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“It's a magical world, Hobbes, ol' buddy, ol' pal….. 
Let's go exploring!”  

 
Last line of the final Calvin and Hobbes strip 

by Bill Watterson, 1995 



 

POPULÄRVETENSKAPLIG SAMMANFATTNING 

Det senaste decenniet har intresset för att använda transplantation som behandling 

av tillstånd som inte är livshotande men som har avgörande betydelse för 

individens livskvalitet ökat och detta intresse innefattar även transplantation av 

fortplantningsorgan. Livmodertransplantation har föreslagits som bot mot 

sterilitet hos kvinnor som av olika skäl saknar livmoder och därför inte kan bli 

gravida. För att undersöka om livmodertransplantation är möjligt att genomföra 

och för att utveckla säkra metoder för detta krävs omfattande studier i lämpliga 

experimentmodeller. Denna avhandling undersöker hur livmodern påverkas av 

den syrebrist som uppstår när ett organ tas ut ur donatorn och innan blodflödet 

genom organet etablerats i mottagaren. Studierna har genomförts i olika 

experimentmodeller och även dessa modeller presenteras och diskuteras i 

avhandlingen. 

När blodcirkulationen återställs i ett organ som tidigare varit utsatt för syrebrist 

startar en rad processer som kan leda till inflammation och i värsta fall organdöd. 

Denna inflammation kan även förvärra avstötningsreaktionen och därför är olika 

åtgärder för att minska inflammation vid transplantation ett viktigt 

forskningsområde. Kyla minskar hastigheten för alla biologiska processer och 

används för att förlänga den tid som ett organ kan vara utan blodcirkulation. Det 

finns även en rad olika skyddande lösningar som används för att ersätta blodet i 

organet under kylförvaring och som bidrar till att ytterligare dämpa utvecklingen 

av skador. Det har visat sig att olika organ har olika tålighet för syrebrist och 

kylförvaring. 

Eftersom livmodertransplantation är ett relativt nytt forskningsområde är det 

vikigt att etablera grundläggande kunskap om livmoderns specifika egenskaper på 

detta område så att säkra metoder för transplantation av livmoder kan utvecklas. 

De fem delstudier som ingår i denna avhandling har genomförts utifrån olika 

frågeställningar kring kylförvaring av livmodern och i olika experimentmodeller. 

Transplantation mellan genetiskt lika möss genomfördes efter att livmodern 

förvarats i en skyddande lösning i 24 timmar. Efter att mössen läkt från 
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operationen infördes befruktade ägg i den transplanterade livmodern och 

avkomman visade sig vara normal. Undersökningar av livmodervävnad som 

donerats av kvinnor som låtit ta bort sin livmoder pga blödnings besvär eller 

muskelknutor i livmodern visade också på bibehållen muskelfunktion och 

biokemisk aktivitet efter 24 timmars kylförvaring i en skyddande 

förvaringslösning. 

Livmodertransplantation utfördes även i får och gris på så sätt att samma djur 

agerade som både donator och mottagare. Här undersöktes hur allvarliga 

störningar en kort tids kylförvaring kan orsaka och om de skyddande 

egenskaperna hos en förvaringslösning har någon mätbar positiv effekt. Det 

visade sig att livmodern endast uppvisar små skador efter kort tids kylförvaring 

och att en skyddande förvaringslösning ytterligare kan dämpa dessa skador. 

Transplantation mellan genetiskt lika råttor genomfördes efter 24 timmars 

kylförvaring av livmodern. Studien undersökte om förbehandling av både donator 

och mottagare med det kvinnliga könshormonet progesteron kan minska de 

skador som uppstår efter syrebrist. Resultaten visar att progesteron kan ha en 

inflammationsdämpande effekt liknande den som fås vid kortisonbehandling. 

Fortsatta studier av progesteron i livmodertransplantation är av intresse då både 

positiva och negativa effekter av detta hormon koncentreras främst till livmodern, 

till skillnad från kortisonpreparat som har en mer spridd verkan i kroppen. 

Sammanfattningsvis visar denna avhandling att livmodern har en relativt hög 

tolerans mot skador som orsakas av syrebrist och att experimentmodeller i mus, 

råtta och får är användbara i fortsatta studier som syftar till att ta fram säkra 

metoder för livmodertransplantation i behandling mot ofrivillig barnlöshet som 

orsakas av avsaknad av en funktionsduglig livmoder. 

 

Göteborg, juli 2007 



 

ABSTRACT 

The use of transplantation to enhance quality of life is a growing clinical field that 

also includes transplantation of reproductive organs. Transplantation of the uterus 

has been suggested as future method to treat uterus factor infertility. To 

investigate the feasibility of uterine transplantation and to develop safe methods, 

research must be performed in appropriate animal and in vitro models. This thesis 

investigates the effects of ischemia and reperfusion on functional, morphological 

and biochemical parameters in the uterus in several experimental models and also 

describes these models. 

The tolerance of the uterus to cold ischemia was evaluated in a previously 

developed mouse model for uterus transplantation. Cold ischemia for 24 h did not 

impair the ability of the mouse uterus to implant embryos and produce normal 

offspring if University of Wisconsin preservation buffer (UW) was used during 

ischemia. Also, in vitro studies on human myometrium showed that myometrial 

contractions, protein synthesis and energy production were well preserved after 

cold ischemia in UW or the preservation solution Perfadex for 6 h. 

A pig model for auto-transplantation of the uterus was developed and found to be 

of less value since the number of successful transplantations was low (21%) due 

to surgical difficulties related to the anatomy of the pig. In the development of a 

sheep model other surgical strategies could be used and the success rate was 

considerably higher (71%). Evaluation of biochemical and morphological 

parameters during reperfusion after of short time cold ischemia showed recovered 

metabolism and only a slight inflammatory response that was further reduced by 

the use of the preservation solution Perfadex during cold ischemia. 

A rat model was also developed to complement to the mouse as a small animal 

model for uterine transplantation research. Morphological signs of post-ischemic 

inflammation in rat uteri transplanted after 24 h of cold ischemia were reduced by 

pre-treatment of the donor and the recipient with progesterone or prednisolone. 
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In summary, it was found that the mouse, the rat and the sheep can serve as 

appropriate model animals for studies of various aspects of uterus transplantation. 

It was also found that in these non-rejecting models the uterus is fairly resistant to 

injuries induced by surgery and cold ischemia and can tolerate cold ischemic 

storage for at least 24. However, in a possible future human application, organ 

injuries induced by ischemia should be reduced. Potential strategies to achieve 

this could include the use of short ischemic times, appropriate preservation 

solutions and anti-inflammatory pre-treatment of donor and recipient. These 

studies have moved the research front in uterine transplantation forward and it is 

predicted that uterine transplantation can reach the clinical setting within 5 years. 

 

Göteborg, July 2007 
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INTRODUCTION 

INTRODUCTION 

To reproduce is a central component in the fulfilment of normal life and infertility 

can have profound negative psychological and social consequences for those 

affected (Cousineau and Domar 2007). When the first successful in vitro 

fertilisation (IVF) with a live born baby was reported nearly thirty years ago 

(Steptoe and Edwards 1978; Edwards et al. 1980) the first reliable method to treat 

the main type of female infertility – tubal infertility - was introduced. Since then 

new and improved treatments such as intra cytoplasmic sperm injection (ICSI) 

(Palermo et al. 1992) have been established and today we can circumvent many 

of the causes of both male and female infertility. Also, cryopreservation of 

ovarian tissue followed by auto-transplantation to rescue fertility in female cancer 

patients have been reported with successful outcome (Donnez et al. 2004). The 

development of these assisted reproductive techniques (ARTs) have led to a 

changed view on infertility so that we now consider infertility as a disease that 

should be cured, rather than a tragic condition that must be accepted and this is a 

strong motivator for further research in the area. 

Transplantation of organs that are not life supporting but of great importance for 

general wellbeing has also become a growing area of interest. Advancements in 

immunological research, improved surgical methods and more effective 

immunosuppressive regimens have considerably reduced the risks connected with 

transplantation and opened up for an expansion of the types of organs that can be 

transplanted. Just recently there have been reports on successful transplantations 

of complex, composite tissue such as the face (Kanitakis et al. 2006), abdominal 

wall (Levi et al. 2003) and hand/forearm (Lanzetta et al. 2005). 

Uterus factor infertility is today largely untreatable and the growing significance 

of transplantation as a means to enhance the quality of life has also made 

transplantation of the uterus for fertility purposes interesting. The past seven 

years, research on uterus transplantation has emerged and developed and 

continues to attract interest from researchers and potential patients. 
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INTRODUCTION 

In development of uterine transplantation as a treatment for infertility it is of 

importance to study many aspect of possible relevance in order to minimize the 

risks involved for the donor, the mother and the prospective child. Such issues 

would include surgical methods, the impact of cold ischemic preservation as well 

as suitable immunosuppressive regimens to avoid rejection and their impact on 

pregnancy and pre- and post-natal development. Many lessons can be drawn from 

previous research in several related areas in transplantation research. However, 

little is known about the uterus as a transplant and since the purpose of the 

transplantation is to generate life, new considerations have to be made and much 

research has to be done in models specific for uterus transplantation, both in vitro 

and in vivo in suitable animal models. 

This thesis deals with the effects of ischemia and reperfusion injury in several 

experimental models. The significance of appropriate animal models for studies 

on different aspects of uterus transplantation cannot be underestimated and 

different aspects of the models used in uterine transplantation research are also 

addressed. 

The uterus 

The uterus is a relatively simple organ regarding its anatomy but it exhibits 

remarkable physiological features. It has an inherent capacity of growth and 

shrinkage, undergoes constant cyclic changes of tissue modulation and 

responsiveness to various stimuli and it can accept and allow the growth of a 

semi-allogeneic or fully allogeneic conceptus.  

Anatomy 

In the non-gravid state most of the uterine mass is made up of smooth muscle 

(myometrium) surrounding a cavity lined with mucosal tissue (endometrium). 

The uterine cavity has its connection with the vagina through the cervix and to the 

abdominal cavity through the two Fallopian tubes on each side of the upper part 

of the uterus (the corpus). The cervix is the downward extension of the uterus 
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INTRODUCTION 

with its lowermost part exposed into the vagina and it consists mainly of 

connective tissue. 

