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 “The uniformity of earth´s life, more astonishing that its diversity, is accountable by the high 
probability that we derived, originally, from some single cell, fertilized in a bolt of lighting as 
the earth cooled. It is from the progeny of this parent cell that we take our looks; we still share 

genes around, and the resemblance of the enzymes of grasses to those of whales is a family 
resemblance” 

 
Lewis Thomas 

The lives of a cell 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

To my families on both sides of the Atlantic Ocean 
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1  GENERAL INTRODUCTION 
 
Insulin-like growth factor 1 (IGF1) is a small peptide of 70 amino acids with a molecular 
mass of 7649 Da (LARON 2001) that emerged at a very early stage in vertebrate evolution 
from an ancestral insulin-type gene (CHAN et al. 1990). It was first identified in the 1950s 
and named sulphation factor (SALMON and DAUGHADAY 1957). It was also known as 
non-suppressible insulin-like activity 1 (FROESCH et al. 1963) and somatomedin C 
(DAUGHADAY et al. 1972). Its current name was adopted in the 1970s due its structural 
similarity with insulin and their growth-promoting activities (RINDERKNECHT and 
HUMBEL 1976a,b). IGF1 is one of two the ligands of the IGF system. The IGF system also 
includes two receptors, six high-affinity IGF binding proteins (IGFBPs) and IGFBP proteases 
(HWA et al. 1999). IGF1 exerts its effects on cellular proliferation, differentiation, and 
survival via its own receptor (BENITO et al., 1996; VINCENT and FELDMAN 2002). 
Receptor binding is controlled by IGFBPs, which can inhibit or potentiate IGF1 actions by 
sequestering extra-cellular IGF1 and thereby limiting peptide access to receptors or 
prolonging its half-life (JONES and CLEMMONS 1995; FIRTH and BAXTER 2002).  Gene 
knockout studies have shown that IGF1 is essential for normal embryonic and fetal 
development (STEWARD and ROTWEIN 1996). Its receptor is present in ovaries, oviducts, 
uterus, preimplantation embryos and fetus (VELAZQUEZ et al. 2008; COPPOLA et al. 
2009). It is well known that deficits in IGF1 are detrimental for reproductive activity in 
mammalian species (ZULU et al. 2002; DEES et al. 2009; GIAMPIETRO et al. 2009). 
However, supraphysiological concentrations of IGF1 are also associated with impaired 
reproductive outcome (DRUCKMAN and ROHR 2002).  
 
One example in which high levels of IGF1 have been associated with impaired reproduction 
is the polycystic ovary syndrome (PCOS), a common endocrine disorder in women of 
reproductive age (BRASSARD et al. 2008, HART 2008). Women with PCOS usually display 
hyperinsulinemia (ESSAH et al. 2004), causing reduction in the synthesis of IGFBPs, and 
thereby increasing the bioavailability of IGF1 (WANG and CHARD 1999). Exposure of 
rodent embryos to increased concentrations of IGF1 in vivo or in vitro can result in abnormal 
preimplantation embryo development (KATAGIRI et al. 1996, 1997). These findings led CHI 
et al. (2000) to hypothesize that high IGF1 concentrations are partially responsible for the 
early pregnancy loss observed in PCOS women. This hypothesis has been investigated using 
in vitro murine models, in which putative high levels of IGF1 (950-1500 ng/ml) encountered 
by the embryo in the oviduct and uterus of PCOS women, induced apoptosis in blastocysts via 
down-regulation of the IGF1 receptor (IGF-1R) (CHI et al. 2000; ENG et al. 2007). 
Moreover, transfer of these embryos to recipients was associated with increased resorption 
rates (PINTO et al. 2002; ENG et al. 2007).  
 
