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SUMMARY.

Studies reported in this thesis examine the possibility of creating

transgenic animals with improved growth characteristics by introducing

additional copies of the growth hormone gene into their genome.

ln the first series of experiments the mouse was used as a model animal

to develop the microinjection procedure and to prove the effectiveness of

human metallothionein/porcine growth hormone gene construct in stimulating

accelerated growth. A number of transgenic mice, produced by pronuclear

injection, grew at increased rate and some of them reached almost twice the

size of their non-transgenic littermates. These mice were shown to pass the

foreign gene and the large phenotype to a portion of their offspring, thus

demonstrating stable incorporation of the introduced gene in their genome. ln

an attempt to obtain better control of the gene expression, transgenic mice

carrying modified human metallothionein/porcine growth hormone fusion gene

were produced and their growth performance was studied following zinc

induction.

The second group of experiments describes production of transgenic

pigs with improved growth performance. One of the transgenic pigs created

grew at markedly enhanced rate as compared with other transgenic and control

animals. Transmission of the introduced gene to second generation of pigs was

also achieved. The presented results demonstrate for the first time that

production of stable lines of transgenic farm animals with enhanced growth

performance is feasible.

The studies aimed at providing the analysis of endocrine and metabolic

state of transgenic mice and pigs, their body composition and reproductive

capacity are described in the last part of the thesis. Evidence is presented to

show that accelerated growth of large transgenic animals is a consequence of

the expression of the introduced gene and the production of biologically active

porcine growth hormone. The overproduction of porcine growth hormone
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results in the increase of plasma concentrations of insulin-like growth factor-1 in

both mice and pig, alteration of body composition and changes in metabol¡c

state of mice, and impairment of reproductive capacity of female mice.
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I GEN ERAL INTRODUCTION



2

1 IDENTIFICATION OF THE FIELD OF THE STUDY.

"Biologists have long attempted by chemical means to induce in higher

organisms predictable and specific changes which thereafter could be

transmitted in series as hereditary characters" (Avery, MacLeod and McOarty,

1944). The opening sentence of the paper which heralded the first compelling

experimental data that established DNA as hereditary molecule could have

been paraphrased to serue as an introduction to an equally important series of

papers by Richard Palmiter, Ralph Brinster and their colleagues (1982a, 1983)

heralding a new era in animal breeding whereby: animal breeders could by

chemical means induce in animals predictable and specific changes which

thereatter could be transmitted in series as hereditary characters.

The 38 years intervening between the Avery discoveries and the

achievement of Palmiter and Brinster covers one of the most exciting periods in

biological research and includes the discovery of the DNA double helix (Watson

and Crick, 1953), and the major paradigm of molecular biology concerning the

role of DNA in generating RNA and proteins, the essential molecules of live.

The historic experiments by Palmiter and Brinster and associates

demonstrated the possibility of creating mice with phenotypic expression of the

introduced gene. Attempts had been made previously with cloned genes, but it

was their recognition of the importance of including regulatory sequences within

hybrid genes which made the initial breakthrough possible.

This thesis is concerned with an attempt to realize the potential of this

technology in the creation of transgenic livestock. The pig was chosen for the

experiments because of all the major farm animals it most resembles the mouse

in many of the centraf features such as high fecundity, relatively short

generation time and non-seasonal breeding, features which allow a reasonable

rate of progress.

The first part of the stud¡es concerns development of the microinjection

technology with mice to prove the effectiveness of porcine growth hormone
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gene constructs in promoting grov,rth in host animals. The second part concerns

experiments with pig aimed at production of transgenic animals with improved

growth performance. The third part examines consequences of the excess of

growth hormone and demonstrates the value of transgenic animals in medical

and scientific research.

2. INTRODUCTION.

One of the first attempts to alter genotype of an animal with an exogenous

DNA was carried out by Munro in 1968. He injected DNA isolated from bantam

fowl into gonads of Leghorn chickens and claimed that a proportion of the

offspring produced by DNA-treated birds showed some phenotypic changes

characteristic for a bantam fowl. However reliable routes towards genetic

transformation of animals awaited key developments in cell culture

methodology and parlicularly, in molecular biology which occurred in the

following decade.

ln that decade researchers developed the ability to clone individual

genes, determine their primary structure and subsequently remodel them. This

necessitated the development of systems to examine the activity of these new

molecular structures. Two such in vivo systems had emerged which were widely

adopted. One involved the injection of genes inlo Xenopus oocytes (reviewed

by Gurdon and Melton, 1981), whereas the other system involved the use of

mammalian cell lines culture (reviewed by Cellis, 1984). The ability to introduce

functional genes into those two systems provided the powerful tool to study

transcription, translation, regulation of gene expression and the identification of

particular gene products. However the understanding of these complex

biological processes at a more holistic level became only recently possible with

the development of the techniques leading to transformation of the whole

animal (Gordon et al., 1980). Successful production of animals, where the

genome has been altered by introduction of new genetic material opened the

possibility not only for studying developmental gene regulation but also for
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creation of animal models for human diseases and for modification of the

phenotypes of commercially important animals.

This chapter reviews the most commonly available techniques of gene

transfer into somatic cells, their usefulness in gene transfer in organisms and

the possible applications of genetically transformed animals. Since one of the

immediate practical implications of genetic engineering is the improvement of

animals' growth, this chapter will also focus on the mechanisms controlling

growth and the methods of growth alteration by grovuth hormone therapy.

3. GENE TRANSFER . OVERVIEW OF AVAILABLE

METHODOLOGY.

Amongst the methods available for DNA transfer into somatic cells only

two, namely microinjection and viral infection, have been successfully applied

in genetic transformation of mammalian embryos (see below). With the

remaining techniques successful transfer is detected usually in only one out of

l07 to 103 cells, despite the use of specific cell lines that take up DNA efficiently

and allow selection of transformants (Cellis, 1984). This is sufficient for

transformation of somatic cells where unlimited number of cells are available in

in vitro culture, but is unacceptably low for application to gene transfer in whole

animals.

3.1. Transformation of somatic cells.

A number of methods for introducing DNA into somatic cells have been

used over the last two decades. Depending on the way in which the gene is

transferred into recipíent cells these techniques can be divided into four groups:

chemical, fusion, physical and viral.

Chemical techniques. The rnost commonly used approach for insertion of

genes into somatic cells is calcium phosphate-mediated DNA uptake (Graham

and Van der Eb, 1973). ln this method DNA is precipitated onto cells with the

calcium phosphate. The DNA is taken up by endocytosis and then transported
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into the cell nucleus where it may either incorporate into the host cell genome or

remain in an extrachromosomal form. The modification of this technique

includes substitution of calcium phosphate with diethylaminoethyl dextran

(Somparyac and Danna, 1981) or exposing the cells to polyethylene glycol-

sucrose shock (Chu and Sharpe, 1981). Chemically-mediated transformation of

cells is relatively easy and inexpensive procedure to perform and does not

require infectious agents, so it is safe. However the efficiency of transformation

is very low, usually one in 107to 105 cells takes up and expresses the foreign

DNA sequences.

Fusion techniques. These include procedures where DNA is first loadeC

into a vehicle which is then fused with the target cell. The most commonly used

vehicles are erythrocyte ghosts (lysed and resealed red blood cells; Furusawa

et al., 1974), liposomes (phospholipid vesicles; Straubinger and

Papahadjopoulos, 1983), protoplasts (lysozyme-treated bacteria; Schatfner,

1980) and Sendai virus (reconstituted viral envelope; Loyter et al., 1983;

Vainstain et al., 1983). As the loading of DNA into vehicles is not

straightforward, the fusion techniques are more difficult to perform than

chemical ones and the efficiency of transformation of host cells remains low

varying from 2-5 in every 105 cells for erythrocyte ghost-mediated transferto 1

in every 103 cells for Sendai virus- mediated transfer.

Physical techniques. Electroporation and microinjection belong to this

group of techniques. Electroporation is a relatively new procedure where cells

and DNA are subjected to an electric pulse which induces the formation of

pores in the cell membrane (Neumann et al., 1982). This allows the entry of

DNA into cells where it may then be incorporated into a nucleus. Although

electroporation offers a simple means of gene transfer, the usage of electric

current causes damage to 10 to 40"/" ol treated cells. The efficiency of

transformation is also low and depending on cell line used, varies between 1 to

25 in 105 l¡ve cells.



6

The best technology of transformation is direct microinjection of foreign

DNA into the cell nucleus (Capecchi, 1980; Graessmann et al., 1980, 1981).

This procedure virtually ensures DNA transfer to every cell. Microinjection

proved to be superior to other transfer methods and the advantages of this

method are as follows:

a/ there are no cell-type restrictions which can be used as recipients;

b/ volume of injected sample can be accurately controlled;

c/ the size of injected DNA molecules is basically unlimited;

cU the etficiency of transformation is between 5 and 20%-

The main disadvantages of the microinjection are that only a limited number of

cells can be injected at a time and that injection can have a damaging effect on

host cells due to introduction of pipette or the pressure exerted by injected fluid.

Attempts to simplify the microinjection procedure by cytoplasmic injection, which

is easier to perform and less detrimental to cell survival than nuclear injection,

resulted however in much lower efficiency of transformation (less than 1%,

Brinster et al., 1985).

Viral techniques. Both DNA and RNA viruses have been used as efficient

vectors for introducing and expressing cloned genes in eucaryotic cells (Rigby,

1983). ln this procedure, the gene of interest is first recloned ¡nto a viral vector

which is then transferred ¡nto cell line that produces specific infectious

recombinant virus particles. These can be infected at high efficiency into any

cells which are susceptible to the particular type of virus.

RNA viruses (retroviruses) are particularly useful as transfection vectors

(reviewed by Brown and Scott, 1987). Retroviruses have a wide host range and

can be easily grown in culture. Close to 100% of target cells can be infected

and under appropriate conditions the DNA (replicated from viral RNA) can be

integrated as a single copy within the host genome, albeit at a random site. The

major limitation of the retroviral vectors is the limited size of the ¡nsen that

recombinant retrovirus can accommodate. ln this respect larger viruses, such as

DNA viruses, offer the advantage over retroviruses. The use of vaccinia virus in
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particular, offers the possibility of stable incorporation of large amounts of

foreign DNA (25 kbp, Mackett et al., 1982). Herpes viruses are also of interest

as they can accommodate DNA inserts up to 7.2kbp long (Desrosiers et al.,

1e85).

Although, both DNA and RNA viruses provide important and versatile

methods of introducing genetic material into animal cells, there are three major

drawbacks in using viral vectors. First is the lytic nature of many viruses and the

second, the capacity of some of them to cause malignant tumours in infected

animals. Thirdly, working with viral molecules is not readily accepted by the

majority of the public.

9.2. lntroduction of exogenous DNA ¡nto mammalian

gen o me.

The possibility of introducing foreign genetic material into animals was

demonstrated for the first time by successful production of chimeric mice

(Tarkowski, 1961 ; Mintz, 1962). ln these experiments early preimplantation

embryos of different genotypes were aggregated and the resulting mosaic

blastocysts when reimplanted into recipient females gave rise to genetically

mosaic mice. Subsequently, it was proven that embryo-derived pluripotential

cells such as teratocarcinoma cells (EC line; Papaioannou et al., 1975) and

more recently, embryonic stem cells (EK line; Bradley et al., 1984) when

introduced into blastocysts or aggregated with 4-8-cell embryos can take part in

the formation of chimeric mice. The ability to maintain EC and EK cell lines in

culture (Martin, 1981 ; Evans and Kauf man, 1981) provides the attractive

possibility of introducing foreign DNA into cultured cells by any of the somatic

cell techniques and by selecting the cells for desirable characteristics prior to

manipulating them into embryos. While it has been shown that EC cell lines,

following their selection in vitro, can be used as a means of introducing genes

into germ line of mice (C. Steward et al., 1985), EC cells have been shown to

accumulate chromosomal abnormalities during in vitro culture and to have a

low rate of colonization of the embryo. They also display a restricted pattern of
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1985). By contrast, EK cells appear to be genetically stable in culture even with

multiple integrations of retroviral sequences (Robertson et al., 1986).

Blastocysts injected with EK cells, which have been subiected to genetic

modification and selection using somatic cell genetics, resulted in 50 to 100% of

the produced mice being mosaic with up to one third germ line chimeras

(Bradley et al., 1984; Robertson et al., 1986; Hooper et al., 1987; Kuehn et al.,

1987). Since all founder animals produced in this way were mosaics for

introduced gene, they consequently had to be bred in order to produce pure

lines of genetically transformed mice.

Another experimental system for genetical modification of animals is

based on the introduction of viral DNA (Jaenisch and Mintz, 1974) or intact

viruses (Jaenisch, 1976) into embryos. The first successful integration of DNA

into animal employing this approach was carried out by microinjection of

purified Simian Virus 40 (SV-40) DNA into the cavity of early mouse embryos at

the blastocyst stage (Jaenisch and Mintz,1974). Approximalely 4Oo/" of the adult

mice produced from injected embryos contained SV-40 specific DNA

sequences in some of their tissues. Later, it was shown that infection of

preimplantation embryos with Murine Leukemia Virus (MuLV) resulted in the

integration of retroviral DNA into the genome of resulting mice and the

transmission of MuLV sequences through germ line in a Mendelian fashion

(Jaenisch, 1976). The ability to genetically engineer viruses and the exploitation

of retroviruses as vectors for transformation of somatic cells (Brown and Scott,

1987) provided a new method of introducing cloned genes into mammalian

embryos. The advantages of retrovirus-mediated transformation of animals

include:

al the technique is easy to perform and does not require expensive

equipment;
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bt mechanism of v¡ral integration allows stable insertion of a single copy

of retroviral DNA containing the gene of interest flanked by retroviral long

terminal repeats;

c/ physical damage to the embryo is minimal.

Although it has been shown that by using retroviral vectors foreign genes can

be inserted into mouse genome and expressed in adult animals (Van der

Putten et al., 1985; Jåhner et al., 1985) this method has several drawbacks:

al specific recombinant virus particles carrying the gene of interest must

be produced in vitoi

b/ the size of insert that recombinant can accommodate is limited and the

splicing or termination signals within inserted DNA can interfere with viral

function;

cl expression of inserted genes can be inhibited by retroviral DNA

sequences;

dl resulted founder mice are mosaics for introduced genes and for the

number of integration sites (due to the fact that insedion of viral genome

occurs after several cell divisions and that viral infection allows multiple

integrations to occur in a single cell). This necessitates extensive

outbreeding of the founder animals before pure lines suitable for gene

expression analysis are obtained.

The system which proved to be most successful in introducing new

exogenous genes into animals involves direct microinjection of cloned DNA into

pronuclei of feñilized eggs (Gordon et al., 1980). A number of experimental

findíngs, some of which were described above, contributed to deveiopment of

microinjection system :

al observation that mRNA and DNA injected inlo Xenopus eggs can be

translated and expressed in an appropriate fashion (reviewed by Gurdon

and Melton, 1981);
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bl demonstration that exogenous viral DNA injected into mouse

blastocysts was present in the genome of adult animals and was

transmitted to offspring (Jaenisch, 1976);

cl development of the recombinant technology which provided access to

purified and cloned genes that could be injected into eggs and

demonstration that such genes expressed following transfection into cells

(Graham and Van der Eb, 1973).

Furthermore, the pronuclear microinjection approach was based on the

observation that microinjection of cultured somatic cells with DNA resulted in

highly significant level of DNA transformed cells (5-20"/", Graessmann et

al.,1979; Capecchi, 1980). This high level of transformatíon suggested that

success could be achieved without prior screening of microinjected eggs to

select transformed embryos. lndeed, it was shown that high proportion of mice,

which developed from embryos microinjected with DNA at the pronuclear stage,

were genetically transformed (Gordon et al., 1980). Such animals were termed

"transgenic" and the foreign gene used for their transformation - "transgene"

(Gordon and Ruddle, 1981). Simultaneously with the report of Gordon and his

colleagues other groups reported stable incorporation of genes into transgenic

mice following microinjection of genes into pronuclear stage embryos (Brinster

et al., 1981 ; Costantini and Lacy, 1981 ; E. Wagner et al., 1981 ; T. Wagner et al.,

1981). Furthermore, it was demonstrated that the expression of these genes

could be detected in transgenic animals, albeit in varying degrees. No gene

expression was reported in studies of Gordon et al. (1980) and Costantini and

Lacy (1981), while E. Wagner et al. (1981)detected a low level of expression in

one animal. ln another study where transgenic mice carrying rabbit p-globin

gene were produced, rabbit globin was found in the blood of adult animals (T.

Wagner et al., 1981).

The experiments conducted by Brinster et al. (1981) demonstrated the

validity of using hybrid genes to obtain expression of the introduced sequences.

These authors introduced into mouse eggs a gene composed of the mouse
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metallothionein-1 (MT-1) promoter fused to the structural sequences of viral

thymidine kinase. One of the reasons for selecting MT-1 promoter was the

knowledge that the high level of expression of MT could be induced by heavy

metals and glucocorticoids in several types of cells, and by cadmium in mouse

eggs (reviewed by Brinster and Palmiter, 1986). lndeed, one of the transgenic

mice carrying the fusion gene expressed high levels of viral thymidine kinase in

liver, following cadmium injection. ln subsequent studies 70% of transgenic

mice expressed the fusion gene (Palmiter et al., 1982).

Equally important was the finding that foreign genes were incorporated

not only in somatic tissues but also in germ cells of transgenic mice, thus

allowing transmission of the genes through several generations (Costantini and

Lacy, 1981 ;Gordon and Ruddle, 1981; Palmiter et al., 1982; T. Steward et al.,

1982). Some of the transgenic offspring of the founder mice were also capable

of expressing foreign genes (Palmiter et al., 1982).

Since these demonstrations of the validity of the microinjection approach,

the parameters critical for the efficient production of transgenic mice have been

accurately defined. Under conditions described by Brinster et al. (1985)

approximately 25% of mice that develop from the microinjected eggs carry one

or more copies of the injected DNA. Generally integration of the injected genes

occurs at the one-cell stage, usually prior to DNA replication, with aboulT0% ot

transgenic mice contaíning the transgenes in every somatic and germ cell of

their bodies. ln the remaining 30% of transgenic mice integration occurs after

cleavage begins and consequently these mice show some degree of

mosaicism in both somatic and germ cells (Palmiter and Brinster, 1986).

Transgenic mice usually contain the transgene at the single chromosomal site

as a tandem, head-to-tail, array (Costantini and Lacy, 1981 ; Palmiter et al.,

1982). However few exceptions to this normal pattern of integratíon have been

reported, in which the injected gene was rearranged prior to integration,

partially lost or amplified (Palmiter et a|.,1982, 1984; Hammer et al., 1985).

There are several reporls documenting that transgenes can integrate on both
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autosomes and sex chromosomes (Lacy et al., 1983; Krumlauf et al., 1986) thus

suggest¡ng that chromosomal site of integration is probably determined

randomly.

Although the mechanism of DNA integration into chromosomes following

microinjection is still unknown, Brinster et al. (1985) proposed a working

hypothesis for the process. They suggested that: (i) the sites of integration are

limited by randomly generated chromosomal breaks, (ii) the ends of injected

DNA are involved in the integration process at these breaks, and that (iii)

homologous recombination occurs among co-injected molecules.

One of the most important aspects of gene transfer into mammals is that

not only transgenes are expressed but that the expression can be correctly

regulated. A vast number of natural genes and hybrid genes (in which

regulatory sequences from one gene are fused to structural sequences of

another one) have been introduced into mouse genome. Expression of most of

these genes is tissue-specific and it appears that some of them can also be

activated at the appropriate developmental time ( for review see Palmiter and

Brinster, 1986). An excellent example of such tissue and time-specificity of gene

expression was demonstrated by Overbeek et al. (1985) who introduced fusion

gene constructed of the murine ø-A-crystallin promoter and bacterial

chloramphenicol acetyltransferase coding sequences into mouse eggs. ln

transgenic mice expression of the bacterial protein was detected only in the eye

tissue, the normal site of expression of endogenous ø-A-crystallin. The fusion

gene was also activated at the appropriate developmental time, with expression

beginning at day 12.5 of foetal development. Another demonstration of tissue-

specific expression was obtained with the rat elastase/human growth hormone

fusion gene (Ornitz et al., 1985). When the tissues of mice containing the gene

were analysed it was found that growth hormone mRNA was present at high

levels only in acinar cells of pancreas. The above two examples highlight the

importance of promoter sequences in controlling gene expression restricted to a

single tissue.
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The second type of promoter sequences are those which are active in a

variety of organs. ln this category, only mouse metallothionein-1 promoter has

been described and used extensively (reviewed by Brinster and Palmiter,

1986). Since the first demonstration of the effectiveness of this promoter in

obtaining the expression of viral thymidine kinase gene (Brinster et al., 1981),

MT-1 promoter has been successfully applied to obtain expression of a variety

of other genes. ln a series of experiments high level of expression of rat

(Palmiter et al., 1982a), human (Palmiter et al., 1983) and bovine (Hammer et

al., 1985a) growth hormone genes fused to MT-1 promoter was demonstrated in

a number of tissues of transgenic mice. A MT-1/human growth hormone

releasing factor fusion gene when introduced into mouse eggs was found to be

appropriately expressed in liver, kidney and intestine of adult animals (Hammer

et al., 1985b). Examples of other genes, where expression was obtained by

fusing them with MT-1 promoter, include human hypoxanthine

phosphoribosyltransferase (Stout et al., 1985), rat somatostatin (Low et al.,

1985) and surface antigen of the human hepatitis B virus (Chisari et al. 1985).

Thus, the usefulness of the MT-1 promoter to obtain the expression of structural

genes has been established.

3.3. Application of transgenic animals.

Apart from the enormous potential of using transgenic animals to study

regulation of gene expression and the effects of the foreign genes on normal

development (reviewed by Gordon and Ruddle, 1985; Palmiter and Brínster,

1985, 1986; Brinster and Palmiter, 1986), transgenic animals also provided a

novel and powerful tool to study a variety of different biological problems. One

of such application of transgenic system is the possibility to create animal

models to study human diseases. Transgenic mice carrying surface antigen of

human hepatitis B virus (Chisari et al., 1985), almost entire viral genome

(Babinet et al. 1985) or early regions of human papovaviruses JC and BK

(Small et al., 1986, 1986a), provided the opportunity to study the consequences

of viral infection on the ethiology of cancer. lntroduction of several oncogene
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constructs into mice resulted in the production of tumours and other

physiological changes (reviewed by Palmiter and Brinster, 1986). By fusing

regulatory regions of heterologous genes to entire or partial sequences of

oncogenes it was possible to direct the expression of a given oncogene to a

variety of tissues, thus providing the opportunity to study the mechanisms

involved in oncogenesis (reviewed by Hanahan, 1986). Transgenic approach

also provided the possibility to correct congenital disorders. Gene transfer into

mutant mice resulted in the correction of such genetic defects as dwarfism

(Hammer et al., 1984), thalassemia (Costantini et al., 1986), hypogonadism

(Mason et al., 1986) and myelination disorders (Readhead et al., 1987).

Another important aspect of research into the production of transgenic

animals is its application to agriculture livestock. Although at the present time

little information is available regarding transgenesis in mammals other than the

mouse, it has been postulated that introduction of recombinant genes into farm

animals may create a potential for improvement in animals production , disease

resistance and reproductive capacity (Ward et al., 1984; Church et al., 1985;

T.Wagner, 1985, 1986; Simons and Land, 1987). These authors suggested a

number of potential genes which might influence domestic animal production,

namely: growth hormone gene, wool keratin genes, follicle stimulating and

luteinizing hormone genes, and the "halothane" gene. Of these the growth

hormone gene offers the best potential for imrnediate use. The reason for this is

threefold. Firstly, it had already been demonstrated that administration of

exogenous growth hormone caused an increased growth rate and increased

efficiency of food utilization in some species including the pig (Machlin, 1972).

This justifies the assumption that valuable gains in production parameters could

be achieved through expression of the growth hormone gene introduced into

genome of the animals. Secondly, growth hormone genes of various animal

species have already been cloned through recombinant genetics (Chapters

1.4.1. and 1.4.2.). Thirdly, it had been demonstrated that introduction of rat

(Palmiter et al., 1982a), human (Palmiter et al., 1983; Morello et al., 1986) or
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bovine (Hammer et al., 1985a) growth hormone genes into mouse genome

increased the growth rate and the size of transgenic animals.