The myometrium is made up of three somewhat blended layers of smooth muscle 

cells. These muscle cells are interconnected through gap-junctions to make up a 

functional syncytium (MacKenzie and Garfield 1985) and the myometrium 

exhibits a high degree of spontaneous contractility (Wray et al. 2001). The 

innermost layer of the uterus is the endometrium, that consists of a monolayer of 

cuboidal epithelial cells facing the cavity and beneath that is the stroma.  

Endometrial glands embedded in the stroma extend their ducts to the epithelial 

surface and spiral arterioles supply the endometrium with oxygenated blood. The 

endometrium is constantly broken down and regenerated in the non-gravid uterus, 

following the cyclic changes of sex steroids. 

The endometrium lining the uterine cavity is the site of implantation of the 

fertilized egg. The implanted embryo grows within the decidual endometrium 

where the placenta develops from the outer cell mass of the blastocyst to ensure 

exchange between foetal and maternal blood throughout pregnancy.   

The uterus is vascularised by the bilateral uterine and ovarian arteries. The uterine 

arteries arise from the anterior divisions of the internal iliac arteries and run in a 

cranial direction along the lateral sides of uterine body from the isthmus. The 

uterine artery branches off into the arcuate arteries that encircle the uterus and at 

intervals the arcuate arteries give off radial arteries that penetrate directly inward 

to the endometrium. At the level of the round ligaments, the uterine artery 

anastomoses with the ovarian artery in a continuum and the supply of blood to the 

uterus comes at least partly from the ovarian side. The uterine and ovarian veins 

are multiple and follow the arteries. 

Even though the basic anatomy of the uterus is similar in most mammals there are 

certain anatomical differences that have to be accounted for in the development of 

surgical approaches for transplantation. One major difference is the relative 

length of the uterine horns that reflects the number of offspring normal for the 

specific species. For example, animals like rodents and pigs, that carry a large 
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number of foeti, have bicornuate uteri with long uterine horns, while sheep that 

carry only one to three lambs has a bicornuate uterus with shorter uterine horns. 

Primates, which usually cary a singleton pregnancy, have uteri with a common 

cavity after the Müllerian ducts have fused during foetal life. The vascular 

anatomy is also slightly different between species and reflects the functional 

requirements determined by number of offspring normally carried in a pregnancy. 

For example, in the rodent and pig the uterine vessels ramify to create a network 

of vessels outside the uterine tissue that extends over the length of the uterine 

horns. These vessels are surrounded and supported by ligaments (corresponding 

to the broad ligaments in the human) that allow for flexibility of the rather long 

uterine horns. In the sheep and human uterus there are few or no ramifications of 

the uterine vessels outside the uterine body and the uterine vessels run on the 

surface of the uterine body. 

 

Figure 1 Schematic illustration of the gross anatomy of the uterus in the human (a), 
the mouse and rat (b), the sheep (c) and the pig (d). Red lines represent the arterial 
vascular supply to the uterus. O=ovary, V=vagina, F=Fallopian tube 

14 



INTRODUCTION 

Hormonal regulation 

All placental mammals share a similar reproductive system; the regulatory 

hypothalamic system releases gonadotrophin releasing hormone (GnRH) in pulses 

that stimulates the release of the pituitary gonadotropins, follicle stimulating 

hormone (FSH) and luteinising hormone (LH). In females FSH and LH tightly 

regulate the production of the major ovarian sex steroids estradiol and 

progesterone and these exert profound influences on uterine function. All sex-

steroids as well as corticosteroids are produced from cholesterol via pregnenolone 

by a series of enzymatic steps. Estradiol is produced primarily by developing 

follicles and the main source of progesterone is the corpus luteum. During 

pregnancy the placenta produces both hormones.  

The structure of estradiol and progesterone and their respective receptors are 

highly conserved through evolution (Thornton et al. 2003) and the serum levels of 

estradiol and progesterone as well as uterine receptor density and responsiveness 

vary in a cyclic manner that is similar in all species. In non-primates these cyclic 

changes are referred to as the estrus cycle and in primates it is called the 

menstrual cycle. Animals exhibiting an estrus cycles reabsorb the endometrium if 

conception does not occur during a cycle, while animals that have menstrual 

cycles shed the endometrium through menstruation. 

The phases of the estrus and menstrual cycle correlate and can be divided into 

four phases. Estradiol levels begin to rise at the start of the follicular phase 

(proestrus) and peak at late follicular phase (estrus), just prior to ovulation. After 

ovulation, during the early luteal phase (metestrus), estradiol levels drop and the 

corpus luteum is formed, producing progesterone. Progesterone levels that are 

low during the follicular phase, peak at mid luteal phase and influence the 

differentiation of the endometrium and endometrial glands. In late luteal phase 

(diestrus) the corpus luteum regresses during a non-conception cycle, 

progesterone levels drop and the endometrium is reabsorbed/shed. If implantation 

and pregnancy occur, the developing placenta releases chorionic gonadotrophin 

that rescues the corpus luteum so that the secretion of estradiol and progesterone 

is maintained. 
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Varying levels of estradiol and progesterone also modulate the myometrial 

sensitivity to contractile agents, with estradiol as stimulatory and progesterone as 

inhibitory mediators. For example, the high levels of progesterone during 

pregnancy maintain uterine quiescence and a drop in progesterone in relation to 

estradiol levels at term sensitizes the uterus to contractile agents. The main 

stimulatory agents for myometrial contractions are oxytocin and prostaglandins 

and the sensitivity (i.e. density and affinity of receptors) of myometrium to their 

action is partly regulated via sex steroids (Wathes et al. 1996; Myatt and Lye 

2004). 

Innervation 

The uterus is innervated by sympathetic fibres from the thoracolumbar segments 

and parasympathetic nerves from the spinal segments. In the non pregnant human 

uterus most of the nerve terminals are cholinergic (>50%) or adrenergic (~30%) 

(Morizaki et al. 1989). The importance of neuronal influence on the uterus is not 

entirely clear. During pregnancy the innervation gradually degenerates due to 

reduced production of functional nerve growth factor beta (NGFβ) (Lobos et al. 

2005) and the denervation is almost complete at term (Chavez-Genaro et al. 

2006). Studies have shown that the neuronal stimulatory effect is weak also in 

non-pregnant myometrium, indicating that neuronal influence on myometrial 

contractility can be modulatory but not dominant (Morizaki et al. 1989; Houdeau 

et al. 2003). 

Lymph drainage 

The anatomy of the lymphatic structures in the uterus has not been investigated 

by many. A few studies in the human, rat and sheep show that the lymph vessels 

approximately follow the venous route outside the uterus and that the abundance 

and morphology of lymph vessels in the endometrium vary with hormonal status  

(Abdel Rahim and Bland 1985; Uchino et al. 1987). 

Immunology 

Since the conceptus expresses cell surface molecules of both maternal and 

paternal origin it is partly foreign to the mother and could be regarded as a semi-
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allogeneic transplant. However, during a normal pregnancy an intense cross-talk 

between maternal and foetal tissue induces changes in the uterine environment 

that allows for maternal tolerance of the foetus (Vigano et al. 2003). For example, 

regulatory T cells that are commonly associated with maintenance of tolerance to 

self-antigens have been shown to be involved in the suppression of maternal allo-

responses (Tafuri et al. 1995). During the non-pregnant hormonal cycle there are 

variations in uterine immune cell density (Kaushic et al. 1998; Kaeoket et al. 

2001) and phenotypes (Keenihan and Robertson 2004; Sentman et al. 2004) as 

well as alterations in expression of stromal and epithelial cell surface markers 

(Wira and Sullivan 1981) and inflammatory factors (Hasty et al. 1994; Ramhorst 

et al. 2006). These changes are influenced by the ovarian steroids and participate 

in regulation of endometrial receptivity.  

Uterus factor infertility 

If transplantation of the uterus can be developed in to an acceptably safe method 

with reasonable chances of achieving successful pregnancies, women that today 

are infertile due to uterus factor infertility could carry their own pregnancies. 

Etiology 

Uterus factor infertility refers to infertility due to lack of a functioning uterus. 

This type of infertility can be caused by a complete absence or malformation of 

the uterus or adherences in the uterine cavity that hinder a normal pregnancy. The 

cause of a complete absence of the uterus can be congenital or a consequence of 

surgical removal of the uterus as treatment for disease. Malformations can also be 

congenital or caused by large myomas that distort the uterine cavity and 

adherences of the endometrium in the uterine cavity are usually caused by 

infections (Sharma et al. 2007) or curettage (March 1995). Congenital 

malformations, myomas and adherences have varying effects on fertility 

depending on the severity of the condition (Sanders 2006). It is estimated that 

only in the UK, around 15 000 women or around 3% of infertile women are 

infertile due to uterus factor (Sieunarine et al. 2005). 
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Congenital absence of the uterus and vagina, or the Mayer-Rokitansky-Kuster-

Hauser (MRKH) syndrome, has an estimated incidence of approximately 1 in 

4000 to 10 000 newborn girls (Evans et al. 1981; Cheroki et al. 2006) and is 

caused by a failure of the Müllerian ducts to develop during embryonic life. This 

causes an absence of the uterus and the upper part of the vagina in a woman that 

usually has normal ovaries and hormone production (Fraser et al. 1973; Karam et 

al. 1977). The MRKH syndrome can be associated with other disorders (Oppelt et 

al. 2007) and even though the condition possibly has a genetic component, this is 

yet unidentified (Griffin et al. 1976; Cheroki et al. 2006). In a follow up of 17 

daughters to MRKH mothers born after gestational surrogacy, no congenital 

malformations of the uterus were seen that would indicate dominant inheritance 

of the condition (Petrozza et al. 1997). 

Large, symptomatic leiomyomas are often treated with hysterectomy that 

naturally renders the patient infertile. Leiomyomas are benign tumors derived 

from smooth muscle cells in the uterine wall and if large they can cause pressure, 

bleeding and pain (Buttram 1986). The incidence of leiomyomas among pre-

menopausal women increases with age and an estimate of 1% of all women 

between 30 and 34 years and 2.5 % of those between 35 and 39 will undergo 

hysterectomy as treatment for myomas (Marshall et al. 1997). In a patient of 

childbearing age who has not yet formed a family, myomectomy (i.e. removal of 

the myomas alone) can be an alternative to hysterectomy as an attempt to 

preserve her fertility (Lefebvre et al. 2003). The result of myomectomy is 

however largely dependent on the size and position of the myomas and especially 

at removal of sub-endometrial myomas with associated intramural myomas, 

fertility is at risk (Casini et al. 2006). 