However, down-regulation of the IGF1R has been reported in in vitro-derived bovine 
embryos exposed to physiological concentrations of IGF1 (100 ng/ml) (PRELLE et al. 2001; 
BLOCK et al. 2008). Furthermore, embryos treated with the same IGF1 concentration can 
improve both pregnancy and calving rates in heat-stressed lactating recipients (BLOCK et al. 
2003; BLOCK and HANSEN 2007). Whether this is due to species-specific differences is 
unknown at present. The general consensus is that the mouse embryo start expressing the 
IGF1R at the 8-cell stage (SMITH et al. 1993; STOJANOV and O´NEILL 2001; 
MARKHAM and KAYE 2003), whereas in the human embryo the IGFIR is expressed 
throughout the preimplantation period (LIGHTEN et al. 1997), similar to the situation 
observed in pigs (KIM et al. 2005) and cattle (WATSON et al. 1992; YASEEN et al. 2001). 
In polyovulatory species such as rabbits (HERRLER et al. 1997) and mice (SMITH et al. 
1993) the receptor for IGF1 is equally expressed in both the inner cell mass (ICM) and the 
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trophectoderm (TE); although a recent study indicated that rabbit blastocysts expressed more 
IGF1R in the ICM than in the TE cells (NAVARRETE SANTOS et al. 2008). Either case 
differs from the nearly absent expression of the IGF1R in the ICM of bovine blastocysts 
(WANG et al. 2009). Interestingly, the preferential expression of the IGF1R in the TE is a 
characteristic that have also been observed in human embryos (HARDY and SPANOS 2002). 
This highlights the importance of using alternative animal models to investigate human-
related endocrine pathologies.  
 
Bos taurus is considered a good model species for early human embryo development 
(MÉNÉZO and HÉRUBEL 2002; BAUMANN et al. 2007; VELAZQUEZ 2008). A recent 
cross-species microarray hybridisation study revealed that gene expression patterns in the 
bovine and human blastocyst were to a large extent identical (ADJAYE et al. 2007). 
Likewise, the amino acid sequence of bovine IGF1 is identical to that of human IGF1 
(HONEGGER and HUMBEL 1986; FRANCIS et al. 1988) and in both species 
supplementation with physiological concentrations of human recombinant IGF1 can exert 
positive effects on in vitro preimplantation embryo development (LIGHTEN et al. 1998; 
SPANOS et al. 2000; BYRNE et al. 2002; MAKAREVICH and MARKKULA 2002).  
 
Besides experiments on in vitro preimplantation embryo development, studies investigating 
the in vivo developmental competence of oocytes exposed to high concentrations of IGF-1 are 
needed. ADAMIAK et al. (2005) reported a reduction in in vitro oocyte developmental 
competence after nutrient-induced maternal hyperinsulinemia of bovine oocyte donors, 
similar to the insulin values observed in PCOS patients. There are several similarities between 
humans and cattle regarding ovarian and embryo physiology that has been exploited for the 
generation of conceptual models relevant to human reproductive medicine (ADAMS and 
PIERSON, 1995; BLOCKEEL et al. 2009). In fact, the nymphomaniac cow has been 
considered as the only naturally occurring animal model for PCOS (ABBOTT et al. 2006). 
Therefore, in vitro and in vivo bovine models could provide a suitable experimental system 
for unravelling the mechanisms involved in the putative impaired development of oocytes and 
embryos exposed to high concentrations of IGF1.  
 
The goal of the present thesis was to determine the effects of high concentrations of IGF1 on 
oocyte developmental competence and preimplantation embryo development in cattle. The 
study is described in a series of four articles. To test the effects of high levels of IGF1 on 
preimplantation embryo development an in vitro model was employed, which is reported in 
the third article (III). To determine the effects of high IGF1 concentrations on oocyte 
developmental competence an in vivo model with superovulated donor cows was used. This in 
vivo model was proposed in the first article (I) and developed in the fourth article (IV). In this 
in vivo model a novel technique reported in the second article (II) was employed to collect 
uterine luminal fluid in order to measure IGF1 concentrations. In vivo- and in vitro-produced 
blastocyst were analyzed for specific characteristics related to the IGF pathway, including 
protein expression of the IGF1 receptor and p53 gene, and transcript abundance of selected 
genes involved in apoptosis, glucose metabolism and the IGF system. 
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Abstract 

 