4. REGULATION OF GROWTH BY GROWTH HORMONE.

The growth of vertebrates is a complex process regulated by a number of

endocrine factors and affected by nutritional status of the individual. lt is

generally accepted that the major hormone regulating growth of animals and

humans is the growth hormone (GH) synthesized in the somatotroph cells of the

anterior pituitary (Daughaday, 1981). Production and secretion of GH is

regulated primarily by two polypeptides: one stimulatory (growth hormone-

releasing factor, GRF; River et al., 1982) and one inhibitory (somatostatin;

Brazeau et al., :1973). These two polypeptides are liberated from the

hypothalamus in response to neurotransmitters (reviewed by Frohman and

Jansson, 1986), and transporled to the pituitary by hypothalamic-hypophysial

portal blood system. GH is released from the pituitary in pulsatile manner

(Schalch and Reichlin, 1966; Takahashi et al., 1981)and transported to wide

range of target tissues via the circulatory system. One of the many specific

etfects exhibited by GH is stimulation of longitudinal bone growth (Cheek and

Hill, 1974). GH also has a wide range of metabolic actions and affects the

utilization of protein, lipids and carbohydrates (Kostyo and Nutting, 1974;

Goodman and Schwarlz, 1974; Altszuler, 1974).

The growth of animals is also influenced by other hormones (reviewed by

Daughaday et al., 1975). Some of them, like corticosteroids and oestrogen

antagonize GH action and their excess is associated with retardation of groutth.

Other hormones, including insulin, androgens and thyroid hormone, act

synergistically with GH and suppoft normal grov'rth.

4.1. Structure and action of growth hormone.

Growth hormone belongs to a family of related protein hormones which

include prolactin and placental lactogen (reviewed by Wallis, 1981). GH is
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formed by a single polypeptide chain of approximately 190 amino acids with

two inter-chain disulphide bridges (Niall et al., 1973). The hormone is

synthesized as a precursor with hydrophobic signal peptide which is removed

during secretion from pituitary cells (Sussman et al., 1976; Seeburg et al.,

1977). Growth hormone has been purified and its amino acid sequence

determined for a number of species, including human, bovine, ovine, porcine

and equine (reviewed by Dayhoff, 1972). ln addition, the primary structures of

growth hormone from rat (Seeburg et al., 1977), mouse (Linzer and

Talamantes, 1985), chicken (Souza et al., 1984) and salmon (Sekine et al.,

1985) have been deduced from the nucleotide sequences of cDNA clones.

Multiple forms of GH have been detected which differ from the major 190

amino acids, 22 OOO molecular weight form. The post-translational modifications

of GH in the pituitary result in the formation of aggregates, inter-chain disulphide

dimers and proteolytically cleaved forms (reviewed by Lewis, 1984). One of the

best studied, and perhaps the most interesting, is the 2OK (20 000 molecular

weight) variant of the human GH (Lewis et al., 1978). lt accounts foraboutl0%

ottotal GH content in the pituitary gland. The 20K variant lacks 15 amino acid

segment between positions 32 and 46 of the chain (Lewís et al., 1980). The

analysis of the structure of the human GH gene has indicated that the 20K

variant is formed during alternative splicing of the normal GH mRNA precursor

(Wallis, 1980; DeNoto et al., 1981). The 20K variant possesses growth-

stimulating actívity similar to that of normal GH, but appears to have a lower

affinity for GH receptors (Sigel et al., 1981). The variant also lacks insulin-like

and diabetogenic activities normally associated with the full hormone (reviewed

by Lewis, 1984).

The importance of pituitary in regulation of growth was first demonstrated

by Evans and Long (1921) who produced giant rats by intraperitoneal injections

of anterior pituitary extracts. The experiments conducted by smith (1927) led to

the discovery that hypophysectomy in rats resulted in an inhibition of animals

growth and that this was reversed by treatment with crude preparations of GH.
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Since the isolation and purification of the first mammalian GH from

bovine pituitary (Li and Evans, 1944), a considerable body of information was

rapidly gained on physiological effects of GH in animals (reviewed by Smith et

al., 1g55). Failure to produce a physiological response to GH of animal origin in

man, and discovery that monkey but not bovine or porcine GH promotes

nitrogen retention in hypophysectomized monkeys, established the concept of

species specificity of GH (see Friesen, 1980 for review). This was later

confirmed by the GH receptor studies which demonstrated that the binding site

of the human GH receptor is unique and recognizes only primate GH (Carr and

Friesen, t976; Lesniak et al., 1977).

Human growth hormone was isolated and purified in 1956 (Li and

Papkoff , 1956; Raben, 1956) and two years later successful treatment of

hypopituitary dwarfism with human GH injections was reported (Raben, 1958).

The imporlance of GH in human growth was later corroborated by

measurements of blood GH in patients with growth disorders; acromegaly and

dwarfism were found to be due to elevated and deficient GH secretion

respectively (reviewed by Franchimont and Burger, 1975).

tn recent years, recombinant DNA-derived human and bovine GHs

became available and were shown to be equally efficient in growth stimulation

as hormones isolated from pituitaries (Olson et al., 1981;Hintz et al., 1982;

Kaplan et al., 1986).

The effects of GH on cell and somatic growth have been studied

extensively (reviewed by Cheek and Hill, 1974). Growth of tissues depends on

increases in cell number, size of the individual cells, or both. lt has been

demonstrated that GH stimulates growth of cartilage and other tissues by

increasing the number of cells rather than by increasing cell size (Daughaday

and Reeder, 1966; Cheek, 1966; Beach and Kostyo, 1968; Goldspink and

Goldberg, 1975).

Despite intensive studies on the structure and function of GH, the

mechanism of the hormone stimulation of growth is still not well understood.
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The early observations that GH is ineffective in stimulating anabolic processes

in cartilage from hypophysectomized rats in vitro, and that normal serum or

serum from GH-treated hypophysectomized rats, but not serum from untreated

hypophysectomized rats, restore these anabolic processes led to formulation of

the somatomedin hypothesis (Salmon and Daughaday, 1957). According to this

hypothesis, GH stimulates indirectly longitudinal bone growth by stimulating the

production of somatomedins in noncartilage tissues such as liver (Daughaday

et al., 1972). Several somatomedins have been purified and one of them,

somatomedin C (identical with insulin-like growth factor, IGF-1 ; Klapper et al.,

1983) is now known to be the main mediatorof the stimulatory effects of GH on

somatic growth (Herington et al., 1983).

The correlation between ¡GF-1 and GH was demonstrated by measuring

IGF-1 levels in the plasma of patients with growth hormone disorders.

Acromegalics were found to have significantly higher levels of IGF-1 than

normal subjects, while GH-deficient patients had low or undetectable levels of

IGF-1 (Bala and Bhaumick, 1979). Administration of GH to pituitary dwarfs

resulted in an increase in circulating IGF-1 levels and in stimulation of linear

growth (Copeland et al., 1980). Also low IGF-1 levels observed in

hypophysectomized animals were found to be alleviated by treatment with GH

(Kaufmann et al., 1978).

Although the growth-promotíng effects of IGF-1 on cultured cells in vitro,

such as chicken embryo fibroblasts, chondrocytes, smooth muscle cells and

bone cells have been well documented (reviewed by Froesch et al., 1985),

investigation of in vivo action of IGF-1 has been limited by insufficiency of the

pure preparations of the hormone. Crude preparations of somatomedins were

found to increase length and weight of the Snell dwarf mice (van Buul-Offers

and Van den Brande, 1979). Recently, it was shown that infusion of pure IGF-1

into hypophysectomized rats caused dose-dependent stimulation of body

weight, tibial epiphysial width and thymidine incorporation into costal cartilage

(Schoenle et al., 1982). Availability of the large amounts of bacterially
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synthes¡zed recombinant IGF-1 in the past few years also enabled

demonstration that IGF-1 promotes growth in normal rats (H¡zuka et al., 1986).

Despite the evidence that GH indirectly stimulates longitudinal growth of

bones, there are number of reports which dispute the somatomedin hypothesis.

Administration of GH at the site of the epiphysial grov'rth plate of the tibia of

hypophysectomized rats was shown to stimulate local bone growth, thus

indicating that GH can interact directly with the cells in the growth plate

(lsaksson et al., 1982; Russel and Spencer, 1985; lsgaard et al., 1986). lt was

also demonstrated that chondrocytes isolated from rabbit ear and epiphysial

growth plate have specific binding sites for GH (Eden et al., 1983). Observations

that GH induces IGF-1 production in number of tissues and cell types

(Clemmons et al., 1981; D'Ercole et al., 1984), and that GH-treatment in vitro

generates IGF-1 sensitive preadipose 3T3 cells, led to the suggestion that

locally produced IGF-1 might serve as a secondary effector in GH action

(Zezulak and Green, 1986). This was later confirmed by Lindahl et al. (1987)

who demonstrated that pretreatment of hypophysectomized rats with GH, but

not with IGF-1, promotes the formation of chondrocyte colonies and makes the

chondrocytes susceptible to ¡GF-1 in vitro. Moreover, it was shown that

proliferative chondrocytes contain IGF-1-like immunoreactive material and the

number of cells in the grov'rth plate containing IGF-1 is regulated by GH (Nilsson

et al., 1986). Functional role of this locally produced ¡GF-1 was demonstrated by

showing that administration of antibodies to IGF-1 neutralized the stimulatory

effect of GH on tibial width (Schlechter et al., 1986). However the verification of

the hypothesis that GH stimulates longitudinal bone growth directly by

increasing the local production of IGF-1 was provided only recently by lsgaard

et al. (1987). They demonstrated that GH regulates the level of IGF-1 mRNA by

stimulating the transcription of the IGF-1 gene in the rat epiphysial

chondrocytes. According to the model proposed by lsaksson et al. (1987a): "GH

stimulates longitudinal bone grovuth directly by stimulating the differentíation of

epiphysial growth plate precursor cells and indirectly by increasíng the
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responsiveness to IGF-1 and enhancing the local production of IGF-1 that

stimulates the clonal expansion of ditferentiating chondrocytes". These authors

also suggested that analogous mechanisms could apply to GH stimulated

growth of other tissues.

ln addition to the importance of GH for somatic growth, GH regulates

intermediary metabolism and influences protein, carbohydrate and lipid

metabolism (Kostyo and Nutting, 1974; Altszuler, 1974; Goodman and

Schwartz, 1974). Administration of GH in vivo or its addition in vitro to various

isolated organs and tissues have been shown to increase protein synthesis as

a result of enhanced amino acid transporl into cells, and increased number of

ribosomes, mRNA and the enzymatic apparatus for protein synthesis (Kostyo

and lsaksson, 1 977; Daughaday, 1981).

The literature contains conflicting reports on the effects of GH on lipid and

carbohydrate metabolism (reviewed by Davidson, 1987). Both insulin-like and

antiinsulin-like effects of GH on lipid and carbohydrate metabolism have been

documented. Short-term effects of GH are insulin-like and involve antilipolysis

and increase in glucose uptake, oxidation and convertion to fatty acids and total

lipids. This stimulatory effect of GH is however transient and results in refractory

state of the tissues to further GH stimulation. ln contrast, prolonged treatment

with GH is associated with hyperglycemia as a result of impaired glucose

utilization and increased lípolysis. The exact mechanism by which GH exerts

these diverse effects on lipid and carbohydrate metabolism still remains to be

elucidated.

4.2. Organization and regulation of expression of growth

hormone gene.

The cloning of the cDNA coding for rat (Seeburg et al., 1977), human

(Mar.tial et al., 1979), bovine (Miller et al., 1980), porcine (Seeburg et al., 1983),

chicken (Souza et al., 1984), murine (Linzer and Talamantes, 1985) and

salmon (Sekine et al., 1985) growth hormones have been achieved. The

sequencing of the above clones revealed close similarities in the structure of
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these genes. All clones encoded pre-hormone of approximately 216 amino

acids which contains signal peptide and mature GH protein of 188-191 amino

acids. Characterization of the genomic GH genes isolated from rat (Barta et al.,

1981 ;Page etal., 1981), human (DeNoto et al., 1981)andcow (Woychiket al.,

1982) also showed that these genes contain four introns of similar length and

position. Sequence analysis of genomic clones of human GH gene has shown

the existence of at least five GH related genes (Seeburg, 1982; Barsh et al.,

1983). Three of them code for human placental lactogen and two for growth

hormones. ln the case of GH, one normal GH gene encodes forthe known 190

amino acid sequence (Niall, 1971), whereas the other variant gene (hGH-V)

differs at multiple sites (Seeburg, 1982). Currently there is no evidence lor in

vivo expression of the hGH-V gene, although when cloned into SV-40 vector

the variant gene expressed GH-like peptide in infected cells (Pavlakis et al.,

1981). ln contrast with humans, non-primate mammals such as rat (Page et al.,

1981)and cow (Woychik et al., 1982) contain only one GH gene per haploid

genome.

The expression of GH gene is regulated in a tissue-specific manner and

is limited to the somatotroph cells of the pituitary (Daughaday, 1981). The

transcription of GH gene is stimulated by GRF (Barinaga et al., 1983) and a

number of otherfactors, including thyroid hormone (Spindler et al., 1982) and

the synthetic glucocorticoid - dexamethasone (Yu et al., 1977; Spindler et al.,

1e82).

4.3. Alteration of growth by growth hormone therapy.

The effects of exogenous growth hormone on animal growth have been

known for almost 60 years (Chapter 1.4.1.). Successful treatment of pituitary

dwarfs with human GH was initially reported by Raben in 1958. Since then

human GH therapy has been applied routinely in treating growth hormone

deficiency in man (reviewed by Frasier, 1983).

Due to the scarcity of the purified GH, studies of the effect of exogenous

GH on farm animals were carried out only recently. Machlin (1972) reported that
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daily injections of porcine GH significantly improved growth performance in

young pigs by increasing daily weight gain as well as feed efficiency. These

findings were more recently confirmed by Chung et al. (1985). lncreased growth

rates in response to chronic administration of bovine GH were also observed in

sheep and cow (Johnsson et al., 1985; Bauman et al., 1985).

Recent advances in recombinant DNA technology have made possible

production of large quantit¡es of bacterially synthesized growth hormones for

both human and animal application. Clinical trials carried out over the past few

years established that recombinant human GH is equally potent in stimulating

growth as pituitary-derived GH (Kaplan et al., 1986). lnjections of recombinant

bovine GH to dairy cows was shown to stimulate growth and milk productíon as

efficiently as bovine pituitary GH (Bauman, et al., 1985), while the growth of

salmon has been shown to be stimulated by salmon recombinant GH (Sekine et

al., 1985).

The development of gene transfer technology provided yet another

means of introducing growth hormone gene product into living animals.

Transgenic mice harbouring fusion genes containing coding sequences for rat

(Palmiteret al., 1982a), human (Palmiteret al., 1983; Morello et al., 1986) and

bovine (Hammer et al., 1985a) growth hormones have been produced. ln each

case expression of the transgenes have resulted in high levels of fusion mRNA,

substantial quantities of foreign GH and enhanced growth of mice. Using a

transgenic approach Hammer et al. (1985) have reported integration of human

GH fusion gene into rabbits, sheep and pigs. Although there was clear evidence

of expression of the introduced gene in some of the transgenic rabbits and pigs,

no evidence of any increase in body weight was observed.
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II. MATERIALS AND METHODS
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1 ANIMALS.

1.1 Mice.

1.1.1. Maintenance.

Laboratory mice, F1 hybrids òt tne C57BU6 x CBA cross were obtained

from Gilles Plains Animal Resource Centre, Gilles Plains, S.A. They were

housed in an animal room at 20oC, lit between 7am and 7pm, fresh food

(Mouse Cubes, Milling lndustries Ltd., S.A.) and water were available ad

líbitum. Sexually mature male mice were used for matings. They were

separated from other males and caged individually for 1-2 weeks priorto use.

1.1.2. Hormonal stimulation and mating.

lmmature (3-4 week old) female mice were induced to superovulation by

intraperitoneal injections of 10 lU PMSG at 4pm followed 46-48 hr later by 10

lU HCG. At the time of the HCG injection each female was placed with one

male. On the following morning the females were checked for vaginal plugs.

1.2. Pigs.

1.2.1. Maintenance.

Large-White sows and boars were provided by Metro Farm Piggeries at

Wasleys and Sheoak Log, S.A. The animals were maintained under

commercial housing and feeding conditions.

1.2.2. Hormonal stimulation and mat¡ng.

Donor sows were selected from a group of multiparous, culled-for-age

females. The oestrous cycle of the sows was synchronized by the means of a

weaning time of their last litter (three weeks weaning). The sows were given an

intramuscular injection of 500 lU or 750 lU PMSG al 12 noon on the day

following weaning. The time of ovulation was controlled by intramuscular

injection of 500 lU HCG 44 hr later. The sows in oestrus were mated to the

fertile boar on the evening of the next day and/or the following morning.
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1.3. Ethics and biohazard.

All experimental procedures involving animals were approved by

respective Animal Ethics Committees of the institutions concerned.

All facilities used to hold transgenic and potentially transgenic animals

were inspected and approved by Research DNA Monitoring Committee and the

Biohazard Committee of the University of Adelaide.

2 CULTURE MEDIA AND CULTURE CONDITIONS.

2.1. Mouse embryos.

2.1.1. Culture medium.

The medium used for mouse embryo culture was formulated on the basis

of the composition of human fallopian tube fluid (HTF, Quinn et al. 1985). The

composition of HTF medium is presented in Table ll-1. All inorganic salts and

glucose were of Analytical Grade and were obtained from Mallinckrodt

Chemical Works, St. Louis, USA. Penicillin, lactic acid (grade DL-V, sodium salt,

60ïo vlv, aqueous solution) and sodium pyruvate (type ll) were obtained from

Sigma Co., St. Louis, USA. Streptomycin sulphate was omitted from the original

medium because of its alleged toxic property (Dr. P. Quinn, Department of

Obstetrics and Gynaecology, University of Adelaide, personal communication).

Media were prepared using fresh water purified by Millipore Reverse

Osmosis and M¡lli-Q system. Concentrated stock solutions of various

components were prepared according to Whittingham (1971) and stored at 4oC

for up to three months. Stock solutions were used to make up fresh media every

fortnight. The osmolarity of fresh media was routinely adjusted to 280 mOsm

with water. The HTF medium was gassed with humidified gas mixture

(5%COZ15%OZ|9O"/"N2, v/v) and after sterilization by passage through a 0.22

¡rm filter (Amicon Sterilet, Adelaide, S.A.) it was stored at 4oC until required.

The day before use the HTF medium was gassed again with the gas mixture

and supplemented with Smg/ml bovine serum albumin (BSA; fraction V, Sigma
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Co., St. Louis, USA). The medium was filter-sterilized and placed in the gas

mixture incubator at 37oC.

During embryo collection, microinjection and transfer the HEPES'

buffered HTF medium was usedto maintain stable pH (Quinn et al. 1984).The

composition of this medium was identical to HTF medium except that the

concentration of sodium bicarbonate was reduced to 4 mM and 21 mM HEPES

(sodium salt, Sigma Co.) was added. The HEPES-HTF medium was prepared

as described above, but it was not gassed with the gas mixture.

Table ll-1. Composition of HTF medium (Quinn et al. 1985, modified)

Component Concentration (mM)

NaCl

KCr

MgSOa'7H20

KH2PO4

Ca9l2.2H2C-

NaHCO3

Glucose

Sodium Pyruvate

Sodium Lactate

Penicillin
Phenol Red

101.60

4.69
0.20

0.37

2.04

25.00

2.78

0.33

21.40

100 U/ml

0.001% (wlt¡)
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2.1.2. Culture conditions.

Embryos were cultured in 20-30 pl drops of bicarbonate-buffered HTF

medium. The drops were placed in fully vented Petri dishes (Sterilin), overlaid

with paraffin oil (heavy paraffin, BDH, Poole, UK) and equilibrated in a

humidified gas mixture atmosphere at 37oC. Prior to use, the oil was autoclaved

(1S min at2-3 Atm.), saturated with the gas mixture and stored inï/"COzlair

(v/v) atmosphere incubator at 37oC. The dishes containing embryos were

incubated at 37oC in a humidified desiccator through which a constant stream

of the gas mixture was passed. The desiccator was housed within an incubator

in an atmosphere ol 5/"CO2 in air (v/v).

2.2. Pig embrYos.

2.2.1. Flushing medium.

Dullbeco's phosphate buffered saline (PBS) was used for flushing

porcíne embryos. PBS was supplemented with 1% (vlv) heat inactivated (at

56oC for 30 min) human serum (HIHS). The temperature of the medium was

maintained at 37oC.

2.2.2. Transport / microiniection medium-

The medium used in the transport and for microinjection was prepared

from powdered Minimal Essential Medium (Eagle, with Earle's salts, with

L-glutamine, GIBCO, New York, NY, USA) dissolved in freshly purified water

(see Chapter 11.2.1.1.;Stone et al., 1984). The medium was supplemented with

21 mM HEPES, 4 mM sodium bicarbonate and penicillin (100 lU/ml). The pH

and osmolarity of the medium were adjusted to published optima for

mammalian embryos (7.4 and 280 mOsm respectively; Brinster 1972). The

prepared medium was then sterilized by filtration (Millipore, Q.22 pm) and stored

at 4oC for up to 14 days. The day before use required aliquots of the medium

were supplemented with BSA (Smg/ml), then filter-sterilized and transferred to a

37oC incubator. This transport/microinjection medium will be referred to as

HEPES.MEM.
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2.2.3. Culture medium.

The composition of a culture medium that was most suitable to support tn

vitro development of 1-cell pig embryos was selected on the basis of the results

described in Chapte r lY .2. This medium was identical to the

transport/microinjection medium except that 21 mM sodium bicarbonate was

substituted for HEPES and BSA was omitted. The day before use the culture

medium was gassed with 5%COZ|5%OZ|90%NZ gas mixture (v/v),

supplemented with HIHS (10o/", v/v) and stored in humidified desiccator under

the gas mixture atmosphere at 37oC. This medium will be referred to as MEM.

2.2.4. Culture conditions.

Pig embryos were cultured under the conditions described for mouse

embryos (see Chapter 11.2.1.2.) with the exception that the volume of culture

drops was increased to 50 ¡rl.

3 EMBRYO COLLECTION.

3.1. Mice.

Mated females were killed by cervical dislocation, between 21-23 hr after

the HCG injection. The oviducts were dissected out and transferred into a Petri

dish containing 2 ml HEPES-HTF medium supplemented with BSA (Smg/ml)

and hyaluronidase (300 lU/ml; Sigma Co.). Ampullae of the oviducts were

opened with fine watch-maker's forceps and 26 gauge needle, and the eggs

enclosed in cumulus cells released. The dish was placed on a warm-plate at

gToC lor 5-7 min. As soon as the eggs had been separated from cumulus cells

they were picked up with a fine-bore "hand pulled" glass pipette and washed in

two changes of HTF medium. The eggs containing pronuclei were identified

under the stereo-microscope and placed in lots of approximately 20-30 in

microdrops of culture medium overlaid with paraffin oil. The eggs were then

incubated at 37oC under 5%COZ|5%OZ|90%N2 (v/v).
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3.2. Pigs.

Mated sows were transported to the abattoir and slaughtered by

electrical stunning and exsanguination 52-54 hr after HCG treatment. The

reproductive tracts were removed within 5 min after stunning and transported to

the near-by laboratory for embryo collection. To assess the ovulation and

embryo recovery rate the number of corpora lutea (CL) on each ovary was

counted. The oviducts were cut about 2 cm above utero-tubal junction. A

Tomcat catheter (Monoject, St. Louis, MO, USA) was inserted through the

infundibulum and 10 to 20 ml of warm (37oC) flushing medium was flushed

down the oviduct. Flushings were collected in 20 ml sterile conical containers

and stored in the incubator at 37oC. Depending on the number of donor

females the time between recovering the reproductive tracts and embryo

flushing varied between 10 to 40 min. Flushings were pipetted into 10 cm

plastic Petri dishes and embryos were identified under a stereo-microscope

(10x magnification). Locating the embryos was facilitated by a graticule at the

bottom of the Petri d¡shes. Collected embryos were washed twice in HEPES-

MEM and transferred into 5 ml test tubes containing 1 ml of fresh HEPES'MEM.

The embryos were transported back to the laboratory within 1-2 hr at 35oC. On

arrival to the laboratory the embryos were divided according to their feftilization

and developmental status into following three groups:

al Z-cellembryos;

b/ 1-cell embryos with spermatozoa present on their zona pellucida

and/or with 2nd polar body extruded and/or extended

perivitelline space;

cl 1-cell embryos with no spermatozoa attached to the zona pellucida

and no 2nd polar body extruded, and 1-cell embryos still

surrounded by cumullus cells. These embryos were classified as

unfertilized and were not used in the experiments.
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Whenever possible the embryos from each donor sow were kept

separately. Collected embryos were washed twice in the culture medium and

incubated at 37oC in MEM medium in 5%COZ|5%OZ|90%NZ (v/v).

4 DEVELOPMENT OF THE MICROINJECTION PROCEDURE.

4.1. Making the instruments.

4.1.1. Holding pipette.

Holding pipette was made from Leitz glass capillary tubing of 1.0 mm

outside diameter (OD). The tubing was pulled in a Brown-Fleming horizontal

pipette puller (model P-77, Sutter lnstrument Co., California, USA) and the

drawn-out tip of the pipette scored lightly with a diamond pencil and broken to

give 80-100 pm OD. Great care was taken to obtain a perfectly flat tip which was

then fire polished in a DeFonbrune microforge to produce the internal diameter

(lD) of 5-20 pm. Then, two 100 degree bends were made, using a microflame, to

give a Z-shaped tip. A number of holding pipettes were prepared at a given time

and stored for later use. Glass capillary tubings were used out of the package

without prior cleaning and sterilization.

