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ABSTRACT OF THE THESIS 
 
New micro manipulative techniques have facilitated development to help patients who suffer 
from infertility and spontaneous abortion, as well as those who carry severe genetic diseases 
and have risks of delivering an affected child. Preimplantation genetic diagnosis (PGD), 
which is based on obtaining blastomere biopsy from an eight-cell embryo, has made it 
possible to diagnose severe defects caused by a genetic factor.  
In the animal laboratory, ovarian transplantation is a new technique that provides a tool in 
research to save valuable mutants and transgenic animals that have an infertility not caused by 
germ cells. The infertility can be due to prepubertal lethality, and inability to mate or 
incapacity to complete a successful fertilization, gestation or parturition.  
The creation of a technique for transfer of mouse embryos into germ free recipients to 
produce gnotobiotic mice will facilitate researchers to study the micro flora of transgenic and 
special mutants more specifically.  
In this thesis we improved three micro manipulative techniques and the possibilities of 
applying them in research laboratories and in in-vitro fertilization units. 
1) We created an improvement in the embryo biopsy micro technique that is used to allow the 
preimplantation genetic diagnosis (PGD) using a single-needle to perform the blastomere 
biopsy. 2) We used the ovarian transplantation micro-surgical technique to save valorous 
mutants and transgenic animals when the reason for infertility was other than non-functional 
germ cells. 3) We created a new micro technique to allow transfer of transgenic animals to a 
germ free state, through the embryo transfer into a germ- free or gnotobiotic recipient. 
 
We tested and successfully applied a single-needle approach to obtain blastomere biopsies 
from human preimplantation embryos for preimplantation genetic diagnosis (PGD). The 
method was first evaluated in a mouse system and shown to be compatible with a high degree 
of in-vitro and in-vivo development of biopsied mouse embryos. Biopsied mouse embryos 
after transfer to recipient mice underwent implantation, normal development and delivery. 
Successful human preimplantation diagnosis, followed by pregnancies and birth of healthy 
babies, was established with two out of three couples carrying a risk to transmit chromosomal 
abnormalities leading to severe diseases. This is the first report of the use of a single-needle 
approach in human PGD. 
 
We evaluated an ovary transplantation method by transplanting ovaries from females 
belonging to a non-reproductive BALB/cByJ mutant mouse strain. All transplanted mice, 
BALB/c.C57BL/6By, produced offspring and 94 % of the progeny originated from the 
transplanted ovaries. The mean litter size and the mating period needed for productive mating 
to occur were similar to what is observed for corresponding control mice. 
Subsequently we also performed ovary transplantation of estrogen beta-receptor knockout 
(ERβ-/-) ovaries into wild type and normal C57Bl/6 recipient mice. The litters’ sizes were 
similar after transplantation of ERβ-/- and WT ovaries to normal recipients, hence referring to 
an extra-ovarian cause of subfertility.  
 
Lastly we demonstrated that it is possible to obtain germ-free animals using embryo transfer 
of conventional or transgenic mice to germ-free recipients inside a steel isolator. We have 
developed a unique embryo transfer technique that will facilitate researchers to use this 
procedure as a tool in changing the status of different mutants into germ-free mice. 
All these three techniques are powerful tools in the field of reproductive medicine and 
biology. 
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1 Abbreviations 
 
 
ART assisting reproduction technology 
IVF in vitro fertilization 
ICSI intracytoplasmic sperm injection 
PGD pre implantation genetic diagnosis 
ICM inner cells mass 
TRPs transcription-requiring proteins 
DNA deoxiribonuclei acid 
CVS chorionic villus sampling 
CCS Cri du Chat syndrome 
DGS DiGeorge syndrome 
FISH fluorescence in situ hybridization 
PCR polymerase chain reaction 
ZD zona drilling 
FSH follicle stimulating hormone 
LH luteinizing hormone 
CL corpora lutea 
GF germ-free 
PMS pregnant mare’s  serum gonadotrophin 
hCG human chorionic gonadotropin 
PBS phosphate-buffered saline 
HHb haemoglobin β-chain 
ERß estrogen receptor beta 
WT wild type 
TGB tryptose and glucose broth 
RCM reinforced clostridial medium 
THM thioglycollate medium 
ACM anaerobic clostridial medium 
cAMP cyclic adenosine monophosphate 
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2 Introduction and literature review 
 
2.1  Historic remark: 
 
The evolution of embryology and the modern reproductive biology started with Reinier De 
Graaf (1641-1673) and Antonie van Leeuwenhoek (1632-1723). Both created their own 
theories on the reproduction and inheritance mechanisms. One discovered and described the 
follicles in the ovaries, and the other discovered the sperm. De Graaf stated that the egg 
contained an entire human in miniature, and that the semen stimulated its growth. 
Leeuwenhoek on the other hand, stated that the sperm contained the pre-formed human being, 
the homunculus that contained all the genetic information from the father, which meant that 
the woman only served as an incubator for the homunculus. However, we know today from 
embryology that neither the egg nor the sperm contain a complete or developed embryo. Only 
in the course of the second half of the 19th century was it recognized that the eggs and sperms 
are equivalent.  
Nevertheless they are both considered the founders of the modern reproduction biology.  
The discovery of the ovum by Karl von Baer (1792-1869) and his observation of the stages of 
embryogenesis, contributed to a better understanding of the mechanisms in reproduction 
physiology. At the same time the study of the development of egg (ova) in rabbits, done by 
Edouard Van Baneden (1845-1910) determined a great knowledge concerning the egg 
development, which until then was solely on a descriptive and observational stage. 
The middle of the 20th century can be considered as a crucial time for the active development 
of mammalian embryology, under which a great number of scientists were active in obtaining 
special means for the in-vitro culture of the embryo. Anne McLaren, W.White and John D 
Biggers were able to find means of cultivating the mouse eggs in a chemical “medium” and 
later transfer them into the uterus of a pseudo pregnant female mouse. In 1959, M.C Chang 
was the first to perform and succeed with the in vitro fertilization in rabbit, paving the way for 
artificial fertilization. This method was first used in humans by Robert Edwards and Patrick 
Steptoe in 1978, with the result of the birth of Louisa Brown. 
In 1963 Ralph Brinster reported a method for cultivating eggs in micro drops of medium 
under oil (Brinster 1963), which has become universally used. Two years later, he identified 
pyruvate as the central and essential energy source for early development of egg (Brinster 
1965). These two developments have revolutionized in-vitro studies of mammalian egg 
culture and egg manipulation. Researchers like Andrzej Tarkowski started putting forward 
theories on the embryonic differentiation, concepts such as ICM trophectoderm and the theory 
of cell determination during the development of the embryo. Other researchers were interested 
in the function and the role of the microparticles, which during the 60’s made it clear that 
there existed gene expression in the first steps of the embryonic development (Alexandre 
2001). Embryology is now concerned with understanding development from the viewpoint of 
the activation and transcription of DNA sequences, which will allow us to approach the first 
causes or underlying genetic and epigenetic mechanisms of development. As a result, 
embryology and genetics have fused into a wider biological sub discipline, developmental 
biology (Murillo at al 2001).  
The solid foundation of understanding about the biology of early mammalian eggs was 
consolidated during the 60´s and 70´s, and subsequent studies have broadened this 
understanding. The impact of a reliable egg culture method has provided a possibility to 
perform complicated manipulative procedures on preimplantation stages of mammalian 
embryos. In no area has this been more important than in the development of transgenic 
animals (Palmiter et al., 1987; Peschon et al., 1987). All methods for generating germ line 
genetic modifications rely on the ability to maintain and manipulate eggs and early 
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developmental stages in-vitro without loss of developmental competence. The importance of 
efficient egg culture for manipulation and transgensis is fundamental and enabling for the 
development of new embryo micro manipulative techniques. (Hammer, 1998). 
 
2.2  Preimplantation embryo development  
 
The preimplantation embryo development begins with the sperm-oocyte interaction of 
specific recognition of complementary receptors on the surfaces of the two gametes and 
terminates in syngamy, also with the union of male and female chromosomes; this complex 
mechanism is called fertilization (William,  2001)  
Fertilization is a sequence of events that starts with contact between a spermatozoon and an 
ovum, leading to their fusion, which stimulates the completion of oocyte maturation with 
release of the second polar body. Male and female pronuclei then form and merge, synapsis 
follows, which restores the diploid number of chromosome and results in biparental 
inheritance and the determination of sex. The process of fertilization leads to the formation of 
a zygote and ends with the initiation of its cleavage. After fertilization the zygote divides by 
normal mitosis into smaller cells called blastomeres. During this stage the embryo does not 
grow, as a result the volume of pre-embryo is the same until the early blastocyst stage, day 
four in mouse and day five in human (Hogan et al., 1994; William, 2001). After this stage the 
embryo increases in size by active accumulation of fluid in the central blastocoelic cavity, this 
stage is called blastocyst expansion. In fertilization the sex cell from a male individual in the 
form of his sperm, containing a random selection of chromosomes from both his mother and 
father, combines with a female's sex cell, an ova containing a random selection of 
chromosomes from both her mother and father. This has been further randomized by 
recombination. Thus the individual that develops from this union will have a random selection 
of alleles from both of his, or her, grandparents, and from increasing numbers of ancestors 
from past generations. 
With the complex process in which the sperm and egg chromosome recombine, mistakes do 
occur from time to time. As in mitosis, an error in copying a gene may occur, the difference 
being that it will be handed down to succeeding generations. Such a germ line mutation may 
be harmful, may be beneficial, or simply have no apparent effect at all. 
 