Insulin-like growth factor-I (IGF-I) plays an important role in bovine follicular growth, 

acquisition of oocyte competence and embryo viability. Current data also indicate a critical 

role for IGF-I in both the ovarian response and embryo yield following superovulatory 

treatments. IGF-I can have either positive or negative effects on embryo viability, which is 

related to the concentration of IGF-I induced by the superovulation treatment. These effects 

impact either on oocyte competence or directly on the embryo. Concentrations in the 

physiological range appear to result in the production of higher quality embryos, mainly due 

to the mitogenic and anti-apoptotic activities of IGF-I. However, high superovulatory 

responses are associated with decreased embryo viability and a concomitant increase in 

apoptosis. Studies in mice suggest that this increase in apoptosis is related to the 

downregulation of the IGF-I receptor in the embryo associated with high IGF-I 

concentrations. Strategies capable of controlling IGF-I concentrations could be one approach 

to improve superovulation responses. A range of possible approaches for research within the 

IGF system in  gonadotrophin stimulated cattle are outlined in this review, including the 

possible use of superovulated female cattle as an alternative animal experimental model for 

research on reproductive disorders in humans associated with abnormal IGF-I concentrations. 

 

Reproduction 2009; 137:161-180 

 

Available at: http://www.reproduction-online.org/cgi/content/full/137/2/161 
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Abstract 

 

Analysis of luminal fluid microenvironments in the reproductive tract is pivotal to elucidate 

embryo-maternal signaling mechanisms responsible for successful reproduction in mammals, 

including cattle. Besides facilitating production of an optimized medium for in vitro 

fertilization and embryo culture in assisted reproductive technologies, screening of luminal 

fluid constituents in the oviduct and uterus could also provide critical information for 

elucidation of mechanisms underlying developmental programming. A key issue in this type 

of research is the sampling of luminal fluids. In this review we discuss the sampling 

techniques available for bovine species, including a recent in situ technique developed with 

the Ghent device, which allows rapid recovery of measurable amounts of pure uterine luminal 

fluid with minimal disturbance to the donor animal.  

 

Theriogenology 2010; 73:785-767 

 

Available at: http://dx.doi.org/10.1016/j.theriogenology.2009.07.004 
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Abstract 

 

The hypothesis that high concentrations of IGF1 can impair embryo development was tested 

in a bovine in vitro model. Embryos were either cultured in the absence or presence of 

physiological (100 ng/ml) or supraphysiological (1000 ng/ml) IGF1 concentrations. Cell 

allocation, apoptosis, and transcript and protein expression of selected genes involved in 

apoptosis, glucose metabolism and the IGF system were analyzed. Supraphysiological IGF1 

concentrations did not improve blastocyst formation, induced higher levels of apoptosis, 

decreased TP53 protein expression in the trophectoderm (TE), and increased the number of 

cells in the inner cell mass (ICM). The increase in ICM cells matched the specific increase of 

the IGF1R protein observed in the ICM. A small, but significant, percentage of these 

blastocysts displayed a hypertrophic ICM not observed in controls and virtually absent in 

embryos treated with physiological concentrations of IGF1. Physiological IGF1 

concentrations increased total IGF1R protein expression and up-regulated IGFBP3 transcripts 

leading to an increase in blastocyst formation with no effect on cell number or apoptosis. The 

increase in apoptosis and the altered cell allocation supports the hypothesis of detrimental 

effects of supraphysiological IGF1 concentrations on early pregnancy. However, our results 

do not support the premise that increased apoptosis associated with high levels of IGF1 is 

mediated via down-regulation of the IGF1 receptor as previously found in preimplantation 

mouse embryos.  
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Introduction 

The insulin-like growth factor (IGF) system is a critical signalling mechanism disrupted by 

hyperinsulinemia in conditions such as the polycystic ovary syndrome (PCOS) (Essah et al., 

2004). Hyperinsulinemia has been suggested to be a risk factor for miscarriage in PCOS 

patients (van der Spuy and Dyer, 2004; Cocksedge et al., 2008) and has been proposed as the 

unifying factor in the pathophysiology of early pregnancy loss in PCOS women (Essah et al., 