4.1.2. Microinjection pipette.

Thin-walled glass capillary tubings of 1.0 mm OD, containing a filament

fused to the inner wall, were obtained from Clark Electromedical lnstruments

(Cat. No. GC100 TF-15). They were not cleaned or sterilized prior to use. The

tubing was pulled mechanically in the Brown-Fleming pipette puller. This

produced pipettes with the open tip of 0.2 pm OD and measuring 2 þm OD at

the distance of 60 pm from the tip. The tip was then modified to a Z-shape as

described for the holding pipette. The microinjection pípette was filled with the

DNA solution through the blunt end by capillary action. The opening of the tip of

the pipette was enlarged by gently brushing onto the tip of the holding pipette.

This was conducted inside the microinjection chamber and observed through
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the microscope. The final size of the tip was approximately 1 pm. The injection

pipettes were prepared on the day of the microinjection.

4.1.3. Microinjection chamber.

Microinjection chambers were made using a reclangular piece of hard

plastic (75 mm L x 24 mm W x 3-4 mm H). A 20 mm diameter hole was drilled

through the centre of this plastic slide. The hole was covered by a half of

standard microscope glass slide attached to the plastic slide usíng bee's wax.

The microscope slides were lightly siliconized (AquaSil, Pierce Chemical Co.,

USA; 0.2-0.5/", v/v solution) to allow the drop of medium to assume a dome

shape. The microinjection chambers were made in advance and stored until

required. They were not sterilized before use. A 50 pl drops of HEPES-HTF or

HEPES-MEM media (for mouse or pig experiments respectively) were placed

slightly off centre of the well to accommodate the microinjection pipette (the tip

was longer than that of the holding pipette) and it was gently covered with

sterile paraffin oil. After the chambers were used, the glass bottoms were

discarded, bee's wax wiped off the plastic slide and fresh microscope slide

fitted.

4.2. lnjection apparatus.

Few injection systems have been developed to date. The most commonly

used consisted ol a 20 or 50 ml ground glass syringe filled with air and

connected by plastic tubing to the microinjection pipette. When syringe was

compressed by hand the DNA solution was forced out to the pipette. ln this

system the positive pressure was always maintain and the DNA solution

constantly streamed from the tip of the pipette. This constant flow made:

- embryo penetration more difficult,

- injected volume more difficult to control, and

- it caused a high frequency of egg lysis, and

- it necessitated a speedy withdrawal of the injection pipette which

reduces embryo survival.
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ln an alternative approach, the microinjection pipette was connected

through a T-tube either to a compressed gas cylinder or to an atmospheric

pressure. However in this system, when connected to the atmospheric pressure,

the injection pipette was filled with the medium from the tip due to capillary

force.

To overcome these problems associated with the above two systems a

new modified injection apparatus was designed. lt consisted of a 3-way valve

gas flow switch (high pressure VOS-3-1/8, Festo Pneumatics Pty. Ltd. Adelaide,

Australia) by which the injection pipette could be connected either to the

nitrogen cylinder or to a measuring cylinder filled with water (Fig.ll-1).The

injection of the DNA solution occurred by connecting the switch to the nitrogen

cylinder. This was accomplished by a short (about 1 sec.) pulse of pressure (10

psi), sufficient to expel approximately 2 pl o't the DNA solution. When the

pressure was switched off the excess gas was released through a piece of

plastic tubing immersed in water. Hydrostatic pressure maintained neutral

pressure in the system. This pressure could be altered by changing the depth of

water. The water level was set 300 mm above the bottom end of the tubing thus

preventing both the negative pressure, that could result in sucking medium into

the tip of the injection pipette and the positive pressure responsible for constant

flow of the DNA solution. This has been tested by a microscopic examination of

the aqueous droplets in paraffin oil, and by mícroinjecting pronuclei of mouse

embryos with fluorescently labelled proteins (e.9. fluorescein isothiocyanate-

labelled BSA, FITC-BSA, Sigma).



Figure ll-1. A diagram representing operation of the injection apparatus.

The injection apparatus consisted of a three way gas flow switch through

witch a microinjection pipette was connected to either the compressed gas or

measuring cylinder filled with water. The injection of DNA solution was

accomplished by a short pulse of pressure (gas flow switch ON). Between

injections (gas flow switch OFF) the neutral pressure in the system was

maintained by hydrostatic pressure exerted by 300 mm of water through which

the remaining gas was released.
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4.3. Microscope and micromanipulators set'up-

4.3.1. MicroscoPe.

Zeiss inveded microscope (lnvertoscope D) with a fixed stage was used

The microscope was equiPPed with:

at long working distance condenser (necessary to allow the

accommodation of the injection chamber and micropipettes);

bl Nomarski Differential lnterference Contrast (DlC) optics (to enhance

the visualization of the outline of the pronuclei). DIC objective had a long

working distance to accommodate for the thickness of the base of the

injection chamber;

cl low-power bright-field optics for preparatory manipulation,The

microinjection was carried out under 400x magnification using 10x eye-

piece and 40x DIC objective. The low-power bright-field objective (10x)

was used for setting the micropipettes Within the injection chamber and

for moving eggs around in the injection chamber.

4.3.2. Micromanipulators.

Two Leitz micromanipulators were used, each mounted on the either

side of the microscope. The left-hand manipulator controlled the injection

pipette and the right-hand one the holding pipette. Both micromanipulators and

the microscope were attached by bolts to the Leitz base plate to avoid any

movement during use. The possible vibrations were prevented by placing the

base plate with the instruments on a heavy slate slab which was rested on

pieces of rubber tubing, on the laboratory bench. Two Leitz instrument collars

were clamped to the micromanipulators. The instrument collar of the holding

pipette was connected by polyethylene tubing to a gas tight (threaded plunger)

0.5 ml Hamilton syringe (Alltech Pty, Ltd., Australia). The entire set up was filled

with a sterile paraffin oil. Care was taken to avoid any air bubbles formittg within

the system. The instrument collar of the microinject¡on pipette was connected by

high pressure resistance Teflon tubing to a nitrogen cylinder.



35

5 CONSTRUCTION OF PORCINE GROWTH HORMONE

TRANSG EN ES.

5.1. Human metallothionein UA promoter/porcine growth

hormone fusion gene (PHMPG.4).

The human metallothionein IIA promoter (hMT-IIA) was obtained as an

823 bp fragment which contained sequences from -763 to +60. This fragment

was purified, subcloned into Hind III / Eco RI digested vector pUC19 and

named pUCMT. The Eco RI insert of pPG-3, a plasmid containing a full length

of porcine growth hormone (PGH) cDNA, was then isolated and subcloned into

the Eco RI site of pUCMT to create plasmid pMTGH. This plasmid contains a

unique Sma I site located within the region of the cDNA clone corresponding to

the last exon of the genomic PGH gene. Plasmid pMTGH was digested with

Sma I and ligated to a 1000 bp Sma I / Bam HI fragment, isolated from a

porcine cosmid library by screening with PGH cDNA clone pGH-3, and was

included in the construct to provide the DNA sequences required for

polyadenylation of mRNA. The final plasmid, pHMPG.4, was then restricted with

Hind III and Pvu Ito release a2.7 kb fragment containing the entire MT-IiA /
PGH cDNA / PGH genomic DNA region plus 120 bp of the lacZgene of

pUC 1g. This fragment was isolated by electrophoresis through low melting

temperature agarose and purified by phenol / chloroform extraction and ethanol

precipitation. The organization of the plasmid pHMPG.4 is presented ¡n Fig.ll-2.

5.2. Basal level deletion derivative (pHM¡PG.1)

The molecular structure of the hMT-IIA promoter and localization of

specific controlling elements in it have been described by Karin et al. (1984). To

obtain a derivative of this element which may only be inducible by heavy metals

such as zinc, the basal level sequence between nucleotides -91 and -67 was

removed. This was achieved by oligonucleotide directed mutagenesis utilizing

a 28 base synthetic oligonucleotide homologous to 14 bases either side of the

23 base pair basal level sequence. The Hind III / Eco RI fragment containing
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the hMT-IIA promoter was cloned into single-stranded bacteriophage M13 and

mutagenized by standard in vitro procedures. Mutants lacking the basal level

sequence were selected by differential filter hybridization using 32P-end-

labelled mutagenesis oligonucleotide as the hybridization probe. The accuracy

of the deletion was then confirmed by nucleotide sequencing. The Hind III /

Eco I insert from the RF form of the M13 clone carrying the desired deletion was

then purified and included in a triple ligation containing the deleted promoter

fragment, the Eco RI insert of pHMPG.4 and Hind III I Eco RI digested pCU19.

One of the resulting transformants which contained the correctly aligned

fragments was chosen and named pHM¡PG.1.



Figure ll-2. The restriction map and organization of the porcine growth

hormone expression vector pHMPG.4 (from Vize, 1987, with permission).

The human MT-IIA promoter sequences were ligated to the porcine GH

coding sequences from the cDNA and the 3r processing signals of the genomic

clone. The 2.7 kb Hind III /Pvu I fragment was used for production of transgenic

animals.
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6 MICROINJECTION OF PORCINE

GENE CONSTRUCTS.

38

GROWTH HORMONE

6.1. Preparation of DNA solution.

The human metallothionein/porcine growth hormone genes were

prepared and purified as described in Chapter 11.5. The DNA samples were

diluted in phosphate buffered saline - PBS, pH 7.0 (137 mM NaCI,2.7 mM KCl,

I mM Na2HPO4, 1.5 mM KH2PO+) to concentration of 2 pgiml, and stored

frozen (-2OoC) in aliquots. To prevent clogging of the injection pipettes each

aliquot was centrifuged for 5-10 sec at 11 ,600x9, at 4oC before use to remove

any particulate matter.

6.2. Microiniection into mouse eggs.

Before injection, 20 to 30 eggs were transferred into a drop of HEPES-

HTF medium in the injection chamber. Holding and injection pipettes were

inserted into right and left instrument collars respectively, using a brass and

rubber gaskets to ensure a tight closure. The injection chamber was placed

onto the microscope stage and the eggs were brought to focus under the low

magnification. Both the injection and the holding pipettes were lowered into the

drop containing the eggs and brought into the same focal plane as the eggs.

The microinjection procedure was performed under 400x magnification. An egg

was picked up by the holding pipette at the polar body side and immobilized by

applying a gentle suction via the microsyringe. The egg was held firmly and

positioned such that the male pronucleus was in focus and in the centre of the

egg. The tip of the injection pipette was brought into the same focal plane as the

pronucleus. Using the fine control lever of the micromanipulator, the injection

pipette was moved forward. When the tip of the pipette entered the pronucleus,

about 1 to 2 pl of the DNA solution was discharged. This was accomplished by

a short (about 1 sec.) pulse of pressure (10 psi) supplied through the three way

valve connected to the nitrogen cylinder (Chapter 11.4.2.). The successful

microinjection was confirmed by a rapid expansion of the pronucleus to double
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its size. When the group of eggs was injected, the iniection chamber was taken

from the microscope, the eggs washed in two changes of culture HTF medium

(2 ml each), placed in the microdrops of HTF medium and cultured as described

in Chapters 11.2.1.1. and 11.2.1.2. The next group of 20-30 eggs was placed into

the chamber and injected. The microinjection was performed at room

temperature (approximately 22o?l.When all available eggs had been injected,

they were examined under a dissecting microscope and those which survived

(surviving embryos can be distinguished by their well defined plasma

membrane, dense granular cytoplasm and readily visualized pronuclei) were

transferred into the oviducts of pseudopregnant recipient females (Chapter

il.7.2.).

6.3. Microiniection into pig eggs.

6.3.1. Visualization of pronuclei.

The pronuclei of pig ova are obscured by dense cytoplasmic inclusions.

To enable adequate visualization of pronuclei prior to microinjection, the eggs'

cytoplasm was stratified by centrifugation (Wall et al., 1985). Glass micro{ubes

were prepared by sealing in the flame one end of glass capillary tubing

(approximately 2mm OD). The micro-tube was filled with HEPES-MEM and

maximum six embryos were transferred into it. The embryos were centrifuged in

micro-haematocrit centrifuge at 7,000xg for 3-4 min at 25oC. Photomicrograph

of one-cell fertilized porcine egg before and after centrifugation is presented in

Fig. ll-3.



Figure ll-3. One-cell fertilized porcine egg,before and atter centrifugation

Pig ova are opaque and no nuclear structures are visible (top

photograph). Centrifugation stratifies the cytoplasm leaving the pronuclei visible

(bottom photograph).
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6.3.2. Gene microiniection.

After centrifugation the embryos were transferred into a drop of HEPES-

MEM in the microinjection chamber and microinjected as described in Chapter

11.6.2. Microinjected embryos were washed tw¡ce in MEM and transferred to 50

¡rl drops of MEM for over-night culture (for details see Chapters 11.2.2.3. and

11.2.2.4.). After over-night culture the eggs were scored for division or

degeneration. The eggs which divided and 1-cell eggs which appeared to be

normal were transferred into 1 ml HEPES-MEM and transported at about 35oC

to the field surgery for transfer into surrogate mothers (Chapter 11.7.3.).

The embryos, in which the pronuclei were not visible after centrifugation,

were cultured for a few hours and a second attempt microinjection was made. lf

the pronuclei were still not visible, the embryos were cultured for additional 48

hr to assess their fertilization and developmental capacity. The embryos which

did not divide were fixed in acidic ethanol solution (1:3, glacial acetic acid : 99%

ethanol, v/v), stained with 1% (wlv) solution of acetoorcein and analysed under

the microscope for nuclear structures.

7 SURGICAL PROCEDURES.

7,1. Mice.

7.1.1. Anaesthetic.

Avertin was used to anaesthetize animals. One gram of 2,2,2'

tribromoethanol (Aldrich Chemicals Co., USA) was dissolved in 1 ml of tertiary

amyl alcohol (2-methyl-2-butanol; BDH Chemicals, Poole, UK) and d¡luted with

hot (50oC) glass distilled water to 50 ml. The solution was shaken vigorously,

and 1 ml aliquots were stored Írozen at -20oC until required. To anaesthetize a

mouse a solution (15 pl per one gram of body weight) was injected

intraperitonealy.
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7.1.2. Vasectomy.

Adult male mice (C57BU6 x CBA) F1 of proven breeding performance

were used. The males were anaesthelized and their abdomen swabbed with

0.05% (w/v) chlorohexidine (Delta West Ltd., Australia). A small (0.5-1.0 cm)

incision was made in the skin about 1.5 cm anterior to the penis. Similar, but

slightly smaller incision was made through the abdominal peritoneum.

Testicular fat was located and drawn out with small curved forceps, exteriorizing

the testis, vas deferens and epididymus. The vas deferens was cut between

single proximal and distal ligatures (surgical silk # 5.0) placed approximately 5

mm apart. The testis, vas deferens and epididymus were gently return into

abdominal cavity, and the procedure was repeated on the other side. The

abdominal wall and the skin were sutured with black surgical silk # 4.0. The

animals were allowed to recover in warmth. Approximately two weeks post

surgery vasectomized males were mated with three females each. Mated

females were sacrificed 15 days post coitum, their reproductive tracts removed

and the uteri checked for the presence of the foetuses. The successful

vasectomy was confirmed by the absence of foetuses and the males were used

to stimulate pseudopregnancy in recipient females.

7.2. Embryo transfer in mice.

7.2.1. Preparation of recipients.

Mature, virgin (C57BL/6 x CBA) F1 female mice were placed with

vasectomized males three days prior to embryo transfer, basing on the

presumption that the mating rate would be highest on the third night (Whitten,

1956). The females were checked for copulatory plugs every morning and the

ones which mated on the Same night as the egg donors were used as

recipients.
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7.2.2. Embryo transfer.

Recipients were anaesthetized and their lower back shaven, and

sterilized with 0.05% (w/v) solution of chlorohexidine. A small (1 cm) median

dorsal incision was made through the skin. The skin was pulled to one side so

the ovary could be seen through the body wall. The small incision was made

just over the ovary and the ovary was gently lifted up.

Preparation of transfer pipette. Transfer pipettes were pulled from the

sterile Pasteur pipettes to give an even 2-4 cm length of about 100 pm lD. The

pipette was filled in the following order:

- a small amount of medium,

- a small air bubble,

- the minimal volume of medium containing eggs,

- the second air bubble and

- the short column of medium.

The first air bubble helped to control the liquid flow and the embryo movement,

while the second one prevented premature release of the embryos into the

bursal cavity. The HEPES-HTF medium was used for embryo transfer. Typically

10 to 20 injected eggs were transferred into each oviduct.

Oviductal transfer. The infundibulum was located underneath the bursa

and using two fine watchmaker's forceps the bursa was torn. Great care was

taken to avoid rupturing any large blood vessels. The tip of the transfer pipette

was inserted into the infundibulum as far as the first oviductal bend. The eggs

were then expelled by gently blowing into the transfer pipette until the second

air bubble entered the oviduct. The ovary and the oviduct were placed in the

body cavity and the embryo transfer was repeated on the other side. Since the

incisions in the body wall were small (4-5 mm) there was no need to suture

them. The skin wound was thus closed up with skin clips (Autoclip, Mik Ron

Precision, lnc., USA). The embryo transfer was performed under the dissecting

microscope at 10-15x magnification. After the surgery animals were allowed to

recover in warmth.
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7.3.

7.2.3. Assessment of the implantat¡on rate.

At the time of weaning litters, the recipients were sacrificed, their

reproductive tracts dissected and uteri checked for the number of implantation

scars (Soares, 1972).

Embryo transfer in pigs.

7.3.1. Preparation of recipients.

Recipient Large-White sows were selected from the breeding stock on

the basis of the oestrous cycle synchrony with donors. They were not treated

with PMSG orland HCG.

7.3.2. Embryo transfer.

Following azaperone premedication (Stresnil, Janssen Pharmacenica,

Belgium), recipients were anaesthetized by intravenous (peripheral ear vein)

infusion of 5% (v/v) solution of sodium thiopentone (Pentothal, Abbott

Australasia PTY. Ltd., Sydney, Australia), to provide one gram of anaesthetic

per 90 kg body weight. Anaesthesia was maintained with Fluothane (lOl

Australia) vented through a face mask. Fallopian tubes of the recipient were

exteriorized by mid-ventral laparotomy and a channel was formed through the

wall of each tube with the cutting tip of an 18 gauge disposable needle, midway

between the fimbria and utero-tubal junction. A Tomcat catheter containing

transfer embryos in about 30pl of HEPES-MEM medium was fed through the cut

channel and embryos were expelled directly into the tubal lumen. Recipients

were not treated with antibiotics during surgery or following closure.
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7.3.3. Assessment of the pregnancy rate.

Twenty eight days atter embryo transfer blood samples were collected by

ear vein puncture from recipients which did not return to oestrus. Plasma

oestrone sulphate levels were measured by radioimmunoassay technique to

predict the l¡tter size in pregnant sows (Stone et al., 1986).

8. IDENTIFICAT¡ON OF TRANSGENIC ANIMALS.

8.1. lsolation of DNA.

Tail tissue samples were taken from mice at approximately four weeks of

age and from pigs at birlh, and stored trozen until required. The tissue was

disrupted by grinding in liquid nitrogen and the total nucleic acids were

obtained by phenol-chloroform extraction and ethanol precipitation. Atter

hydrolyzing the RNA with RNA-se A (DNA-se free, Promega), the DNA was

extracted with phenol-chloroform and collected by ethanol precipitation. The

concentration of DNA was determined by measuring the UV light absorption at

260nm. Approximately 1 pg of DNA was recovered from one mg of stafiing

material.

8.2. Dot-blot hybridizat¡on.

DNA samples (2-5 pg) were heat denatured and filtered onto Gene-

Screen hybridization membranes (New England Nuclear) using Schleicher and

Schuell dot blot apparatus. Dot blots were prehybridized and then hybridized to

32P-labelled Bam HI / Pst I insert of pGH-3 or Hind III / Ava I fragment of the

hMT-IIA promoter. Both normal pig DNA and human genomic DNA were

included on the dot blot to act as negative and positive controls respectively.

After 16 to 24 hr hybridization, filters were washed to remove unbound

radioactive probe, dried and exposed to X-ray film at -80oC.



46

8.3. Slot-blot hybridization.

Heat denatured DNA samples (5 pg) from each of transgenic animal

were filtered onto a membrane using a slot blot apparatus along with pig and

human genomic DNA as negative and positive controls respectively. A range of

amounts of pHMPG.4 plasmid DNA (which contained 5 pg of control pig

genomic DNA) corresponding to gene copy numbers equivalent to one to eighty

copies per cell were aiso included. The slot blot membrane was hybridized to

the nick-translated Hind III / Ava I fragment of the hTM-IIA promoter and

washed at high stringency. The intensity of hybridization of DNA from the

transgenic animals was compared to the plasmíd standards by laser

densitometry.

8.4. Southern blotting analysis.

Three Fg of DNA samples from transgenic pigs, along with human DNA

positive and pig DNA negative controls were digested with Bam HI or Eco RI

restriction enzymes. Digested samples were electrophoresed on agarose gels

and then transferred onto Zetaprobe membranes (Bio Rad). The membranes

were then hybridized to the nick-translated hMT-IIA promoter Hind III / Ava I

insert, washed at high stringency and autoradiographed. The molecular weight

markers were included on each gel.

I ASSAY METHODS.

9.1. Sample collection.

9.1.1. Mice.

Mice were sacrificed by exsanguination through cardiac puncture

following ether anaesthesia. Free access to food and water was permitted up to

the time of anaesthesia. Blood was drawn into heparinized plastic syringes,

transferred into Eppendorf test tubes and centrifuged at 2,000x9 for 20 min, at
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¿oC. Aliquots of the plasma were stored at -20oC until assayed for hormones

and metabolites.

After exsanguination the following organs were dissected out and their

weights recorded: brain, liver, spleen heart, kidneys and lungs.

The carcasses were skinned and eviscerated. All visible fat was trimmed

off, feet and tails were removed and two aliquots of mixed hind leg muscle

samples (0.2 g each) were isolated. The carcasses and the muscle samples

were snap frozen in liquid nitrogen and stored at -20oC until used for the

analyses of muscle and body composition.

9.1.2. Pigs.

Blood from new born piglets was collected by optic sinus puncture, and

for 30-50 day old pigs or older it was done by arterial or ear vein puncture. The

animals were not anaesthetized and the access to food and water was not

limited before bleeding. The time between choosing the animal and collecting

blood varied from 1 to 5 minutes. The blood was collected into heparinized

glass test tubes and centrifuged at 2,000x9 for 20 min, at 4oC. Aliquots of

plasma were stored frozen (-20oC) until assayed for hormones and metabolites.

9.2. Analyses of hormones in blood plasma.

9.2.1. Measurement of growth hormone.

The concentrations of porcine growth hormone (pGH) in blood plasma

from mice and pigs were measured by radioimmunoassay (RtA).

The assay employs a rabbit antiserum to pig pituitary GH (distributed by

UOB-Bioproducts, Brussels, Belgium), porcine growth hormone as a standard

and [1251]-¡oOo-pGH (8OCi/g, pGH-l-1, AFP-6400, USDA) as radioligand. The

routine pGH RIA was performed in 0.01M sodium phosphate containing 1gll

BSA at pH 7.5. Replicate polystyrene tubes containing 35,OOO cpm [125t]-pGH,

rabbit anti-pGH antiserum (UCB) at dilution of 1:20,000 and either variable

amounts of pituitary pGH standard or 50 pl plasma (or diluted plasma) were
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incubated in a final volume of 0.3 ml at room temperature for 16 to 20 hr.

Cellulose-coated donkey anti-rabbit immunoglobulins (DAR-SacOell,

Welcome), 50 pl, was added, mixed and allowed to stand for 30 min. Distilled

water (0.5 ml) was then added and the tubes centrifuged at 3,000x9 for 10 min.

The supernatant was aspirated and the radioactivity in the pellet measured in a

gamma scintillation spectrometer. The assay sensitivity was 0.70+3 ng pGH / ml

of assay incubate (mean+sd, rì=4) or 0.2 ng per tube. The cross-reaction of

mouse pituitary GH was less than 21".T|le limit of detection for 50 pl of tested

plasma was therelore 4.2 ng / ml.