2.2.1 Cleavage stage 

 
Approximately 24 hours after fertilization the zygote starts a series of mitotic divisions, these 
divisions are also called cleavage and are not accompanied by cell growth, they divide the 
zygote into smaller cells called blastomeres. The first cleavage division divides the embryo 
along a plane at right angles to its equator and in line with polar bodies. After 40 hours from 
fertilization the second division takes place, which produces four equal blastomeres, here one 
of the two blastomeres divides meridionally and the other divides equatorially, this type of 
cleavage is called rotational cleavage (Gulyas, 1975). By three days the embryo consists of 6 
to 12 cells, and by four days it consists of 16 to 32 cells. When the embryo reaches 32 cells it 
has the appearance of a small mulberry and is therefore, called a morula. During cleavage, in 
each division the resulting blastomeres are approximately half the size of the parent 
blastomere. Cleavage is also a period of intense DNA synthesis and replication, without 
growth. Differences arise between the blastomeres that may result from the unequal 
distribution of cytoplasmic components as already laid down in the oocyte during oogonesis, 
or from changes occurring in the blastomeres during development. Each blastomere nucleus 
will be subjected to a different cytoplasmic environment that in turn may differentially 
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influence the genome activity and subsequent potential for cell differentiation (Harper et al., 
2001)  
 
2.2.2 Genome activation in early embryo  

 
The oocyte immediately after ovulation already possesses the complete biochemical 
machinery for protein synthesis; during growth and maturation reserves of maternal mRNAs, 
proteins, organelles for protein synthesis accumulates. Activation of the new embryonic 
genome provides novel transcripts and reprograms the pattern of gene expression to direct 
further development. This critical transition takes place during the early cleavage stages of the 
embryo, at the four-to eight-cell in humans and up to the mid two-cell stage (27 hours 
postfertilzation) in mouse embryo (Piko and Clegg 1982), and maternal mRNA rapidly 
disappears while the zygote genome gradually increases its expression. A small amount of 
maternal message is needed almost until the blastocyst stage (Harper et al., 2001). Protein 
synthesis is also completely dependent on new RNAs read from the embryonic DNA for all 
stages after maternal zygotic transition. Transcription-requiring proteins (TRPs) are the first 
group of proteins produced. This group of proteins disappears after the 8-cell stage. In 
embryos in which DNA synthesis and cell division have been inhibited, TRPs still appear at 
the right time. This indicated that transcription is initiated by a clock that ticks, regardless of 
DNA synthesis. The fact that TRPs also appear in embryos, into which nuclei from a later 
embryonic stage have been transplanted, is a strong indication that the clock function is 
situated in the cytoplasm (Bras et al., 1996). Previous failures at any stage of oocyte 
development, maturation and handling can affect development even after genome activation. 
(William, 2001; Harper et al., 2001). 
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2.2.3 Cell polarization and compaction 
 
Starting at the four-cell and eight-cell stage of development, the originally round and loosely 
adherent blastomeres begin to flatten, developing an inside-outside polarity that maximizes 
cell-to-cell contact among the blastomeres at the center of the mass ( Nikas et al., 1996). As 
differential adhesion develops, the outer surfaces of the cells become covex and their inner 
surfaces become concave. This reorganization, called compaction, involves the activity of 
cytoskeletal elements and adhesion of the blastomeres (William, 2001). The cells of the 
compacted embryo become highly polarized, and are tightly associated and communicating. 
Surface polarity can be seen by the appearance of dense microvillar and amicrovillar regions, 
and cytoplasmic polarity can be seen in the distribution of endocytotic vesicles, actin 
filaments, and the location of the cell nucleus. Therefore, the four-cell embryo probably 
contains some of the proteins required for compaction. Although the factors which trigger the 
timing of its onset are not known, experimental evidence suggest that this may be regulated 
by post-translational modification of specific proteins such as E-cadherin (Haper et al.,2001). 
The protein E-cadherin (uvomorulin) is expressed in the oocyte, and during all stages of 
preimplantation development. It is uniformly distributed on the surface of blastomeres, and 
accumulates in the regions of intercellular contact during compaction. E-cadherin 
phosphorylation can be observed in the mouse eight-cell embryo. Culturing embryos in 
calcium-free medium prevents compaction, and this also inhibits E-cadherin phosphorylation. 
In human embryos, tight junctions begin to appear on day 3, at the 6-10-cell stage, heralding 
the onset of compaction. Scanning electron microscopy studies showed evidence of 
compaction on day 4, when the majority of embryos with 10 or more cells revealed dense 
microvilli with a polarized distribution over the free surface of the compacted blastomeres 
(Nikas et al., 1996). In the mouse, gap junctions are expressed at the eight-cell stage. In 
human, gap junctions are not apparently well developed until the early blastocyst stage, when 
intercellular communication is clearly seen between ICM cells (Dale et al., 1991; Harper et 
al., 2001). 
 
2.2.4 Cavitation, blastocyst expansion and hatching 
 
By 4 days of development between the 16-and 32-cell stage, a second morphological change 
occurs, known as cavitation. Activation of  Na+, K+ ATP-ase systems result in an energy-
dependent active transport of sodium pumped into the central area of the embryo (Harper et 
al., 2001), followed by osmotically driven passive movement of water to form a fluid-filled 
cavity (blastocoele). The movement of other ions such as chloride and bicarbonate also 
contributes to blastocoele formation (Harper el al., 2001). The stage of blastocoele formation 
and the expansion phenomena is important for the continued development and differentiation 
of the ICM. The ICM is bathed in a specific fluid medium which contains factors and proteins 
that influences the cell proliferation and differentiation. Another factor which can influence 
the differentiation of the outer cells into the primitive endormal cells is the position of the 
ICM cells in relation to the fluid cavity.  
 
By day 4/5 the blastocyst initially does not shows any increase in size, but it eventually 
expands over the next one or two days (day 5/6) due to the active accumulation of fluid in the 
central blastocoelic cavity. At these early stages the embryo is still enclosed in the zona 
pellucida, which keeps the cells together before compaction and also prevents the fusing of 
two embryos.  
In the transition from morula to blastocyst the embryo enters the uterus, where the 
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throphectoderm cells produce proteolytic enzymes which help the blastocyst to “hatch” free 
from the zona pellucida. Proteolytic enzymes are believed to exist in the uterine environment 
as well, however there is little knowledge concerning the molecular basis for hatching.  
The uncovered cell layers of the hatched blastocyst start making firm contact with the uterus 
lumen and implantation starts.  

2.3 Micromanipulative techniques 
 
Micromanipulative techniques in reproduction biology are important tools especially in 
assisting reproductive technology (ART), and in laboratory animal research. The manipulative 
techniques were developed to overcome the limitation of classic methodology in the IVF 
clinics and in the embryo research investigation. The sheep Dolly (Wiltmut et al., 1997) was 
the culmination of a series of prior manipulation techniques that allowed the development of 
the cloning technique. Cloning can be done with embryonic cells as well as with somatic 
cells. The latter is a difficult technique, for success numerous attempts are required.  
With the discovery of the DNA recombinant technique, new possibilities were available 
which allowed the use of DNA sequences (genes) to introduce them into cells through the 
cellular transfection and expression of the newly introduced genes. This has permitted the 
production on an industrial level of synthetic proteins which no more than 30 years ago were 
impossible to even imagine obtaining The transgenesis technique developed, meaning the 
creation of series of transgenic animals, produced through the technique of microinjection of 
DNA fragments into an embryo in the pronuclear stage (Palmiter et al., 1987; Hogan et al 
1994). This technique allows the fragment of DNA to integrate into the genome of the animal. 
With this technique models of animals that carry a determined genetic disease have been 
created, whether it is with or without this specific gene. For all of this it has been necessary to 
create and improve new manipulation techniques, one of these techniques is the manipulation 
of the embryo, which during the last 20 years has resulted in finding and developing 
sophisticated methods like nuclear transfer.  
In the IVF laboratories the advancements of the embryonic manipulation techniques has 
allowed the development of new technologies. The implementation of the technique called 
intracytoplasmic sperm injection (ICSI) (Palermo et al.,1992), has helped many couples with 
the problem of male infertility. At the same time the preimplantation genetic diagnosis (PGD) 
was coming forward (Handyside et al., 1989; 1990), this technique allows biopsy of one or 
two cells from the embryo and analysis of the known defect from these cells. Diagnosis of the 
possible genetic disease, which will cause severe damages and in many cases are lethal, thus 
helps to avoid spontaneous abortion or the birth of a child affected by a severe genetic 
disease. The development of the embryonic manipulation techniques in reproductive biology 
has been a great advance in understanding the embryo and its genetic characteristics. The 
advance and the applications have been fast and with a wide spectrum of interdisciplinary 
applications. 
The cryoperservation techniques of the gametes and of the embryos allow us to conserve the 
biological material of reproduction for a long time and the use of them when it is most 
appropriate (Whittinghan et al., 1974), (Mukaida et al., 1998), (Hsieh et al., 1999), (Poirot et 
al., 2002),    
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2.4   Preimplantation genetics diagnosis PGD 
 