2004). The increased insulin levels reduce synthesis of IGF binding proteins (IGFBPs) such 

as IGFBP1 which in turn enhances the bioactivity of IGF1 (Wang and Chard, 1999). High 

concentrations of free IGF1 affect normal endometrial function with deteriorating effects on 

implantation (Lathi et al., 2002; Giudice, 2006). However, exposure of rodent embryos to 

increased concentrations of IGF1 in vivo or in vitro can result in abnormal preimplantation 

embryo development (Katagiri et al., 1996; 1997). These findings led to the hypothesis that 

high IGF1 concentrations are partially responsible for the early pregnancy loss observed in 

PCOS women (Chi et al., 2000). Although IGF1 concentrations in oviducts and uterus of 

PCOS women with hyperinsulinemia are not available, this hypothesis has been investigated 

in in vitro murine models using concentrations ranging from 950 to 1500 ng/ml. These high 

levels of IGF1 induced apoptosis in blastocysts via down-regulation of the IGF1 receptor 

(IGF1R) (Chi et al., 2000; Eng et al., 2007) and resulted in increased resorption rates after 

transfer to recipients (Pinto et al., 2002; Eng et al., 2007).  

 

Current data indicates that high IGF1 concentrations down-regulate the IGF1R in mouse 

embryos causing a decrease in glucose uptake associated with reduced activation of AMP 

kinase (AMPK) (Chi et al., 2000; Pinto et al., 2002; Eng et al., 2007; Louden et al., 2008). 

IGF1-induced apoptosis in murine blastocysts is dependent on BAX, TP53, and caspases (1, 3 

and 8) (Chi et al., 2000; Moley et al., 2005). However, down-regulation of the IGF1R has 

been reported in bovine embryos exposed to IGF1 at physiological concentrations (100 ng/ml) 

(Prelle et al., 2001; Block et al., 2008). In fact, transfer of in vitro-produced bovine embryos 

treated with 100 ng/ml IGF1 improved both pregnancy and calving rates in lactating 

recipients suffering from heat-stress (Block et al., 2003, Block and Hansen, 2007). A decrease 

in IGF1R expression was observed in mouse embryos that was IGF1 dose-dependent (Chi et 

al., 2000). Whether this occurs in bovine embryos is unknown at present. With the exception 

of one report (Inzunza et al., 2010), the general consensus is that mouse embryos start 

expressing IGF1R at the 8-cell stage (Smith et al., 1993; Stojanov and O´Neill, 2001; 

Markham and Kaye, 2003), whereas in human embryos IGFIR is expressed throughout the 
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preimplantation period (Lighten et al., 1997), similar to the situation observed in pigs (Kim et 

al., 2005) and cattle (Watson et al., 1992; Yaseen et al., 2001). This highlights the importance 

of using alternative animal models to mice to investigate human-related endocrine 

pathologies. Since Bos taurus is a good model species for early human embryo development 

(Ménézo and Hérubel, 2002; Baumann et al., 2007; Velazquez, 2008), bovine in vitro embryo 

production could provide a suitable experimental model system for unravelling the 

mechanisms involved in the putative impaired development of embryos exposed to high 

concentrations of IGF1. A cross-species microarray hybridisation study revealed that gene 

expression profiles in bovine and human blastocysts were to a large extent identical (Adjaye 

et al., 2007). Similarly, global transcription profiles during the maternal-zygotic transition are 

similar between the two species (Xie et al., 2010), thus supporting the suggestion of using 

bovine embryos as an alternative model for human development. Furthermore, the amino acid 

sequence of bovine IGF1 is identical to that of human IGF1 (Honegger and Humbel, 1986; 

Francis et al., 1988) and in both species supplementation with physiological concentrations of 

human recombinant IGF1 can exert positive effects on in vitro preimplantation embryo 

development (Lighten et al., 1998; Spanos et al., 2000; Byrne et al., 2002; Makarevich and 

Markkula, 2002).  

 

In addition to its apoptosis-related activities, IGF1 exerts strong mitogenic effects in several 

mammalian cells (Benito et al., 1996) including blastomeres from preimplantation embryos. 