9.2.2. Measurement of lnsulin-like Growth Factor'l.

The concentrations of lnsulin-like Growth Factor-1 (lGF-1) in blood

plasma from mice and pigs were measured by radioimmunoassay in the

laboratory of Dr. F.J. Ballard, CSIRO Division of Human Nutrition, Adelaide,

South Australia. The assay employs a rabbit antiserum raised against

biosynthetic human IGF-1. Bovine IGF-1 (identical to human IGF-1) purified from

colostrum (Francis et al., 1986) was used as a standard and tracer (70-90 Ci /

g). The assay incubation was terminated by precipitation of the bound fracticn of

the radioligand by the addition of goat anti-rabbit serum immunoglobulin. The

radioligand bound to the ant¡-lGF-1 antiserum was estimated by determination

of the radioactivity in the pellet with a gamma scintillation spectrometer. IGF-1

was measured in plasma after removal of IGF-binding proteins by extraction

with acidified ethanol (Daughaday et al., 1980). The assay sensitivity was

1.5 pg IGF-1 / ml of assay incubate and the limit of detection for diluted

neutralized plasma extracts was 2 ng / ml. The cross-reaction of human IGF-2

was less than 1 %.
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9.3. Analyses of metabolites in blood plasma.

9.3.1. Deproteinization of blood plasma samples.

Blood plasma samples destined for metabolite determination were

deproteinized with 0.5 M perchloric acid.

9.3.2. Glucose determinat¡on.

Glucose was determined using a glucose oxidase / peroxidase

enzymatic method (Trinden, 1969), which has been modified for deproteinized

plasma and assayed by auto-analysis (Technicon Auto Analyzer ll system).

Samples were diluted 3.5 fold with 0.5 M perchloric acid and assayed in

duplicate. The reaction mixture consisted of the enzyme reagent (0.5 M Tris

Buffer, pH 7.0; peroxidase, 0.136%, v/v; glucose oxidase, 0.028V", w/v;

4-aminoantipyrine, 1.36"/", w/v (Sigma) and 2,4-dichlorophenol solution (0.68%,

w/v), mixed in equal volumes on the day of the assay. Sampling rate was 60

samples per hour with a sample volume : wash volume ratio of 2:1. The flow

rates for the samples and the reaction mixture were 0.23 and 0.60 ml / min

respectively. The sample and reagents were mixed through three coils and

incubated at 37oC. Optical absorption of coloured reaction products were read

at 505 nm.

9.3.3. cr-Amino nitrogen determination.

s-Amino nitrogen was measured colorimetrically by arylation with

picrylsulphonic acid on an auto analyzer - Technicon Auto Analyzer system ll

(Mokrasch, 1967; method modified for deproteinized plasma). Plasma samples

were diluted 7-fold with 0.5 M perchloric acid and assayed in duplicate. The

reaction mixture consisted of 0.9 M borate buffer, pH 9.5 and the colour reagent

(0.05%, w/v, picrylsulphonic acid, sodium salt, TCI Japan). Sampling rate was

60 samples per hour with a sample volume : wash volume ratio of 1 :2. The flow

rates for samples, borate buffer and colour reagent were 0.16, 0.80 and 0.23 ml

per min respectively. The sample and the reagents were mixed through three
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coils and incubated at 65oC. Optical absorption of coloured reaction products

were read at 420 nm.

9.3.4. Free fatty acids determination.

Free fatty acids were determined by in vitro enzymatic colorimetric assay

using a kit obtained from Wako Pure Chemicals lndustries Ltd. This method

relies upon the acylation of coenzyme A (CoA) by the fatty acids in the presence

of added acyl CoA synthetase. The acyl CoA thus produced is oxidized by

added acyl CoA oxidase with generation of hydrogen peroxide. Hydrogen

peroxide in the presence of peroxidase permits the oxidative condensation of 3-

methyl-N-ethyl-N-B-hydroxyethyl-alanine with 4-aminoantipyríne. The coloured

product of this reaction is measured colorimetrically at 550 nm.

9.4. Analysis of body composition.

9.4.1. Percentage of water, lipids and dry mass determination.

The carcasses and muscle aliquots (about 0.2 g of tissue) were weighed

and desiccated at 95oC to constant dry weight to determine water content. The

fat was extracted from the dried samples by repeated washing with petroleum

spirit (400-6000 boiling point fraction). The fat free samples were again dried to

constant weight.

9.4.2. Total protein and muscle mass determination.

The fat free carcasses and the muscle samples were reduced to a 40-

mesh powder with a Wiley Laboratory Mill and by grinding in a pestle and

mortar, respectively. Total nitrogen content of fat free carcasses and muscles

was measured in a Coleman Nitrogen Analyzer (model 29) as described by

Cheek (1975). Nitrogen content has been converled to protein by a multiplying

factor of 6.25 on the assumption that proteins consist 16% nitrogen (Hill et al.,

1e70).

Collagen was determined according to the modified method of Prockop

and Udenfriend (Scott, 1968). ln this method hydroxyproline concentration of an



51

acid hydrolysate of fat free dried carcasses was measured in a colorimetric

assay. Hydroxyproline content has been converted to collagen content by a

multiplying factor ol 7.46, on the assumption that hydroxyproline constitutes a

constant 13.2% of collagen (Kochakian et al., 1956). The estimated muscle

mass was calculated according to the method described by Hill et al., 1970.

9.4.3. Determination of nucleic acids concentrat¡on.

Nucleic acids concentrations were measured in muscle samples taken

from hind leg of mice at autoPsy.

Desoxyribonucleic acid (DNA) was determined by the modification of the

method of Kissane and Robins (1958). This procedure is based on the reaction

between diaminobenzoic acid and desoxyribose sugars exposed after removal

of purine bases by hot acid hydrolysis. The fluorescent product of this reaction

was determined spectrofluorometrically, using an excitation and fluorescent

wavelengths of 394 nm and 510 nm respectively.

Ribonucleic acid (RNA) was determined using method of Schmidt-

Thannhauser modified by Munro and Fleck (1966). ln this method alkaline

hydrolysis is used to separate RNA from DNA. The ribose content of the RNA

was then determined in the colorimetric reaction with orcinol. Optical absorption

of coloured reaction products was read at 660 nm in Sequoia-Turner

spectrophotometer.

lndex of muscle cell number. The concentration of DNA in the muscle

sample was used to calculate total muscle DNA content, which is considered an

index of an estimate of cell number (Hill et al., 1970).

lndex of muscle cell size. Muscle cell size was calculated as the ratio of

protein concentration to DNA concentration (Hill et al., 1970).
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10. STATIST¡CAL ANALYSES.

All data presented in tables and text in the following Chapters are given

as mean t standard error of the mean (sem) or standard deviation (sd).

Non-parametric statistics were used to avoid assumptions of normality

and homoscendasticity in the data. The chi-square (X\ analysis or the Kruskal-

Wallis one way analysis of variance (ANOV) was used to determine the

significance of differences between two or more independent groups. The

significance of correlations within the data was determined by least squares

regression analysis. Differences or correlations were considered significant

onlyifP<0.05.

Alt statistical analyses were carried out using BMDP statistical sottware

(Dixon, 1985).
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III. CREATION OF TRANSGENIC MICE
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1. INTRODUCTION.

Several thousand transgenic mice harbouring both natural and hybrid

genes have been produced, and an appropriate expression of most of these

genes have been obtained (reviewed by Palmiter and Brinster, 1986). A range

of natural genes which have been transferred and shown to be expressed in a

tissue-specific manner include genes as diverse as:

- mouse immunoglobulin (Strob et al., 1984; Grosschedl et al., 1984;

Rusconi and Kohler, 1985),

- human immunoglobulin (Yamamura et al., 1986),

- rat elastase-1 (Switt et al., 1984),

- mouse major histocompatibility complex (LeMeur et al., 1985; Pinkert

et al., 1985; Yamamura et al., 1985),

- porcine major histocompatibility complex (Frels et al., 1985),

- mouse a-fetoprotein (Krumlauf et al., 1985a),

- human p-globin (Townes et al., 1985),

- rabbit p-globin (Wagner et al., 1981 ; Lacy et al., 1983),

- human insulin (Bucchini et al., 1986),

- chicken transferrin (McKnight et al., 1983),

- hepatitis B surface antigen (Babinet et al., 1985; Chisari et al., 1985),

- rat myosin light chain (Shani, 1985).

However, not all of the natural genes which have been transferred are

expressed in this predictable fashion and some of them are not expressed at all.

Of these the most interesting example from the point of view of this thesis is the

growth hormone (GH) gene. ln two independent studies, rat and human growth

hormone genes have been intrgduced into mice and the transgenic offspring

which contained either of these two constructs have shown very low levels of

foreign GH mRNA, no detectable foreign GH in their serum and have not shown

enhanced growth (Wagner et al., 1983; Hammer et al., 1984).

A high degree of specificity of expression of introduced genes have been

obtained in the studies with hybrid or fusion genes in which the usual

promoter/regulatory region was replaced with a heterologous one. The
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expression of such fusion genes can be directed predominantly to the tissue

which is specific for the expression of the promoter sequences. For example, a

gene linked to elastase promoter was expressed in the pancreas of transgenic

mice (Ornitz et al., 1985) while the expression of a gene fused to aA-crystalin

promoter was restricted to lens tissue (Overbeek et al., 1985).

The use of promoter sequences from "housekeeping" genes such as

mouse metallothionein gene (MT; Brinster et al., 1981 ; Palmiter et al., 1982,

1982a, 1983; Hammer et al., 1984, 1985a) or H-2K major histocompatibility

gene (Morello et al., 1986) ensures high levels of expression of the gene of

interest in a wide range of tissues in transgenic mice. As a consequence of the

expression of rat, human or bovine growth hormone genes fused to such

promoters, enhancement of natural growth as well as restoration of growth in

mutant strain of mice with genetically inherited growth disorders have been

achieved (Palmiter et al., 1982a, 1983; Hammer et al., 1984, 1985a; Morello et

al., 1986).

Another feature of hybrid genes is that appropriate choice of promoter

sequences enables the investigator a degree of control of the gene expression.

The expression of the endogenous mouse metallothionein gene is stimulated

by such factors as glucocorticoids, heavy metals , interferon and inflamatory

signals (Palmiter, 1986). ln accordance with this, enhancement of the

expression of mouse MT/foreign GH fusion genes have been obtained in

transgenic mice by induction with zinc and cadmium (Palmiter et al., 1982a,

1983). ln recent experiments also human metallothionein II-A promoter

resulted in the expression of the human GH gene in transgenic mice and

induction of this fusion gene in animals occurred following either heavy metal or

glucocorlicoid stimulation (Hammer et al., 1985a).

The aím of the experiments described in this Chapter was to examine the

possibility of creating transgenic mice carrying the hybrid gene comprising of

growth hormone coding region coupled to a promoter sequences which would

allow control of the gene expression. The mouse was chosen as a model
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animal for the subsequent studies with pigs, therefore the porcine growth

hormone gene was used. Of promoter sequences available, the human

metallothionein II-A promoter region was selected since this was the best

characterized promoter known and was capable of responding to an inducible

signal, such as zinc (Karin et al., 1984).

2. STUDIES wlTH pHMPG.4 GENE CONSTRUCT.

2.1 Generation of transgenic mice.

One-cell, in vitro fertilized embryos were collected from 45 female mice.

Male pronuclei ol 977 embryos were injected with 1-2 pl of the DNA solution

which contained about 600 copies of pHMPG.4 gene. Almost all of the

microinjected embryos (94%) survived injection (as judged by the healthy

appearance atter few hours of incubation) and 867 of them were transferred into

oviducts ol 23 pseudopregnant recipient females. On average 38 embryos

(range Írom 27 to 54) were put into each recipient. Twenty one recipients

become pregnant and 18 of them gave birth to 79 pups. The average size of a

litter was 4 pups (range from 1 to 11). Sixty five animals survíved to weaning

and were analysed for the incorporation of the microinjected pHMPG.4 gene. At

the time of weaning the litters, recipients were killed and their uteri checked for

the presence of the implantation scars which revealed that of the 867 eggs

transferred22% (193 eggs) had implanted.

2.2. Effect of the micromanipulation procedures on in vitro

survival rate of 1-cell mouse embryos.

As was shown above only 22/" of microinjected embryos were implanted

after transfer. To investigate which of the factors involved in the microinjection

procedure could affect the survival rate of the microinjected eggs the following

experiment was conducted.
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2.2.1. Experimental design.

One-cell, in vivo fertilized eggs were collected from female mice and

divided into five groups:

treatment A - embryos which were microinjected with about 2 pl of

pHMPG.a gene solution;

treatment B - embryos which were microinjected with about 2 pl of the

buffer (PBS) in which the gene construct was diluted;

treatment C - embryos in which male pronuclei were only pierced with the

injection pipette;

treatment D - embryos which were exposed for up to one hour to HEPES-

HTF medium and light from a microscope;

control - embryos which were not treated in any way.

Embryos from each group were cultured for 5 days (Chapter 11.2.1). They

were examined on the second and fifth day and these which cleaved to 2-cells

and reached the fully expanded blastocyst stage respectively, were recorded.

2.2.2. Results and conclusions.

The results are summarized in Table lll-1. There was no difference

between the proportion of the embryos from four treatment groups and the

control group developing to the 2-cell stage. Overall, the number of embryos

reaching the fully expanded blastocyst stage was reduced in the groups which

were microinjected with the gene construct (34%) or PBS (32%), or which

pronuclei were only pierced (40%), as compared to the control embryos (83%).

However, there was no difference within these three treatment groups. This

would indicate that the piercing of the male pronuclei but not the injection of

solutions has a detrimental effect on embryo survival. lt is possible that by

entering the male pronucleus the injection pipette damages

chromatin/chromosome structure, thus resulting in embryo degeneration.

Exposure of the embryos to HEPES-HTF medium and light from a microscope
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did not reduce the capacity of the embryos to develop to the fully expanded

blastocyst stage (63% versus 83f" ú control).

TABLE lll-1. ln vitro development of 1-cell mouse embryos

followíng various treatments involved in microinjection procedure.

Treatment Number of

embryos
cu ltured

Proportion (%) of embryos developed to

the stage of:

2-ce lls expanded
b lastocysts

PHMPG.4

in jectio n

PBS

injection

Piercing of
pron ucleus

HEPES medium

and light

Control

111 90.0a*

92 88.0a

85 83.5a

57 94.7 a

123 99.2a

34.2a

31.5a

40.0a

63.1b

82.9b

* Within a column, values followed by the same letter (a or b)

do not differ significantly (P>0.05; y2 analysis).
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When the proportions of microinjected embryos which implanted after the

transfer and which reached the fully expanded blastocyst stage during in vitro

culture were compared, no differences were found (Table lll-2). This suggests

that the low implantation rate of the microinjected embryos has been caused by

the failure of these embryos to reach the blastocyst stage, which in turn has

resulted from a mechanical damage of the male pronucleus.

TABLE llt-2. Effect of the microinjection of pHMPG.4 gene on rn vitro and in

yiyo survival of 1-cell mouse embryos.

Observation Number of embryos (% in brackets)

IN V¡TRO

Eggs cultured

Eggs reaching FEB*

IN VIVO

Eggs transferred

Eggs implanted

111

38

867

193

(100)

(34.2)..

(100)

(22.3).'*

t

**
FEB, fully expanded blastocyst

Not significant (P>0. 1; ft2 analysis)
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2.3. ldentification and analysis of transgenic mice.

2.3.1. ldentification of transgenic mice.

The incorporation of the injected pHMPG.4 gene construct into mice

genome was analysed by dilution dot-blot hybridization. The DNA was

extracted from the tail tissue and purified as described in Chapter 11.8.1. After

denaturation, 2.5 pg samples of DNA were applied on hybridization membrane.

Three additional samples were also included as controls, they were: a pig DNA

and pHMPG.4 plasmid as the positive controls, and a mouse DNA as a negative

control. The membrane was hybridized to 32P-labelled nick-translated Bam HI /

Pst I insert of pGH-3. Of the sixty five mice analysed twenty animals (11 females

and 9 males) were identified as positive for pHMPG.4 DNA (Fig. lll-1).

2.3.2. Evaluation of the number of copies of pHMPG.4 gene

in transgenic mice.

The number of pHMPG.a gene copies incorporated into the genome of

the transgenic mice was determined by slot-blot hybridization. Samples of

denatured DNA of each transgenic animal and pHMPG.4 DNA corresponding to

genomic copy numbers ranging from 1 to 80 per cell were applied to the

hybridizatíon membrane through a slot -blot device. The membrane was then

hybridized to 32P-labelled nick-translated Hind III lAva I insert of hMT-IIA

promoter and autoradiographed against X-ray film at -80oC. The intensity of

hybridization of genomic samples were compared by laser densitometry of

autoradiograms with the plasmid standards, and the number of pHMPG.4 gene

copies in transgenic animal was estimated. The number of copies of pHMPG.4

sequence in transgenic mice ranged from 1 to more than 80 (about 150) copies

per cell (Table lll-3 and Fig. lll-2).



FIGURE lll-1. Dot-blot analysis of potentially pHMPG.4 transgenic mice

(from Yize, 1987, with permission).

Samples of DNA (2.5 pg) isolated from the tail tissue were examined by

dot-blot analysis (Chapter 11.8.2.). Plasmid pHMPG.4 (plas.) and pig genomic

DNA (PlG) as positive controls and mouse genomic DNA (MSE) as a negative

control were used. A legend to identify the samples on the dot-blot is shown

bellow.

123456 7 8 9 10 11 12

APTGMSE 1 2 3 4 5 6 7 I 9 10

B 11 12 13 14 15 16 17 18 19 20 21 22

c23 24 25 26 27 28 29 30 31 32 36 37

D39 40 41 43 44 45

E52 53 54 55 56 57

47 48 49 '50 51

59 60 61 62 63

plas

46

58

F 64 65 66 67 68 69 MSE P¡G
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TABLE lll-3. Characteristic of pHMPG.4 transgenic mice (F 0)

a

Mouse

number

Sex* Number of
gene copies

Relative weight al 12 weeks**

4

5

I
20

25

¿o

28

29

36

40

45

49

50

51

54

57

62

65

67

69

M

F

F

F

F

F

M

F

M

M

M

F

F

F

M

M

F

M

M

F

70

3

36

1

10

I
14

3

14

4

42

15

16

36

JO

3

32

10

15

150

1.04

0.82

1.24

1.80 T

1.01

1.80 t
ND

1.65 1

0.90

1.55 t
1.25

0.94

1.07

1.16

1.09

0.72

1.34 t
1.so f
0.94

1.80 t

* M-male,F-female
Ratio of body weight of transgenic mouse to average body weight of sex
matched control siblings. ND, not determined.
Denotes animals which body weight at 12 weeks was greater than
2 sd. above mean body weight of non-transgenic siblings.

**

r



FIGURE lll-2. Slot-blot analysis of DNA from pHMPG.4 transgenic mice

(from Vize, 1987, with permission).

Samples of DNA (5 pg) from transgenic mice as well as mouse (MSE)

and human (HUM) genomic DNA (as negative and positive controls

respectively) were analysed by slot-blot hybridization (Chapter 11.8.3.). The

plasmid pHMPG.4 standards corresponding to gene copy number ranging from

1 to 80 per cell are in rows 8, 9 and 10. A key to identify the samples on the blot

is presented below.

A cB

1

2

J

4

5

b

7

I
I
10

4

5

I
26

28

29

(80)

(40)

(32)

JO

40

45

50

51

MSE

54

57

62

65

69

HUM

(24)

(16)

(8)

(4)

(2)

(1)
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2.4. Growth of transgenic mice.

The body weight of transgenic mice and their control, non-transgenic

littermates, was recorded weekly, starting from the age of three weeks. (Fig.

lll-3). Two of the transgenic females, #20 and #69, were markedly greater than

their non-transgenic female siblings (body weight 2 sd above mean body

weight of control) at the age of 3 and 4 weeks respectively. The significant

increase in body weight of other transgenic mice was noticeable between ages

of 5 and 9 weeks. At the age of 12 weeks some of the transgenic mice were

almost twice the size of the non-transgenic controls. The size difference is

illustrated in Fig. lll-4, for one of the transgenic males alongsíde his non-

transgenic brother.

The relative weight (body weight to the mean body weight of non-

transgenic sex matched siblings) of transgenic animals at 12 weeks is

presented in Table ltl-3. Although most of the transgenic mice seemed to grow

bigger, only seven (females #20, 26,29,62,69 and males # 40,65) where body

weight at 12 weeks was greater than mean body weight + 2 sd of contiols were

classified as large.

There was no correlation between the size and the number of copies of

the porcine growth hormone gene detected in transgenic mice (Table lll-3).

Three of the largest mice with relative weights of 1.80 had 1,8 and 150 copies

of pHMPG.4 gene respectively, while some other mice with high number of

gene copies (e.9. 42 or 70 copies) were approximately the size of the non-

transgenic control mice.



FIGURE lll-3. Growth of pHMPG.4 transgenic mice.

The growth of transgenic mice and their non-transgenic littermates was

recorded weekly. The body weight of each transgenic animal is compared with

the mean body weight + 2 sd of sex matched non-transgenic control siblings.
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FIGURE lll-4. Transgenic mouse.

The size differnce between transgenic and non-transgenic mice is

illustrated. Both animals were 14 week old when the photograph was taken.

The large male (transgenic) weighed 54 g, the smaller one (non-transgenic

brother) 24 g.
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2.5. Reproductive capacity of transgenic mice.

To assess whether transgenic mice were fertile, they were mated with

normal (C57BU6 x CBA) F1 mice. The capacity of transgenic mice to produce

offspring is presented in Table lll-4. Almost all males, with the exception of one,

sired at least one litter. However the fertility of transgenic females was

decreased and seemed to be inversely related to the size of the anirnal. Only

two of the large females were capable to produce one small litter each. ln

addition, the largest female (#69) with relative weight of 1.80 did not have

enough milk and her pups had to be fostered. The four females, which did not

produce any offspring, were capable to mate with males (as judged by the

presence of vaginal plugs) but none of these matings resulted in detectable

pregnancy.

2.6. lnheritance of the transgene by subsequent

generations.

2.6.1. Transmission of the pHMPG.4 gen'e to Fl generat¡on.

The DNA samples of the offspring (F1) of the transgenic founder (F0)

mice were analysed to determine if the foreign gene sequences were

transmitted to the F1 progeny. The DNA samples of the progeny along with the

samples of the parental DNA and appropriate positive and negative controls

(see Chapter 111.2.3.1.) were analysed by dot-blot hybridization. tne 32p-

labelled nick-translated Hind III I Ava I insert of hMT-IIA promoter was used as

a probe. The hybridization results are shown in Fig. lll-5.

Nine (75%) of the twelve F0 mice passed on the pHMPG.4 gene

sequences to at least some of their offspring. The frequency of the

transmission is presented in Table lll-4. The percentage of F1 animals positive

for the pHMPG.4 gene from any one parent ranged between 0 (mice: #51,62,

69) and 53 (mouse # 4).
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TABLE lll-4. Breeding capacity of transgenic mice and germ line transmission

of pHMPG.4 sequences to F1 generation.

Parent (F0) Number of offspring (F1)

number sex* relative weight produced transgenic %

transmission

40

65

45

54

4

67

óo

57

20

26

69

29

62

I
51

50

25

5

1.55

1.50

1.25

1.09

1.04

0.94

0.90

0.72

1.80

1.80

1.80

1.65

1.34

1.24

1.16

1.07

1.01

0.82

I
18

13

21

34

16

0

15

0

0

3

0

6

0

5

19

.t

12

4

4

5

10

18

4

0

1

0

0

0

0

0

0

0

4

ND**

4

50

22

38

48

53

25

0

7

0

0

0

0

0

0

0

21

ND

33

M

M

M

M

M

M

M

M

F

F

F

F

F

F

F

F

F

F

* F, female; M, male.

ND, not determined**



FIGURE lll-5. Dot-blot analysis of pHMPG.4 transgenic founder (F0) mice and

their offspring (F1) (from Vize, 1987, with permission).

The inheritance of the pHMPG.4 gene in the offspring of F0 mice was

determined by dot-blot (Chapter 111.8.2.). A key indicating the identity of each

sample on the dot-blots is shown below. Asterisks indicate F0 parents. Arrows

indicate some of the fainter dots. PlG, MSE, HUM denote porcine, murine and

human genomic DNA respectively. The dots in row H on the bottom blot contain

different amounts of PHMPG.4 DNA.
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The number of the pHMPG.4 gene copies inherited by F1 mice was

estimated by dot-blot hybridization. The intensity of the hybridization was

compared between parent and its offspring (Fig. lll-5). The intensity varied

markedly between some of the founder mice (# 4,5, 40,45, 65, 67) and their

progeny. In three instances (#4, 40 and 45) some of the offspring had lower

gene copy number than the parent while in the other cases (#5, 65 and 67)

proportion of progeny carried higher gene copy number than the founder

animal. The inheritance patterns of these mice are presented in Fig. lll-6.

2.6.2. Growth of F1 transgenic mice.

The growth of transgenic F1 mice was monitored weekly and compared

with that of their non-transgenic, sex and age matched siblings. The progeny of

two large F1 males also inherited the large growth phenotype of their fathers.

Two other males (# 54, 67) with relative weight of 1.09 and 0.94 respectively,

had sired transgenic offspring which grew larger than their parents or non-

transgenic siblings. The growth of the transgenic offspring of the remaining

founder mice was similar to that of their parents and non-transgenic littermates.

