 49.64 7.93 7.91 1 48,671.10 35.66 6.08 6.06 1 

97,455.87 61.83 9.21 9.19 2 146,140.90 90.24 15.54 15.51 2 121,699.70 80.55 15.2 15.16 2 

177,122.13 107.27 16.74 16.71 3 67,428.05 49.27 7.17 7.16 3 149,630.00 86.58 18.69 18.63 3 

241,268.77 134.92 22.8 22.76 4 101,124.26 67.19 10.75 10.73 4 155,568.45 87.54 19.43 19.37 4 

87,006.00 53.86 8.22 8.21 5 149,443.91 91.04 15.89 15.86 5 96,332.46 61.33 12.03 12 5 

119,324.60 71.14 11.28 11.26 6 124,973.14 83.87 13.29 13.26 6 122,448.08 64.22 15.29 15.25 6 

116,956.20 67.47 11.05 11.03 7 141,167.98 86.12 15.01 14.98 7 85,983.67 56.42 10.74 10.71 7 

20,647.80 19.77 1.95 1.95 8 135,567.54 84.87 14.42 14.39 8 20,370.26 21.25 2.54 2.54 8 
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Blot 5, samples 94 to 116 

            

               
Lane 1 

    

Lane 2 

    

Lane 3 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

337,468.85 91.56 10.75 10.43 1 378,331.62 105.4 10 9.71 1 759,688.15 128.86 16.49 16.18 1 

198,789.65 66.37 6.33 6.14 2 507,433.79 135.06 13.41 13.03 2 624,309.07 141.93 13.55 13.29 2 

352,739.69 114.8 11.24 10.9 3 192,220.38 63.61 5.08 4.93 3 590,482.60 152.03 12.82 12.57 3 

332,275.60 111.19 10.59 10.27 4 363,570.77 118.17 9.61 9.33 4 649,845.38 153.81 14.11 13.84 4 

456,517.88 135.32 14.55 14.11 5 603,190.12 160.01 15.94 15.48 5 304,029.37 88.57 6.6 6.47 5 

676,193.00 155.4 21.54 20.89 6 602,326.96 156.39 15.92 15.46 6 402,510.60 111.65 8.74 8.57 6 

330,602.17 103.87 10.53 10.22 7 406,563.62 132.18 10.75 10.44 7 321,442.98 97.93 6.98 6.84 7 

453,983.63 125.57 14.46 14.03 8 729,319.99 166.65 19.28 18.72 8 954,456.57 157.82 20.72 20.32 8 

               
Blot 6, samples 117-138 , + Std lane 6 row 6, -STD lane6 row 5 

        

               
Lane 1 

    

Lane 2 

    

Lane 3 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

668,209.96 152.35 18.12 18.07 1 601,211.80 143.69 17.79 17.6 1 664,364.58 136.63 29 27.78 1 

380,099.25 114.39 10.31 10.28 2 748,544.99 173.82 22.15 21.91 2 634,220.57 160.62 27.69 26.52 2 

548,894.92 140.45 14.89 14.84 3 448,377.66 123.56 13.27 13.12 3 207,138.32 74.16 9.04 8.66 3 

553,197.49 138.53 15 14.96 4 540,990.09 131.68 16.01 15.83 4 186,250.09 66.51 8.13 7.79 4 

292,734.32 96.22 7.94 7.92 5 332,474.97 99.44 9.84 9.73 5 218,868.42 78.21 9.55 9.15 5 

227,289.09 73.02 6.16 6.15 6 438,540.49 102.67 12.98 12.84 6 268,558.45 87.09 11.72 11.23 6 

513,281.95 125.57 13.92 13.88 7 137,589.09 41.98 4.07 4.03 7 52,904.62 23.44 2.31 2.21 7 

503,221.54 118.46 13.65 13.61 8 131,660.59 45.97 3.9 3.85 8 58,404.50 25.19 2.55 2.44 8 

               

               
Lane 4 

    

Lane 5 

    

Lane 6 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

183,892.08 60.96 17.66 16.66 1 329,898.45 83.88 10.41 10.24 1 155,548.60 59.89 7.57 7.36 1 

98,359.74 40.95 9.44 8.91 2 547,209.54 152.86 17.27 16.98 2 155,840.48 64.91 7.58 7.38 2 

59,886.98 30.02 5.75 5.43 3 176,512.89 68.54 5.57 5.48 3 217,599.81 80.57 10.59 10.3 3 

89,404.22 36.35 8.58 8.1 4 238,203.87 76.87 7.52 7.39 4 310,890.87 96.17 15.13 14.72 4 

95,140.50 32.21 9.14 8.62 5 671,069.18 161.1 21.17 20.82 5 259,410.44 64.99 12.62 12.28 5 

102,667.09 37.21 9.86 9.3 6 797,843.26 176.77 25.17 24.75 6 156,644.96 54.82 7.62 7.42 6 

116,682.37 48.14 11.2 10.57 7 174,534.73 55.4 5.51 5.42 7 305,963.05 93.19 14.89 14.49 7 

295,453.96 85.51 28.37 26.77 8 234,122.15 66.23 7.39 7.26 8 493,393.48 122.53 24.01 23.36 8 
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Lane 4 