Cervical cancer is a gynecological malignancy which affects also younger women 

of childbearing age. The age-related incidence is fairly constant from the age of 

20 and most of these cancers are diagnosed at an early stage, when it has not 

spread from the cervix. The standard treatment for this early stage cervical cancer 

is a radical hysterectomy with preservation of the ovaries. Early stage endometrial 

cancer can also be considered for a surgical procedure involving hysterectomy 
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and sparing of ovaries. However, this malignancy is fairly rare in younger age 

groups. 

Asherman’s syndrome is a collective name for adhesions in the uterine cavity. 

Adhesions can occur after intrauterine infections secondary to surgical abortions 

or after genital tuberculosis (Schenker 1996). These adhesions can be few and 

cured with corrective surgery while more severe adhesions that obstruct the 

uterine cavity completely are difficult to treat so that fertility is restored 

(Zikopoulos et al. 2004). 

Family building options for women with untreatable uterus factor infertility 

For a woman with untreatable uterus factor infertility who wishes to form a 

family, adoption is the most obvious alternative. Every year around 2000 

international and national adoptions are approved in Sweden (Socialstyrelsen 

2007) and it can be assumed that several of these are approved to infertile 

couples. However, for infertile couples where the genetic connection to the child 

is vital or in countries where international adoption is not socially accepted, 

adoption is not an option.  

Since most of the women of the above mentioned patient groups have functioning 

ovaries with normal hormone production and ovulation, gestational surrogacy can 

be an alternative to adoption. Gestational surrogacy (or IVF surrogacy) is an 

arrangement where a third party (the surrogate mother) carries the genetic (or 

commissioning) parents’ child throughout gestation and the child is then adopted 

by the commissioning couple at birth. By the use of IVF treatment, an embryo is 

generated from the commissioning parents’ gametes and placed in the uterus of 

the surrogate. This arrangement is allowed in a few countries in Europe, in some 

states in the US and Australia and it is practiced in several countries where no 

legislation concerning surrogacy currently exists (Cohen and Jones 2001). 

However, because of the complicated ethical and legal nature of gestational 

surrogacy (Ber 2000), most countries in Europe as well as Catholic and Muslim 

leaders have prohibited the arrangement (deBlois and O'Rourke 1995; Husain 

2000). In Sweden the law concerning parenthood was recently adjusted to allow 
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for egg donation and at the same time surrogacy became outlawed (Svensk 

Författningssamling, Föräldrabalk 2002:252) and in Finland surrogacy was 

practiced without legislation up until this year, when a new prohibitory law was 

installed (P.O. Jansson, personal communication). 

Research on uterus transplantation 

Historical perspectives on uterus transplantation 

The idea to use transplantation to restore fertility is far from new. As early as 

1903 two cases of ovarian tissue transplantation from live, fertile donors to 

women who had been subjected to oophorectomy was reported with “promising 

results” (Martin 1903). The earliest reports of uterine transplantation in the 

scientific literature is from 1918 (Hesselberg et al. 1918) reporting scantily 

described methodology and results in the guinea-pig. After the first successful 

kidney transplantation (Merrill et al. 1956) the research area of transplantation 

grew immensely and through the 1960s and the 1970s several reports on 

experimental uterine transplantation were published. This research primarily 

involved replantation (auto-transplantation), where the uterus with its appendages 

was isolated from the animal, taken out for a short period of ischemia and then 

reintroduced into the same animal. Two principally different modes of securing 

blood flow to the transplanted uterus were tested; vascular anastomosis, to 

achieve immediate reperfusion, and attachment of the uterus to an abdominal 

surface, to acquire a gradual revascularization through outgrowth of new blood 

vessels. 

Vascular anastomosis was first used in en bloc autotransplantations of the uterus, 

oviducts and ovaries in the dog (Eraslan et al. 1966). Pregnancies were reported 

in a minority of the transplanted animals. By means of a comparable surgical 

method, non-pregnant and pregnant uteri of dogs were transplanted to both female 

and male recipients that were immunosuppressed by azathioprine (Yonemoto et 

al. 1969). Most of the uteri were necrotic, as a sign of rejection, at autopsy several 

weeks later but a small number were reported to be viable. The variable course of 
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these allogeneic transplants may be explained by differences in histocompatibility 

disparity between individual donor-recipient pairs of animals.  

Revascularization by omental wrapping (omentopexy) and vascular anastomosis 

were first compared in a dog model for autotransplantation (Barzilai et al. 1973; 

Paldi et al. 1975), demonstrating necrosis after omentopexy and survival of most 

uteri after vascular anastomosis. One study on uterus transplantation in a primate 

species (rhesus monkey) showed that omentopexy was sufficient to reinitiate 

blood flow that was enough for resumed regular menstruations but pregnancies 

were not achieved (Scott et al. 1971). Viable uterine transplants were also 

reported in the rabbit (Confino et al. 1986) and in the guinea-pig (Bland 1972) 

after re-implantation of the uterus within the broad ligament or to the abdominal 

wall, respectively. 

Collectively, these studies pointed towards that vascular anastomosis, with an 

immediate blood flow to the transplanted organ, is needed when transplanting a 

uterus of a relatively larger size, such as the uterus of the dog, but not when 

transplanting a uterus of smaller size, such as that of the rhesus monkey, guinea-

pig and rabbit. 

At the time when most of these studies were performed the mechanisms 

underlying the allogeneic reaction were poorly understood and maternal 

immunological tolerance of the semi-allogeneic foetus during pregnancy had led 

to the suspicion that the uterus itself is an immunoprivileged organ. However, the 

few early reports on allogeneic transplantation of the uterus or uterine tissue 

(Yonemoto et al. 1969; Mattingly et al. 1970; Scott et al. 1970) indicated that the 

uterus is rejected in a similar manner as other vascularised organs. 

Immunosuppressant regimens to control rejection of an allogeneic transplant at 

this time usually consisted of azathioprine and corticosteroids (Yonemoto et al. 

1969; Scott et al. 1970) and the survival rate of allo-transplants, both in 

experimental and clinical transplantation, was therefore quite low (Finkelstein et 

al. 1975; Schroeder et al. 1976). It was not until the introduction of cyclosporine 

A in the late seventies (Calne et al. 1978; Starzl et al. 1982) that rejection could 
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be more successfully controlled. With the introduction of IVF as treatment for the 

main cause of female infertility - tubal infertility - the interest for uterus 

transplantation declined and only a few studies were reported between the years 

1980 and 2000 (Confino et al. 1986; Lee et al. 1995). 

Current research on uterus transplantation 

In the year 2000 a transplantation of a uterus in woman was performed in Saudi 

Arabia. A 26 year old woman who had lost her uterus at an emergency 

postpartum hysterectomy received a uterus from a 46-year woman operated for 

benign ovarian disease (Fageeh et al. 2002). The transplanted patient was treated 

with standard immunosuppressant drugs (cyclosporine A, azathioprine and 

prednisolone) and the uterus survived for 99 days, when it had to be removed due 

to signs of massive necrosis. The cause of necrosis was reported to be vascular 

thrombosis, possibly due to torsion of the vessels of the inadequately fixed uterus. 

This first attempt to transplant a uterus in a woman was preceded by a few studies 

of surgical techniques in goats and baboons and the demise of the transplant 

points out the necessity of detailed studies of all aspects of a new treatment in 

appropriate animal models before further human trials are performed.   

Today, a handful of research groups are studying uterus transplantation in 

different experimental models. Between 2002 and today (july 2007) 13 original 

studies and 7 reviews concerning uterine transplantation can be identified by 

PubMed. The original work includes development of research models in the 

mouse (Racho El-Akouri et al. 2002), the rat (Jiga et al. 2003) and the pig 

(Sieunarine et al. 2006), studies of reproductive performance after embryo 

transfer in transplanted mice (Racho El-Akouri et al. 2003), effects of 

immunosuppressive therapy in the mouse (Wranning et al. 2007) and surgical 

retrieval of uterine grafts in multi organ donors (Del Priore et al. 2007). The 

above mentioned 13 original papers also include the published papers in the 

current thesis concerning the effects of cold ischemia and these will be discussed 

thoroughly in later sections. Our group has also developed a sheep model for 

uterus transplantation (paper IV in the current thesis). 
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The knowledge gained from both older and current studies shows that vascular 

anastomosis is the mode of revascularization to prefer and that when properly 

revascularized and devoid of allogeneic challenge the transplanted uterus can 

regain its function and harbour normal pregnancies. It is also apparent that the 

knowledge regarding the rejection pattern and modes of immunosuppression in 

uterus transplantation needs to be expanded and that much of that research can be 

performed in existing animal models. 

Ischemia and reperfusion in transplantation 

The transplantation process consists of a series of events that all pose potential 

harm to the organ. From procurement of the transplant in the donor until 

reperfusion in the recipient, the organ will be subjected to ischemia and 

mechanical stress of varying degrees that cause metabolic impairment and 

induction of pro-inflammatory factors. These changes can compromise the 

outcome of the transplantation. It has also been acknowledged that tolerance to 

ischemia is organ specific. For example, in clinical transplantation the maximum 

cold ischemic time practiced is around 8 h for the heart and around 36 h for the 

kidney and the pancreas. This variation in tolerance to cold ischemia between 

organs is determined by metabolic demands, parenchymal cell function, resident 

immunecell populations and intrinsic antioxidant capacity of each specific organ. 

Metabolic changes during ischemia 

Ischemia is the lack of perfusion of blood in tissue and the direct consequence of 

ischemia is a stall in transportation of oxygen and nutrients to and carbon dioxide 

and products of metabolism and catabolism from the ischemic tissue. This has a 

time dependent impact on many organisation levels. On the cellular level the lack 

of oxygen as terminal electron receptor in mitochondrial electron transport will 

halt the production of adenosine triphosphate (ATP) through oxidative 

phosphorylation and the cell has to rely on the less efficient process of glycolysis 

for energy production. ATP is the main source of cellular energy and required in 

virtually all energy demanding processes in a cell like maintenance of membrane 

potential mainly via the Na+/K+ ATPase (Skou and Esmann 1992) and other ionic 
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transporters (Gerencser and Zhang 2003; Floyd and Wray 2007), protein 

processing (Hartl and Hayer-Hartl 2002) and transportation of nutrients and waste 

products over cell membranes. To compensate for the lack of oxygen during 

ischemia, glycolysis is intensified in order to meet with cellular energy demands. 