These results are presented in tabular form by comparing the relative weights of

F1 offspring and their parents at 12 weeks (Table lll-5).



FIGURE lll-6. Pedigree analysis of pHMPG.4 transgenic mice.

Mice which carried the pHMPG.4 gene are indicated by solid symbols.

Squares represent males, circles represent females and diamonds represent

neonatals of unidentified sex. The variations in the foreign gene copy number

seen in some of the F1 mice is shown as follows: open and solid triangles

indicate the animals with lower and higher copy number respectively as

compared with their parents. The asterisks indicate mice classified as large.
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2.6.3. Transmission of the pHMPG.4 gene to F2 and F3

generations.

To determine that the pHMPG.4 gene was permanently incorporated in

the germ line of the transgenic mice, the second (F2) and third (F3) generations

of mice were generated by mating F1 and F2 transgenic mice respectively to

normal (C57BL/6 x CBA) F1 mice. ln both generations, F2 and F3,

approximately half of the offspring inherited the foreign gene sequences and

each of the transgenic mice carried the same number of the pHMPG.4 gene

copies as its parent. The grov'rth pattern of F1 and F2 parents was also inherited

by their F2 and F3 offspring, respectively (Fig. lll-6). Transgenic progeny of the

large parents always grew at the accelerated rate, while the offspring of the

normally-sized mice also grew normally.

To generale F2 and F3 mice both transgenic males and transgenic

females were used for breeding. Most of the males (80%), regardless of the

size, sired offspring. Only one of the large transgenic females gave birth to live

pups, but was not able to feed them. The remaining females mated with males,

but none delivered live offspring. Detail analysis of the fertility of transgenic

female mice is presented in Chapter Y.2.2.6.
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TABLE lll-5. Relative weights of two generations of pHMPG.4

transgenic mice a't. 12 weeks of age.

Parent (F0) Offspring (F1)

Relative weight**

Number Sex* Relative
weig ht

Females Males

t4411.561
1.76t

M

F

M

M

F

M

4

5

1.04

0.82

1.sst 1.86t

1 .25

1.07

1.09

0.72

1.507

0.94

1.03; 0.97: 1.01; 1.08
1.22; 0.95; 1.24; 1.16
1 .18; 1 .13; 1 .13

0.84; 0.77; 0.85;
1.06; 1 .15

0.80;
0.91 ;

1.05;
0.91

40

45

50

54

57

65

67

M

M

M

0.94; 0.85; 1 .11 ; 1.25

1 .18

1.761; 1.681; 1.771

1.01

1]2Ï
1.68t; 1.671

1.23

1.83t; 1.48t;
1.26Ï; 1.83t;
1.52t; 1.48t

1 .61t

1.56t

*

i*
F, female; M, male
Ratio of body weight of transgenic mouse to average weight of
sex matched control siblings.
Denotes animals which body weight at 12 weeks was greater than 2 sd.
above mean body weight of non-transgenic siblings.

t
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3. STUDIES WITH pHM¡PG.1 GENE CONSTRUCT.

The results presented in Chapters 111.2.4., 111.2.6.2. and 111.2.6.3.

showed that some of transgenic mice harbouring pHMPG.4 gene grew

much larger than their non-transgenic siblings. This indicated that

the hMT-IIA promoter was suff iciently active to induce the

expression of the porcine growth hormone gene even without

stimulation by the addition of heavy metal. To achieve better control

over the human metallothionein/porcine growth hormone gene

expression an attempt was made to modify hMT-IIA promoter in a

way which would retain its metal responsiveness, but remove the

basal level activity (see Chapter 11.5.2.)

3.1 . Generation of transgenic mice.

One-cell in vivo fertilized embryos were collected from 15

female mice. The male pronuclei of 346 eggs were microinjected

with approximately 2 pl of pHM¡PG.1 gene construct. Ninety two

percent of the eggs survived the microinjection and 296 of them

were transferred into recipient females.

On average 27 embryos were transferred into each recipient

(range from 21 to 32). Of 11 recipients, nine became pregnant and 6

delivered 29 pups (on average 5 pups per litter, range from 1 to 8).

Twenty eight pups survived to weaning and were analysed for the

incorporation of the foreign gene. Recipients were sacrificed at the

time of weaning the litters and their uteri checked for the presence

of the implantation scars. Of 296 embryos transferred 24/" (72 eggs)

im p lanted.
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3.2. ldentif ication and analysis of transgenic mice.

The dot-blot hybridization was used for the identification of

pHMAPG.I mice. The 5 ¡rg samples of DNA extracted from the tail

tissue of each mouse were denatured and applied on the

hybridization membrane. The membrane was then hybridized to Hind

III / Ava I fragment of the hMT-IIA promoter. Of 28 mice analysed 1 1

(2 females and I males) were found to be positive for the

incorporation of the pHM¡PG.1 gene construct (Fig. lll-7). The number

of copies of the foreign gene present in each of the transgenic mice

was estimated from plasmid standards present on the dot-blot and

in different mice ranged from 1 to 40 copies per cell (Table ¡ll-6

and Fig. lll-7).

3.3. Growth of transgenic mice.

Body weight of transgenic mice and their control non-

transgenic littermates was recorded weekly, starting from the age

of 3 weeks (Fig. lll-8). Two transgenic females grew at a rate

similar to that of non-transgenic siblings. Of nine transgenic males,

only two (# A-1 and A-3) had body weight greater than the mean

body weight + 2 sd of non-transgenic male siblings. However these

differences became less pronounced as the males grew older. The

body weights of the remaining transgenic males were comparable

with those of the non-transgenic male siblings, although they were

in the lower range of controls.



FIGURE lll-7. Dot-blot analysis of potentially pHM¡PG.1 transgenic mice

(from Vize, 1987, with Permission).

The samples of DNA (5 pg) from tail tissue were analysed by dot-blot

hybridization (Chapter 11.8.2.). Mouse (MSE) and pig (PlG) genomic DNA as

negative controls and pHMPG.4 DNA as a positive control were included. A

legend to identify the samples is shown below. The dots in row D contain

different amounts of pHM6PG.1 DNA.
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TABLE lll-6. Relative weights and reproductive capacity of

pHM¡PG.1 transgenic mice.

An i mal
number

Sex* Number of
pHM6PG.1

copies

Relative weight**
at 10 wks of age

Number of offspring

total transgenic (%)

A-1

A-3

A-4

B-3

B-8

c-1

c-2

c-5

c-7

D-3

E-2

M

M

F

F

M

M

M

M

M

M

M

12

I
2

I
2

3

1

40

10

4

5

1.33t

1.297

0.95

0.98

0.89

1.03

1.16

0.92

0.99

0.72

0.83

0

10

2

1

14

22

10

12

24

28

23

0

5

0

0

2

11

3

I
10

7

11

(0)

(50)

(0)

(0)

(14)

(s0)

(30)

(7s)

(42)

(25)

(52)

* F, female; M, male.
Ratio of body weight of transgenic mouse to average weight of
sex matched control siblings.
Denotes animals which body weight at 10 weeks was greater
than 2 sd above mean body weight of non-transgenic siblings.

**

t
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3.4. Transmission of the pHM¿PG.1 gene to F1 generat¡on

of mice.

The F0 transgenic mice were mated with (C57BL/6 x CBA) F1

mice. All animals, with the exception of one male, produced

offspring (Table lll-6). The two transgenic females, which produced

one small litter each (thus proving their fertility) were not used for

the generation of F1 mice. The inheritance of the pHM¡PG.1 gene by

the F1 generation was analysed by the dot-blot hybridizatíon (Fig.

lll-9). The frequency of transmission of the foreign gene varied from

14 "/" in the male #B-8 to 75 "/" in the male #C-5 (Table lll-6 and Fig.

lll-10). The number of copies of the pHM¡PG.1 gene inherited by the

F1 mice was estimated by comparing the intensity of hybridization

of hMT-IIA promoter probe to the DNA samples from a parent and its

offspring. The hybridization patterns indicated that the offspríng of

each F0 mouse (with the exception of male #C-7) inherited the same

nurnber of copies of the porcine growth hormone gene (pHM6PG.1) as

its parent.



FIGURE lll-8. Growth of pHM¡PG.1 transgenic mice.

The growth of transgenic mice and their non-transgenic littermates was

recorded weekly. The body weight of each transgenic animal is compared with

the mean body weight +2 sd of sex matched control non-transgenic siblings.
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FIGURE llh9. Dot-blot analysis of pHM¡PG.1 transgenic founder (F0) mice

and their otfspring (F1) (from Yize, 1987, with permission).

The inheritance of the pHM¡PG.1 gene in the offspring of F0 mice was

determined by dot-blot hybridization of DNA samples from parent and its

progeny (Chapter 11.8.2.). A legend to identity each sample is shown below.

Asterisks indicate parents. PlG, MSE , HUM - p¡9, mouse and human genomic

DNA respectively.
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FIGURE lll-10. Pedigree analysis of pHM¡PG.1 transgenic mice.

Mice carrying pHM¡PG.1 genes are indicated by solid symbols. Squares

represent males and circles females. Sixteen non-transgenic offspring of the

male #D-3 are indicated as 1-->16 NT. Offspring of the mouse #C-7 which

contained lower number of copies of the transgene than their parent are marked

with triangles. The asterisks indicate mice classified as large.
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3.5. Growth of pHM¡PG.1 transgenic mice on diet

supplemented with zinc.
To assess whether the expression of pHM^PG.1 gene could be

controlled in pHM¡PG.1 transgenic mice the F0 animals were bred

with control C57BU6 x CBA mice. At the time of weaning (4 weeks

of age) transgenic offspring of each parent were divided into two

groups. The animals in one group were tested for zinc induction of

growth and their drinking water was supplemented with 25 mM

ZnSO4. The other group acted as a control and zinc was not added to

their diet. The mice were weighed periodically and their relative

weights were determined at 20 weeks (Table lll-7). ln each group,

regardless of zinc stimulation, a similar number of animals had

increased growth rate. Overall, approximately 30"/" of F1 transgenic

offspring (19 out of 63) had body weight greater than mean body

weight + 2 sd of control non-transgenic animals.

At 20 weeks the body weights of all founder animals were

similar to those of control non-transgenic mice, but the body

weights of some of their offspring were markedly increased. ln

almost all cases, with the exception of the males #B-8 and #D-3,

the F0 transgenic mice sired a number of offspring which grew much

larger than their parents. A particularly clear example of this is the

family of mouse #C-5 which produced offspring with relative

weights ranging between 0.95 and 2.14, while its own relative

weight was only 0.84.

Although these results suggest that there is no overall effect

of zinc, when administered in the manner described, on the

expression of pHM¡PG.1 gene, one third of F1 transgenic mice

showed increased growth rate. lt was then of interest to establish

whether zinc-enriched diet had any effect on growth of already large

animals in this group. The large animals were selected from both
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zinc-treated and control groups on the basis of their body weight at

20 weeks of age (body weight greater than mean +2 sd body weight

of non-transgenic siblings, Table lll-7). The relative weights of

these mice were compared before zinc induction of growth (4 weeks

of age), at the time of the anima!'s most rapid growth (7 weeks of

age) and at the end of the experiment (20 weeks) (Table lll-8). The

relative weights of transgenic males treated with zinc were similar

to those of control, non-treated animals at all three time points. In

the group of transgenic females the relative weights were similar

at the age of 4 weeks. However, at 7 weeks the females kept on

zinc-enriched diet had increased relative weights over those of

control animals and this difference was maintained in 20 week old

mice (Table lll-8).
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TABLE lll-7. Effect of zínc-enriched diet on growth of pHM¡PG.1

transgenic mice.

Parent's
number

Parent's
relative
weight*

Relative weights of F1 offspring*

Males Females

-Zn +Zn+Zn -Zn

A-3 1.15 1.æt 1.01; 1.55t

0.86;0.96

1.05; 1.10

1.367

B-8 0.91 0.80; 0.99 0.86; 1.14

c-1 0.95 0.89; 0.90

1.02; 1.35t

1.29

0.91; 0.98

1.03; 1.04

1.51T;1.60t

0.95; 1.66

2.12Ï 2.14Ï

0.96; 1.01

1.14

0.88; 0.91

0.96

2.25t

0.89;0.90

1.00; 1.38f

1.38t

t.4St; 1.57t

1.66t

0.86;0.98

0.85;0.93

0.96; 1.06

1.5st

1.13

C-5 0.84 1.3at;1.80t 1.13

c-7 0.98 0.97;1.02 1.04; 1.€t
1.04; 1.30t

D-3 0.68 0.90; 0.96 0.7e;0.e7

Ê-2 0.89

* Relative weight (ratio of body weight of transgenic mouse to the mean

body weight of non-transgenic sex matched siblings) was determined at

20 weeks of age.

t Mice which body weight at 20 weeks was greater than mean body weight

+ 2 sd of non-transgenic sex matched siblings.
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TABLE lll-8. Zinc induction of growth in pHM¡PG.1 large transgenic mice.

Sex
group

Treatment Number of

animals

Relative weight* at the age of:

4 weeks 7 weeks 20 weeks

Males -7n 3

+Zn 5

5Females -Zn

+Zn 6

1.33
+0.11

1.20ns
+0.08

1.16

r0.11

1.20ns
+0.15

1.22
+0.09

1 .1gns
+0.09

1.23

r0.04

1.58ö

r0.12

1.45

10.06

1.4gns

r0.10

1.52

r0.05

1.gga

t0.13

* Mean values * sem. Transgenic mice kept on zinc-enriched diet were

compared wíth sex matched transgenic control animals (ANOV):

ns / not significanti a I P< 0.05; b/ P<0.006.
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4 DISC USSION.

The frequency with which transgenic mice can be generated depends

upon a number of factors, including the concentration and form of DNA, the site

of injection (male or female pronucleus or cytoplasm) as well as the expertise of

the experimentator. Under conditions described by Brinster et al. (1985) where

a few hundred copies of linear DNA were microinjected into the male

pronucleus of one-cell fertilized eggs obtained from hybrid mice, about 25o/" ol

mice that developed were transgenic. Microinjection under similar conditions of

approximately 600 copies of pHMPG.4 and pHM¡PG.1 gene constructs

resulted in the frequency of gene introduction of 311" and 39% respectively

(Chapters 111.2.3.1. and ¡11.3.2.). The overall efficiency of producing live animals

from injected and transferred eggs was approximately 10% for both gene

constructs and was comparable to that repofted for other metallothionein/growth

hormone fusion genes (e.9. Brinster et al., 1985).

One of the major obstacle to the successful gene transfer is lysis of a large

number of eggs caused by the damaging effect of the injection pipette on cell

membrane (Walton et al., 1987). The high proportion of embryos which survived

microinjectíon (more than 90"/" lor both pHMPG.4 and pHM^PG.1 constructs;

Chapters l,11.2.1. and 111.3.1.) and developed to the 2-cell stage in vitro (Table lll-

1) is attributed to the usage of a very fine pipette (Chapter 11.4.1.2.). The only

study which evaluated the effect of the size and shape of the injection pipette on

embryo survival is that of Walton et al. (1987). These authors found that the

introduction of larger pipettes, measuring 0.7 pm OD at the tip and 7.5 or 9.6 pm

OD across the shaft 80 pm from the tip, resulted in lysis of 30% of mouse eggs

within t hr after injection. This detrimental effect was even more pronounced for

sheep eggs (up to 47"h oÍ lysed zygotes).

The lack of difference in the proporlion of embryos developing to the

blastocyst in vitro following micropipette puncture with and without fluid injection

indicate that the DNA and its buffer did not have deleterious effect on embryos

viability (Table lll-1). Thus, degeneration of almosl 70"/" of mícroinjected
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embryos at this early developmental stage was probably caused by the

mechanical damage of the chromatin structure (Chapter 111.2.2.2.). This explains

the low implantation rate of pHMPG.4 and pHM¡PG.1 microinjected eggs

occurring atter their transfer into recipient females. However, since only 41o/" ol

implanted embryos developed to full term (Chapters 111..2.1 and 111.3.1.), the

effect of introduced genes on subsequent foetal development can not be

excluded (Schnieke et al., 1983; E. Wagner et al., 1983; Palmiter et al., 1984).

The number of copies of pHMPG.4 and pHM¡PG.1 inserts integrated into

transgenic mice genome ranged from 1 to 150 copies (Tables lll-3 and lll-6),

which is consistent with the results obtained for other transgenes (reviewed by

Palmiter and Brinster, 1986).

A number of pHMPG.4 transgenic mice grew larger than control littermates

(7 out 20, Chapter 111.2.4.). As previously observed (Palmiter et al., 1983), the

increased grou/th rate commenced in some of the animals at about 3 weeks but

did not plateau at 12 weeks; all seven large mice continued to grow

substantially faster than control littermates to at least 28 weeks (Fig. lll-3). The

lack of correlation between the growth rate of transgenic animals and the

number of copies of the foreign gene observed in this study (Table lll-3) has

also been shown for other GH fusion gene transgeníc mice (Palmiter et al.,

1983; Hammer et al., 1984, 1985a; Morello et al., 1986). The overall efficiency

of achieving transgenic animals that grew larger than their control siblings was

35"/", a value lower than that repofted for other GH fusion genes (references

cited above). The reason for this discrepancy is not known. lt could be

speculated that low proportion of large mice reflects the specificity of the

pHMPG.4 fusion gene, since more than 70% of mice carrying other

heterologous GH genes fused to murine or human metallothionein promoters

grew substantially bigger (Palmiter et a|.,1982a, 1983; Hammer et al., 1984,

1985a).

It has been reported that the fertility of large MT-GH transgenic female

mice but not male mice is dramatically reduced (Hammeret al., 1984, 1985a).
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The results obtained in this study corroborate these observations as only two of

the five large females were capable of producing offspring while almost all

transgenic males, regardless of the size, successfully sired litters (Table lll-4).

Breeding of transgenic animals is the most common method of

determining the stability of integration of the introduced genes into the host

chromosome. Current estimates are that about 30% of transgenic founder mice

show some degree of mosaicism and similar proportion have the transgenes

integrated in more than one site (Palmiter and Brinster, 1985, Wielkie et al.,

1986). Only four of nine pHMPG.4 transgenic mice transmitted the foreign gene

to approximately half of their progeny (Table lll-4) indicating that more than half

of the founder mice were germ line mosaics, a value much higher than that

found in the literature. ln addition some of the offspring inherited different

number of copies of the foreign gene as compared with their parents (Chapter

111.2.6.1.). This suggested that in six of the founder mice the pHMPG.4 gene was

incorporated in multiple chromosomal locations. However, since some of these

mice transmitted the foreign gene to less than 35% of their offspring and less

than half of the offspring inherited each of the different loci, these founder mice

could also be mosaics.

Many of the F1 mice inherited the growth pattern of their parents (Table lll-

5, Fig. ll¡-6). However, in the case of two families, namely #54 and #67, the

growth rate of the offspring was markedly enhanced as compared with that of

the founder mouse. Varíable expression of the foreign gene linked to the mouse

MT-l promoter among founder animals and their offspring was found to be

correlated with the changes in the methylation pattern of the transgene

(Palmiter et al., 1982). Similar mechanism may be responsible for the variations

in the growth of F0 and F1 pHMPG.4 mice observed in families #54 and #67.

The results of the breeding experiments indicated that despite of

mosaicism among F0 transgenic mice, the pHMPG.4 gene was stably

incorporated in the germ line and was transmitted in Mendelian fashion through

subsequent generation. (Chapter I I 1.2.6.3.).
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The level of the uninduced expression from hMT-IIA promoter was

sufficient to promote accelerated growth in many of pHMPG.4 transgenic mice.

ln an attempt to achieve control of the growth of transgenic mice new gene

construct with modified promoter was developed (pHM¡PG.1; Chapter 11.5.2.). ln

contrast to the F0 pHMPG.4 mice, the overall growth rate of the F0 mice

containing pHM¡PG.1 insert was much lower (Table lll-6, Fig. lll-8). This

suggested the possible effect of the modified promoter on the phenotypic

expression of the fusion gene. However, when the F1 pHM¡PG.1 mice were

tested for zinc inducible growth, it was found that similar number of animals

maintained on zinc-enriched or zinc-free diet grew at the enhanced rate (Table

lll-7). The increased growth rate of some of these mice, kept without zinc, and

independent of the growth rate of their parent, was similar to that observed in

pHMPG.4 transgenic mice. This indicates that the modification of the hMT-IIA

promoter did not remove the sequences responsible for its basal level

expression.

The experiments by Palmiter et al. (1982a, 1983) and Hammer (1985a)

demonstrated that although in most of transgenic mice kept on zinc or cadmium-

enriched diet expression of the MT/GH gene construct was enhanced, it did not

affect growth rate of the animals. Thus, the increased growth rate of pHM¡PG.1

large transgeníc females in response to zinc treatment is the first demonstration

of such phenotypic changes in MT/GH míce.

The results of transgenic mouse experiments demonstrated that each of

the produced animal was unique. The differences included such features as:

number of integrated copies of the transgene, integration sites, reproductive

capacity, unstimulated grourth and responsiveness to growth inducement. This

clearly demonstrates the need to create a pool of transgenic animals from which

the animals with desired characteristics could be selected.
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IV. CREATION OF TRANSGENIC PIGS.
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2

1. INTHODUCTION

The pHMPG.4 gene construct was shown to be effective in creating

transgenic mice (Chapter lll). The expression of introduced transgene resulted

in the impressive, albeit unregulated, growth performance of high proportÍon of

transgenic mice and their offspring. Although pHMPG.a construct needs further

refinements it can be used in developing procedures leading to its introduction

into porcine genome. Before microinjeclion was attempted, it was necessary to

develop efficient systems of collection of large number of one-cell fertilized

embryos from abattoir slaughtered sows and to optimise the culture conditions

capable of supporting in vitro development of microinjected eggs (Chapter 1V.2.

and 1V.3.). Also suitable procedures for transfer of microinjected embryos into

appropriate part of reproductive tract of recipient sows had to be developed

(Chapter lV.3.).

DEVELOPMENT OF CULTURE SYSTEM TO MAINTAIN

l.CELL PIG EMBRYOS 
'A' 

VITRO.

2.1. lntroduction.

The ability to culture embryos in vitro is fundamental to techniques

leading to production of transgenic animals. Most studies of culture media and

particularly of the energy source requirements of mammalian embryos in vitro

have been done with the mouse embryo (Brinster, 1965; Biggers et al. , 1967)

and much of the information about energy substrate requirements in other

specíes is conjectural. lt would appear that pyruvate is the central energy

source for the preimplantation embryos of many mammalian species (Whitten,

1970). However, studies on the development of four- to eight-cell pig eggs in

vitro have shown that the presence of pyruvate inhibits blastocyst formation

(Davis and Day, 1978; Stone et al. 1984). Furthermore, Stone et al. (1984)

demonstrated that lactate reduced the incidence of blastocysts hatching from

the zona pellucida, and indicated an additive effect of pyruvate and lactate.
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So far attempts to culture one-cell pig embryos have not been very

successful. ln the majority of the experiments limited development of one- and

two-cell embryos was observed and only few embryos progressed beyond the

four-cell stage (Rundell and Vincent, 1969; Wright, 1977: Davis and Day, 1978;

Herrmann et al. 1981). Although various media have been used in these

experiments, most of them contained lactate, pyruvate and glucose as the

energy source (Wright and Bonoliolo, 1981).

The present study was undertaken to evaluate the effects of pyruvate and

lactate on one-cell pig embryos developing in vitro with the aim of refining

culture techniques suitable for the intended transgenesis experiments.

2.2. Experimental design.

Large-White sows were given an intramuscular injections of 750 lU

PMSG followed by 500 lU HCG 52 hr latter. Sows were mated to Large-White

boars at the expected time of ovulation (42-44 hr atter HCG injection). Animals

were slaughtered 5-7 hr after mating and the embryos collected as described in

Chapters 1l.2.2. and 11.3.2. Minimal Essential Medium enriched with 10% HIHS

(v/v, prepared according to Stone et al. 1984) was used as the basal culture

medium. ln culture experiments the media contained various energy

compounds: glucose (1 mg/ml, G; present in original MEM), 25 mM sodium

lactate (L) and 0.25 mM sodium pyruvate (P) in combination as follows: G+L+P,

G+L, G+P and G.

Embryos were divided into four groups and washed twice in the medium

in which these embryos were then to be cultured. Between 4 and 10 embryos

were placed in 50 pl drops of medium under paraffin oil in 35 mm plastic culture

dishes, equilibrated at 37oC with humidified 5%COZ|5%O2190%N2 (v/v) gas

mixture. The dishes were then placed in an incubator at 37oC under an

atmosphere of the gas mixture. Embryos were observed at24 hr intervals with a

stereo-microscope at 40x magnification and the stage of development was

recorded. The embryos which did not divide during the first 48 hr of culture were

fixed in alcohol containing 251" (viv) acetic acid and stained in 1% (wlv)



93

acetoorcein for further examination. Chi-square analysis was used to test for

differences in the proportion of gmbryos developing to particular stage in vitro.