Preimplantation genetic diagnosis (PGD) is a technique that can be used during in-vitro 
fertilization (IVF) procedures to test embryos for genetic disorders prior to their transfer to the 
uterus. PGD makes it possible for couples or individuals with serious inherited disorders to 
decrease the risk of having a child who is affected by the same problem (Handyside et al., 
1989; 1990), (Cassel et al., 1997), (Verlinsky et al., 1996), (Munne et al., 1995; 1998). 
PGD is an alternative to traditional prenatal diagnosis such as chorionic villus sampling 
(CVS) and amniocentesis and is a result of close collaboration between clinical and molecular 
geneticist, fertility clinicians and clinical embryologist. 
Fluorescent in situ hybridization (FISH)) allows the detection of chromosomal aberrations 
(structural or numerical) and gender determination in cases of sex-linked diseases (Coonen et 
al., 1998), whereas polymerase chain reaction (PCR) at single-cell level allows the specific 
detection of single-gene defects (Findlay et al., 1996) 
 
PGD can be performed in couples who have been affected by repeated pregnancy loss due to 
genetic disorders. It is also appropriate in couples who already have one child with a genetic 
problem and are at high risk of having another. The conditions for which this technique has 
been successfully applied are presented in table I. The list is not complete as new applications 
appear all the time. There are over 200 disorders that could potentially be prevented by gender 
selection of embryos, but an exact diagnosis of the disorder is, of course, prioritized (ESHRE 
-PGD consortium, 1999; 2000) 
 
PGD are performed on embryos in two ways: either by combining an egg and sperm in the 
laboratory (i.e. IVF), or by flushing out the uterus five to seven days after fertilization.  
The last procedure is only applied in animal studies. One or two cells are removed from each 
embryo under microscopic guidance and analyzed for the presence of genetic disorders, and 
only the unaffected embryos are replaced in the female’s uterus.  
 
PGD was first performed in 1989 (Handyside et al., 1989). It has since been successfully 
applied to a wide variety of single gene disorders or chromosomal abnormalities. In single 
gene disorders where the gene structure is known, such as cystic fibrosis or Tay-Sachs, the 
actual genes of the sampled embryo can be examined for the presence of the condition. 
Other genetic conditions, such as Duchenne muscular dystrophy or hemophilia, affect only 
males. In these cases, while the exact gene defect may not be known, the DNA of the biopsied 
cell can be examined to determine the sex of the embryo and thus making it possible to restore 
only female embryos. Finally, in cases of severe recurrent chromosomal diseases, such as 
Downs syndrome (which has an extra chromosome), the number and character of several 
chromosomes of the sampled embryo can be determined (Munné et al., 1998; Harper et al., 
2001). 
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Table I, Diseases which have been diagnosed by blastomere biopsy. 
 
• Achondroplasia  • Hemophilia A and B 
• Adenosine deaminase def.  • Huntington disease 
• Alfha 1 antitrypsin deficiency  • Lesch-Nyhan syndrome 
• Alzheimer disease  • Myotonic dystrophy  
• Beta thalassemia  • Neurofibromatosis I 
• Charcot-Marie-Tooth disease  • p53 cancers 
• Cri du chat syndrome  • Phenylketonuria 
• Cystic fibrosis  • Retinoblastoma 
• DiGeorge syndrome  • Retinitis pigmentosa 
• Downs syndrome  • Sickle cell disease 
• Duchenne muscular dystrophy  • Spinalmuscular atrophy 
• Fragil X syndrome  • Tay-Sachs disease 
• Gaucher disease  • Turner syndrome 
• Gender   
 
In Sweden, the use of PGD is only allowed when there is a risk for early death for which there 
is no cure or treatment available. The IVF unit at Huddinge University Hospital, in 
collaboration with the Department of Molecular Medicine at the Karolinska Hospital and the 
Unit for Embryology and Genetic Research, Novum, Karolinska Institute, Stockholm is one 
of the two units in Sweden offering PGD. From June 1996 to October 2000, 18 couples 
carrying structural chromosomal aberrations were treated in this unit (Fridström et al., 2001) 
 
2.4.1 DiGeorge syndrome  
 
DiGeorge syndrome (DGS) is a rare congenital disease whose symptoms vary greatly 
between individuals but commonly include a history of recurrent infections, heart defects, and 
characteristic facial features (Wilson et al., 1993). 
DGS is caused by a large deletion from chromosome 22, produced by an error in 
recombination at meiosis. This deletion means that several genes from this region are not 
present in DGS patients. It appears that the variation in the symptoms of the disease is related 
to the amount of genetic material lost in the chromosomal deletion (Driscoll et al., 1993), 
(McLean et al., 1993),  
Although it is well know that the DGS gene is required for the normal development of the 
thymus and related glands, counteracting the loss of DGS is difficult. 
Some effects, for example the cardiac problems and some of the speech impairments, can be 
treated either surgically or therapeutically, but the diminished production of T-cells (produced 
by the thymus) is more challenging and requires further research on immune function. 
  
2.4.2 Cri du chat syndrome 
 
Cri du chat syndrome (CCS) is a rare chromosomal disorder, with an incidence of 1 in 20 000 
to 1 in 50.000, that results from a partial deletion of the short arm of chromosome 5 (Niebuhr, 
1978). 
CCS is associated with mental retardation and a facial phenotyp. The syndrome is usually 
diagnosed postnatally. The presence of cat-like cry appear to be the only strong specific 
feature that can be linked to the loss of 5p material, other characteristic include a round face, 
microcephaly, micrognathia, hypertelorism, epicanthic folds, low-set ears, short stature and 
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short fingers with clinodactyly. Individuals later show severe psychomotor and developmental 
delay (Stefanou et al., 2002) 
 
2.4.3 Robertsonian translocation of chromosome 14 and 15: 
 
Robertsonian translocations usually involve two different chromosomes for example non-
homologous (non-homologous translocation), and those involving the fusion of homologous 
chromosome (homologous translocation) these are very rare. In about 80 % of Robertsonian 
translocations the chromosomes are two of the group D (13-15). 
There are three possible mechanisms of formation of Robertsonian translocation: fusion at the 
centromere (centric fusion), union following breakage in one short arm and one long arm 
(reciprocal translocation), and union following breakages in both short arms (Guichaoua et 
al., 1986). The former two produce a translocation chromosome with one centromere 
(monocentric), and the latter results in a chromosome with two centromeres (dicentric). In 
some dicentric chromosomes, one centromere is suppressed, and the chromosomes appear 
monocentric. 
Robertsonian translocation in which chromosomes 14 and 15 (t14:15) are involve belongs to 
the category of the non-homologous translocations. This kind of translocation is very rare. 
T(14:15) is associated with repeated spontaneous abortion and male infertility. There is no 
evidence of increased risk for any other type of abnormal offspring. 
 
2.4.4 Classical embryo biopsy techniques for PGD: 
 
The classical method to perform the embryo biopsy in PGD is using two micropipettes. One 
small pipette with internal diameter 5-7 µm containing acidified Tyrode’s solution or acidified 
biopsy medium (pH 2.4), this pipette is placed close to the zona pellucida and the acidified 
solution is gently flushed from the pipette until the zona thins and a hole is drilled. The flow 
can be controlled via an oil-filled syringe (hydraulic), air-filled syringe (pneumatic) or by 
using a mouth pipette. Once the hole is drilled in the zona, the blastomeres are aspirated by 
gentle suction with a second polished pipette (internal diameter of 30-40 µm). This biopsy 
method is used in many PGD centers worldwide (ESHRE PGD Consortium, 1999, 2000); 
(Harper et al., 2001). 
 
Usually there are two methods to perform the penetration of the zona pellucida of the embryo, 
the zona drilling (ZD) and the zona pierce. 
 