Due to the lack of perfusion, this will lead to a deprivation of available glucose 

and an accumulation of lactate accompanied with an increase in [H+] (Robergs et 

al. 2004; Tejchman et al. 2006). Cells use Na+/H+ exchange to eliminate excess 

protons, but in the process accumulate excess Na+ which cannot be exported via 

the Na+/K+ ATPase due to ATP deficiency. As a consequence, excess sodium is 

exported via the Na+/Ca+2-exchanger, loading cells with Ca+2. The entry of Ca+2 

into mitochondria can open the mitochondria permeability transition pore 

(Halestrap 2006), resulting in mitochondrial collapse and necrotic cell death (Kim 

et al. 2003). 

Oxidative stress at reperfusion 

With the reintroduction of oxygen at reperfusion, former ischemic tissue is 

challenged with oxidative stress, mainly from reactive oxygen and nitrogen 

species (ROS and RNS) produced by various sources. During ischemia, 

endogenous xanthine dehydrogenase is converted to xanthine oxidase (Kayyali et 

al. 2001; Berry and Hare 2004). At the same time ATP and other purine 

nucleotides are catabolised to hypoxanthine. Xanthine oxidase converts 

hypoxanthine to superoxide in the presence of oxygen and since both xanthine 

oxidase and hypoxanthine accumulate during ischemia, large amounts of highly 

reactive superoxide radicals can be formed upon reperfusion when oxygen is 

reintroduced (McCord and Roy 1982). Infiltrating granulocyte neutrophils are the 

first immune cells to respond to pro-inflammatory signals from the former 

ischemic tissue (Vinten-Johansen 2004). Activated neutrophils produce 

superoxide, which can be dismutated into hydrogen peroxide and further to 

hypochlorous acid by myeloperoxidase. Hypochlorous acid reacting with 

superoxide can in turn produce hydroxyl radicals. 

ROS and RNS cause DNA damage and oxidise lipids in the cell membranes and 

amino acids in proteins, thus inactivating enzymes and causing damage to 
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structural proteins. These deleterious effects by radicals can be counteracted by 

antioxidant enzymes such as superoxide dismutase, catalase, glutathione 

peroxidase, other proteins like albumin, ferritin, ceruloplasmin as well as 

numerous smaller molecules like reduced glutathione, α-tocopherol, β-carotene, 

bilirubin and uric acid (Halliwell and Gutterige 1999).  

Inflammatory responses to ischemia and reperfusion 

Even a short course of ischemia can initiate an inflammatory response at 

reperfusion. During reperfusion after ischemia, alteration in gene expression of 

several inflammatory factors is initiated, resulting in increased production of 

cytokines, chemokines and adhesion molecules (Gu et al. 2004). Also, 

mitochondrial and cytoplasmic contents released by dead or dying cells act as 

danger signals activating several components in the inflammatory cascade such as 

the complement system (Schmidt et al. 2004). The above mentioned ROS 

produced during early reperfusion can also act as pro-inflammatory signals 

(Asehnoune et al. 2004). 

The inflammation proceeds and propagates after these initial events, with 

infiltration of neutrophils and macrophages, oedema and stasis, thrombotic 

formations and fibrin deposits. This can in severe cases result in the so called “no-

reflow” phenomenon and delayed function or death of the organ. However, the 

main harm by post-ischemic inflammation in transplantation is the influence of 

the initial innate response on the adaptive immune response. The post-ischemic 

inflammatory response induces the maturation of immature dendritic cells in the 

transplant to become potent initiators of the adaptive immune response in the 

recipient (Land 2005; Munz et al. 2005). 

Preservation strategies in transplantation 

To minimize the damage caused by ischemia during the transplantation process 

and to allow for prolongation of the ischemic time so that organs can be 

transported between transplantation centres, much effort has been put into 

developing strategies for organ preservation. Cold ischemic storage is the most 

commonly used method. Hypothermia reduces the rate of all biological processes 
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and cooling of the organ delays the onset of harmful effects of energy depletion 

and accumulation of toxic waste products.  To avoid blood clotting within the 

tissue and reduce the harmful influence of donor cells released into the recipient 

blood stream at reperfusion, the vascular system of the transplant is flushed with a 

buffer replacing the donor blood. The preservation solutions used for flushing and 

cold storage are designed to provide physiological conditions like blood in terms 

of pH and osmotic pressure. They usually also contain buffering molecules, 

metabolic precursors and antioxidants to further protect the tissue. Ionic 

composition (ie sodium and potassium) can be either intra- or extracellular like, 

depending the rational employed and what organ the solution is mainly designed 

to be used for (Muhlbacher et al. 1999). 

Since no preservation solution can abolish the ischemic injuries in cold ischemic 

organ preservation and since the shortage of organs for transplantation has 

increased the use of organs retrieved from older and more marginal donors, there 

is an increasing interest in alternative preservation strategies like continuous 

machine perfusion (Maathuis et al. 2007). Also, a treatment to achieve 

immunological allograft tolerance in the recipient is a long searched goal that 

would reduce the impact of ischemia in transplantation (Steinman 2006; Girlanda 

and Kirk 2007). 
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AIM 

The general aim of this thesis was to study the tolerability of the uterus to surgical 

trauma and ischemia and to investigate some methods to reduce injuries induced 

by these events. To better address the many aspects involved, different 

experimental models were developed and used for this purpose. 

The specific aims were: 

 To determine the time frame for preservation of functionality (i.e. ability to 

harbour a pregnancy) of the uterus after extended cold storage and 

reperfusion in a mouse model for syngeneic uterus transplantation (paper 

I). 

 To assess the effect of cold ischemic storage alone on functional, 

morphological and biochemical parameters in human uterine tissue and to 

compare the effect of three different buffers on these parameters (paper II). 

 To study the effect of surgical trauma and short term cold ischemic storage 

on early reperfusion events after auto-transplantation of the uterus in two 

larger animal models (papers III and IV) and to compare the effect of two 

different buffers on these parameters (paper IV). 

 To compare the effect of donor and recipient pre-treatment with 

progesterone to that of prednisolone on ischemia induced histological 

changes after extended cold ischemia in a rat model for syngeneic uterus 

transplantation (paper V). 
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Below is a brief summary of the methods used in the studies of the current thesis. 

More elaborate descriptions can be found in the individual papers.  

Surgery 

Animal models for uterus transplantation (papers I, III, IV and V) 

To study the effects of surgical trauma and ischemia alone and isolate these 

events from the immunological reactions resulting from tissue incompatibility 

between donor and recipient, non-rejecting animal models for uterus 

transplantation were used. In the rodent models (paper I and paper V) 

transplantation was performed between genetically identical animals (syngeneic 

transplantation) and in the pig (paper III) and sheep (paper IV) the same animal 

served as both donor and recipient (auto-transplantation) to avoid rejection 

reactions. 

All animals were purchased from accredited suppliers. The studies followed the 

rules and guidelines issued by the Animal Care Agency 

(Djurskyddsmyndigheten) in Sweden and were approved by the Animal Ethics 

Committee in Göteborg, Sweden. 

The general method for transplantation of the uterus in the different animal 

models was the same; the uterus, cervix and feeding and draining uterine vessels 

were isolated from surrounding tissue as well as from the ovary and fallopian 

tubes in the donor. The vascular system of the transplant was flushed with a cold, 

buffering solution in situ and the transplant was then removed from the donor and 

kept in cold buffer for a number of hours. In the recipient, circulation of blood 

through the transplant was established by connecting the vessels of the transplant 

to suitable vessels in the recipient. Evaluation of the effect of the cold ischemic 

treatment was done after different time intervals and by different methods. 

In the rodent models (paper I and paper V) and the sheep (paper IV) one uterine 

horn, the common uterine cavity, the cervix and a few millimetres of the vaginal 
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rim was isolated from surrounding tissue by the use of gentle dissection, ligation 

and diathermy. A vascular pedicle long enough to allow end-to side anastomosis 

to the aorta and vena cava in the recipient was created. In the recipient the aorta 

and vena cava were mobilized, clamped and a slit was cut to allow end-to-side 

anastomosis of the vessel ends of the transplant. In the mouse (paper I) the 

vascular pedicle of the transplant consisted of the uterine vessels, all minor 

vessels connecting to the common lilac vessels plus the common iliac vessels and 

the aorta and vena cava up to a level just caudal of the ovarian vessels. In the rat 

the uterine and common iliac vessels up to the bifurcation of the aorta and vena 

cava were used to create a sufficiently long vascular pedicle for anastomosis. In 

the rodent models the uterus of the recipient (the native uterus) was left intact and 

the cervix of the transplant was exteriorized as a stoma on the abdomen. 

In the pig (paper III) the whole uterus, cervix and uterine vessels were isolated. 

Since the pelvic anatomy did not allow harvesting of vascular pedicles outside the 

mesometrium, the uterine vessels intended for anastomosis were procured in such 

a way that anastomosis of the vessels of the transplant could be achieved by end-

to-end technique to the original feeding and draining vessels on both sides. The 

cervix was sutured back to the vagina. 

In the sheep (paper IV) the uterine artery and the utero-ovarian vein down to the 

bifurcation from the internal iliac vessels comprised the vascular pedicle used for 

anastomosis and in the recipient these were anastomosed end-to-side to the 

external iliac vessels. Here also, the cervix was sutured to its original position. 

Human uterine tissue (paper II)

Human uterine tissue was used to analyse functional, biochemical and 

histological effects of cold ischemic preservation without reperfusion. The study 

was approved by the Ethics Committee in Göteborg, Sweden and potential donors 

were selected on criteria concerning reproductive age (pre-menopausal), 

diagnosis (benign; bleeding disorders and/or myomas) and mode of surgery 

chosen (laparotomic or vaginal hysterectomy). On the day of admission the 

patient was informed of the study and if consent was given, enrolled. Immediately 
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after the uterus had been removed it was brought to the lab, cannulated through 

the uterine arteries and flushed with Ringer Acetate. Biopsies were then taken 

from the outer and the inner muscle layers and the endometrium for cold storage 

and analysis. 

Ischemia and preservation 

Preservation times 

The length of ischemia and preservation was determined by the aim of the 

different studies as well as by the experimental situation. In the rodent models 

(paper I and V) long preservation times were feasible and cold ischemia for 24 h 

and more were used. In the pig (paper III) and the sheep (paper IV) short cold 

ischemic times for between one to two hours were used. In the study on human 

tissue (paper II) the cold ischemic time extended up to 24 h. 