For instance, early embryos exposed to physiological concentrations of IGF1 (50-150 ng/ml) 

showed an increased number of cells in the resulting blastocysts of several mammalian 

species including mice (Lin et al., 2003; Gląbowski et al., 2005), gerbil (Yoshida et al., 2009), 

cattle (Byrne et al., 2002; Makarevich and Markkula, 2002; Sirisathien et al., 2003; Jousan 

and Hansen 2007), buffaloes (Narula et al., 1996), pigs (Kim et al., 2005; 2006), rabbits 

(Herrler et al., 1998), and humans (Lighten et al., 1998). Physiological (100 ng/ml) and 

supraphysiological (1000 ng/ml) concentrations of IGF1 can exert a positive dose-dependent 

effect on the total cell number of mice embryos (Gląbowski et al., 2005). It is unknown if this 

IGF1-induced increase in number of cells is related to the elevated apoptotic index observed 

in murine embryos treated with high IGF1 concentrations (Chi et al., 2000). Furthermore, no 

attempt has been made to examine the effects of high concentrations of IGF1 on cell 

allocation in preimplantation embryos, which is a critical factor for a successful pregnancy 

(Koo et al., 2002). Elucidation of the mechanisms by which high concentrations of IGF1 
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interfere with normal embryonic development is of fundamental importance for the 

development of more efficient drug therapies in PCOS patients.  

 

The goal of this study was to determine the effects of supraphysiological concentrations of 

IGF1 on preimplantation bovine embryos. We evaluated cellular and molecular characteristics 

of in vitro-produced bovine blastocysts exposed to high concentrations of IGF1 from the 

zygote stage onwards. The parameters analyzed included cell allocation, occurrence of 

apoptosis, protein expression of the IGF1 receptor and TP53 gene, and transcript abundance 

of selected genes involved in apoptosis, glucose metabolism and the IGF system. 

 

Materials and Methods 

 

Collection and maturation of cumulus oocyte complexes 

 

Bovine ovaries from a local abattoir were transported to the laboratory at 25-30 oC in PBS 

(A0964, AppliChem) supplemented (enriched PBS) with 60 µg/ml penicillin G potassium 

(A1837, Applichem), 47 µg/ml streptomycin sulphate (A1852, Applichem), 36 µg/ml 

pyruvate (A3912, Applichem), 1.1 mg/ml α-D-Glucose monohydrate (6780.1, Carl Roth 

GmbH) and 133 µg/ml calcium chloride dehydrate (21098, Fluka, Sigma-Aldrich). Ovaries 

were washed with 0.9% (w/v) sodium chloride (3957.2, Carl Roth GmbH) supplemented with 

60µg/ml penicillin G potassium and 1.3 µg/ml streptomycin sulphate. The surface of the 

ovaries was sliced in enriched PBS supplemented with 2.2 IU/ml heparin (24590, Serva) and 

0.1% (w/v) BSA fraction V (A1391, Applichem). Cumulus oocyte complexes (COCs) were 

collected in TCM air (tissue culture medium 199 [TCM 199], with Earle´s salts, L-glutamine 

and 25 mM Hepes, M2520, Sigma-Aldrich) supplemented with 22 µg/ml pyruvate, 50 µg/ml 

gentamicin sulphate (G3632, Sigma-Aldrich), 350 µg/ml sodium bicarbonate (NaHCO3, 

31437, Sigma-Aldrich) and 0.1 % (w/v) BSA (Fatty acid free, A7030, Sigma-Aldrich). 