2.3. Results.

Of the total of 121 eggs recovered, 23 (24V") were degenerated and were

not used in the experiments. Overall, 83% of the cultured embryos divided to 2-

3-cell stage. The remaining 16 eggs were at 1-cell stage after 48 hr of culture

and atter staining proved to be unfertilized. The results obtained when culturing

the embryos in different combinations of energy source are presented in

Table lV-1.

There was no difference (P>0.05) in development between embryos

cultured in media supplemented with various energy sources. lnclusion of

pyruvate and/or lactate did not inhibit early embryonic development (1-cell to 4-

8-cell). However, only blastocysts which developed in MEM + glucose were

capable to hatch.

TABLE ¡V-1. ln vitro development of 1-cell pig embryos cultured in various

combinations of energy sources.

Energy

source

Number of

embryos
cultured

Proportion (%) ot embryos which developed

to the stage of:

2-3-cells 4-S-cells 6-8-cells 16-cells-M* B* hB*

(¡

G+L

G+P

G+L+P

26

22

21

23

92.3

86.4

71.4

78.3

46.2

54.4

57.1

73.9

38.5

50.0

38.0

56.5

15.4

31.8

9.5

13.0

11.5

4.5

4.8

4.3

7.7

0

0

0

TOTAL 92 82.6 55.4 47.8 17.3 6.5 2.1

* M, morula: B, blastocyst; hB, hatched blastocyst
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2.4. Discussion.

Davis and Day (1978) and Stone et al. (1984) demonstrated an inhibitory

etfect of pyruvate and lactate on blastocyst formation in pig embryos cultured rn

vifro. Results reported in this thesis show that neither pyruvate nor lactate have

a deleterious effect on rn vitro development of 1-cell porcine eggs.Although

there was a steady decline in the number of embryos developing to a partícular

stage in various combinations of energy sources, these differences were not

signíficant (Table lV-1). Similar results were obtained by Graves et al. (1977),

where 1- to 8-cell embryos were cultured in BMOC-2 supplemented with energy

sources such as glucose, lactate, pyruvate, oxaloacetate and 2-ketoglutarate.

No differences were obserued among treatments for the number of 1- to 4-cell

embryos developing to the 8-cell stage, but no fudher development occurred.

Wright (1977) and Lindner and Wright (1978), using media containing

glucose, lactate and pyruvate, reported limited in vitro development of porcine

embryos which were at 1- to 2-cell stage at collection. ln the first study 52o/" ot

embryos cleaved with 1.55 divisions per embryo, while in the second study six

of twenty three (26%) eggs developed to the expended blastocyst stage.

However, embryos collected at the later stages (more than 4-cells) continued to

develop to the blastocyst stage with some blastocysts hatching.

ln this study 48/" ol 1-cell embryos divided to the 6- 8-cell stage, 173%

to 16-cell-morula stage, 7"/" developed to the expanded blastocyst stage and

two blastocysts completely hatched. The discrepancy between these three

studies may be affected by many factors, including differences in genotype of

embryos and differences in culture conditions (Whitten's Medium vs MEM, BSA

vs HIHS).

The successful culture of 3- to 4-cell porcine embryos to the hatched

blastocyst stage has been achieved before (Lindner and Wright, 1978), but this

study is the first report of swine blastocysts hatching in vitro from embryos

cultured from the 1-cell stage.
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The results presented in Table lV-1 show that 1-cell embryos were

capable of developing to the blastocyst stage in the media supplemented with

glucose, lactate and/or pyruvate, but only blastocysts which developed in MEM

+ glucose hatched. These results demonstrate that glucose is an adequate

energy source for pig embryos developing in vitro from the 1-cell to the

blastocyst stage and they corroborate previous observations (Stone et al.,

1984) that MEM + glucose is superiorto glucose + lactate (G + L), glucose +

pyruvate (G + P) or glucose + lactate + pyruvate (G + L + P) supplemented

media for supporting the development of freshly collected 4- to 8-cell porcine

embryos to hatched blastocyst. Thus it was decided to use MEM + glucose in

transgenesis experiments as a medium suitable for short term culture of

embryos, prior to their transfer to recipient females.

TRANSFER OF SINGLE.CELL PIG EMBRYOS FROM

SLAUGHTERED SOWS.

3.1 lntroduction.

Present attempts to produce transgenic pigs require collection of the

large number of embryos prior to pronuclear fusion and transfer of the

microinjected embryos to synchronized recipients. ln an attempt to develop a

low cost procedure it was decided to utilize a regional abattoir as a source of

embryos. Arrangements were made to treat sows destined for slaughter with

hormones, before mating them to fertile boars, to increase number of eggs and

to harvest reproductive tracts within minutes of slaughter to recover embryos.

Systems for culture of 1-cell pig embryos have been detailed previously

(Lindner and Wright, 1978; Michalska et al., 1985 and Chapter 1V.2. this thesis),

but few groups have attempted to transfer pig embryos at this early

developmental stage. This chapter details a method for collection of embryos

from superovulated donors, mated about 6 hr prior to slaughter, with
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subsequent transfer of the 1- or 2-cell embryos to anaesthetized recipients on

the following day.

3.2. Experimental design.

Detailed methods for donor stimulatíon, embryo recovery, culture and

transfer are described in Chapters 11.1.2., ll.2.2.and 11.3.2. Briefly, donor sows

were stimulated to superovulation by intramuscular injection of 500 ¡U PMSG,

followed 44 hr later by 500 lU HCG. The sows in oestrus were mated to a fertile

boar and slaughtered 52 to 54 hr after the HCG treatment. Embryos were

recovered from flushings and transporled to the laboratory. Then the embryos

were washed in MEM and transferred to 50 pl droplets of the same medium for

overnight culture. On the following day, embryos were examined under the

stereo-microscope and these which were classified as fertilized (extrusion of the

second polar body or division to 2-cell stage) were transferred to the field

surgery for embryo transfer. Recipient sows were selected on the basis of cycle

synchrony with donors and were not treated with hormones. Embryos were

transferred surgically into the oviducts of anaesthetized females (Chapter

il.7.3.).

3.3. Results

Thirty-eight of 39 donors had ovulated at slaughter, and ovulation rates of

these sows (average ol 23 corpora lutea per donor, Table !V-2) exceeded

natural ovulation rates of sows where piglets had been weaned 4 weeks earlier

(near 17, see Varley and Cole, 1976). The number of embryos recovered from

the tubal flushings represented 65% of the number of corpora lutea (Table lV-2).

On the day following embryo collection, after overnight culture, 69% of

recovered ova were confirmed to have been fertilized (extrusion of second polar

body or division to 2-cell stage) (Table lV-2). A total oÍ 267 embryos were

transferred to 15 recipients (17.8+6.6 [1 sd] embryos transferred per recipient,

range from 11 to 38), 4 of which returned to oestrus during the fourth week

following transfer. A further 4 recipients returned to oestrus between 28 and 66
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days following transfer and the remaining seven recipients farrowed litters

which ranged in number from one to seven piglets (average 4.1Ð..1 [tsd]).

TABLE lV-2. Yields of ova/embryos from 38 slaughtered donors.

Observation Average (tsd)

per donor

Range between

donors

Total

Number of

corpora lutea

Number of ova/

embryos recovered

Number of

fertilized eggs

883 23.2r8.0

572 15.1r8.0

396 10 .4l6.2

10 - 45

0 42

0-37
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3.4. Discussion.

This attempt to transfer single-cell pig embryos between slaughtered

donors and anaesthetized recipients succeeded in establishing a simple

procedure for recovering large number of donor embryos, and resulting in a

yield of viable piglets. However, the number of embryos (total and fertilized)

recovered from individual donor sows varied widely (Table lV-2), the proportion

of fertilized ova was low (69% compared with values near 901" in spontaneous

oestrous cycles; Svajgr et al., 1974), only 47T" recipients farrowed (compared

with pregnancy rates near 75/" in conventional embryo transfer; Hunter, 1980),

and the numbers of piglets farrowed (29 from 133 transferred - fertilized

embryos) reflect an embryonic mortality rate near 807" (compared with values

near 35% for natural pregnancies; Scofield, 1975). Furthermore, the yield of

piglets at term was lower than yields from transfer of more advanced morulae

between anaesthetized donors and recipients ( for example Pope and May,

1977, recovered 38 normal embryos from uteri of 6 donors which had received

a total of sixty nine 4- and 8-cell morulae). The method therefore demands

considerable refinement before it can provide a viable alternative to

conventional embryo transfer procedures which utilize later stage morulae.

However, the technique described in this study proved suitable as interím

procedure for collection, culture and transfer of single-cell pig embryos and as

such can be utilized in the programme aiming to produce transgenic pigs.
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4 PRODUCTION OF TRANSGENIC PIGS BY PRONUCLEAR

MICRO¡NJECTION.

4.1. lntroduction.

The experiments described in Chapter lll proved that both pHMPG.4 and

pHM¡PG.1 gene constructs can be stably integrated into the germ line of

transgenic mice following microinjection to the pronucleus of one-cell fertilized

eggs. Furthermore, it was demonstrated that expression of the introduced genes

resulted in increased growth rates of mice. The experiments aímed at obtaining

controllable expression of porcine growth hormone Qene, however, proved to

be disappointing and indicated that pHM¡PG.1 construct was not superior over

the pHMPG.4 construct. Although both gene constructs were found to be

expressed in the proportion of transgenic animals, the enhanced growth rates

were observed in larger number of pHMPG.4 founder mice than in pHM¡PG.1

founder mice (31% versus 18%). ln view of these results pHMPG.4 gene

construct was selected for initial experiments aimed at insertion of extra copies

of growth hormone gene into pig germ line.

The feasibility of introducing foreign gene sequences into animals other

than a mouse has been demonstrated by Hammer et al., (1985). ln a series of

experiments they microinjected a fusion gene construct, containing human

growth hormone (hGH) gene linked to a murine metallothionein promoter, into

rabbit, sheep and pig embryos. Of 5000 injected eggs, 500 resulted in foetuses

or neonatals but only 18 of the 218 rabbits and 20 of the 192 pigs born proved

to be transgenic, and only one ol 73 lamb tested showed evidence of gene

integration. Additionally, and in contrast with the previous experiments with

mice carrying the same gene construct (Palmiter et al., 1983), none of the

transgenic offspring showed evidence of enhanced growth rates although the

expression of introduced gene by both RNA and protein analysis has been

demonstrated in over a half of transgenic rabbits and pigs.
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The failure of human growth hormone to stimulate growth in transgenic

pigs was probably to be expected, as it has been established that daily

injections of recombinant hGH had little effect on either the size or growth rate of

pigs (Baile et al., 1983). ln contrast, injections of purified porcine growth

hormone (pGH) into young p¡gs significantly improved their growth rates, lean

tissue mass and food conversion efficiency (Machlin,1972; Chung et al., 1985;

Rebhun et al., 1985) indicating that further studies aimed at transgenic delivery

of homologous growth hormone in pigs were justified. The purpose of the

studies presented in this Chapter was therefore to determine if microinjected

pHMPG.4 gene construct could become stably incorporated in the germ line of

transgenic pigs and if the expression of introduced gene would enhance the

growth rates of transgenic pigs.

4.2. Generation of transgenic pigs.

ln the course of studies to obtain transgenic pigs, two groups

of experiments were performed:

Group I

Twenty one donor sows were stimulated to superovulate and twenty

ovulated at the time of embryo collection. The superovulation and embryo

collection results are shown in Table lV-3. The overall mean ovulation rate was

24.1!6.6 (sd) emoryos per female. From 482 ovulations 338 embryos were

collected, for the recovery rate of 70%. At the time of collection 270 eggs were at

the 1-cell stage , 23 at Z-cell stage, 3 at 3-4-cell stage and 42 had degenerated.

Out of 27O 1-cell eggs, 16 were unfertilized (cumulus cells still present at the

time of collection) and were discarded. Two hundred and eighty embryos were

used in the experiments.

Because of the opaque cytoplasm of the pig ova no nuclear structures

can be seen even with differential-interference microscopy. After stratifying the

cytoplasm by centrifugation, pronuclei were observed in 218 (78%) eggs. One

pronucleus of 1-cell embryos or one of the nuclei of 2-4-cell embryos were



' 101

injected with about 600 copies of pHMPG.4 gene construct suspended in 2 pl, of

PBS. The remaining 62 eggs, in which pronuclei were not visible 
"fi'èt

centrifugation, were put in culture in MEM to asses their fertilization and

developmental capacity. After 2-5 hr of culture the pronuclei were not visible in

any of these embryos. Two third of them did not divide after additional 24 hr ol

culture. After fixing in 25% (v/v) acetic acíd and staining with 1% (w/v)

acetoorcein they were found to be unfertilized.

One hundred and eighty nine of the 218 microinjected embryos survived

overnight culture and were transported to the f¡eld surgery (remaining 29

embryos degenerated or fragmented during culture). The developmental stages

of embryos before and after microinjection and culture are presented in Table

tv-4.

The healthy microinjected embryos were transferred into oviducts of 13

recipient sows (13.2!4.2 [tsd] embryos transferred per recipient), nine of which

returned to oestrus during the third or fourth week following transfer. ln the

remaining four recipients the pregnancies were established, but were not

carried on. The recipients returned to oestrus between 34 and 45 days after

transfer. None of the above embryo transfers resulted in the binh of piglets.

Group ll:

ln these experiments 62 donors were stimulated to superovulate and 54

ovulated at the time of embryo collection. The superovulation and embryo

collection results are presented in Table lV-3. The overall mean ovulation rate

was 23.0+6.8 (tsd) per sow and the embryo recovery rate was 67"/". At the time

of collection most of the embryos were at the 1-cell stage, Z-cell embryos

representing only 4%. Eíghty eight embryos were degenerated and the

remaining 775 were used for the experiments.

After stratifying the cytoplasm of the embryos by centrifugation, the

pronuclei were visible in 442 of them. One pronucleus of the 1-cell embryos and

two nuclei of 2-cell embryos were injected with DNA solution as described

above (Group I experiments). The remaining 333 eggs in which pronuclei were
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not visible after centrifugation were cultured in MEM. More than half of them

(195 eggs) did not divide and after fixing and staining were found to be

unfertilized. When embryos proven to be fertilized were developed in vitro , no

nuclear structures were visible during the re-examination after 2-5 hr of culture.

Atter overnight culture 16 of lhe 442 microinjected embryos degenerated

and fragmented. Of the remaining 426 embryos 65% were still at the 1-cell

stage but the others underwent at least one cell division (Table lV-4). These

embryos were transferred into oviducts ol 14 recipient sows (30.0+6 [tS.D].

embryos transferred per recipient). Six of the recipients returned to oestrus

during the fourth week following the transfer and 4 recipients were culled

because of vaginal bacterial infection (not connected with the embryo transfer

procedure). Twenty eight days after embryo transfer blood samples were

collected from four sows which did not returned to oestrus. Plasma oestrone

sulphate levels were measured to confirm pregnancies and to predict the litter

sizes (Table ¡V-5). These four pregnancies were completed and resulted in the

birth of 17 alive píglets - 12 females, 5 males and one mummified foetus which

sex was not recorded (Table lv-s).
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TABLE lV-3. Yields of ova/embryos from slaughtered donors.

Observation Total Average
per donor
(+sd)

Range between
donors

GROUP I

Number of

corpora lutea

Number of ova/

embryos recovered

Number of

feftilized ova

GROUP II

Number of

corpora lutea

Number of ova/

embryos recovered

Number of

fertilized ova**

482 24.1 (6.6)

338 16.9 (s.6)

239 ND*

1245 23.0 (6.8)

863 16.0 (6.0)

580 12.1 (7.6)

12-40

4-28

ND"

4-40

0-28

0-26

* ND, not determined; in most experiments the embryos from few donors

were combined.

lncludes embryos proven to be fertilized a'fler ín vitro cullure.**
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TABLE lV-4. Developmental stages of the embryos before and after pHMPG.4

gene microinjection and 12hr in vitro culture.

Time

(hr atter expected

time of ovulation)

Number of embryos

total 1-cell 2-cell 3-4-cell

GROUP I

19-24
Imicroinjection]

35-40
[embryo transfer]

GROUP II

19 -24
Imicroinjection]

35-40
[embryo transfer]

218

1 89*

426*'

192

128

409

276

23

41

33

126

3

442

20

24

0

*

t+

29 embryos which degenerated atter microinjection are not included.

16 embryos which degenerated after microínjection are not included.
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TABLE lV-S.Comparison of number of transferred embryos and predicted as

well as actual litter size.

Recipient Number of

transferred
embryos

Predicted litter

size***

Number of

piglets born

(sex**)

533 4

4

5

(3F, 4M)

(3F, 1M)

(3F, 2M)

31

37

30

10

5

3 5' (3F, 1M)

1

2

.t

4

*

*i

***

1 piglet born dead, sex not determined.

F, female; M, male.

Calculated on the basis of oestrone sulphate concentrations in plasma

of pregnant sows.
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4.3. ldentification and analysis of transgenic p¡gs.

4.3.1. ldentification of transgenlc pigs.

The tail tissue samples were taken from 17 piglets shodly atter birth and

the DNA was extracted as described in Chapter 11.8.1. The piglets were tested

for the presence of the microinjected pHMPG.4 gene construct by dot blot

hybridization of their DNA. The Hind III / Ava I fragment of hMT-IIA promoter

was used as a probe (for details see Chapter 11.8.2.). Six piglets - 4 females (#

177, 295, 375 and 739) and 2 males (# 180 and 736) were found to be

transgenic (Fig. lV-1 ).

4.3.2. Evaluation of the number of copies of pHMPG.4 gene in

transgenic p¡gs.

The number of copies of the foreign gene incorporated into the genome

of transgenic pigs was determined by the slot-blot analysis (Chapter 11.8.3.). The

number of pHMPG.4 gene ranged from 0.5 copies per cell in animals # 375 and

739 to 15 copies per cell in animal # 295 (Table lV-6).

4.3.3. ,Analysis of the organization and integration patterns of

pHMPG.4 gene in transgenic p¡gs.

The organization and the pattern of integration of the pHMPG.4 gene in

transgenic animals were analysed by Southern blotting (Chapter 11.8.4.)

ln four pigs with more than one gene copy per cell digestion of DNA with

Bam HI restriction enzyme produced a single band on agarose gel

electrophoresis which was characteristic of one integration site. ln the

remaining two pigs with less than one gene copy per cell, bands were visible

only in DNA from pig #375. The presence of the three bands after Bam HI

digestion suggested that three small fragments of hMT-IIA promoter were

located at three separate chromosome sites (Fig. IV-2A).

The integration pattern was analysed by Southern blotting technique of

Eco RI digested DNA from transgenic pigs (Fig. lV-28). Only DNA from the

animal #295 produced banding pattern characteristic of head to tail
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conf¡guration. The DNA from the other three pigs with high number of pHMPG.4

gene copies produced large numbers of bands - none corresponding to the

head to tail integration. Furthermore, one of the bands in digested DNA form pig

# 180 seemed to correspond to the head to head configuration. Thus, as in

each of these animals the multiple copies of the fusion gene have integrated

into a single chromosomal site, the organization appears to be in a random

pattern and , because of the large number of bands after DNA digestion, it may

include a number of rearranged sequences.



FIGURE ¡V-1. ldentification of transgenic pigs

(from Vize, 1987, with permission).

DNA samples (10, 5 and 1 pg) isolated from tail tissue were examined by

dot-blot analysis (Chapter 11.8.2.). Plasmid pHMPG.4 and human (HUM)

genomic DNA as positive controls and pig (PlG) genomic DNA as a negative

control were included on each dot-blot. The plasmid standards (corresponding

lo 2, 1 and 0,5 gene copies per cell) are in row 1. Samples in rows A4 to Al l

and 81 to 89 contain the DNA samples of tested pigs. A key to identity the

samples on each blot is shown below.

A
123 4 5 6 7 8 9 10 11

10 ps 121

B
5 pg I1l

c
1 uo 10.51

HUM PtG 177 178 179 180 295 296 297 298

HUM PIG 177 178 179 180 295 296 297 298

HUM PIG 177 178 179 180 295 296 297 298

B
12345678 10 11

10 pg 373 374 375 376 735 736 737 738 739 PIG HUM

B
5

c
1

trg 373 374 375 376 735 736 737 738 739 PIG HUM

373 374 375 376 735 736 737 738 739 PIG HUM
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FIGURE lV-2 A. Southern blotting analysis of transgenic pigs

(from Vize, 1987, with Permission).

DNA samples from transgenic pigs and their non-transgenic littermates,

along with mouse and pig negative controls, and human positive control were

digested with Bam HI and analysed by Southern blotting (Chapter 11.8.4.).

Extremely faint bands present in DNA of pig #375 are highlighted with arrows.

Molecular weight markers are shown on the left of each gel.
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FIGURE lV-2 B. Southern blotting analysis of transgenic pigs

(from Vize, 1987, with Permission).

Eco RI digested (+) and undigested (-) DNA samples from transgenic

piEs and human positive and pig negative controls were analysed by Southern

blotting. Only pig #295 produced banding pattern corresponding to head to tail

integration of pHMPG.4 insert. Molecular weight markers are shown on the left

of each gel.
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4.4. Growth of transgenic pigs.

The body weight gain of six transgenic piglets and their eight non-

transgenic littermates (three non-transgenic piglets died of diarrhoea in the first

week) was recorded weekly (Fig. lV-3). ln the control, non-transgenic group

data obtained for females and males were combined - only two males survived

and their growth rate was very similar to that of control, non-transgenic females.

The following two criteria, routinely applied in commercial pig industry,

were used to assess the growth performance of transgenic pigs:

a/ time required for the pig to reach slaughter weight of 90 kg, and

b/ daily body weight gain between 20 and 90 kg.

One of the transgenic animals, female #295, showed markedly increased

growth rate, reaching commercial weight of about 90 kg at 17 weeks compared

with 21 weeks required for her non-transgenic sisters subjected to the same

husbandry and maintained on the same diet. The daily body weight gain

between 20 and 90 kg of that female was twice that expected of commercial

piglets of the same breed (1273 g as compared to 650 g) (Tablè lV-6). At 18

weeks of age, female #295 started rapidly losing weight and died 10 days later.

A gross post-mortem was conducted by piggery's employees. All internal

organs except lungs appeared to be normal - so lung infection was diagnosed

as a cause of death. No tissue samples were collected during post-mortem

making it impossible to confirm this diagnosis.

It was very difficult to evaluate the growth performance of the two

transgenic males. Although their body weight gain of between 20-90 kg was an

increase of about 10% (as compared with non-transgenic control) no proper

control was available as only two non-transgenic males survived, both from

different litters than the transgenic ones. Both transgenic males reached the

slaughter weight at approximately 20 weeks .

The transgenic male #180 was culled when 35 week old. A range of

tissue samples were examined for the presence of porcine growth hormone

mRNA by both Northern and nuclease protection analysis. No expression of the
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introduced gene was detected in liver, kidney, spleen, brain, testis or pituitary

(data not shown but see Vize, 1987).

4.5. Transmission of the pHMPG.4 gene to F1 generat¡on.

Considering the high incidence of gene rearrangement in the founder

transgenic pigs, it was important to demonstrate that once incorporated, the

introduced genes could be stably transmitted to offspring. Two of the transgenic

pigs, one with unrearranged (sow #177) and one with rearranged (boar #180)

sequences were therefore mated to control animals and the offspring examined

for the inheritancei of the foreign gene by dot-blot hybridization. As shown in

Fig.lV-4, both animals were capable to pass on the gene to a propoftion of their

offspring, indicating that the generation of stable lines of transgenic pigs is

feasible. Southern blot analysis of DNA from each of the transgenic offspring

revealed that each of these animals produced restriction patterns identical to

those of their transgenic parent (data not shown).



FIGURE lV-3. Grovvth of transgenic pigs

The growth performence of transgenic pigs and their non-transgenic

littermates was recorded weekly. The body weight of transgenic males (dotted

lines) and transgenic females (solid lines) are compared with mean body

weight + sd of non-transgenic controls (males and females combined, bold

line).
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TABLE lV-6. Weight gain and plasma immunoreactive porcine growth

hormone (lR pGH) in transgenic pigs.

Animal's

number

Sex' Number of

gene copies

Plasma IR pGH

at 70 days (ng/ml)

Weight gain**

(g per day)

177

180

295

375

736

739

Non-transgenic
littermates F&M

F

M

F

F

M

F

3

6

15

0.5

6

0.5

12

16

.tO

ND***

ND

ND

758

845

1273

680

646

700

0 1114(+5fl) 781+44(+sd)

*

*t

F, female; M, male.

Weight gain determined between 20-90 kg; body weight gain of

commercial pigs of the same genetic stock reared under the same

conditions was 650-700 glday.