Preservation solutions 

In all studies one to three different preservation solutions were used, depending 

on the aim of the study. Where preservation solutions were compared, saline or 

Ringer Acetate (RIN) were used as controls and tested against one or two 

preservation solutions; University of Wisconsin solution (UW) and Perfadex 

solution (PER). In contrast to saline and RIN, UW and PER are specifically 

designed to protect tissue during cold ischemic preservation. In paper I, saline 

was used as comparison to UW, in paper II, human tissue was preserved in RIN, 

UW or PER, paper III used only RIN, paper IV compared RIN to PER and in 

paper V, PER was used for preservation. The composition of the different 

solutions is listed in Table 1. 

Reperfusion 

The time frame of interest during reperfusion in each study was determined by the 

aim and experimental conditions. 

To assess for how long the uterus can be cold stored without loss of functionality, 

the mouse model (paper I) was used. Analysis of contractility and histology was 

performed after 24, 48 and 72 h of cold ischemia alone. After 24 h of cold 
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ischemia and subsequent transplantation the animal was left to recover for 14 

days and then analyzed or further tested. In the rat (paper V) histological signs of 

the post-operative/ischemic inflammatory response at day one after 

transplantation were used as reference points for comparison of different anti-

inflammatory treatments. In the pig (paper III) and the sheep (paper IV) the very 

early events during the first 3 h of reperfusion after a short course of cold 

ischemia was studied. 

In the study on human tissue (paper II) true blood reperfusion was not feasible 

but the physical conditions during the functional test of contractility somewhat 

resembles reperfusion in terms of temperature, pH and ionic composition of the 

buffer used. 

 
Table 1. Composition and properties of the different solutions used for flushing and 
cold storage of uteri. 

Component 
 

RIN UW PER 

K+ (mmol/L) 4 140 6 
Na+ (mmol/L) 130 20 138 
Mg2+ (mmol/L) 1 5 0.8 
Cl¯ (mmol/L) 110  142 
Ca2+ (mmol/L) 2   
Ac¯ (mmol/L) 30   
H2PO4¯ + HPO4

2¯ (mmol/L)  25 0.8 
HES (g/L)  50  
Dextran 40 (g/L)   50 
Glucose (mmol/L)   5 
Raffinose (mmol/L)  30  
Lactobionate (mmol/L)  100  
Adenosine (mmol/L)  5  
Allopurinol (mmol/L)  1  
Glutathione (mmol/L)  3  
Osmolarity (mOsm/kg) 270 320 320 
pH  5.5 7.4 7.4 
RIN = Ringer Acetate, UW = University of Wisconsin solution, PER = Perfadex solution 
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Methods for analysis of post-operative and post-ischemic injury 

To analyse the effects of surgical trauma and ischemia on different organisation 

levels and at different stages of the temporal development of ischemia induced 

injury, samples taken at different time points were analysed for several factors. 

Functionality (paper I and II)

In the mouse model (paper I) and the study on human tissue (paper II) 

myometrial tissue was tested for ability to generate spontaneous contractions and 

respond to prostaglandin stimulation after cold ischemic storage alone. 

Contractions were recorded and analysed in terms of start of spontaneous 

contractions, amplitude, frequency and quality of the shape of the contraction 

curve as well as the area under the curve (AUC) for the 10 min measured, both 

before and after stimulation. 

After healing was confirmed in mice transplanted after cold ischemic storage of 

the uterus, embryo transfer was performed. The pups were delivered by caesarean 

section at term, counted, measured and followed to maturity at 8 weeks. 

Morphology (paper I, II, III, IV and V)

In the animal models (papers I, III, IV and V) gross morphology of the transplant 

such as colour changes from white to red and from darker to brighter red that 

indicate adequate perfusion and release of stasis were noted at immediate 

reperfusion. Biopsies were also taken at different time points for light microscopy 

analysis. In the rodent models these biopsies were taken from the transplant and 

native uterus of the recipient at the end of the experiment; 14 days after surgery in 

the mouse model (paper I) and on day one post-transplantation in the rat model 

(paper V). In the pig (paper III) and sheep (paper IV) one biopsy was taken as 

soon as possible at the beginning of surgery (control) and one after 3 h of 

reperfusion, at the end of the experiment. In the study on human tissue (paper II), 

biopsies stored for different times and in different solutions were compared to 

those taken at sampling. All biopsies were fixed, sectioned and stained and 

analyzed by light microscopy. Appropriate histology markers of injury such as 

celldeath, cytoplasmic vacuolisation, stasis and oedema, loss of cell-to-cell 
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contacts and infiltration of leucocytes were graded. Human endometrial biopsies 

were also analysed for hydropic changes and degeneration of chromatin by 

electron microscopy (paper II).  

Biochemical parameters (paper II, III and IV)

To asses the quality of the immediate reperfusion, markers of cell respiration such 

as pH, lactate, carbon dioxide and oxygen pressure in uterine venous blood was 

analyzed during the first 2 to 3 h of reperfusion in the pig and sheep models 

(papers III and IV). Metabolic disturbances after cold ischemia alone were 

assessed by analysis of ATP and protein concentration in human tissue (paper II). 

Oxidative stress and lipid peroxidation during early reperfusion were assessed in 

the sheep model (paper IV) by analysis of ascorbyl radicals and thiobarbituric 

acid reactive species (TBARS) in venous plasma. Antioxidant defence was 

assessed after cold ischemia alone by measurement of reduced and oxidized 

glutathione in human tissue (paper II) and at reperfusion in the sheep (paper IV) 

by measurement of total antioxidant capacity in uterine venous plasma. 

Statistics 

For analysis of contractility (papers I and II) the difference between log(AUC)dose 

and log(AUC)spont, was related to log dose using an orthogonal linear regression 

within each specimen. The difference in dose-response between groups was 

evaluated using Wilcoxon test of the slope and intercept parameters from the 

regression models. 

In paper II, concentration of total GSH and GSSG/GSH as well as concentrations 

of ATP and protein in tissue biopsies from the different cold ischemic groups was 

compared by the use of Kruskal Wallis ANOVA by ranks test and where 

significant differences were found, comparisons between groups were done by 

Wilcoxon matched pairs test.  

In paper IV, the time taken for different stages of surgery and control values for 

the tested blood and plasma parameters was compared between groups by the 

Mann-Whitney U-test. Pairwise comparisons within groups of each time point to 
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control for pH, lactate, pCO2 to pO2, total antioxidant capacity, ascorbyl radical 

intensity and TBARS were done by Wilcoxon sign ranks test. Comparison of 

number of infiltrating neutrophils in endometrium between the RIN and PER 

groups was done by using the Mann-Whitney U-test and comparison between 

number of neutrophils in control and reperfused samples within groups was done 

by Wilcoxon sign ranks test. 
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RESULTS AND DISCUSSION 

Organ injuries induced by ischemia and reperfusion can have a significant impact 

on transplantation outcome since these injuries are implicated in impaired post-

transplantation perfusion (Schramm et al. 2007), delayed graft function (Quiroga 

et al. 2006), acute rejection events (Howard et al. 1990; Totsuka et al. 2004) and 

chronic rejection (Schwarz et al. 2005). The innate and adaptive immune 

components involved in post-operative and post-ischemic injuries in 

transplantation are interconnected (Land 2005) and to isolate the impact of 

surgical trauma, cold ischemia and reperfusion from the allogeneic response, 

syngeneic and autologous transplantation models as well as in vitro analysis were 

used. In the following sections, the results from the studies included in this thesis 

as well as the experimental the models used will be presented and discussed. 

Animal models for uterus transplantation (papers I, III, IV and V) 

Small animal models (papers I and V) 

The mouse (Mus musculus) and the rat (Rattus norvegicus) are the most widely 

used species in medical research today. These are small animals with relatively 

short life cycles and large number of offspring per pregnancy. The accumulated 

knowledge concerning reproductive and general physiology, immunology and 

genetics of rats and mice is vast and there are inbred strains of both species that 

reduce variation between individuals. For these reasons rats and mice make good 

experimental models for studies of many aspects concerning uterus 

transplantation such as reproductive performance after transplantation and the 

effect of immunosuppressive treatment on transplant rejection as well as on 

gestation and the offspring. 

A mouse model for uterus transplantation was developed five years ago in our lab 

and has been thoroughly characterized in a previous thesis by Randa Racho El-

Akouri (Racho El-Akouri 2003). Transplantation by vascular anastomosis with 

heterotopic placement of the graft and the recipient native uterus left in situ was 

employed. In this model the transplant consists of one uterine horn with the 
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common uterine cavity and cervix with a vascular pedicle including the uterine 

vessels, iliac vessels and abdominal aorta and vena cava (Racho El-Akouri et al. 

2002). This mouse model has proven to be an excellent tool in studies of 

functional aspects of the transplanted uterus (Racho El-Akouri et al. 2003) and 

has a large potential as a model for other studies concerning uterine physiology 

and immunology by the use of gene modified mice. Also, the large reproductive 

capacity of the mouse, the relative ease by which superovulation is achieved and 

the high yield of pregnancies after embryo transfer (Chin and Wang 2001) make 

the mouse a suitable animal model in reproductive studies. However, the small 

size of the mouse makes the surgical technique of vascular anastomosis difficult 

to master. Also, the mouse is fairly resistant to the effects of immunosuppressive 

drugs (Wranning et al. 2007) and is therefore less appropriate as a general model 

for studies of immunosuppression and rejection in uterus transplantation. 

The rat (Rattus norvegicus) shares many of the features of the mouse with its well 

known physiology, short gestation time and large litters. The relatively larger size 

of the rat makes microsurgery somewhat easier and there are also techniques for 

genetic modification in the rat and several transgenic strains (Popova et al. 2005). 

In studies of rejection and effects of immunosuppressive drugs in uterus 

transplantation, the rat might be a more appropriate experimental animal than the 

mouse since dose requirements for suppression of allo-reactions are lower in the 

rat (Huang et al. 2003; Hullett et al. 2005) compared to the mouse (Wang et al. 

2003; Tanaka et al. 2005). The larger size of the rat also allows for consecutive 

blood-sampling and larger amounts of tissue for analysis. The rat is however 

more resistant to induction of superovulation (Corbin and McCabe 2002) and 

implantation rate after embryo transfer in the rat is considerably lower when 

compared to the mouse (Byers et al. 2006), making studies of reproductive 

performance by the use of embryo transfer more elaborate in the rat.  