Oocytes with at least three layers of compact cumulus cells and homogeneous granulated 

cytoplasm were selected (Racedo et al., 2008) and washed in groups of 15-20 in TCM culture 

(TCM air with a higher concentration of NaHCO3 [2.2 mg/ml]). COCs were then placed into 

100 µl drops of maturation medium (TCM culture supplemented with 10 IU/ml of equine 

chorionic gonadotrophin, 5 IU/ml of human chorionic gonadotrophin [Suigonan, Intervet] and 

100 µM cysteamine hydrochloride [M6500, Sigma-Aldrich]) and were matured (IVM) under 

a humidified atmosphere of 5% CO2 in air at 39oC for 24 h.  
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In vitro fertilization 

 

The medium for in vitro fertilization (IVF) was Fert-TALP medium as reported by Parris et 

al. (1988) with some modifications, such as the omission of glucose, the inclusion of 0.1 

IU/ml heparin, 0.01 µg/ml phenol red (Merck) and a higher amount of sodium pyruvate (28 

µl/ml). A basic stock solution of Fert-TALP medium without BSA (6 mg/ml, A9647, Sigma-

Aldrich), gentamicin sulphate (50µg/ml), sodium pyruvate, hypotaurine (10 µM, H1384, 

Sigma-Aldrich), heparin and epinephrine (1 µM, E4250, Sigma-Aldrich) was prepared in 

advance. Matured COCs were washed with basic Fert-TALP medium supplemented with 

BSA, gentamicin sulphate and sodium pyruvate but lacking hypotaurine, heparin and 

epinephrine (HHE). The washed COCs were then place in 100 µl drops of Fert-TALP 

medium used for washing but supplemented with HHE (IVF drops). Semen of one bull of 

proven fertility for IVF was thawed at 30 oC and layered on top of 750 µl of 90% (v/v) 

Percoll/Fer-TALP solution (P1644, Sigma-Aldrich) equilibrated at room temperature in a 1.5 

Eppendorf tube. After centrifugation (400 x g) for 16 min the supernatant was aspirated and 

the pellet resuspended with 750 µl of Fert-TALP without HHE. Centrifugation was applied 

again for 3 minutes followed by supernatant aspiration and pellet resuspension with Fert-

TALP plus HHE.  After a third 3-min centrifugation the supernatant was aspirated leaving ~ 

50 µl of sperm suspension. Sperm concentration was assessed and adjusted to 1 x 106 

sperm/ml, corresponding to ~ 2 µl of sperm suspension per IVF drop. COCs were co-

incubated with sperm for 18 h under the same grouping and atmospheric conditions used for 

in vitro maturation.  

 

In vitro culture 

 

The modified synthetic oviductal fluid (SOF) medium described by Holm et al. (1999) 

without tri-sodium citrate but supplemented with 4 mg/ml fatty acid free-BSA (A7030, 

Sigma-Aldrich, Steinheim, Germany) was used for in vitro culture (IVC). After IVF, 

presumptive zygotes were denuded by gentle vortexing. Zygotes were then washed three 

times in 80 µl drops of SOF medium followed by random allocation into 30 µl drops of SOF 

medium without IGF1 (control group) or supplemented with either 100 ng/ml IGF1 

(physiological concentration) or 1000 ng/ml IGF1 (supraphysiological concentration). In each 

replicate 35-56 zygotes were used per group and the number of drops and embryos per drop 

(5-8 zygotes) were kept equal among the groups. For the IGF-1 treatments, a vial containing 
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50 µg of lyophilized recombinant human IGF1 (291-G1, R&D systems) was rehydrated with 

500 µl of 0.1% PBS/BSA according to the manufacturer’s recommendations and stored at -20 
oC in 10 µl aliquots (1000 ng). Culture drops containing IGF1 were prepared from two thawed 

aliquots diluted with SOF medium to the required concentrations of IGF1. Embryos were 

cultured in a humidified atmosphere containing 5% O2, 5% CO2 and 90% N2 (Air products, 

Hattingen, Germany) at 39 oC. Drops used in each in vitro embryo production (IVP) cycle 

(i.e. IVM, IVF, and IVC) were covered with silicone oil (35135, Silicone DC 200 fluid, 

Serva) and left to equilibrate for at least three hours before use. Cleavage rate (embryos with 4 

or more cells) and blastocyst formation were evaluated on days 3 and 8 after IVF (day 0) 

respectively. In each experimental group, cellular and molecular characteristics were 

evaluated only in day-8 expanded blastocysts obtained from 31 IVP cycles unless otherwise 

indicated. 