    

Lane 5 

    

Lane 6 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

42,622.21 22.67 7.73 7.17 1 553,926.87 138.09 14.24 14.1 1 222,639.41 63.34 9.2 8.9 1 

35,469.05 16.46 6.43 5.97 2 566,858.96 133.71 14.58 14.42 2 134,977.44 46.9 5.58 5.4 2 

41,873.72 15.89 7.59 7.05 3 203,502.95 62.74 5.23 5.18 3 450,817.77 122.31 18.64 18.03 3 

71,753.43 16.78 13.01 12.08 4 113,174.90 38.46 2.91 2.88 4 475,916.34 132.28 19.68 19.03 4 

104,131.30 27.24 18.88 17.52 5 763,051.32 162.87 19.62 19.42 5 181,804.22 59.93 7.52 7.27 5 

76,958.05 25.66 13.95 12.95 6 751,347.46 171.53 19.32 19.12 6 245,427.86 70.06 10.15 9.81 6 

48,750.80 22.52 8.84 8.2 7 569,275.04 144.4 14.64 14.49 7 247,017.94 71.79 10.21 9.88 7 

130,079.93 41.91 23.58 21.89 8 367,769.51 100.9 9.46 9.36 8 460,083.41 115.09 19.02 18.4 8 

               

               

               

               
Lane 4 

    

Lane 5 

    

Lane 6 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

10,746.17 10.65 2.44 2.44 1 61,911.82 40.82 4.1 4.05 1 95,652.20 66.36 7.04 7.04 1 

12,203.66 7.62 2.77 2.77 2 57,266.14 31.91 3.79 3.74 2 126,055.07 66.86 9.28 9.27 2 

54,009.05 34.91 12.25 12.24 3 139,820.54 65.59 9.26 9.14 3 0 0 0 0 3 

66,326.51 45.69 15.04 15.03 4 160,490.58 80.93 10.63 10.49 4 34,362.72 25.42 2.53 2.53 4 

25,875.99 24.48 5.87 5.87 5 395,802.55 170.6 26.22 25.88 5 425,458.43 174.05 31.33 31.3 5 

29,851.49 22.95 6.77 6.77 6 404,001.83 178.68 26.77 26.41 6 414,238.81 176.27 30.5 30.47 6 

146,986.14 83.59 33.34 33.32 7 181,986.41 95.38 12.06 11.9 7 95,980.35 50.8 7.07 7.06 7 

94,873.51 58.06 21.52 21.51 8 108,134.25 59.83 7.16 7.07 8 166,218.44 78.47 12.24 12.23 8 

               

               

               
Lane 4 

    

Lane 5 

    

Lane 6 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

391,458.05 76.08 11.49 11.07 1 119,732.90 37.65 3.76 3.61 1 290,211.66 84.47 11.54 10.57 1 

431,205.12 104.66 12.66 12.2 2 74,011.11 33.39 2.32 2.23 2 391,266.32 114.26 15.55 14.26 2 

332,880.75 101.18 9.77 9.41 3 564,730.70 167.26 17.73 17.03 3 84,148.57 40.19 3.35 3.07 3 

291,479.92 82.23 8.56 8.24 4 596,542.40 165.37 18.73 17.98 4 77,358.06 36.35 3.08 2.82 4 

181,317.58 58.37 5.32 5.13 5 339,243.35 108.39 10.65 10.23 5 266,801.63 87.18 10.61 9.72 5 

276,700.77 84.76 8.12 7.83 6 434,323.83 138.13 13.64 13.09 6 376,635.70 102.59 14.97 13.72 6 

382,200.18 105.44 11.22 10.81 7 343,480.41 120.69 10.78 10.35 7 337,869.95 99.58 13.43 12.31 7 

1,118,500.35 166.75 32.84 31.63 8 713,099.52 156.37 22.39 21.5 8 691,179.66 157.86 27.48 25.18 8 
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Lane 4 

    

Lane 5 

    

Lane 6 

    

Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band Volume Peak 

Band 

% 

Lane 

% Band 

277,654.21 66.56 15.29 14.5 1 186,266.40 60.28 7.09 6.99 1 154,403.65 46.4 8.4 8.03 1 

282,970.22 89.38 15.58 14.78 2 219,230.44 83.41 8.34 8.23 2 239,850.16 76.3 13.05 12.47 2 

192,475.32 67.3 10.6 10.05 3 395,521.89 124.94 15.06 14.84 3 476,585.21 120.56 25.93 24.77 3 

221,623.41 72.39 12.21 11.57 4 435,030.69 132.74 16.56 16.33 4 154,832.13 52.03 8.42 8.05 4 

156,169.09 58.08 8.6 8.16 5 339,979.33 101.44 12.94 12.76 5 215,125.64 65.69 11.71 11.18 5 

153,136.06 57.14 8.43 8 6 463,567.45 121.13 17.65 17.4 6 597,031.97 123.08 32.49 31.04 6 

256,350.46 74.47 14.12 13.39 7 234,430.59 69.94 8.92 8.8 7 

     
275,459.78 87.86 15.17 14.39 8 353,065.36 101.04 13.44 13.25 8 
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