In development of the rat model in our lab, a surgical approach similar to that in 

the mouse was employed, with only minor adjustments. The transplant consisted 

of one uterine horn with the common uterine body and cervix and a vascular 

pedicle with the uterine vessels and the common iliac vessels up to the level of 
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the bifurcation from the aorta and vena cava. During the dissection of the aorta 

and vena cava in the recipient to allow space for clamping during anastomosis, 

less vascular disturbance could be achieved in the rat due to the larger size of 

these vessels. Also, in the mouse the aorta and vena cava have to be clamped 

simultaneously during anastomosis, because of the small size of the vessels. In the 

rat, the aorta and vena cava can be clamped individually during anastomosis, 

resulting in an approximate 50% reduction of the ischemic time of the lower part 

of the body as compared to the mouse. 

Two research groups have reported previous experience of rat models for utero-

ovarian transplantation (Lee et al. 1995; Jiga et al. 2003). In these models 

ortothopic transplantation was performed, preceded by hysterectomy in the 

recipient. The graft consisted of the whole bicornuate uterus with ovaries and the 

upper part of the vagina, with a vascular pedicle with the uterine and iliac vessels 

plus the abdominal aorta and vena cava, with or without the ovarian vessels. 

Success rates were similar to those achieved in our mouse model. Long term 

outcome after syngeneic transplantation (Lee et al. 1995) and rejection pattern 

after allogeneic transplantation (Lee et al. 1995; Jiga et al. 2003) were also 

similar to those in the mouse model (Racho El-Akouri et al. 2003; El-Akouri et 

al. 2006). 

Performance of vascular surgery in small animals as mice and rats requires the aid 

of a proper microscope, fine instruments of high quality and thin ligatures and 

sutures. The learning curve for achievement of satisfactory success rates is long. 

First, sufficient technical skill have to be achieved to allow for proper graft 

harvesting and anastomosis technique which is a requirement for satisfactory 

reperfusion in the recipient. From my personal experience in development of the 

rat model and having no previous surgical training, about 40 operations (most of 

them being graft harvesting) were needed to gain proper instrumentation skills. 

After survival of recipient and graft could be achieved, around 40 transplantations 

were needed to reduce the time for the different stages of surgery and increase the 

success rate in terms of recipient and graft survival to satisfactory levels. This 

learning phase also included finer adjustments of peri- and post-operative 
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conditions, such as anaesthesia, analgesia and fluid therapy that are important for 

good post-operative recovery of the animal. At present, after a total of about 90 

full transplantations the time taken for graft harvest is around 55 minutes, for 

anastomosis around 50 minutes, the recipient and graft survival rates of 90% and 

80%, respectively. The main cause of recipient death is bleeding from the 

anastomosis sites and the main cause of graft loss is thrombosis at the arterial 

anastomosis site. It is possible that additional technical refinements can further 

increase the success rate. In the much smaller mouse, the learning curve was 

similar for another researcher (Racho El-Akouri et al. 2002). There is no doubt 

that the use of proper equipment and individual qualities of the surgeon such as 

motor function and stamina determine the slope of the learning curve when trying 

to achieve sufficient skills in microsurgery in small animals. 

Larger animal models (papers III and IV) 

Even though much can be learned from rodent models, the small size and the 

evolutionary distance to man makes it difficult to extrapolate knowledge gained 

in a rodent model directly to humans. Especially when considering development 

of surgical techniques and effects of transplantation on whole animal physiology, 

larger animal models with organ size and metabolic rates similar to humans are 

more appropriate. Furthermore, the longer gestation times in larger animals make 

them more suitable for of studies of pregnancy physiology and effects of 

immunosuppressants at uterine transplantation. 

The domestic pig (Sus scrofa) is commonly used for surgical training and 

development of surgical methods because of its relatively good correlations to 

human anatomy and physiology (Hammer 1997). Because of the economical 

importance of the pig in meat production, its reproductive and general physiology 

is well mapped. Inbred strains for experimental purposes exist among miniature 

swine but not in the large domestic pigs. However, breeding strategies have 

reduced anatomical and physiological variability within different breeds. The 

reproductive capacity is high with large litters and several estrus cycles per year. 

For these reasons, the domestic pig would be a suitable animal model for uterus 

transplantation studies, providing a suitable surgical method can be employed. 
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However, there are certain anatomical and physiological drawbacks in using the 

pig as a model for uterine transplantation. The uterine horns are of great length 

(up to one meter) and with large individual variation in vascular anatomy within 

the extensive mesometrium. Also, the narrow pelvis reduces the accessibility of 

the larger internal and external iliac vessels. In our experience this made the 

preparation of the uterus for procurement and flushing lengthily and difficult and 

the surgical approach which was required for vascular anastomosis was quite 

different from what would be feasible in the human. 

In the auto-transplantation experiments in the pig the graft consisted of the two 

uterine horns, the small common uterine cavity and half of the cervix. The 

vascular pedicle consisted of the uterine vessels down to approximately halfway 

between the ramifications in the mesometrium and their origin at the internal iliac 

vessels. With this method, end-to-end anastomosis of the uterine vessels of the 

graft to their counterpart on the recipient side had to be employed. The surgery 

was performed by experienced gynaecological surgeons and the learning curve 

was quite steep in terms of reduction of the time taken for the different stages of 

surgery. However, the success rate in this model was low with only 4 out of 19 

auto-transplantations (25%) leading to adequate reperfusion of the transplant. 

This indicates a readily formation of micro-thrombosis in the specimen or that the 

anastomosis sites in many cases did not allow large enough blood flow to the 

specimen. The blood flow to the uterus had already been reduced by the 

severance of the uterine branch of the ovarian artery during the early preparation 

of the specimen and the circulation from the uterine branch of the ovarian arteries 

seem to contribute substantially to the circulation of the pig uterus (Stefanczyk-

Krzymowska and Krzymowski 2002). 

The sheep (Ovis aries) is also a popular animal in research, especially in 

reproductive studies. As in the pig, the reproductive physiology is well mapped 

and breeding strategies have produced breeds with high reproductive capacity. 

The sheep is a seasonal breeder with mating season during the dark months. 

However, hormonal stimulation can induce estrus cycling outside the breeding 

season. The uterus and pelvic vessels of the sheep are of approximately the same 
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size as in the human and they normally carry one to three lambs per pregnancy. 

The smaller body size of the animal and a wider pelvis, together with the smaller 

size of the sheep uterus as compared to the pig uterus, allowed for a surgical 

approach with end-to-side anastomosis to the external iliac vessels, similar to 

what would be feasible in the human. 

In our experiments, auto-transplantation of one uterine horn without the ovaries 

plus the cervix and vaginal rim was used. The vessels used for the graft consisted 

of the ipsilateral uterine artery down to and including the distal end of the internal 

iliac artery and the utero-ovarian vein down to its branching from the the internal 

iliac vein. The graft vessels were connected to the external iliac vessels by end-to-

side anastomosis. The success rate in terms of well perfused uteri during 3 h after 

reperfusion was high (10 out of 14 animals, ~70%) in comparison to the pig. 

Since the transplantations were performed by the same team of surgeons as in the 

pig, the higher success rate was probably a result from accumulated experience as 

well as the more favourable conditions with a smaller uterus, larger vessels and 

better access to the pelvis in the sheep. 

Methodological consideration 

The impact of surgical trauma on adverse post-operative events has been studied 

from several different standpoints. Especially in major abdominal surgery there is 

a risk for systemic inflammation without infection with induction of pro-

inflammatory mediators being released into the systemic circulation (Malik et al. 

2001). Agents used for anaesthesia might also enhance endothelial cell 

susceptibility for oxidative damage (Shayevitz et al. 1991) but in the perspective 

of induction of harmful changes within the organ itself, mechanical stress induced 

by handling of the organ and the duration of ischemia during procurement, 

storage and anastomosis must be considered as the main contributing factors. 

During surgery in the rodent models, there is very little manipulation of the uterus 

itself and care is taken not to stretch the graft vessels during anastomosis. 

However, flushing of the uterus is performed via a syringe and even if this is done 

gently, there are no means to closely control the pressure and this is a potential 

40 



RESULTS AND DISCUSSION 

source of endothelial damage and activation. In the pig and sheep it is necessary 

to handle the uterus to gain access for dissection and anastomosis. Flushing is 

however performed with a controlled pressure of 100 ml Hg, approximating 

normal systolic pressure in the pig and the sheep. Thus, in the larger animals the 

potential injuries induced during surgery itself would mainly derive from 

mechanical manipulation. 

None of the studies in the present thesis directly study the impact of surgery on 

the post-operative inflammatory response, but it was noted at histology analysis 

of uterine biopsies taken halfway through donor surgery in the sheep (paper IV), 

that neutrophils were attached to endothelia. This indicates a surgery and/or 

anaesthesia induced activation of endothelial cells that most likely also is time 

dependent. 

One contributing factor to the poor outcome in the pig model might be that no 

anti-thrombotic treatment was used in that study. In experimental auto-

transplantation, where the same animal serves as both donor and recipient, it is 

not clear when to administer heparin. The risk of uncontrollable bleeding to occur 

during preparation and at the anastomosis site at early reperfusion was in the pig 

study considered to out-weigh the benefits of heparinization before the uterus 

would be taken out. However, with increasing surgical experience the bleeding 

risk would have decreased and in retrospect, heparin might have been beneficial 

in some of the later experiments in the pig. In the sheep heparin was given after 

dissection and just before circulation to the transplant was interruped. In the 

rodent models heparin or low molecular weight heparin (LMWH) was 

administered to both donor and recipient prior to surgery. 

Summary of the animal models 

The rat, the mouse and the sheep are appropriate model animals for uterus 

transplantation while the pig is less suitable due to pelvic anatomy. 

Transplantation of the uterus requires elaborate surgery, but with proper training 

adequate success rates can be achieved. 
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Figure 2 
Schematic drawing representing the different models for uterus transplantation in the 
mouse (a), the rat (b), the sheep (c) and the pig (d). The anastomosis sites are 
encircled. The methodology is described in detail in papers I, III, IV and V. 

Sampling of human uterine tissue (paper II) 

Apart from using animal models for studies on uterus transplantation, some issues 

can be addressed by in vitro studies of human tissue. In paper II myometrium and 

endometrium from women who underwent hysterectomy for benign reasons was 

obtained and cold stored in three different solutions for 6 and 24 hours. Since no 

blood reperfusion was possible in this setting, the analyses used were aimed 

mainly at detecting parameters known to change during severe ischemia. Because 

of the operation time at hysterectomy (around 1 to 2 hours) plus the time taken for 

cannulation, flushing and sampling of tissue from the discarded uterus, all 

samples had already been subjected to a substantial amount of warm ischemia. To 

correct for this, control samples taken at the same time as samples for cold 
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storage constituted the baseline. The results in paper II are presented and 

discussed in the following section. 