A. Zona drilling:  
 

-Using acidified Tyrode’s Solution (pH 2.2 – 2.4) 
-Using acidified biopsy medium (pH 2.2 - 2.4) 
-Using laser beam 

 
B. Zona pierce  
 

-Using a very sharpened pipette 
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2.5  Mouse ovary and Ovary transplantation  
 
Mouse ovaries are small spherical paired organs located on the dorsal abdominal wall, lateral 
and caudal to the kidneys, and are surrounded in abdominal fat. The round ligament suspends 
the ovary from the abdominal wall, and the cranial portion of the broad ligament suspends the 
ovary with the uterus. The ovary is completely enclosed within the ovarian bursa. The ovarian 
surface is smooth in prepubertal females but becomes nodular after sexual maturity because of 
the presence of follicles and corpora lutea. There are differences in ovarian size and weight, 
these are dependent on the strain and age differences. For example, NH mice have an ovarian 
weight of 2-3 mg, whereas the ovaries of DBA/2WyDi mice weigh 25-65 mg, but 
histologically no essential differences exist between the two strains (Chai & Dickie, 1966). 
Ovaries from DBA mice are, on average, two or three times the size of those from C57BL 
mice when the animals are 4 months old, although the initial adult weights are comparable 
(Fekete, 1946). 
 
2.5.1 Development  
 
The development of the embryonic gonads generally precedes that of the tubular genital tract.  
Day 8 of gestation, primordial germ cells, which subsequently become ova in adult mice, can 
first be identified in the yolk sac of the developing embryo. Days 9-10 as the paired genital 
ridges appear, the germ cells migrate into these ridges and increase in number by mitosis with 
subsequent entry into meiotic prophase. Leptotene chromosomes are already present in some 
germ cells at 13 days. Pachytene oocytes are numerous at 16-17 days and may continue 
through diplotene and enter the dictyate stage by birth. The dictyate stage persists until just 
before ovulation (Snell and Stevens, 1966). In the early ovary growth period, the oocytes are 
closely assembled in nests surrounded by a delicate stroma. In mice the transformation of 
these oocytes into mature follicles begins in the neonatal period. Jones and Krohn (1961) 
found while studying the number of oocytes at birth in four different strains of mice that the 
total number had the same order and magnitude (approximately 12,000-18,000). The decline 
rate in the number of oocytes does vary between strains like with for example CBA strain 
mice losing their oocytes more rapidly than others (Mohr.et. al., 1996). 
 
2.5.2 Hormonal function 
 
Gonadotropin-releasing hormone is secreted into the hypophyseal portal circulation from the 
hypothalamus, which stimulates the anterior lobe of the pituitary gland to release 
gonadotropins. As a result of gonadotropin stimulation, the ovaries synthesize and release sex 
steroid hormones, which affect the hypothalamus and pituitary gland in either a stimulatory 
(positive) or inhibitory (negative) manner, depending on the stage of the cycle. (Mohr et al., 
1996; Davis et al.,1999). Sex differentiation of the hypophysis is usually realized by day 6 in 
males and before day 12 in females. Ovarian weight becomes responsive to exogenous 
follicle-stimulating hormone (FSH) by days 6-9, but follicle size cannot be altered by FSH 
injections much before age 12-15 days. The antral follicles are capable of producing estradiol, 
inhibin, progesterone and androgens (Davis et, al., 1999). Follicular growth is maintained by 
the interaction of pituitary FSH and LH, ovarian growth factors and steroid hormones 
produced at various stages of follicular maturation. Ovulation is stimulated by release of LH 
as follicular production of estradiol increases. After the oocyte is released, granulose and 
theca cells further differentiate to form progesterone-producing cells of the corpora lutea (CL) 
which sustain pregnancy if mating occurs (Peters and McNatty, 1980; Everett, 1961; Davis et 
al., 1999). 
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The estrus cycle is normally displayed every 4 or 5 days in mice. Normally the estrous cycle 
in mice is divided into four phases: diestrus, proestrus, estrus, and metestrus. Increasing 
irregularity in cycles with advancing age, including some rather prolonged periods of diestrus, 
has been reported in mice. In general, ovaries of even very old mice can respond to 
hypophyseal hormones (Thung et al. 1956).  
 
2.5.3 Histology of the mouse ovary 
 
A mouse ovary is covered by a single layer of cuboidal to columnar epithelial cells. In the 
immature mouse prior to puberty, the ovary is composed of follicles and interstitial and 
stromal tissue that contains blood vessels, nerves, and lymphatics. With the beginning of 
sexual maturity and ovulation the ovary will also contain corpora lutea. 
The classification of mouse follicles is based upon the size of the oocyte, the follicular size 
and morphology according to the scheme originally proposed by Pedersen and Peters (1968), 
the classification groups being small, medium and large. Each main group is subclassified 
according to the number of granulosa cells in the largest cross-section of the follicles. Small 
follicles include type 1 which consist of a small oocyte (less than 20µm) with flat granulosa 
cells; type 2 follicles which consist of a small oocyte and few granulosa cells; and type 3b 
follicles which consist of a complete ring of granulose cells. Medium follicles include type 3b 
which consist of a growing oocyte (between 20 and 70 µm) surrounded by a complete ring of 
21-60 granulosa cells; type 4 follicles which consist of two layers of granulosa cells; and type 
5a follicles (a transitory stage) characterized by an oocyte which can be up to 70µm in 
diameter and is surrounded by 101 to 200 granulosa cells. Large follicles include type 5b 
which consist of a fully grown oocyte surrounded by 201-400 granulosa cells, but no antrum; 
type 6 which contains 401-600 granulosa cells and has the beginnings of an antrum; type 7 
with more than 600 granulosa cells and a cumulos oophorus; and type 8 which is the 
preovulatory follicle. (Davis et al., 1999) 
 
2.5.4 Ovary transplantation 
 
The orthotopic ovary transplantation in mouse is a powerful technique in animal laboratory 
and core facilities, the technique provides researchers the possibility to save valuable infertile 
mutants when the reason for infertility is other then non germinal cells. The ovarian 
transplantation could also be used on animals which have low fertility. The ovary can be 
divided in four halves and transplanted to four recipients permitting increased chance in 
obtaining more offspring.  
Using this technique, the ovaries could be transplanted orthotopically, unilaterally or 
bilaterally in the recipients. Another way to perform ovarian transplantation is to transplant 
them heterothopically, placing the ovary in a different site in the body of the recipient than its 
normal anatomical position. The ovary tissue can also be transplanted between different 
species, called xenografic transplantation (Snow et al., 2002)  
 
There are mutants and transgenic mouse strains which lack the ability to breed, but where the 
females have functional ovaries. Ovary transplantation is an important tool for maintaining 
and producing crosses with these non-breeding strains.  
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2.6   Germ-free or gnotobiotic animals and embryo transfer 
 
Germ-free (GF): animals that are free from any microorganism and that live in a special steel 
or vinyl isolator environment without any contact with the outside, produced for use in 
biomedical research. Germ-free animals are free from all demonstrable forms of life, 
including bacteria, viruses, fungi, protozoa and other saprophytic or parasitic forms. 
Gnotobiotic (GN): describes an animal or system in which all the life forms are known. 
Conventional (CV): an animal with an uncontrolled microflora, reared under open room 
conditions in association with other animals of the same type. (Gustafsson & Coates 1984) 
 
An adult mammal that lives under conventional conditions harbors normal microflora in skin 
and mouth mucous membranes, upper respiratory, genitourinary tracts and certain areas of the 
alimentary tracts. There is a lot of information supporting the concept that the body surfaces, 
cavities and micro-organisms found on or in the animals constitute open ecosystems obeying 
natural laws governing such systems (Savage, 1977b).  
Micro-organisms found in the gastro-intestinal canal are recognized as either autochthonous, 
(native) in the communities established in the body, or allochthonous (transient) which are 
only passing organisms that fill in a gap temporarily when an autochthonous resident has left 
a vacancy. Allochthonous strains isolated from a specimen should not be regarded as 
members of the “normal” microflora to the region of the body from which the specimen was 
taken. Similarly, micro-organisms involved in disease processes should not be regarded as 
members of the normal flora. Autochthonous as well as allochthonous microbial strains can 
cause diseases in their animal hosts (Savage 1977a). Some micro-organisms of the indigenous 
microflora may be involved in diseases that develop over a long period, e.g. colonic cancer 
(Savage, 1977a). Given such possibilities, the concept of “normal microflora” is not adequate. 
Nevertheless, it has traditional acceptance as the common way of referring to the microflora 
of any animal. 
The normal microflora of the exposed surfaces and alimentary cavities of an animal of any 
given species can be exceedingly complex in composition and function (Savage, 1977b). In 
addition because of anatomical, physiological, environmental or dietary reasons the 
microflora can differ in composition and activity from animal species to species and perhaps 
from individual to individual in some species, even in body regions of basic similarity in 
structure and function (Savage, 1983). 
 