 

Differential cell staining 

 

Differential cell staining of blastocyst was carried out using a modified protocol described by 

Thouas et al. (2001). Briefly, zona-intact blastocysts were washed three times in 50 µl drops 

of 0.1% (w/v) polyvinylpyrrolidone (PVP)/PBS  and placed into 500 µl of 1% (v/v) Triton-X 

100/PBS containing 100 µl/ml propidium iodide (PI) (P4170, Sigma-Aldrich, Steinheim, 

Germany) for 40 sec. Embryos were then transferred into 500 µl of 100% ethanol containing 

25 µl/ml bisbenzimide (Hoechst 33258, B 2883, Sigma-Aldrich, Steinheim, Germany) for 5 

minutes. Blastocysts were mounted onto a glass microscope slide in a ~ 4 µl drop of glycerol 

and coverslipped. Cell counting was performed immediately after staining. Semi-sharp digital 

photographs of blastocysts were obtained with an epifluorescence microscope (Olympus 

BX60, Olympus Optical Co., Ltd, Tokyo, Japan) equipped with a digital camera (Olympus 

DP71) in a darkened room. Cell nuclei were counted using the touch-count mode of the 

Olympus cellP imaging software (Olympus Soft Imaging Solutions GmBH, Münster, 

Germany). Overlapping or out of focus nuclei in the digital photographs were identified by 

manual focus scanning of the samples under the microscope at the time of counting. Results 

are based on eleven IVP cycles.         
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Detection of apoptosis by TUNEL 

 

Apoptotic nuclei were detected using an in situ cell death detection kit (Roche Diagnostics 

GmbH, Mannheim, Germany) based on the Terminal deoxinucleotidyl transferase (TdT)-

mediated dUTP Nick End Labelling (TUNEL) principle using a previously described method  

(Zaraza et al., 2010). Briefly, zona-intact blastocysts were fixed in 4% (w/v) 

paraformaldehyde/PBS solution for 1 h followed by permeabilization with Triton X-100 

solution (0.5% [v/v] Triton X-100 in 0.1% [w/v] sodium citrate/PBS) for 1 h at room 

temperature. Embryos were then incubated in 25 µl drops of TUNEL reaction mixture (10 μl 

of TdT and 90 μl of fluorescein-conjugated dUTP) for 1 h at 37°C in the dark. Positive and 

negative controls were incubated with ribonucleic acid (RNA)-free deoxiribonuclease 

(DNase) I solution (50 U/ml; D9905K, Epicentre Biotechnologies Madison, WI, USA) at 

37°C for 1 h in the dark. After DNase incubation, positive controls were placed in the TUNEL 

reaction mixture and negative controls were incubated in labeling solution in the absence of 

TdT. Thereafter, embryos were incubated in 50 µl drops of ribonuclease (RNase) A solution 

(50 µl/ml, R5500, Sigma-Aldrich, Steinheim, Germany) for 1 h at 37°C in the dark followed 

by nuclei counterstaining in 50 µl drops of PI (50 µl/ml) for 15 min in the dark at room 

temperature. Blastocysts were then exposed to an increasing gradient (50%, 75% and 100%) 

of Vectashield antifade mounting medium/PBS (v/v, H-1000, Vector Laboratories, 

Burlingame, CA, USA) at room temperature in the dark and mounted individually in 100% 

Vectashield.  Slides were stored at 4°C in the dark for up to 7 days before confocal laser-

scanning microscopy (CLSM) was performed. The embryos were subjected to CLSM with a 

Zeiss LSM 510 microscope (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) using a 

Plan-Apochromat 20x/0.75 objective. FITC (excitation wavelength at 488nm) and PI 

(excitation wavelength at 543 nm) were detected with an Argon and Helium laser 

respectively. Optical sections of 1.98 µm thickness were made at 4 µm intervals through the 

whole embryo and analyzed with the LSM Image Browser software (Carl Zeiss 

MicroImaging GmbH, Göttingen, Germany). Total cell number and apoptotic nuclei were 

recorded. Nuclei were regarded as apoptotic only if they displayed both morphological 