Cold ischemia alone (papers I and II) 

In paper II, human uterine tissue was subjected to cold ischemic storage for 

different times and in different buffers and then analysed for signs of degenerative 

changes. Some of these parameters were also studied in the mouse uterus after 

cold ischemia alone (paper I). 

Metabolic parameters 

Concentrations of ATP and protein was analysed in human myometrium (paper 

II) as indicators of metabolic disturbances during cold ischemia. Extended cold 

storage leads to a reduction of protein synthesis and the degree of reduction 

differs between organs (Fisher et al. 1993; Vreugdenhil et al. 1999; Bull et al. 

2000). In the tissue samples of human myometrium, protein concentrations had 

not changed after 6 and 24 h storage in any of the solutions. Surprisingly, 

specimens stored in UW or PER for 6 or 24 h contained higher concentrations of 

ATP than control specimens. This is of course contradictory to theoretical 

assumptions and experimental findings by others (Wedenberg et al. 1991; 

Wedenberg et al. 1995). The rise of ATP concentrations found in paper II can 

most likely be explained by the fact that the control values constitutes a base line 

which is the sum of the events after 40 minutes of warm ischemia and by the 

following period of 100 minutes of cold ischemia and that the rise in [ATP] is a 

recovery from a much lower level than would be immediately after disruption of 

circulation. Smooth muscle have a large intrinsic capacity to utilize glycolysis in 

the absence of oxygen (Wendt 1989) and it is probable that myometrium, when 

given the protective environment of UW or PER, can utilize glycolysis and/or the 

oxygen dissolved in the storage solution to produce enough ATP to sustain 

cellular homeostasis when the metabolic rate is suppressed by hypothermia. 
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Antioxidant defense  

Glutathione (GSH) is one of the more abundant redox molecules in tissue and has 

an important role in the cellular antioxidant defence (Halliwell and Gutterige 

1999). Glutathione is also a supplement in UW solution. However, glutathione is 

readily oxidised in solution and must be reduced by glutathione reductase with the 

expense of NADPH to regain its antioxidant property. Therefore it is uncertain if 

the addition of GSH to a preservation buffer is beneficial if most of it has to be 

reduced at reperfusion. Also, the uptake of GSH from blood to tissue has been 

shown to be limited (Hahn et al. 1978) so that the capacity to reduce ROS resides 

mainly in the extracellular space. However, in human myometrial biopsies (paper 

II), about a third of the excess of total GSH in UW-preserved samples that would 

be derived from the preservation solution, was in its reduced form and might be 

useful in protection against ROS at reperfusion. 

Contractility 

The non-pregnant uterus exhibits distinct patterns of spontaneous contractions 

throughout the menstrual cycle that serves the purpose of downward 

transportation, towards the vagina of the shed endometrium and blood during 

menstruation (Martinez-Gaudio et al. 1973; de Vries et al. 1990) and upward 

transportation (from the vagina to the distal end of the fallopian tube) of sperm 

during the late follicular phase (Kunz et al. 1996). During the early luteal phase 

the contractions are minimal to allow for implantation of a conceptus. These 

cycling pattern of spontaneous contractions are influenced by varying 

concentrations of prostaglandins in the uterus (Wiqvist et al. 1983) and the 

receptivity of the myometrium to prostaglandin stimulation is regulated by sex 

steroids (Kelly and Verhage 1981). In the non-pregnant uterus prostaglandin F2α 

(PGF2α), I2 (PGI2 or prostacyclin) and E2 (PGE2) are synthesized in vascular 

epithelia, endometrial gland epithelial cells and myometrial smooth muscle cells 

(Kam and See 2000). In non-pregnant uteri, PGF2α stimulates contractions, 

prostacyclin inhibits contractions and PGE2 constricts at lower doses and inhibits 

contractions at high doses (Wilhelmsson 1981). The contractile response by 

human myometrial strips to PGF2α  in similar experiments and at the same doses 
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used in papers I and II was shown to be independent of hormonal phase (Wiqvist 

et al. 1983). Therefore, PGF2α was used as the contractile agent in papers I and 

II. 

In paper I and II the ability of uterine muscle tissue to contract spontaneously and 

as a response to PGF2α stimulation was used as a functional test of viability and 

as an indicator of the ionic integrity of the muscle cells as well as the severity of 

degeneration of structural proteins and enzymes. In the mouse (paper I) the 

contractile ability was surprisingly intact after 24 h cold storage in UW while 

more pronounced disturbances were seen after 24 h in saline and 48 h in both 

saline and UW media. In human tissue (paper II) more severe disturbances were 

seen after 24 h in any of the preservation solutions and this can probably be 

explained by the warm ischemic time the human tissue was exposed to during 

surgery and preparation. The results from the contractility tests in paper I and 

paper II demonstrates that myometrial cells under proper storage conditions can 

retain their integrity and thus the ability to contract and relax in vitro for at least 

up to 24 h. 

Morphology by light and electron microscopy 

The signs of morphologic degeneration of the preserved mouse uteri (paper I) 

after cold ischemia alone for 48 and 72 h expressed essentially the same pattern as 

described for other organs after prolonged cold ischemia, with typical 

vacuolization, nuclear pycnosis, endothelial detachment and finally necrosis 

(Momii and Koga 1990). After 24 h storage little or no changes were seen on the 

light microscopy level. Also, in human tissue (paper II) little or no changes were 

seen by light microscopy after 24 h cold storage. However, electron microscopy 

of human myometrium revealed hydropic changes and coarse chromatin as early 

indicators of loss of cellular integrity in specimens stored in RIN for 24 h. 

Biopsies stored in UW and PER showed little changes compared to control. This 

is line with the results from the contractility tests, where RIN preserved 

specimens showed defects in spontaneous contractility and little or no response to 

PGF2α. A general conclusion from these observations is that light microscopy 

can not be used as a reliable method to detect morphological disturbances within 
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preserved tissue. Thus, the recent findings on retrieved and preserved whole uteri 

from human multiorgan donors (Del Priore et al. 2007), with examinations only 

by light microscopy should be interpreted with caution. 

Early reperfusion (papers III and IV) 

Metabolic markers at early reperfusion 

Due to the lack of oxygen as a terminal electron acceptor for cellular respiration 

during ischemia, cells switch to intense glycolysis to meet up with persistent 

cellular energy demands, producing lactate. Since protons produced by ATP 

hydrolysis cannot be effectively used for oxidative phosphorylation in the absence 

of oxygen, H+ will also accumulate. When circulation is restored and the 

accumulated extracellular fluid is washed out, there will be a decline in pH and an 

elevation of lactate in venous blood. This decline will only be restricted to a 

relatively short time if the circulation carries enough oxygen. Furthermore, with 

the reintroduction of oxygen, hypoxic cells will respire more intensely to restore 

the high energy phosphate pool that has been reduced during ischemia and this 

will be seen as an initial rise in pCO2 in venous blood. If reperfusion is adequate 

and aerobic metabolism is restored, the levels of pH, lactate and pCO2 in blood 

will eventually return to normal. In this perspective, these parameters are valuable 

diagnostic factors in judging the patency of vascular anastomoses as well as the 

severity of tissue damage by ischemia.  

Of the three animals analysed in paper III, levels of pH, lactate and pCO2/pO2 in 

uterine venous blood returned towards control values in two and remained altered 

in one uterus. This result correlated to histological findings in biopsies taken at 

the end of the experiment, where the one uterus with indications of disturbed 

perfusion showed increased infiltration of leukocytes. In paper IV the 

disturbances in pH, lactate and pCO2/pO2 values were less prominent in the PER 

stored uteri than in the RIN group, that also correlated to histological findings. 

These results points toward the necessity to use a proper storage solution also for 

shorter periods of ischemic storage. 
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In both papers the disturbances in glucose metabolism and cellular respiration 

were judged to be mild when compared to what has been found by others in a 

similar experiments in pig liver but with longer ischemic times (Gillispie et al. 

2007). 

Oxidative stress and anti-oxidant defence at early reperfusion 

During reperfusion and oxidative stress phospholipids in cell membranes are 

peroxidised and at decomposition of these lipid radicals, thiobarbituric acid 

reactive species (TBARS) are formed that are released into the circulation. 

Elevated concentrations of TBARS in plasma has been shown to correlate with 

histological markers of reperfusion injury (Davenport et al. 1995; Hauet et al. 

2000). Also, oxidation of circulating ascorbate by ROS produces ascorbyl radicals 

that - if found to be elevated in plasma - indicates oxidative stress (Bagenholm et 

al. 1997). Total antioxidant capacity in plasma or tissue homogenates can be 

measured by the ABTS assay (Miller et al. 1993) and serve as an additional 

marker of oxidative stress since antioxidant enzyme activity is depressed during 

reperfusion (Dobashi et al. 2000).  

In the studies of early reperfusion events in the sheep (paper IV) levels of TBARS 

and ascorbyl radicals in uterine venous plasma were found to be slightly elevated 

during the course of 3 h of reperfusion, while total antioxidant capacity was 

unchanged. The changes in TBARS and ascorbyl radical levels were more 

pronounced in the RIN group compared to the PER group. TBARS in uterine 

venous plasma were also analysed in samples from three pigs in paper III, but no 

changes could be detected during 2 h of reperfusion. It might be that changes 

would have appeared later if reperfusion had commenced, since the elevation of 

TBARS found in paper IV did not appear until after 2 h. The collective results of 

these analyses in paper IV suggests that one to two hours of cold ischemia 

induces only mild oxidative stress and that the use of PER during cold storage 

further reduces these changes. 
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Histological markers of ischemia/reperfusion injury 

Severe ischemia/reperfusion injury leads to histological patterns of necrotic and 

apoptotic cell death, oedema, stasis and detachment of epithelial cells (Garcia-

Poblete et al. 1997). The results from the histology analysis in papers III and IV, 

with an elevation of infiltrating neutrophils as the main indicator of an existing 

inflammatory response suggest that the endometrium might be more susceptible 

to reperfusion damage and inflammatory changes than the myometrium. 

However, the endometrium has the capacity to regenerate from endometrial stem 

cells (Gargett et al. 2007), a phenomenon occurring during each hormonal cycle, 

and this would promote regained structure and function of the endometrium. 