2.6.1 Succession (neonatal animals) 
 
A healthy mouse fetus has a sterile gastrointestinal tract previous to its birth (Savage, 1977b). 
However at birth the fetus is exposed to various amounts of micro-organisms from the 
mother’s vagina and external genitalia as well as from the external environment. On the other 
hand many of these micro-organisms are unable to colonize habitat in the neonatal tract and 
disappear from it soon after birth. There are also other microbial types, the pioneers, produced 
in the offspring and eventually form the climax communities in the adult. These communities 
are formed through succession (Savage, 1977b). 
In suckling mice (Schaedler et al., 1965), and probably also rats (Brunel & Gouet, 1982; 
Raibaud et al., 1966), at 1 or 2 days after birth lactic acid bacteria can be cultured from all 
regions of the tract but especially the stomach, where they colonize the gastric epithelium. 
Shortly after birth as well, populations of facultative anaerobes, such as Escherichia coli and 
Streptococcus faecalis, can be detected along with the lactic acid bacteria. These bacterial 
strains achieve high population level after they are detected initially (Lee & Gemmell, 1972; 
Schaedler et al., 1965; Tannock, 1979) and are found at these high levels in all regions of the 
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tract including the stomach. When their population levels are high, usually during the second 
week after birth, microcolonies of these facultatives can be seen in the mucus coating the 
colonic epithelium in mice (Davis et al., 1973; Lee & Gemmell, 1972; Savage et al., 1968). 
When the mice begin to eat solid food then only anaerobic bacteria is usually detected in the 
large intestine (Davis et al., 1973; Lee &Gemmell, 1972; Savage et al., 1968). The population 
levels of these bacteria increase rapidly and are at adult climax levels by the time the mice are 
weaned. 
 

2.6.2 Conventional production of Germ-free animals  

 
In the 19th century Pasteur’s germ-free research showed to be greatly successful in the fields 
of artificial nursing, reproduction and long-term rearing of GF mice and rats (Gustafsson, 
1959; Reyniers et al., 1946) as well as in the establishment of GF rearing techniques when 
using vinyl isolators by Texler (1959). As a result, GF animals have become one of the most 
important tools in biomedical research. 
The production of GF animals is mostly dependent on that, the embryo that will develop in 
the uterus of a healthy mother, is microbiologically sterile and that it can be aseptically, either 
by hysterectomy or hysterotomy (caesarian section), delivered into a sterile environment.  
Hysterotomy can be performed in two different ways either by closed or open technique. Both 
techniques are essentially similar, the main difference being that the first is conducted from 
within a sterile surgical isolator, while the open method is an aseptic caesarian section, with 
special methods for handling the fetus (Gustaffsson & Coates. 1984) 
 
2.6.3 Problems in production of germ-free animals 
 
The reproductive capacity of GF animals is low in many cases, rearing procedures for some 
species are extremely tedious and it is therefore very difficult to produce large numbers of 
such animals. Most often in animal experiments, about 10 animals per group are necessary to 
permit statistical analysis, and at least 20 animals for the experimental and control groups 
must be produced in each case, depending on strain, sex, date of birth, etc. For reliable 
experimental results, it is essential that the physiological response of the animals to treatment 
be as consistent and reproducible as possible. When the fetuses are removed from the uterus 
timing is also crucial, as well as the time when the delivery is performed, which has a major 
effect on the success of hand-feeding or foster nursing. It is necessary to know the exact 
period of gestation when deciding the time for surgical delivery but the reproductive 
physiology of wild animals has not been sufficiently examined in many cases, and there are 
slight differences even among GF mice and rats, depending on the strain and rearing 
environment (Gustaffsson & Coates, 1984). 
 
2.6.4 Embryo transfer technology  
 
Mouse embryo transfer is a technique for genetic manipulation. The principal advantage of 
embryo transfer is increased reproduction capacity of a valuable mutant or conventional 
mouse. Embryo transfer can amplify the reproductive rate of valuable donors; it can also 
decrease the generation interval between selection steps by having a large percentage of the 
progeny from young donors. Embryos also are an excellent way to move germplasm from one 
region to another without introducing new diseases. In some cases, embryo transfer allows 
mice and rats that are infertile due to disease, injury or aging to have offspring.  
The standard embryo transfer procedure consists of treating a donor female with, pregnant 
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mare’s serum (PMS) used to mimic follicle stimulating hormone (FSH) which induces the 
maturation of large numbers of ova, and human chorionic gonadotropin (hCG) which is used 
to mimic luteinizing hormone (LH) to induce ovulation (superovulation) (Hogan et al., 1994). 
After being fertilized these eggs are removed from the donor and transferred to a foster 
mother for gestation. Embryo transfer involves a number of steps that are simple, but require 
well-trained personnel and meticulous attention to detail.  
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3 Aims of the studies 
 
We wanted to develop and improve three different embryo micromanipulative techniques and 
make them more practical in the laboratory research and in the IVF clinics, providing the 
personnel and the researchers with easy tools to make their work easier and more effective. 
 
 
 
 
 
 
 
 
 
 
 
Specific aims: 
 
 
- To improve embryo biopsy microtechnique so that it will allow the preimplantation genetic 
diagnosis (PGD) using a single-needle blastomere biopsy.  
 
- To improve and use the ovary transplantation microsurgical technique to save valorous 
mutants and transgenic animals when the reason for infertility is other than non-functional 
germ cells, and to apply this technique in identifying the mechanism of subfertility in 
oestrogen receptor beta knockout (ERβ -/-) mice. 
 
 
- To create a new microtechnique to allow transfer of transgenic or conventional animals to a 
germ- free state, through the embryo transfer into a germ free recipient. 
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4 Materials & Methods 
 
All methods are described in detail in each article present in this thesis; however, the 
following section brings up aspects of special interest. 

4.1 Single-needle embryo biopsy in PGD 
The single-needle method was performed as follows: Biopsies were done on 6-10 cell 
embryos, in patients, early (before noon) on the third day after oocyte pick up. Tyrode’s 
solution (pH 2.5) was loaded into the tip of the biopsy micro pipette with the use of a 1 ml 
syringe and rubber tubing. A hole in the zona pellucida was drilled by gently blowing the 
Tyrode’s solution. Once a suitably sized hole was observed the acidified medium surrounding 
the hole was immediately removed by aspirating medium into the micro pipette- thus forcing 
the surrounding medium to enter the area. The medium was sucked into the micro pipette to 
force all the Tyrode’s solution further up in the micro pipette, leaving the tip with fresh 
medium. Two blastomeres were immediately aspirated from each embryo by gentle suction 
with the same micropipette and placed in the same droplet next to the embryo. After the 
biopsy procedure, the embryos were swiftly moved to a fresh culture dish and kept under 
culture conditions until the results of the genetic analysis were finally evaluated. The biopsied 
blastomeres were moved to a glass slide for FISH analysis. 
The basic stages involved in the PGD procedure are detailed below: 

The PDG involved eight main stages:  

a. Consultation of the couple 

b. Hormonal stimulation of the female partner  

c. The collection of the eggs  

d. The collection of the sperms   

e. Fertilization of the eggs in-vitro by IVF or ICSI 

f. Embryo biopsy 

g. Analysis of blastomere by FISH or PCR 

h. Transfer of the healthy embryo back into the woman.  
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pH 2.4 

Figure 2.              
Single-needle blastomere biopsy procedure 

pH 7.4  

Aspiration of two blastomeres 

Transportation of embryo and blastomeres together to the Petri dish 

Flushing acidified Tyrode’s solution pH 2.4

Aspirating back the acidified Tyrode’s solution 

pH 2.4 
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4.2 Ovary transplantation procedure  
 