ND, not determíned.***



FIGURE lV-4. lnheritance of the pHMPG.4 transgene in transgenic pigs

DNA samples (5 ¡rg) from the two transgenic parents and their offspring,

plus appropriate negative (Pig) and positive (Human) controls were examined

by dot-blot analysis (Chapter ¡1.8.2.). Pig #180, and otfspring 177-1, 177-2 and

180-1 to 180-3 were males. Pig #177 and offspring 177-3lo 177-5 and 180-4 to

180-8 were females. Southern blotting analysis of DNA from pigs #177 and

177-4 indicated that both animals contain an equal number of pHMPG.4 gene

copies per cell (data not shown).
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4.6. Discussion.

As compared with single or twin bearing species, the high

natural fecundity of the pig is important as this facilitates

collection of large number of one-cell embryos for microinjection

whilst reducing the number of surrogate females required. However,

usage of abattoir slaughtered animals as a source of eggs reduced

the overall eff iciency of the programme since only 22% of

uninjected embryos obtained in this manner survive the lengthy

collection, culture and transport procedures to develop to full term

piglets (Chapter 1V.3.3.). This compares with a success rate of

greater than 6Q/" expected with surgical collection and immediate

transfer (Chapter 1V.3.4.).

The opaque cytoplasm of pig eggs necessitates stratification

of the cytoplasm by centrifugation to visualize pronuclei prior to

microinjection. Wall et al.(1985) established that centrifugai¡on of

one- and two-cell p¡g ova followed by immediate transf er to

recipient females does not have detrimental effect on survival and

development of embryos recovered 4 days later. This was

corroborated by the observation that centrif uged mouse eggs

developed to blastocysts ín vitro and to term after transfer to

recipients at the same rate as uncentrifuged eggs (Nakamura et al.,

1986). However in the recent report, Hammer et al. (1986)

demonstrated that centrifugation and 12 h culture resulted in only

52o/" of p¡g embryos developing to blastocysts following transfer.

Furthermore, injection of DNA reduced embryo development to 23/".

It is thus not surprising that the initial exoeriments, in which

relatively low number of embryos per recipient were transferred (13

per sow, Chapter |V.4.2. Group l) were unsuccessful in terms of

producing piglets from microinjected eggs. ln the another series of

transfers (Chapter |V.4.2. Group ll), a total of 423 microinjected
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embryos were transferred to 14 synchronized recipient sows, this

tíme at an average of 30 per sow. Six of the recipients returned to

oestrus during the fourth week following the transfer and four

recipients were culled because of bacterial infection. The remaining

four sows completed the pregnancy and produced a total of 18

piglets. The f requency of producing piglets f rom microinjected

embryos was one live b¡rth per 16 embryos, excluding the embryos

from infected sows. This is similar to the efficiency obtained with

mouse one-cell embryos injected with the same plasmid construct

were one mouse pup was achieved from an average of 11 injected

embryos (Chapter 111.2.1.). Similar efficiency rates of producing

piglets from embryos microinjected with mouse

metallothionein/human growth hormone gene were reported by

Hammer et al. (1985) and Brem et al. (1986). These authors reported

the pregnancy rate of 43-50% in recipients bearing injected eggs

with 6-gV" of injected embryos developing to term.

Measurement of oestrone sulphate levels in sows' blood at 28

days, which provides a reliable index of expected litter size (Stone

et al., 1986), indicated litters of 10, 5, 5 and 3 as compared lo 4,4,

5 and 5 piglets born respectively (Table ¡V-5). The numbers are too

low to allow firm conclusions but in parallel studies with mice

using the same pHMPG.4 gene construct it was found that of 867

eggs transferred 188 (22%) implanted and only 79 developed to

young pups (Chapter 11.2.1.). The loss of almost 80% of transferred

embryos before implantation is possibly attributed to mechanical

damage of the eggs during micromanipulation (Chapter 111.2.2.2.).

This confirms further the observations by Hammer et al. (1986) that

only 23"/" of microinjected p¡g eggs developed to the blastocyst

stage. However, as only 41o/o of implanted mouse embryo developed to

full term (Chapter 111.2.1.), there is a distinct possibility that the
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introduced genes have also a detrimental eff ect on foetal

development (Brinster et al., 1985).

Several groups have now reported successful productíon of transgenic

pigs with the integration efficiency of approximately 10o/" (Hammer et al., 1986;

Brem et al., 1986). The high efficiency of integration of pHMPG.4 construct

reported in this study (35% of analysed piglets found to be transgenic, Fig. lV-1)

most probably results from the use of a homologous growth hormone gene.

Other researchers used heterologous human growth hormone gene in this

system. This efficiency is also similar to that obtained in mice using the same

(31"/", Chapter 111.2.3.1.) or different gene constructs (27y", Brinster et al., 1985).

The findings that only one of the transgenic pigs studied (sow #295,

Chapter 1V.4.3.3., Fig. lV-28) contained the introduced gene organized in a

head to tail arøy is surprising, as all analysed pHMPG.4 transgenic mice have

been found to contain the transgenes in head to tail arrays (Mclnnes et al.,

1987). Also the results of other investigators indicate that nearly all transgenic

mice contain transgenes integrated in this conformation (Gordon and Ruddle,

1985; Palmiterand Brinster, 1985, 1986). The only available data on integration

patterns in transgenic pigs are those of Hammer et al. (1985), who have shown

that in the transgenic pigs the DNA was integrated in an ordered fashion and

inserts were found mostly in head to tail arrays. As the mouse data indicate that

pHMPG.a gene construct was integrated in the head to tail configuration and

results of Hammer et al. (1985) indicate that other constructs integrated in a

similar fashion in the porcine and murine genomes, the rearrangement of the

pHMPG.4 sequences in transgenic pigs is probably a phenomenon specífic for

this construct in the porcine genome. lt is of interest to note that the only

transgenic pig (sow #295), which demonstrated accelerated growth and had

increased plasma level of porcine GH (Table lV-6) was also the only animal

containing the ordered head to tail integration pattern.

Each transgenic pig created, using the current technology ¡s unique and

requires individual assessment since comparisons between them are difficult.
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Due to the small litter size, the animals in experimental litters may have a

favoured prebirth advantage over comparable commercial piglets. lt is worth

noticing however, that sow #295 (the only animal with elevated plasma pGH

level) achieved target produclion weight (90 kg) at 17 weeks compared with the

period of 21 weeks required for the other sows produced in the same litter and

the 25-30 weeks targeted for commercial stock (Fig. lV-3; Table lV-6).

The data presented in this thesis demonstrate for the first time that the

expression of a transgene in a transgenic farm animal can result in markedly

improved daily weight gain and body weight (Chapter lV.4.4.). As transgenic

pigs expressing high levels of human growth hormone do not appear to grow at

increased rate (Hammer et al., 1985, 1986), it is proposed that the enhanced

grovrrth of female #295 was due to the use of a gene construct which directs the

expression of porcine growth hormone, rather than a heterologous hormone.

An unexpected death of sow #295 due to the lung infection prevented

studies on the fenility of this animal and its capacity to transmit the transgene to

offspring. The experiments with transgenic mice expressing high levels of

growth hormone demonstrated reduced reproduction capacity of transgenic

females (Palmiteret al., 1983a; Chapters 111.2.5. and 111.2.6.3.). This may not be

as severe problem in pHMPG.4 transgenic pigs, as these animals would

express porcine growth hormone, not a heterologous growth hormone.

Similarly in transgenic mice with elevated murine growth hormone levels fertility

was not impaired (Hammer et al., 1985b).

The integration of pHMPG.4 gene in the germ line of transgenic pigs was

demonstrated in breeding experiments. The foreign gene construct was

successfully transmitted from two of the founder animals into a proporlion of

progeny (Fig. lV-4), indicating that the production of stable lines of transgenic

pigs with enhanced growth performance is feasible.
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V. CHARACTERIZATION OF TRANSGENIC
MICE AND PIGS.
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1. INTRODUCTION.

The central role of growth hormone in normal development has been

recognized for over several decades (Chapter 1.4.). Most of the evidence

documenting rn vivo aclions of GH on somatic growth and metabolism has been

obtained by studying the etfects of GH therapy in GH deficient humans and

animals (Knobil et al., 1956; Cheek and Graystone, 1978; van Buul-Offers and

Van den Brande, 1979; Holder et al., 1981; Frasier, 1983). Other important data

was derived from studying the consequences of overproduction of the hormone

in giant and acromegalic patients (Steiner et al., 1968; Greenberg et al., 1972;

Richmont and Wilson, 1978), experimental animals carrying GH-secreting

tumours (Takemoto et al., 1962; Weber et al., 1966; Prysor-Jones and Jenkins,

1980), and normal animals injected with GH (Machlin, 1972; Muiret al., 1983;

Chung et al., 1985). These and other studies clearly showed that GH plays an

important role not only in stimulating linear growth but also in altering body

composition by stimulating the metabolic processes and changing partitioning

of nutrients to tissues (Chapter 1.4.1 ).

Recent production of transgenic mice carrying and expressing

heterelogous growth hormone genes has provided an important additional

model of GH overproduction (Palmiter et a|.,1982a, 1983; Hammer et al.,

1985a; Morello et al., 1986). Most of these transgenic míce responded to the

extra GH by growing at an accelerated rate and eventually achieving almost

twice the size of their non-transgenic littermates. Accompanying the dramatic

changes in size and body weight, the transgenic mice showed a matched

enlargement of their internal organs (Hammer et al., 1985a; Shea et al., 1987).

Biochemical analysis of such giant mice demonstrated elevated levels of

circulating GH (up to several hundred-fold greater than normal) and 2- to 3-fold

increase in the concentration of plasma IGF-1 (Palmiter et al. , 1982a, 1983;

Hammer et al., 1985a). This reflects the lack of normal endogenous regulatory

control of GH secretion as in these animals GH was produced primarily in

tissues other than the pituitary (mainly liver, kidney and intestine), with the
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pituitary somatotroph cells themselves showing histological and biochemical

evidence of failure to develop properly (Palmiter et a|.,1983). The sexual

differentiation of certain liver functions that are influenced by GH periodicities

were also abnormal (Norsted and Palmiter, 1984) and the fertility of females

was impaired (Hammer et al., 1984).

The investigations described in this Chapter were undertaken to extend

the studies of transgenic mice to provide further details of the consequences of

the expression of pHMPG.4 gene construct on endocrine and metabolic state,

somatic growth and reproductive capacity of transgenic mice and pigs.

EFFECTS OF pHMPG.4 GENE EXPRESSION lN

TRANSGENIC MICE.

2.1. Experimental design.

The adolescent Fg pHMPG.4 transgenic mice and their non-

transgenic sib.lings were studied to assess the effects of GH-transgenesis

at the time of maximal growth of the animals. The mice were sacrificed at the

age of I weeks and blood and tissue samples were collected to allow

the comparison in relation to the plasma concentrations of pGH, IGF-

1, glucose, cr-amino nitrogen, free fatty acids and body and muscle

composition. The samples were collected and analyses performed

according to the methods described in Chapter 11.9.

ln addition to the analyses of the adolescent mice, a study of adult aged

(35-69 week old) mice was undertaken to reveal possible long-term endocrine

and metabolic effects of pHMPG.4 gene expression. The body weights of

animals and the relative weights of their major organs were also compared.The

results presented below are those obtained for three generations

(F0, F1 and F2) of pHMPG.4 mice and their non-transgenic, control

siblings. The growth of both transgenic and control mice was monitored

weekly. Comparisons were also made between pHMPG.4 and pHM¡PG.1
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transgenic mice and their non-transgenic littermates but no

discernible differences were evident in the parameters assessed

between transgenic animals harbouring these two different gene

co nstructs.

lnitial observations suggested that only small proportion of large

transgenic female mice were capable to give birth to pups (Chapter 111.2.5. and

111.2.6.3.). Therefore the reproductive capacity ol 29 large transgenic and 10

normally-sized transgenic females was investigated. Females were placed with

fertile C57BU6 x CBA males (Chapter !1.1.1.1.) and checked forthe presence of

copulatory plugs during the five following days. Mated large transgenic females

which did not produce otfspring were sacrificed and their uteri checked for the

presence of implantation scars (Chapter 11.7.2.3.).

2.2. Results.

2.2.1. Growth of transgenic mice.

As indicated before (Chapter 111.2.6.3.), amongst the proven transgenic

animals two groups could be identified. These were:

a/ normally-sized transgenic mice, in which body weight at anytime

was within the same range as that found for control animals,

b/ large transgenic mice, which at I or 12 weeks of age had body

weight greater than mean value + 2 sd of control animals.

The relative weights (ratio of body weight of transgenic mouse to mean

body weight of non-transgenic, sex and generation matched siblings) of the I
week old mice is shown in Table V-1. The relative weight of both, large

transgenic males and females was increased approximately by half as

compared with that of control or normally-sized transgenic sex matched

siblings. When both sexes within large transgenic group were compared , the

relative weight of the females was higher than that of males (1.58 vs 1.43,

P<0.03). There was no difference in the relative weights of both normally-sized

transgenic males and normally-sized transgenic females and the control males
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and females respectively. When the relative weights were compared between

sexes (males vs females in both control and normally-sized transgenic groups)

no differences were found.

The relative weights of mice al 12 and 20 weeks and the body weight at

at 35-69 weeks are presented in Table V-2. Both the males and females within

large transgenic group were bigger at 12 and 20 weeks than control or

normally-sized transgenic animals reflecting an increase in growth rate in the

large transgenic males of 50% and that of the females of 70o/" over non-

transgenic control. No difference was evident between the males and females

al 12,20 and 35-69 weeks within this group.

The relative weights of control and normally-sized transgenic females

was similar at 12 and 20 weeks, but by 35-69 weeks the body weight of

transgenic females was greater than normal. A number of normally-sized

transgenic males were smaller than that of control males and at 12 weeks the

mean relative weight of these mice was lower. However, at 20 weeks these

differences disappeared and at 35-69 weeks the mean body weight of normally-

sized transgenic males was similar to that of control males. The body weight

also did not differ between large and normally-sized transgenic animals but in

the control group, males were larger than females.
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TABLE V-1.Growth and concentrations of plasma immunoreactive pGH and

IGF-1 in adolescent pHMPG.4 transgenic mice.

Group

Relative
weight**

Porcine
growth hormone
(ng/ml)

Insulin-like
growth factor-1
(ng/ml)

Imean t sem (n) ]

MALES-

control

normally-sized
transgenic

large
transgenic

FEMALES-

control

normally-sized
transgenic

large
transgenic

r.00
+0.02 (33)

1.O2ns
+0.02 (13)

1.43b
+0.04 (e)

r.00
+0.03 (13)

0.97ns
+0.03 (7)

1.594
+0.03 (e)

5.2
r0.8 (33)

43ns
t1.2 (13)

1 86ó
r43 (26)

5.1
to.e (13)

3.gns
+1.2 (1s)

1 sga
+11 (9)

473
+13 (32)

465ns
+42 (13)

7654
+46 (e)

488
+21 (12)

46gns
+51 (7)

821 a
+15 (e)

i

**
Animals were I week old.
Ratio of body weight of transgenic mouse to average weight of control, sex
matched siblings.
Transgenic mice were compared with sex matched control siblings
(ANOV): ns/ not significanli il P<0.0001 : b/ P<0.00001.
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TABLE V-2. Growth of adult pHMPG.4 transgenic mice.

Group
Relative wei
Imean+sem

Body weight at
35-69 weeks

(g)

Imeantsem(n)]

ght*
(n)l

al 12 weeks at2O weeks

MALES

control

normally-sized
transgenic

large
transgenic

FEMALES

control

normally-sized
transgenic

large
transgenic

1.00
ro.o2 (2e)

0.944
10.04 (14)

1.49d
10.03 (26)

1.00
10.02 (28)

1.06ns
10.03 (20)

1.70c
10.04 (22)

1.00
10.02 (2s)

1.014
10.05 (16)

1.53d
10.03 (26)

1.00
+0.02 (29)

1.07ns
10.04 (15)

1.72c
t0.04 (24)

41 .8
+1 .1 (22)

43.2ns
+1.2 (14)

55.1d
r2.5 (1e)

32.8
+0.e (25)

39.1Þ
11.5 (17)

49.1b
11.7 (1s)

* Ratio of body weight of transgenic mouse to average weight of control
mice,sex and age matched.
Transgenic mice were compared with sex matched control siblin
(ANOV): ns/ not significant; a/ P<0.05; b/ P<0.005; c/
d/ P<0.00001.

gs
P<0.0005;
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2.2.2. Growth of organs in transgenic mice.

The weights of major organs were compared at autopsy between

pHMPG.4 transgenic adult (mean age 49 [t1] weeks [+sem]) mice and their sex

and age matched siblings (Table V-3). At the time of killing the body weight of

large transgenic animals was greater than that of control siblings (Table V-2).

The weight of examined organs was also increased in large transgenic mice

over that of control and normally-sized transgenic animals (Table V-3). The

greatest enlargement, disproportionate to the body weight increase was in the

liver and spleen (approximately 2.5 and 3-fold respectively). The weights of

kidney, heart and lung, although increased, were proportional to the increase of

the body weight. By contrast the brains of large transgenic males and females

although bigger than that of control and normally-sized transgenic animals,

were disproportionate to the increase of the body weight, and the relative brain

weights (ratio of transgenic to control animals) remained similar in all mice.

The weights of organs did not differ between normally-sized transgeníc

and control males. lnterestingly, the normally-sized transgenic females had

slightly increased weights of liver and kidney over controls, but this increase

was proportional to the size of the animals.



TABLE V,3. Body and organ weights of adult pHMPG.4 transgenic mice'

Organ weight (g).-
Group

MALES'

control (10)

normally-sized
transgenic (6)

large
transgenic (15)

FEMALES-

control (8)

normally-sized
transgenic (6)

large
transgenic (9)

Body weight..
(g)

40.9
!1.4

Brain

0.414
10.009

O.a1gnsI1.0l
+0.016

o.agsa [1.21
10.012

43.1ns [1.11
12.5

5a.94 [1.01
t2.7

2.022
10.160

.,.nggns1r 
.01

!0.147

,.7gsa [1.91
+0.278

0.489
r0.032

o.on5ns1t.0)
fr.047

O.uu5a 1r.31
r0.026

0.073
+0.002

0.075ns [1.0]
10.003

o.21saP.sl
+0.017

0.157
r0.006

O..,u3ns ¡r.01
+0.007

o.2a6a [1.61
+0.010

Lungs

0.148
r0.017

O.ro5ns ¡r.01
+0.012

0.2374 [1.61
r0.010

Liver Kidneys SPleen Heart

31.2
r0.8

01.7b ¡t.3)
+0.9

og.sc [1 .6)
13.1

0.444
10.008

0.434ns [1.0]
+0.011

o.a97c [1 .11

+0.015

1.265
+0.053

.'.rseb 
¡r .31

+0.174

,.u91b ¡z.sl
t0.775

0.31 4
10.011

o.r6eb 1r.21
r0.013

o.56sa [1.81
+0.041

0.080
+0.010

0.112ns [1 .4]
+0.012

0.3164 [a.01
r0.055

0.118
r0.006

0.126ns [1 .1]
+0.007

o.1e9a [1.71
+0.013

0.141
+0.011

0.152ns [1.1]
+0.005

o.ragb 1r.81
+0.020

*
J

f\)
@

**
Animals were between 35 and 69 week old. Number of animals in each group is given in parentheses'

Mean + sem, values in brackets are the relative body or orgañ *ägñis otiransqgñi" mice b-ompared.with those of sex matched

control siblings. Transgenic mice were compared with sex matóñeó control sìblings (ANov): nsl not significant; a/ P<0'006;

b/ P<0.01i c/ P<0.04.



1292.2.3. Endocrine state of transgenic mice.

In control and normally-sized transgenic males and females in both

age groups, the mean levels of immunoreactive porcine growth hormone (lR

pGH) were approximately 4-11 ng/ml (range from 2.3 to 30.1 ng/ml), which was

close to the lowest detectable level in radioimmunoassay technique (Tables V-1

and V-4). These figures are not claimed to accurately represent the

concentration of mouse GH, but are probably due to an undetermined cross-

reaction of endogenous mouse GH in the porcine GH radioimmunoassay.

The levels of lR pGH in adolescent large transgenic animals were on

average 40-fold greater than those in control or normally-sized transgenic mice

(Table V-1) with the levels in males being similar to that of the females in all

groups.

ln the 35-69 week old mice the mean values for lR pGH in large

transgenic males and females were increased 60 and 20-fold respectively,

when compared with control and normally-sized transgenic animals (Table V-

4). There was no difference in the concentration of lR pGH between males and

females within any group of animals.

ln both I week and 35-69 week old mice, large transgenic males and

females had higher concentrations of immunoreactive insulin-like growth factor-

1 (lR IGF-1)than control or normally-sized transgenic animals (Table V-1 and

V-4). The plasma lR IGF-1 levels did not differ between control and normally-

sized transgenic males and females. The levels of this growth factor were

similar in males and females within all groups.

ln neither I week old nor in 35-69 week old large transgenic males and

females the levels of plasma lR IGF-1 correlated with those of lR pGH. (Fig.V-1).

There was no correlation between the body weight and lR pGH in I week

old large transgenic males and females.The concentrations of plasma lR pGH

correlated with the body weight of 35-69 week old large transgenic males but

not with the body weight of large transgenic females.

ln mice from both age groups there was an overall correlation between

body weight and lR IGF-1 (Fig.V-1). When males and females were treated as
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two separate groups the correlation was observed in both sexes of I week old

mice, while in 35-69 week old group the correlation was evident in males but

not in females. There was no correlation between body weight and lR IGF-1

levels in large transgenic males and females in either I week or in 35-69 week

old mice.

2.2.4. Metabolic state of transgenic mice.

Similar changes in plasma metabolites were observed in

adolescent (8 week old) and adult (35-69 week old) large transgenic

mice. The concentrations of glucose were decreased and cr-amino

nitrogen levels were elevated, whereas no changes were detected in free fatty

acids concentrations when compared with control or normally-sized transgenic

animals (Table V-5 and V-6). When males and females were compared within

each group no differences in plasma levels of eíther metabolite were found.
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TABLE V-4. Concentrations of immunoreactive pGH and IGF-1 in plasma of

adult pHMPG.4 transgenic mice.

Group Porcine growth hormone
(ngiml) [meantsem (n)]

lnsulin-like growth factor-1
(ng/ml) [meantsem (n)]

MALES-

control

normally-sized
transgenic

large
transgenic

FEMALES-

control

normally-sized
transgenic

large
transgenic

10.8
11.3 (30)

7.sns
Ð..2 (12)

617c
1285 (1e)

10.4
t1.2 (28)

7.gns
+0.e (20)

1 99ö
r54 (16)

260
+15 (17)

245ns
e6 (8)

377 b
t25 (1s)

281
!23 (15)

22gns
+22 (15)

34ga
+52 (e)

* Animals were between 35 and 69 week old.
Transgenic mice were compared with sex and age matched control
siblings (ANOV): nsl not significant; a/ P<0.05; b/ P<0.003;
c/ P<0.0001.



FIGURE V-1. Correlations between the levels of lR pGH and lR IGF-1 and the

body weight of pHMPG.4 transgenic mice.
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TABLE V-5. Concentrations of glucose, cr-amino nitrogen and free fatty acids

in plasma of adolescent pHMPG.4 transgenic mice.

GlucoseGroup a-Amino
nitrogen

Free
fatty acids

(mM) [mean+sem (n)]

MALES-

control

normally-sized
transgenic

large
transgenic

FEMALES-

control

normally-sized
transgenic

large
transgenic

15.19
+0.42 (33)

15.91 ns
+0.56 (13)

12.884
+0.e5 (8)

15.31
+0.67 (13)

15.44ns
+0.58 (7)

12.954
!1.02 (e)

6.34
!0.17 (33)

6.71ns
10.34 (13)

10.36þ
10.57 (e)

6.82
10.18 (13)

7.3gns
10.45 (7)

9.57c
10.50 (e)

1.91
r0.14 (2e)

1.g1ns
+0.17 (13)

2.52ns
+0.57 (8)

1.59
10.06 (10)

1.40ns
È0.08 (7)

l.53ns
+0.06 (8)

* Anímals were I week old.
Transgenic mice were compared with sex and age matched control
siblings (ANOV): ns/ not significant; a/ P<0.03; b/ P<0.0003;
c/ P<0.0002.
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TABLE V-6 Concentrations of glucose, ø-amino nitrogen and free fatty acids

in plasma of adult pHMPG.4 transgenic mice.