Post-ischemic inflammation and healing (papers I and V) 

Reproductive performance in the mouse after cold ischemia/reperfusion 

In paper I, it was shown that uteri stored in UW solution for 24 h regained the 

ability to implant embryos and harbour pregnancies to term. 14 days after 

transplantation embryos were transferred to the transplanted as well as the native 

uterus in 6 animals. Five of these became pregnant in the transplanted uterus and 

showed similar implantation and pregnancy rate as in the native uterus. Body 

weight at birth and growth trajectory up to maturity was no different in pups from 

the grafted or native uterus. It may well be that the lack of allogeneic stimulus as 

well as absence of functional challenge during the healing process were beneficial 

for creation of conditions for full recovery of the transplanted uterus. In 

allogeneic transplantation of the uterus, it is possible that the recovery will be 

delayed even with proper immunosuppression and anti-inflammatory treatment. 

However, since full function like hormone induced tissue cyclicity and pregnancy 

will not be immediately demanded, a period of functional rest at the new site 

might allow the graft to recover from the transplantation trauma. It is known from 

kidney and pancreas transplantations that the use of dialysis or insulin therapy is 

necessary during the initial post-transplantation period and that it may be a 

prerequisite for recovery of initially non-functioning grafts (Hansen and 

Birkeland 1985; Sutherland et al. 1998). 
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These results also indirectly show that the at least initial absence of nerv 

connections and lymph drainage from the uterus has no effect on function in this 

non-rejecting model. Neo-angiogenesis of lymph vessels has been shown to occur 

early after kidney transplantation and defective lymph drainage  seems to 

negatively affect one year graft function (Stuht et al. 2007). It remains to be 

elucidated if neo-angiogenesis of lymph vessels occur in the uterine graft and 

what possible implication lymph drainage has in leukocyte trafficking and 

rejection in allogeneic uterus transplantation. 

Anti-inflammatory pre-operative treatment of donor and recipient 

Progesterone and prednisolone (a corticsteroid with predominantly 

glucocorticosteroid features) both bind to their separate and specific intracellular 

nuclear receptors that upon ligand binding act as transcription factors, regulating 

the expression of other genes. Corticosteroids also exhibit non-genomic anti-

inflammatory actions (Liu et al. 2005). The actions of progesterone and 

prednisolone are diverse and somewhat overlapping, with anti-inflammatory and 

immunosuppressive effects as one prominent common feature. In transplantation 

prednisolone is often used as the steroid component in combination treatments 

against allograft rejection. All mechanisms behind corticosteroid and 

progesterone anti-inflammatory and immunosuppressive effects are not entirely 

clear, but control of pro-inflammatory cytokines and prostaglandin production via 

nuclear factor kappa B (NF-kappaB) is one common mechanism (Kagoshima et 

al. 2003; Hardy et al. 2006). Progesterone has also been shown to promote 

maturation of immature dendritic cells towards a tolerogeneic phenotype (Yang et 

al. 2006). 

Progesterone receptors are expressed mainly in female reproductive organs and 

the brain while glucocorticoid receptors are more widely expressed throughout 

the body. The reasoning behind considering treatment with progesterone alone or 

in combination with glucocorticosteroids is that the effects, both positive and 

adverse, would be concentrated to the uterus. 
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In paper V a rat model for uterus transplantation is presented and used to compare 

the anti-inflammatory effect of progesterone and prednisolone. Donor and 

recipient rats were pre-treated with relatively high does of progesterone and 

prednisolone for two days before 24 h of cold ischemia of the graft, followed by 

transplantation. Analysis of histological signs of post-ischemic inflammation of 

the graft showed an equal reduction of infiltrating neutrophils in the two treated 

groups and no further detectable signs of inflammation were found when grafts 

were compared to the native uterus. In the un-treated control group, thrombi were 

more readily formed in the graft as compared to the treated groups. Infiltration of 

neutrophils was also slightly elevated when compared to the native uterus. Since 

there was no detectable histological distinction between the two treatments, more 

extensive studies are needed to reveal possible differences. These studies would 

include examination of expression levels of several factors related to tissue 

damage. 

Clinical perspectives of uterus transplantation 

To use transplantation as a method to cure infertility in an otherwise healthy 

woman is controversial for many reasons. It raises fundamental questions about 

our view on infertility and the medical concerns are many. However, under the 

conditions that an acceptable level of safety for donor, mother and prospective 

child can be reached, the potential benefits for certain patients might outweigh the 

risks and costs involved. 

Some of the medical concerns 

The concerns regarding the safety of the mother focus mainly on surgical methods 

and immunosuppressive treatment. The failure of the only attempt to transplant a 

uterus in the human (Fageeh et al. 2002) was stated to be related to poor support 

of the uterus that led to torsion of the anastomosed vessels and thrombosis and 

thus obstruction of blood flow to the uterus. Such issues must be solved. In this 

human case it can not be excluded that rejection caused thrombosis formation in 

the transplant. The patient had one episode of acute rejection that was stated to be 

resolved by medication, but no biopsies were taken from the uterus to confirm 
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that. The rejection pattern of the uterus and suitable immunosuppression regimens 

to hinder rejection are thus issues that have to be extensively studied in various 

experimental models. It should be emphasized that extensive animal studies ought 

to be performed before a new human trial in order to optimize the conditions. 

Regarding the prospective child, the effects of immunosuppression on foetal and 

post natal development constitute the main concern. In animal studies it has been 

shown that immunosuppression with cyclosporin A reduces implantation rate and 

foetal survival.(Fein et al. 1989) and induces chronic nephropathy (Tendron-

Franzin et al. 2004). There are also concerns regarding the effect of 

immunosuppressive treatment on the development of the immune system during 

foetal life (Classen 1998). Experience from pregnancies in transplanted women 

under immunosuppression shows an increase in pregnancy associated 

hypertension, spontaneous abortion and preterm delivery of babies that are small 

for gestational age (Sibanda et al. 2007). In children born to transplanted mothers 

some show abnormalities of the urinary tract (Willis et al. 2000) but no elevated 

incidence of other malformations has been reported (Bar Oz et al. 2001). Even 

though these reports provide knowledge that is useful when considering uterus 

transplantation, extensive studies in specific animal models for uterus 

transplantation should be performed to further elucidate these issues. Only a few 

studies exists regarding the long term effects of immunosuppression on offspring 

development, immunology and reproductive performance and these aspects are 

crucial in uterus transplantation. 

 Since the use of immunosuppressants is a main concern in uterus transplantation, 

additional means to subdue the allo-reaction should be used so that dose 

requirements of immunosuppressants can be reduced. Besides poor blood-group 

and tissue compatibility between donor and recipient, advanced donor age and 

initial poor status of the graft (Naumovic et al. 2005; Nunes et al. 2006; 

Parzanese et al. 2006), the main influences on frequency of acute rejection events 

and progression of chronic rejection are related to ischemia/reperfusion injuries 

(Grinyo 2001). The “holy grail” in transplantation immunology is the induction of 

immunological tolerance and when a clinical method to achieve this has been 
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developed, the issue of immunosuppressant side effects can be put aside. 

However, no such method exists today but there are still strategies that can be 

employed to reduce the impact of the above mentioned factors. Live donation by 

a well matched donor with a healthy uterus, minimized warm and cold ischemic 

times and the use of an adequate flushing solution are some means to reduce the 

post-operative and post-ischemic inflammation at uterus transplantation. Also, 

hormonal and/or anti-inflammatory pre-treatment of the donor to further subdue 

the induction of innate immune responses in the graft could be considered. This 

must however be carefully weighed against the safety and autonomy of the donor. 

A few ethical considerations 

When uterus transplantation is discussed from an ethical point of view, it should 

be compared to existing alternatives to achieve parenthood for women with uterus 

factor infertility: adoption and gestational surrogacy. The concept of adoption is 

widely accepted in the Nordic countries where we tend to emphasize the social 

component in parenthood. The best interest of the child is put in front, but when 

no acceptable family solution can be found in the child’s close environment, 

adoption can be considered. In those situations, the possible negative impact of 

adoption for the adoptee’s sense of identity and connection to its genetic, ethnic 

and very early background is considered to be outweighed by the better prospects 

for good health and economical and social stability provided by the adoption. The 

arrangement is then of mutual benefit for the infertile couple and the child. This 

perception is however based on culture and in many other communities, adoption 

is not always a socially accepted solution for infertile couples to achieve 

parenthood.  

The other alternative to achieve parenthood for the patients who also would 

benefit from uterus transplantation is gestational surrogacy. As previously stated, 

surrogacy is prohibited in the Nordic and most other western societies and only 

allowed in a few countries in the EU and some states in the US and Australia. The 

arguments against surrogacy are mainly that it poses a threat for the autonomy of 

the surrogate, commissioning couple and child, that too much emphasis is put on 

the genetic connection rather than gestational and social bond between parents 
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and child and that it opens up for exploitation of economically disadvantaged 

groups of women (Dodds and Jones 1989; Van Zyl 2002). The main arguments 

for surrogacy are that individuals autonomy includes the right to enter a contract 

as in surrogacy arrangements and that it is possible to protect all parties involved 

with proper selection criteria, counselling and practice (Wilkinson 2003; Goold 

2004) As in adoption, gestational surrogacy can be regarded partly as a gesture of 

altruism and also an arrangement of mutual benefit for the parties involved. Here 

again, culture is a major determinant for how we perceive these arrangements. 

In comparison to adoption, transplantation might seem an extreme means to take 

to achieve parenthood and the ethical issues that arise when the two arrangements 

are compared touches the fundamental questions regarding our right to have a 

biological child versus the moral obligation to care for already existing children. 

When uterus transplantation is compared to gestational surrogacy, the ethical 

concerns are related to the identity of the risk-taker (the surrogate, the donor, the 

genetic mother or the child), the autonomy of the parties involved (organ donor, 

surrogate, parents and child) and the risk of female reproduction becoming a 

commodity. What ever the future situation will be regarding uterus 

transplantation these concepts will most certainly continue to be debated. 
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CONCLUSIONS 

The results from the studies included in the current thesis show that: 

 suitable animal models for uterus transplantation research have been created 

in the mouse, the rat and the sheep 

 the uterus is comparably resistant to cold ischemia and reperfusion injuries 

under non-allogeneic conditions 

 the use of a proper preservation solution is beneficial even when the cold 

ischemic time is short and post-ischemic injuries are mild 

 anti-inflammatory pre-treatment of donor and recipient reduces the post-

ischemic inflammation and that progesterone might be an agent to investigate 

further 
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