The orthotopic transplantation procedure is a modified version of the technique described 
earlier by (Stevens 1957; Gunasena et al., 1997; Sztein et al., 1999).The donor mice were 
euthanized by cervical dislocation. The two ovaries from each mouse were removed under 
aseptic conditions. They were placed in a Petri dish containing 2 ml of M2 medium (Sigma, 
St.Louis MO) at room temperature, the ovaries were then cleaned and cut in halves. The 
recipient mice were anaesthetized with 0.2 ml/10g body weight of 2.5% tribromo-ethanol and 
tert-amylalcohol (“Avertin”) solution. After preparing for aseptic surgery, a single incision of 
the skin was made at dorsal, transversally across the lumbar region, making both ovaries 
accessible. The ovary-attached fat pad was grasped and pulled out together with the ovary. 
Under a microscope, at 2 X magnification a small incision was made in the bursa, which was 
then peeled back over the surface of the ovary, allowing removal of the whole ovary. Both 
native recipient ovaries were removed at the hilum and one half of a donor-ovary was placed 
unilaterally into only the right bursa of the recipient mouse, the left bursa was cauterized to 
reduce the chance of the possible growth remains of follicles from the left native ovary. 
In article III, the transplanted mice were mated with a reproductive male of strain CAST/Ei 
(Jackson Laboratory. USA). They were mated in 2-3 periods. The offspring were counted 12-
72 hours after delivery and after approximately 2 to 3 weeks the offspring were weaning. 
Typing of the haemoglobin β-chain (HHb) was performed on the whole blood (50µl) taken 
from the tip of the tail of each offspring mouse at 3 weeks of age. The Hbb pattern was 
analyzed with polyacrylamide gel electrophoresis at 50 V in electrophoresis buffer. 
In article IV, the ovary transplanted mice were waiting 14 days for recovery after surgery. 
They were then mated with a reproductive male of the strains CBAB6F1 and C57BL/6 or 
ERβ-/- at the ages between 9 and 16 weeks old, they mated during 2 to 3 periods. The litters 
were counted and in order to confirm the progeny of the offspring, tail biopsies were taken 
from pups born in the second section of the ovary transplanted mice. The progeny was 
confirmed by Polymerase chain reaction (PCR) on DNA from the tail (Windahl et al., 1999). 
Transplanted ovaries were dissected from the recipients and fixed in 4% formaldehyde, 
dehydrated and subsequently paraffin embedded. Sections of 4µm were aligned in order on 
glass microscope slides, the sections were then stained with hematoxylin and eosin and the 
numbers of follicles and corpora lutea were counted. The densities were calculated by 
measuring the area of the image analysed programme (Easy Mätning, Bergström Instrument, 
Sweden) under microscope.   
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Ovary donor is ovariectomized 

Ovaries are cut in halves 

Four ovary pieces  

Offspring after ovary transplantation 

Recipients are ovariectomized and one half of the donor ovary is transplanted unilaterally 

Mating with a reproductive male from the same genotype of the ovary donor 
f l

Figure 3.     Orthotopic ovarian transplantation procedure in mouse 
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4.3 Embryo transfer to germ-free foster mothers  
 

From a conventional or transgenic female mouse, embryos were obtained through the 
superovulation methods with application of intraperitonel injections of PMS (Pregnant Mare 
Serum Gonadotrophin) and after 48 h hCG (human Choriogonadotrophin) mated with 
reproductive males, and the next day the vaginal plug was checked. 
The embryos were collected at the blastocyst stage (four days after the vaginal plug was 
checked) by flushing with M2 medium through the uterus from the cervix. The blastocysts 
were washed in several drops of M2 medium and loaded into the special glass capillary 
pipette later forged with help of a gas-flame until both ends of the pipette become 
hermetically closed. 
The pipette with the embryos was transferred to an acid container with  chromsulphuric acid 
to disinfect the surface of the pipette, for about 20-30 min then put into a steel isolator with 
the germ free pseudopreganant recipients to perform the embryo transfer procedure. 
The pseudopregnant recipients were anaesthetized with Avertin solution. After preparing for 
surgery, a single incision of the skin was made at dorsal, transversally across the lumbar 
region, making both ovaries accessible. The ovary attached fat pad was grasped and pulled 
out together with the ovary. Under a specially constructed microscope installed over the steel 
isolator with 20x magnification a small incision is made in the bursa between the ovary and 
the oviduct to expose the infumdibulum to enable embryo transfer.  
Before the embryo transfer, the pipette was cut using a diamond pen. 
After 20 days the offspring were born and a germ test was made to confirm that the blastocyst 
had not carried any pathogen germ during the transfer. 
 
 

 

Ψ Pseudo-recipient ♂ Vasectomized 

♀ Embryo donor 

Figure 4. 
Embryo cleansing procedure 

M2-medium  Culture M16 or KSOM
Embryo washed 
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4.4 Patients  

In articles I, II      
The first proband was a 31-year-old woman with the typical facial appearance of DiGeorge 
syndrome (DGS) but otherwise no clinical symptoms. She was diagnosed after the birth of a 
severely affected child with tetralogy of Fallot and hypoplasia of the thymus gland. The child 
died at 4 months of age. A deletion in the chromosome 22q11.2 was found in the mother and 
her child who inherited the same deletion but was more severely affected. 
The second proband was a 29-year-old woman carrying a large pericentric inversion of 
chromosome 5, 46,XX, inv(5)(p14q35). Her first child was diagnosed with Cri-du-Chat 
syndrome due to a deletion of the short arm of the chromosome 5, caused by recombination of 
the mother’s inversion during meiosis. After the child with Cri-du-Chat syndrome was born, 
our proband had two spontaneous abortions during the first trimester, which may represent 
non-viable recombinants. The third probands were a couple where the man carried a balanced 
Robersonian translocation involving chromosomes 14 and 15. 

4.5   Animals and husbandry 
 
In article I, we have used B6D2F1 mice 6-8 week old from B&K Universal AB, Sweden. 
In article III, females of inbred BALB/cByj mice homozygous for the spontaneous mutation 
megencephaly, mceph, (Jackson Laboratory, Bar Harbor,Maine) were used as donors of 
ovaries. These homozygous, phenotypically mutant mice do not breed but they have fully 
functional ovaries. Ovary recipients were females of the congenic strain C.B6-+tyr-c Hbb 
(Jackson Laboratory, Bar Harbor, Maine). The genome of this strain has a background of 
BALB/c¯+tyr-c Tyrp1b with the Hbb locus originating from C57BL/6By strain. The alleles of 
this locus differ between the BALB/cByJ and the C57BL/6By strain allowing them to be used 
as markers for determination of material germ-line in the offspring. The reproductive males 
used for mating with the transplanted recipient mice were of CAST/Ei strain (Jackson 
Laboratory, USA). They were caged in individually ventilated micro-isolators; Vent-A-Cage 
racks (Iwarsson & Norén, 1992).  
In article IV, we used mice from the homozygous ERß-/-, heterozygote ERß +/- and wild 
type littermate, all mice were of mixed C57BL/6J/129 backgrounds. We also used C57BL/6 
and CBAxB6 mice from B&K Universal, Sollentuna, Sweden. 
ERβ-/- female mice are subfertile, they have a block in the last step in the follicle 
development before ovulation (Enmark & Gustanfsson, 1999; Cheng et al., 2002). 
In article V, the mouse strain NMRI used in this study originates from the National Institute 
of Health, Bethesda, USA, and has been kept germ-free and inbred at the Karolinska Institute 
for close to 40 generations. Hybrid (CBAxC57/Bl6)F1 (=CBAF1) animals were generated by 
mating CBA/J and C57Bl/6J mice obtained from Jackson Laboratory, Bar Harbor, USA. 
The transgenic mice Gfap-HSV-Tk are animals expressing mouse glial fibrillary acidic 
protein (Bush et al., 1998). 
All animals were housed in polycarbonate plastic cages containing wood chips with free 
access to fresh water and comprised food pellets, in barrier animal facility and kept at 12 h 
light: 12 h darkness, a temperature of 21-22° C and relative humidity of 50-62%. 

4.6   FISH analysis 
 
In article I and II  
After biopsy for PGD, the blastomeres were washed in phosphate-buffered saline (PBS) for 
2min and transferred into a drop of spreading solution on a poly-L-lysine-coated slide. The 
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blastomere was observed under an inverted microscope until the nucleus was free of 
cytoplasm. The slides were left to air dry, then washed in PBS and dehydrated through an 
alcohol series. The technique of fluorescent in situ hybridization (FISH) used DNA probes 
that were fluorescently tagged and bind to complementary sequences on a specific 
chromosome. After hybridization nuclei were examined under a fluorescent microscope and 
the number of fluorescent signal indicated the number of chromosomes present. Several 
probes could hybridize simultaneously when each labelled was with a different colored 
fluorochrome. This enabled enumeration of more than one chromosome in a single cell. 
The initial experiments using FISH on interphase blastomeres employed indirectly labelled 
probes (Griffin et al., 1991).These probes are labelled and thus linked to a fluorochrome by a 
specific antibody. The signal was amplified immunochemically. Improvement in the 
sensitivity of fluorescent detection system now means that most workers use directly labelled 
probes where the fluorochrome is attached to the probe itself (Harper et al., 1994). No signal 
amplification is needed, resulting in a very rapid procedure with minimal background. There 
are only two types of FISH that can be used in interphase nuclei: alpha-satellite or repeat 
sequence probes locus and unique sequence probes (Harper et al., 2001).  
 