Group Glucose cr,-Amino
nitrogen

Free
fatty acids

(mM) [meantsem (n)]

MALES-

control

normally-sized
transgenic

large
transgenic

FEMALES-

control

normally-sized
transgenic

large
transgenic

15.63
10.53 (30)

19.01 ns
jt1.44 (12)

10.43d
10.60 (1e)

13,54
fr.67 (27)

15.O7b
fr.27 (20)

11.03ö
10.60 (16)

6.30
fr.23 (30)

6.95ns
È0,28 (12)

7.14c
10.33 (1e)

6.21
10.31 (27)

6.13ns
fr.42 (20)

g.lga
t0.4e (14)

1.85
ro.1 5 (24)

2.O1ns
+0.28 (9)

1.76ns
fr.22 (18)

1.52
r0.10 (1e)

2.0gns
r0.18 (18)

1.47ns
fr.24 (15)

* Animals were between 35 and 69 week old.
Transgenic mice were compared with sex matched control siblings
(ANOV):nsl not significant; a/ P<0.03; b/ P<0.01 ; c/ P<0.005;
d/ P<0.0003.
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2.2.5. Carcass and muscle composition in adolescent m¡ce.

Carcass composition.

The weights of lean carcasses, composed of muscle and skeleton, were

increased in large transgenic males and females when compared with control

animals (Table V-7).There was, however, no change in the percentage of fat

associated with the lean carcass. Also the percentage of carcass water did not

differ between large transgenic and control animals.

The mean values for muscle mass were higher in large transgenic

animals than that in controls. The ratio: muscle mass to lean carcass mass was

very similar in transgenic and control mice (0.70 and 0.74 respectively),

indicating that the normal proportion of muscle to skeleton within the carcass

was retained with increased carcass mass in large transgenic males and

females.

Although the mean carcass weight was higher in control males than in

control females, it d¡d not differ between the sexes in large transgenic animals.

The percentage of carcass fat and water were similar between males and

females within both transgenic and control groups of animals.

Muscle composition.

The results of muscle composition analysis are presented in Table V-8. ln

large transgenic males and females the increase in the muscle mass was

accompanied by increased DNA content. lncreases in RNA content, protein

deposition and indices of protein synthesis (RNA to protein ratio) were observed

only in transgenic females. ln neither of the large transgenic groups was the

muscle concentration of DNA, RNA and protein nor the protein to DNA ratio

(index of cell size) different from those of control animals.

When control males and females were compared, a number of

differences were observed between both sexes. The muscle mass was larger in

males than in females, also RNA concentration, RNA and DNA contents, and

RNA to protein ratío were higher in males.
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Large transgenic females had lower muscle protein content than males.

This reflected the smaller muscle mass in females over that of males. The mean

values for the remaining parameters were similar in both sexes.

2.2.6. Reproduction of large transgenic female mice.

Almost all (90%) females in both large and normally-sized transgenic

group mated with males as judged by the presence of the copulatory plugs in

vaginas. Whereas in normally-sized transgenic females 78/" (7 out of 9) of

these matings resulted in full term pregnancies, only 4 out of 26 (15%) large

transgenic females gave birth to young. Of these 4 females, only one had a litter

of average size (7 pups). The remaining females had litters of 4 or less pups

and in each case the young had to be fostered because of an insufficient milk

production by their natural mothers (observed as a lack of milk in pups stomach

during 24 hr after birth). When 13 of the mated but not pregnant large transgenic

females were sacrifíced, implantation scars were found in the uteri of I animals.
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TABLE Y-7. Carcass composition of adolescent pHMPG.a transgenic mice.

Group Number
of

animals

Body
weight
(g)

Carcass

weight lal (/.) water (%)
(g)

Muscle
mass

(g)

MALES-

control

large
transgenic

FEMALES*

control

large
transgenic

I

10 4.1
+0.4

4.0
+0.4

23.1
r0.5

92.4d
r0.9

30.1þ
+0.6

4.6ns
+0

+0

71.Ons
lo.2

7 jl1b
r0.34

8.90
r0.20

10.61 c
+0.19

7.14
10.26

10.12b
+0.1 7

4.gns
r0.3

72.0
r0.1

70.7ns
+0.2

6.54
fr.24

7.474
r0.18

5.51
r0.25

3
2

1719.2
r0.6

7

5
4

* Animals were I week old. Mean values t sem are presented.
Transgenic animals were compared with sex matched control siblings
(ANOV): ns/ not significant; al P<0.02; bl P<0.005; cl P<0.001;
d/ P<0.0006.



TABLE V-8. Muscle composition of adolescent pHMPG.4 transgenic mice.

Group

MALES-

control

large
transgenic

Number
of
animals

Muscle
MASS
(g)

protein/
DNA
ratio
(mg/mg)

470
113

456ns
+24

442
119

3ggns
+23

RNA/
protein
ratio
(pg/mg)

13
+1

13ns
+1

9
t1

15b
+1

DNA RNA Protein

concentration
(mg/g FFFT..)

DNA RNA Protein

total in muscle
(ms)

10 6.54
+0.24

7.47b
+0.18

0.47
r0.02

2.7 6
+0.14

2.94
10.11

17.95
+0.91

20.05ns
+1.19

1420
155

217
+4

I o.48ns 2.69ns
+0.02 +0.15

214ns
!2

3.55c
r0.18

1 5g5ns
+38

FEMALES-

control

large
transgenic

5.51
+0.25

7.11d
+0.34

2.67
+0.21

3.654
10.30

10.21
+1.51

21.01c
+2.34

7

5

0.48
+0.02

1.87
+0.28

213
+3

1171
!47

o.51ns 2.92ns
+0.02 t0.25

200ns
+4

1425c
+54

* Animals were 8 week old. Mean values * sem are presented.

FFFT , fresh fat-free tissue.

Transgenic animals were compared with sex matched control siblings (ANOV):

nsl notsignificant; a/ P<0.04; b/ P<0.02; c/ P<0.01; d/ P<0'005'

-lo)
@

**



3. EFFECTS OF pHMPG.4 GENE

TRANSGENIC PIGS.

139

EXPRESSION IN

3.1. Experimental design.

This study was undertaken to evaluate the effects of the incorporation of

pHMPG.4 gene on plasma concentrations of lR pGH, lR IGF-1 , glucose and

c¡-amino nitrogen in transgenic pigs and their non-transgenic siblings. Two

generations of pigs were used in these experiments: founder animals as well as

F1 offspring of boar #180 and sow #177. Growth factors and metabolites were

measured in plasma obtained from the same animals at two time points: at birth

(newborn group) and at 8-11 weeks of age as described in Chapter 11.9.

Because of the small number of pigs available, data obtained for males and

females were combined.

The porcine GH measured would include not only the GH produced as a

consequence of the action of the transgene but any GH produced by the

pituitary somatotrophs under the influence of natural regulatory functions.

The results described in Chapter !V.4.4. had shown that one of the

transgenic pigs, namely female #295, grew makedly faster than her littermates,

indicating the expression of pHMPG.4 gene in this animal. Thus, the plasma

concentrations of lR pGH, lR IGF-1, glucose and c¡-amino nitrogen of this fast-

growing pig #295 were compared with the mean values obtained for other

transgenic and non-transgenic animals.

3.2. Hesults.

3.2.1. Endocrine and metabolic state of transgenic pigs.

The concentrations of plasma lR pGH and lR IGF-1 did not differ between

transgenic and non-transgenic newborn piglets, including fast-growing female

#295 (Table V-9).

ln the 8-11 week old piglets the overall concentration of lR pGH

decreased by 85% (89 ng/ml vs 13 ng/ml, P<0.001). Atthis age the values of lR
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pGH were similar in transgenic and non-transgenic animals. However, the

concentration of lR pGH in the transgenic, fast-growing pig #295 was greater

than that of other animals of the same age (more than 2 sd above the mean

values for either group).

The concentration of lR IGF-1 in plasma of 8-11 week old pigs was

increased approximately 6-fold when compared with those of newborn animals

(99 ng/ml vs 609 ng/ml, P<0.0001). ln the 8-1 1 week old transgenic pigs levels

of plasma lR IGF-1 were higher than in non-transgenic pigs (Table V-9). The

concentration of lR IGF-1 in plasma of fast-growing female #295 was similar to

that of other transgenic animals of the same age.

Concentrations of plasma glucose and cr-amino nitrogen did not differ in

transgenic and non-transgenic animals in either newborn or 8-11 week old

group (Table V-9).



141

TABLE V-9. Concentrations of plasma lR pGH, lR IGF-1, glucose and a-amino

nitrogen in pHMPG.4 transgenic pigs.
!

Group Number
of animals

Plasma levels (mean + sem) of:

lR pGH
(ng/ml)

IR IGF.1
(ng/ml)

Glucose
(mM)

ø-amino N
(mM)

NEWBORN

non-
transgenic

transgenic

both
combined

female
#295

8-11 WEEK OLD

non-
transgenic

transgenic

both
combined

female
#295

13

13

26

6

14

94
!21

g5ns
113

89
+17

74

10
!2

1 6ns
+3

13
e.

89
t7

1 0gns
+8

99
+8

90

415
!79

7554
+95

609
l.87

762

8.9r
fr.27

9.08
r0.73

g.60ns
r0.36

8.8s
r0.55

8.25
r0.28

9.41ns
r0.26

7.gsns
r0.66

8.02
r0.61

7.34
r0.63

7.47ns
r0.46

8.s2
r0.55

9.10

8.20
10.56

ND* 10.43

I

36 9.06

* ND - not determined.
Transgenic animals were compared with non-transgenic age matched
siblings (ANOV): ns/ not significant; a/ P<0.05. Results represent
combined data obtained for males and females.
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4. DTSCUSSTON.

The high levels of lR pGH in large transgenic mice compared with the

normally-sized transgenic and non-transgenic mice provide a clear indication

that the altered phenotype of these animals was a direct result of the integration

and expression of pHMPG.4 gene construct (Tables V-1 and V-2). This is

consistent with the results of Palmiter et al. (1982a, 1983), Hammer et al.

(1985a) and Morello et al. (1986) where accelerated grovuth of transgenic mice

carrying heterologous growth hormone fusion gene was associated with

increased GH production. However as demonstrated in previous studies

(references cited above), neither relative weight nor the size of animals

correlated with levels of circulating lR pGH in 8 week old large transgenic males

and females and 35-69 week old large transgenic females (Fig. V-1). Body

weight of 35-69 week old males did correlate with levels of lR pGH probably

because of the greater number of animals studied and the larger variability in

plasma lR pGH (range between 80 ng/ml to 5,200 ng/ml; Fig. V-1).

In all mammalian species so far studied growth hormone is released

periodically from the pituitary and the amplitude of the cycles of release is more

striking in males than ín females (reviewed by Jansson et al., 1985). This

sexually differentiated secretory pattern accounts, in paft, for differences in body

growth and several hepatic functions between sexes. ln transgenic mice GH is

produced predominantly in the liver under the control of metallothionein gene

promoter and the normal feedback control mechanisms are by-passed (Palmiter

et al. 1983). The continuous high GH output in large transgenic mice abolished

sex difference in the growth rate at 12 and 20 weeks and the size at 35-69

weeks (Chapter V.2.2.1). However at I weeks (during rapid growth) the relative

weight of large transgeníc females was higher than that of large transgenic

males. This may reflect the strong anabolic effect of androgens on the grovrrth of

control males and the capacity of GH to override the inhibitory effect of

oestrogens on the growth of large transgenic females.
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¡t is well established that GH is a major regulator of serum

concentrations of insulin-like growth factors, and IGF-1 is thought to mediate the

growth promoting actions of GH (Clemmons and Van Wyk, 1984). ln large

transgenic mice overproducing GH, increased concentrations of plasma lR IGF-

1 were found (Tables V-1 and V-4). However, there was no correlation between

body weight or relative weight and lR IGF-1 and lR pGH concentrations in young

or old large transgenic mice (Fig. V-1).

lnterestingly, although lR pGH concentrations were increased on

average up to 60-fold, the concentrations of lR IGF-1 were elevated at a

maximum 1.6-fold (Tables V-1 and V-4). ln normal animals circulating IGF-1 is

bound to several carrier proteins some of which are also under the control of

GH (Moses et al., 1976; Copeland et al., 1980). lt is possible that in large

transgenic mice a discrepancy exists between the rate of secretion of IGF-1 and

these carrier proteins such that some IGF-1 circulates in free form. Because the

half life of free IGF-1 is very short, it probably makes little contribution to

circulating levels of IGF-1. Hence a high rate of IGF-1 production and

consequently action may be accompanied by only moderate levels in blood.

The latter may reflect the rate of production of carrier prote¡ns and their

concentrations rather than IGF-1 production and stimulation of grov,rth.

ln addition to the increase in growth rate and overall size of large

transgenic mice, substantial increases in the size of liver, kidneys, spleen, heart,

lungs and brain were observed (Table V-3). Similar marked visceromegaly was

associated with increased concentrations of GH in other transgenic mice

(Hammer et al., 1985a; Shea et al., 1987), rats bearing GH secreting tumours

(Takemoto et al., 1962; Weber et al., 1966; Prysor-Jones and Jenkins, 1980)

and acromegalic patients (Danghaday,1981). However, not all organs were

affected in the same manner. ln pHMPG.4 large transgenic mice the increase in

the weight of kidneys, heart and lungs was comparable to that in body weight

while spleen and liver were disproportionately enlarged. The studies of

Hammer et al. (1985a) have demonstrated that in transgenic mice secreting rat
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GH increase in the size of liver was caused by both hyperplasia and

hypertrophy while increase in the size of kidneys was due to hyperplasia only.

The enlargement of heart and kidneys in large transgenic mice is of

particular interest as this commonly occurs together with functional impairment

in acromegaly (Smallridge et al., 1979; Daughaday, 1981). Thus, transgenic

mice could provide a useful model for studying this disease.

The relative lack of brain growth in transgenic mice oversecreting GH is

consistent with the previous studies (Hammer et al., 1985a; Shea et al., 1987)

and accords with the suggestions that growth of the brain and whole body

during early development is controlled differently from that postnatally (Atchley

et al., 1984). lnjections of normal and dwarfed Snell míce with human GH also

demonstrated that brain is less responsive than other organs to treatment (van

Buul-Offers and Van den Brande, 1981).

Physiological basis of the excessive disproportionate growth of liver and

spleen of large transgenic mice is unknown. Shea et al. (1987) have postulated

that in case of the liver it may be related to the expression of metallothionein/

growth hormone fusion gene, and GH and IGF-1 production. Since spleen is the

organ primarily responsible for breaking down of aged red blood cells, its

enlargement would also be associated with the increased oxygen requirements

of the large transgenic mice followed by the increase in circulating red cell

mass. However the proliferative capacity of the erythroid marrow will have to be

measured to confirm this hypothesis.

ln large transgenic mice both lean carcass weight and muscle mass

were higher than in non-transgenic siblings, however no changes in the

proportion of carcass fat or water were detected (Table V-7). The administration

of GH to growth hormone deficient patients resulted in a decrease in

subcutaneous fat, increase in lean body mass and muscle mass, and increase

in total, extracellular and intracellular water (Frasier, 1983). Daily injections of

young pigs with porcine GH and young lambs with ovine GH have been shown
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to alter carcass composition: lean body mass was increased while fat

deposition was decreased (reviewed by Hart and Johnsson, 1986).

The increase in DNA content of muscle from large transgenic males and

females as compared with control littermates (Table V-8) was consistent with

the known effect of GH on increasing cell number rather than cell size (Cheek

and Hill, 1974). Similar results were obtained in rats with GH secreting tumours

and in hypophysectomized rats treated with exogenous GH where increment in

muscle weight was accompanied by the increase in DNA synthesis and total

DNA content (Prysor-Jones and Jenkins, 1980; McOusker and Campion, 1986;

Cheek et al., 1974; Goldspink and Goldberg, 1975).

The amount of RNA in muscle is some measure of the number of

ribosomes that are present (Kostyo and Nutting, 1974). ln large transgenic

females total RNA was higher as compared to control females and was

accompanied by increased protein synthesis (ratio of RNA to protein) and

protein content (Table V-8). No such differences were observed between large

transgenic males exposed to similarly high levels of porcine GH and control

males. This can be explained by strong anabolic action of androgens in control

males and it also supports the previous suggestion that GH and androgens

have little additive effects in promoting somatic grov'rth (Jansson et al. 1985).

ln large transgeníc mice the secretion of high levels of lR pGH was

accompanied by an increase in plasma concentrations of cr-amino nitrogen, a

decrease in the concentrations of plasma glucose and no change in the levels

of plasma free fatty acids as compared to normally-sized transgenic and control

animals (Tables V-5 and V-6). Since the analyses of the metabolites were

performed on a single blood sample, and because similar changes were

observed in I week old and 35-69 week old mice, these results probably

present the basal metabolic state of large and normally-sized transgenic mice

and control mice.

The pronounced hypoglycemia of large transgenic mice can be

explained in the view of recently described metabolic effects of IGF-1 (Zapf el
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al., 1986; Guler et al., 1987). These studies demonstrated that bolus injection of

human ¡GF-1 to normal subjects or rats and hypophysectomized rats results in

rapid decrease in blood glucose levels while the concentration of free fatty

acids is not affected. In addition, it was demonstrated that in rats IGF-1

stimulated glucose uptake by muscle while no lipid synthesis from glucose was

observed. In contrast, long-term infusion of IGF-1 d¡d not affect glucose

homeostasis (Zapf et a|.,1986). Characterization of the circulating forms of IGF-1

revealed that in chronically treated animals almost all circulating IGF-1 was

bound to carrier proteins, while bolus injection resulted in relatively large

amounts of free IGF-1. These observations supported the hypothesis that only

free IGF-1, but not the IGF-1-carrier protein complex, is hypoglycemic. A similar

mechanism is likely to produce hypoglycemia in large transgen¡c mice, since

high levels of lR pGH detected in these animals caused an increase in the

concentration of lR IGF-1 which could have exceeded the binding capacity of

the circulating carrier proteins.

The increase in the plasma concentration of cr-amino nitrogen observed

in large transgenic mice may be a result of altered protein turnover, increased

uptake of amino acids across the gut or reduced oxidatíon of amino acids.

Certainly protein accretion, the balance between synthesis and degradation

and altered rates of either may contribute to an expanded amino acid pool.

lncreased IGF-1 production may also selectively enhance oxidation of glucose

for energy production, thus sparing amino acids.

The alteration of body composition, changes in the levels of plasma

metabolites and improved feed efficiency in pigs and cattle following daily

injection with exogenous GH led to the establishment of GH as a homeorhetic

regulator responsible for nutrients partitioning (Bauman et al., 1982; Eisemann

et al., 1986). The increased growth of large transgenic mice exposed to high

levels of porcine GH, changes in their metabolic state (mediated directly by GH

or through IGF-1) and good health of the animals despite pronounced

hypoglycemia are in accordance with the homeorhetic role of the GH.
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Study of the plasma levels of lR pGH, lR IGF-1, glucose and s-amino

nitrogen in neonatal transgenic and non-transgenic pigs has revealed that there

was no differences among pigs ln the average levels of each factor (Table V-9).

The overall decrease in the concentration of lR pGH in 8-11 week old group

corroborates previous observation that circulating GH levels decline as the pigs

become older and larger (Siers and Hazel, 1970; Chappel ad Dunkin, 1975).

Despite this decrease, the plasma concentration of lR pGH in fast growing pig

#295 was more than 2 sd above the mean of that observed in other transgenic

pigs and control littermates. This, and the accelerated growth of female #295

(Fig. lV-3) clearly demonstrate the expression of pHMPG.4 fusion gene and

production of biologically aclive porcine GH.

The increase in plasma concentration of lR IGF-1 in 8-11 week old pigs

is in agreement with other reports of changes of IGF-1 with age (Hall and Sara,

1983). The elevation of lR IGF-1 in transgenic pigs not expressing pHMPG.4

gene (as judged by the lack of the increase in lR pGH levels and growth rate

when compared with control animals) may be due to pulsatile increase in GH

Ievel which was not detected by assaying single blood sample.

The lack of clear changes in metabolic state of the fast growing female

#295 is in contrast with the results reported for normal pigs treated with

exogenous GH where marked increase in the concentrations of plasma IGF-1,

glucose and free fatty acids, and a decrease in urea nitrogen were found

(Chung et al., 1985), and the results obtained for large transgenic mice (see

above). The discrepancy between these studies probably results from the mode

of GH administration (daily injections of exogenous GH for relatively short time

vs constant elevation of endogenous GH). lt is also possible that action of

elevated levels of porcine GH in pigs would be different from that in mice in

regard to the stimulation of IGF-1 and its carrier protein production. lf the

changes in the metabolic state of large transgenic mice are attributed to high

levels of circulating free IGF-1, then lack of metabolic alteration observed in pig

#295 may be due to the presence of IGF-1 largely in the bound form.
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Another consequence of high levels of porcine GH and altered mode of

its secretion is impaired fertility of large transgenic female mice (Chapter

V.2.2.6). Although it has been reported previously that an excess of GH

dramatically reduces the fecundity of both mutant (liulit ) and normal transgenic

female mice (Hammer et al., 1984), transgenic females expressing MT-GRF

fusion gene are fertile (Hammer et al., 1985b). lt has been postulated that

normal fertility of these females is due to the slightly lower stimulation of growth

as compared to animals expressing MT-GH fusion gene, or the endogenous GH

may still be released in pulsatile manner (Brinster and Palmiter, 1986).

Hammer et al. (1985a) have found that in transgenic female mice expressing rat

GH gene ovarian weight was significantly reduced and suggested that this may

be related to the impaired feftility of giant females. ln contrast to the results of

Hammer et al. (1984) and those presented in these thesis, Morello et al. (1986)

stated that the sterility of their giant females (expressing human GH gene) was

not dependent on the size of the animal or the concentration of GH in the blood

and could be overcome by in vitro fertilization. These authors postulated that

inability to produce offspring was related to sexual behaviour rather than to a

defect in gamete production. The results presented in this thesis contradict this

hypothesis as the mating behaviour of most of large transgenic females was

normal (Chapter V .2.2.6).

Although large transgenic females could become pregnant, most of

them failed to complete pregnancy and high proportion of implanted embryos

and/or foetuses underwent resorption. This indicates that overproduction of GH

does not affect the gamete production but high levels of GH during pregnancy

might cause hormonal imbalance which would lead to foetal death. One of the

hormones which has a role in maintaining gestation, and which production can

be impaired in large transgenic females, is placental lactogen (PL). lt has been

demonstrated that the serum concentration of mouse PL is regulated by the

pituitary and GH has been postulated as the factor involved in the inhibition of

mouse PL secretion (Day et al., 1986). Therefore the high rate of demise of the
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foetuses observed in large transgenic females may reflect interference in the

production of placental lactogen by high levels of porcine GH.
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V CONCLUDING REMARKS.
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This thesis describes studies aimed at produc¡ng transgenic animals with

enhanced growth characteristics by introducing additional copies of the growth

hormone gene into their genome. Gene constructs were proven in experiments

with mice. Both transgenes used (pHMPG.a and pHM¡PG.1) were shown to be

effective in stimulating growth and were stably incorporated into the host

genome and transmitted to subsequent generations.

Although the number of transgenic pigs produced was small precluding

firm conclusions, the impressive growth of sow #295 must give encouragement

to the view that the generation of transgenic livestock with enhanced growth

characteristics is feasible. However for transgenic livestock to be a commercial

reality more stringent control of transgenes must be achieved. ldeally the

transgene should remain latent within the breeding stock but switched on by

adding zinc or other similar inducer to the diet of stock destined for market. The

ability to control the gene expression will not only overcome potential problems

associated with management of large transgenic pigs but will also prevent

some of the known pathological effects of high levels of GH on postpubertal

animals. The stock created in this way would have an important impact on the

efficiency of the pig meat industry.

Current procedures to generate transgenic pigs, although efficient, are still

time consuming and labour intensive resulting in a great financial outlay.

However only a few transgenic breeding lines would have to be produced to

exploit the advantages of the specific transgenes. These could be quickly

disseminated using artificial insemination and embryo transfer technologies

which are now widely used.

ln addition to the enormous economic advantages, production of

transgenic animals opens up new avenues for basic research. One of the

questíons still awaiting elucidation is the role of pulsatile and sexually

differentiated mode of GH secretion. lt is believed that many of the sex-

dependent cjiÍÍerences in physiological (such as growth and behaviour) and

pathological (e.g. tumorigenesis, cardiovascular disease, certain collagen
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diseases, impaired fertility) are influenced by the differences in the secretory

rhythm of GH. The limited supply of GH and practical problems associated with

its long-term administration did not allow a study of the involvement of GH in this

processes. Transgenic animals with elevated GH Ievels will provide valuable

model for studying biological consequences of abolishing the normal GH

secretory pattern. Similarly, transgenic animals overproducing GH should be a

valuable resource for claritying the role of GH in metabolic processes and its

action in partitioning of nutrients.

The feasibility of introducing genes into the genome of laboratory and farm

animals and the rapid development of recombinant DNA technology may lead

to the application of transgenesis in the treatment of human patients. By

transferring genetic material from normal human cells into cells of a patient

suffering from a genetic disorder, it may be possible to alleviate the symptoms

or perhaps even eradicate the disease. However until the number of the moral

and ethical issues raised by human gene therapy are resolved, transgenesis

will be confined to the laboratory and applications to farm animals.
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