4.7   Microbial analyses 

 
In article V, the mice were kept under specific pathogen free condition: Foster mothers after 
weaning of the litters, and sentinel animals (exposed to bedding from the cages housing the 
cleansed mice) were sent to the National Veterinary Institute (NVI), Uppsala, Sweden, for 
analysis.  
Mice in germ-free rearing conditions were checked weekly for germ-free status by inoculating 
faecal samples into selected aerobic and anaerobic growth substrates at 20°C and 37°C 
 
Aerobic growth:  -Tryptose and Glucose Broth (TGB) 

(DIFCO Laboratories Detroit MI, USA and Mallinckrodt Chemical 
Works, St. Louis, MO, USA) 

   -Reinforced Clostridial Medium (RCM) 
   (MERCK, Darmstadt, Germany) 
 
 
Anaerobic growth: -Thioglycollate Medium (THM) 
   (DIFCO) 
   -AC Medium (ACM) 
   (DIFCO) 
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5. Results & Discussions 
 
5.1 Preimplantation genetic diagnosis 
 
In article I  
The mouse study, the survival of the embryo after biopsy and overnight incubation was 100 % 
for the entire regimen tested. All blastomeres removed were intact immediately after the 
biopsy procedure. After one day of incubation, biopsied embryos reached the morula or 
blastocyst stage and were then transferred to a pseudorecipient. In the follow-up of mice born 
after embryo biopsy, no significant difference was observed in body weight up to four weeks 
of age between biopsed and control groups. 
Male and female adults from the biopsed group were fertile and produced live young of 
expected sex ratios. In the histological examine no gross lesions were found, the histology of 
the necropsy was normal. The blood plasma analyses (15 biomedical parameters) do not show 
any difference with the control group. 
In the clinical study three cycles were performed in a couple in which the woman, 31 years of 
age, was a carrier of a microdeletion on chromosome 22p11.2 (DiGeorge syndrome). Not 
many embryos were obtained in all three cycles; out of the total of eight embryos undergoing 
biopsy diagnosis was possible for only six. Two normal embryos were transferred but no 
pregnancy was achieved. 
Two cycles were performed in a couple in which the 29 years old woman was a carrier of a 
pericentric inversion on chromosome 5. (See article II). 
One cycle was performed in a couple in which the man was a carrier of a balanced 
Robertsonian translocation involving chromosome 14 and 15. Only four embryos were 
biopsied and diagnosed successfully. One embryo with balanced genotype was transferred to 
the woman, 29 years, leading to pregnancy and the delivery of a healthy baby. 
 
Table II: Clinical results: 
Cycles Diagnosis Fertilized 

eggs 
Biopsied 
embryos 

Analysis Affected Healthy ET Birth 

A1-3 DiGeoge 
syndrome 

14/26 8 6/8 4 2 2 No 

B1-2 (Cri-du-
Chat) -5p 

35/48 21 19/23 10 9 2 Twins 

C1 Rob.trans 
14 and 15 

6/8 4 4/4 3 1 1 Boy 

 
In total, the single-needle biopsies were attempted on: 
 
35  embryos  
6  cycles 
2  embryos were damaged during the biopsy 
66  blastomeres were aspirated from 33 embryos 
59 blastomeres (89%) were intact 
29 embryos analyzed with FISH (88%) 
4 embryos were not analyzed (12%) 
12  embryos were affected 
17 embryos were not affected 
7  embryos were transferred 
3 healthy babies were born (43%) 
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The application of the single-needle method to perform embryo biopsy in PGD is shown to be 
more effective concerning the rapidity and simplicity of taking biopsies. This method can 
ensure a better environment for the embryos, less time outside the incubator, better follow-up 
of the procedure, better control of the biopsy pipette, easy to set up the micromanipulator and 
less damaged blastomeres.  
 
In article II 
We have performed two PGD treatments to a couple in which the woman, 29 years of age, 
was a carrier of a pericentric inversion on chromosome 5. The treatments yielded a high 
number of oocytes and a total of 20 embryos were biopsied. Two embryos were damaged 
during the aspiration of blastomeres. In 4 out of the remaining 18 embryos one of the 
blastomeres was lysed during the aspiration. Both cycles led to transfer of two embryos with 
balanced genotype. A pregnancy was detected with raised HCG concentrations 13 days after 
transfer, indicating implantation, and ultrasonography confirmed the presence of two fetal 
hearts two weeks later. Amniocentesis was performed at 15 weeks and cytogenetic analysis 
confirmed two balanced inversion carrier karyotypes. After 34 weeks healthy twins, one male 
and one female were delivered. 
This was the first rapport of an established pregnancy using PGD in order to avoid 
chromosome imbalance in the progeny of an inversion carrier and also the first babies born 
using a single-needle procedure to perform the blastomere biopsy in PGD.  
 
5.2   Ovary transplantation 
 
In article III, 
Ten transplanted female mice from the congenic strain BALB/c.C57BL/6By HHbs, with 
ovaries from non-reproductive mutant BALB/cByJ, produced at least one litter. The mean 
litter size for all transplanted mice from the first two mating periods was 6.0± 2.7 offspring 
per litter. For untransplanted BALB/cJ the mean litter size is reported to be 5.2. There was no 
significant difference in mean litter size between the age combinations. 
To determine the maternal origin of the offspring they were typed for hemoglobin β-chain 
variant. 76 of the total 81 surviving offspring mice, 94%, were derived from the transplanted 
ovaries. 
The ovary transplantation used in this study shows a very high performance (94%) compared 
to previously published studies 33% (Cox et al., 1996), 48% (Parkening et al., 1985), 60% 
(Brem et al., 1990), 66% (Gunasena et al., 1997b), 80%  (Stevens, 1957), 100% (Gunasena et 
al., 1997a).  
The mean litter size for the females was normal, despite the fact that the two native ovaries 
were replace by only one half of an ovary. 
There is a risk of not completely removing the native ovaries during transplantation and thus a 
risk that the transplanted mouse produces her natural progeny. Delivery of natural progeny 
occurred in 6% of the offspring. Four of these 5 endogenous offspring were delivered from 
one and the same female, suggesting an incomplete ovary removal. However, to be sure of the 
genotype of the offspring, typing the progeny for the maternal germ-line is important. This 
can often be performed easily with coat color markers.  
With this method, only one donor mouse is needed to provide ovary transplantation to four 
recipient mice. Surplus ovaries can be frozen for transplantation at a later time. 
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In article IV  
 
After transplantation of ovary pieces of 5 ERβ -/- to 8 WT littermates and 10 normal C57BL/6 
female mice, 12 litters having a total of 58 pups were born. 
The litters were born to four out of 8 WT littermates and to 4 out of 10 normal mice. 
When WT mouse ovaries from 6 donors were transplanted to 9 ERβ-/- recipients, 8 litters 
with 37 pups were born. 7 litters with a total of 31 pups were born to 4 recipients out of the 11 
transplanted. 
Ovaries transplanted from 1 heterozygote (ERβ+/-) mouse donor into 2 WT littermates and 2 
normal C57BL/6 recipients, 24 pups were born out of a total 6 litters. 
The progeny from these mice, in the second section of ovary transplantation, where 87% of 
the offspring originated from the transplanted ovaries and 13% from the native ovaries 
indicated an incomplete ovary removal in some of the recipients. 
 
Table III: Ovary transplantation, section I and II 
Donors Nr. Recipients Nr. Litters Offspring Comments 

WT 8 6 23  ERβ-/- 5 
C57BL/6 10 7 35  
ERβ-/- 9 8 37 2 recipients found dead WT 6 
C57BL/6 11 7 31  
WT 2 4 14  ERβ+/- 1 
C57BL/6 2 2 10  

Total 12 2 types 42 34 150  
 
When WT mouse ovaries were transplanted to knockout mice, 2 ERβ-/- recipients mice were 
found dead, 6 respective 31 days after transplantation. This may suggest extra-ovarian causes 
of subfertility and ovarian failure among the ERβ-/- mice. Such causes are not absolute and 
probably not the only ones, another possible cause may lay in the other organs of the ERβ-/- 
mice themselves. The uterus was normalized and could carry normal delivery of offspring 
whose endocrine disturbance was corrected by the ovarian transplantation. 
We also found similar numbers of follicles and corpora lutea between ovaries from ERβ-/- 
mice transplanted into WT and ovaries from WT into ERβ-/-.  
 
Table IV: Density of follicles and corpora lutea/mm³ ovarian cortex        

 

5.3  Embryo transfer to germ-free foster mothers  
 
 In article V 
For testing and evaluating the embryo cleansing technique, we performed embryo transfer to 
203 pathogen free recipients mouse stocks with a verified presence of specific pathogen (s). 
After weaning of the litters, the outcome of the cleansing was monitored by microbiological 
testing of the recipients or by use of sentinel animals. This series of transfers confirmed the 

Ovary transplantation type Nr. of  follicles Nr. of  corpora lutea 
ERβ-/- ovary into WT 365 369 
WT   ovary into  ERβ-/- 646 516 
ERβ-/- control ovary- no transplanted 1055 158 
WT      control ovary- no transplanted 1560 282 
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technical possibility to effectively eliminate pathogens from a large number of different 
mouse stocks; i.e.  
 
Table V: List of viruses, bacteria and parasites which have been cleansed from mouse stocks 
Viruses Bacteria Parasites and protozoa 
MHV Entamoeba Aspicularis tetraptera 
MVM muris Myobia musculi 
Parvovirus Escherichia coli Myocoptes musculinius 
Reovirus Enterobacter cloaceae Heminths spp 
Rotavirus Helicobacter spp Protozoa spp 
Theilers encelhlomyelitis Klabsiella oxytoca Syphacia obvelata 
 Klabsiella pneumoniae  
 Pasteurella spp  
 Pneumocysis carinii  
 Proteus mirabilis  
 Tricomobas spp  
 
The efficiency of the microbial cleansing can be illustrated by finding that cleansed offspring 
was found to lack several different pathogens found present in the embryo donor mouse stock. 
An experiment in which six super-ovulated CBA/S female mice after mating to CBA/S males 
produced forty 8-cell embryos; these embryos were cleansed and transferred to two specific 
pathogen free pseudo-pregnant recipients. One recipient gave birth to five pups of which one 
male and two females were further bred to obtain a larger number of mice. Two male pups 
were kept as controls for microbiological status and the results of the analysis at the age of 
seven weeks, were negative concerning the presence of the indicated pathogens from the 
original (embryo donor) colony. 
Pasteurella spp bacteria is difficult to fully diagnose, also in the putative recipient mice, 
therefore it is important to use Pasteurella free pseudo-recipients for the embryo transfer. 
  
After the above result showing, the efficiency of embryo cleansing throughout the transfer of 
the embryos to a pathogen free pseudo-pregnant recipient, we were able to perform embryo 
transfer of cleaned embryos to a germ-free pseudo-recipient into a special germ-free steel 
isolator environment, with the intention to produce germ-free or gnotobiotic mice throughout 
the embryo transfer.  
The embryo donor mice which were subjected to embryo cleansing were Gfap-HSV-Tk 
transgenic and CB6F1 strains, a total of 160 embryos were recovered and transferred to 10 
pseudo-recipients (8 NMRI and 2 CB6F1 strain); seven pups were born from two CB6F1 
pseudo-recipients and nine pups were born from two out of eight NMRI pseudo-recipients. 
The offspring was subjected to tests and were found negative for the presence of detectable 
microbes. For future work the results indicate that CB6F1 mice as recipients would be a more 
cost-effective choice. From a total of eight germ-free NMRI recipients, three produced 
offspring, and from those one ate their offspring. In contrast, two germ-free CB6 hybrid 
recipients both produced live offspring. The embryos were transfer in blastocysts or morula 
stage. From our previous experience, the blastocysts have a strong resistance to external 
factors such as temperature and poor culture conditions.   
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6.   Conclusions 
 
The conclusions of the present study showed that these three techniques have a potential use 
in reproductive biology and that they are a powerful tool in the practical application. These 
applications serve to overcome the limitations of classical methodology and they can pave the 
way for the improvement and development of new techniques based on the assumptions of the 
necessity to go further in the reproductive biology investigation.  
 
In the single-needle application to perform embryo biopsy we noticed that the technique is 
simpler than the classical one when two needles are used to perform the blastomere biopsy. 
The testing and successful application of the single-needle approach to obtain blastomere 
biopsies from human preimplantation embryos for preimplantation genetic diagnosis (PGD) 
was a completely new variant in the biopsy technique. The method was first tested in a mouse 
model, where it was shown to be to a great extent compatible with various in-vitro and in-vivo 
developments of biopsied mouse embryos. Furthermore, we showed that biopsied mouse 
embryos after transfer to recipient mice underwent implantation, normal development and 
delivery. Litters were followed through puberty and adulthood and shown to be normal with 
regard to sexual function and also a panel of biochemical and morphological parameters 
including organ histology. 
Successful human preimplantation diagnosis, followed by pregnancies and birth of healthy 
babies, was established with two out of three couples carrying a risk to transmit chromosomal 
abnormalities leading to severe diseases (pericentic inversion of chromosome 5 and 
Robertsonian translocation of chromosome 14 and 15). This is the first report of the 
successful use of a single-needle approach in human PGD. Considering its simplicity, we 
conclude that the single-needle approach is an attractive alternative for biopsies in PGD. 
The technique can be extended to analyze almost all genetic disorders including age related 
aneuploidies. This technique is now used as a routine in the assisting reproduction laboratory 
at the Huddinge University Hospital. At the present several couples have been treated in this 
unit using this technique. 
 
In the attempts of transplanted ovaries we have observed that this technique is a powerful 
tool to overcome the limitations of breeding valuable mouse colonies when they suffer an 
apparent infertility or subfertility. The technique is very useful also for maintaining the 
genotype of strains that recessively inherit the breeding dysfunction. This allows breeding 
with homozygous rather than heterozygous mice resulting in twice the ratio of abnormal 
versus normal offspring in the litter. Using heterozygous breeding the offspring would need 
progeny testing to assure presence of the mutant genotype with which the strain maintenance 
is to be continued. In outcrosses between a normally functional strain and a breeding 
dysfunctional strain where an affected sex is to be used, the profit of ovary transplantation is 
the same as in in-cross breeding. 
We showed that when we have transplanted ovaries from the female belonging to a non-
reproductive BALB/cByJ mutant mouse strain, all transplanted mice, a total of ten 
BALB/c.C57BL/6By, produced offspring and 94 % of the progeny originated from the 
transplanted ovaries. The mean litter size and the mating period needed for productive mating 
to occur were similar to what was observed for corresponding control mice.  
  
-We also studied mechanisms of reproductive failure in ERβ knockout (ERβ-/-) mice by 
transplanting ovaries of ERβ-/- mice into WT littermate and into the normal C57BL/6 mice as 
well as ovaries from WT littermates into ERβ-/- and into normal C57BL/6 mice.  
We showed that ovary transplantation of estrogen beta-receptor knockout (ERβ-/-) ovaries 
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into the WT littermate and normal C57Bl/6 recipient mice, can produce similar litters as when 
the ovaries of WT littermate or normal C57BL/l are transplanted into WT female recipients. 
The results suggest an extra-ovarian cause, probably a hypophyseal cause of subfertility in the 
ERβ -/- mice. The uterine abnormalities of those animals (Zhang et al., 2000) are probably a 
consequence of ovarian dysfunction, because they have normal litters after receiving a WT 
ovary. Ovarian transplantation shows that an ERβ-free uterus function normalizes in mice 
when ovarian function is normal, and that an ERβ-free ovary function apparently normalizes 
once it is transferred to a normal environment. The results suggest that ERβ in granulosa cells 
is not essential for ovulation, but it is still not clear whether the few normal follicles of the 
WT recipient mice are sufficient to normalize the functions of the ERβ-/- follicles. However, 
despite the normalization of ovarian and uterine functions, ovarian transplantation did not 
improve maternal behavior of ERβ-/- mice, since some of them continued to eat their pups 
soon after delivery. Although there are many possible causes of the subfertility in ERβ-/- 
mice, the ovaries of ERβ-/- mice are clearly structurally competent for ovulation. One 
explanation for the recovery of normal ovarian function is that the residual normal follicles of 
the recipient mouse are enough to signal to the ERβ-/- ovary. Some other possible factors 
which could mediate such signals would be cAMP. 
 
 
In the creation of a new technique to obtain germ free animals through the embryo 
transfer, we received positive results and showed that it was in fact possible to produce germ-
free mice through the embryo cleansing and transfer techniques.  
We evaluated the embryo transfer technique for the purpose of changing the microflora of 
valuable mutants and conventional mice. Our results showed reproducible and quality-assured 
conversion to gnotobiotic animals, animals without the presence of detectable microbes. 
Rapid and easy access to gnotobiotic mutant mice is advantageous for studies of selected 
microflora and their metabolic implications. 
Embryo transfer is done in a steel isolator environment, allowing implantation into germ-free 
recipients under well-controlled germ-free conditions. The embryos were transferred in a 
blastocyst stage and were obtained from super-ovulated female mice belonging to the CBAxB 
and Gfap-HSV-Tk transgenic strains. 
Compared to the Caesarean section, this method carries less risk of transmitting infections to 
recipients and is easy to perform. The recipient females gave normal birth and took care of the 
offspring as if they were their own pups, thus enhancing the survival rate. Access to advanced 
isolator rearing technology is, however, a prerequisite. In this study we used a specially 
constructed steel isolator, on which we mounted a stereo microscope used in connection with 
embryo transfer inside the isolator. 
Using embryo transfer and advanced isolator techniques we paved the way for use of both 
knock-out and transgenic animals under different gnotobiotic conditions-both germ-free, 
mono-associated and poly-associated animals, in order to compare with conventional animals. 
It is shown that the flora is of crucial importance as regards phenotypic expression and in 
studies such as colitis models. 
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