(nuclear condensation with or without fragmentation) and biochemical (TUNEL positive) 

characteristics of apoptosis (Gjørret et al., 2003). Results are based on embryos obtained from 

eight IVP cycles. 
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Immunofluorescence  

 

Zona-intact blastocyst from six IVP cycles were fixed and permeabilized as described in the 

TUNEL protocol. Following permeabilization embryos were blocked with 10% (v/v) new 

born calf serum/PBS (B15-001, PAA Laboratories GmbH) for 1 h at room temperature 

followed by incubation overnight at 4 oC in the dark with the primary antibody diluted in 3% 

(w/v) BSA/PBS (A9647, Sigma-Aldrich). The TP53 antibody (Rabbit polyclonal, 9282, Cell 

Signalling Technology, Inc, ) was diluted 1:100 (Favetta et al., 2004) and the IGF1R (Rabbit 

polyclonal, PAI-14212, Dianova) 1:50. Embryos were then washed twice in Triton X-100 

solution and incubated with the Alexa Fluor® 488-conjugated secondary antibody (1:100 in 

3% BSA/PBS, Invitrogen, Ltd) for 2 h in the dark at room temperature. Embryos from the 

three groups were incubated in drops of equal volume obtained from the same antibody 

preparation. Afterwards, embryos were RNase treated, counterstained and mounted as 

describe in the TUNEL protocol. Embryos not incubated with the primary antibody served as 

negative controls. Blastocysts were subjected to CLSM using the same settings described in 

the TUNEL protocol. All embryos were scanned under the same confocal settings. Optical 

sections were analyzed with LSM Image Browser software. After total cell number counting, 

the fluorescence intensity of individual embryos was assessed in one central optical section 

displaying both the inner cell mass (ICM) and the trophectoderm (TE) by marking and 

extracting six small areas of equal size. Extracted images were saved in tagged image file 

format (TIFF) and processed according to the method developed by Tolivia et al. (2006) and 

validated in bovine embryos (Favetta et al., 2007). Briefly, green channel images 

(representing Alexa Fluor® 488 fluorescence) were converted to “grayscale” and then inverted 

with Adobe Photoshop CS2 (Adobe Systems Inc.) so that gray and black pixels represented 

areas of Alexa Fluor® 488 immunofluorescence on a white background. Inverted images were 

saved as a new TIFF file and opened in the Scion Image program (4.0.3.2, Scion Corporation) 

to obtain the mean density of the chromogen signal strength (SS). The SS was normalized to 

the maximum signal strength obtained in each image in order to produce a relative SS (Tolivia 

et al. 2006). The relative SS in individual embryos was the mean values of the small sections 

extracted per embryo (i.e. six for the whole embryo and three per cell compartment [ICM and 

TE]).  
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Messenger RNA isolation 

 

Blastocysts from six IVP cycles were individually placed into 0.6 ml siliconized Eppendorf 

tubes with ~ 4µl of 0.1% (w/v) polyvinyl alcohol (PVA)/PBS solution and stored at -80°C 

until mRNA extraction. Poly (A)+ RNA was isolated as previously described (Kues et al., 

2008; Niemann et al., 2010). Briefly, 40 µl of lysis-binding buffer (100 mM Tris-HCl, pH 7.5, 

500 mM LiCl, 10 mM EDTA, 1% lithium dodecyl sulphate [LiDS], 5 mM dithiothreitol 

[DTT]) were pipetted into each sample tube, followed by addition of 1 pg of rabbit globin 

mRNA (Bethesda, Research laboratories) as external standard. After a short centrifugation, 

samples were incubated at room temperature for 10 min. Five µl of prewashed Dynabeads 

Oligo (dT)25 (610.21, Invitrogen Dynal AS) were then added into each lysate and placed on a 

shaker at room temperature for 15 min to allow binding of the poly (A)+ RNA to the 

Dynabeads. The beads were then washed once with 40 µl of buffer A (10 mM Tris-HCl, pH 

8.0, 0.15 M LiCL, 1 mM EDTA, 0.1% LiDS) and three times with 40 µl of buffer B (10 mM 

Tris-HCl, pH 8.0, 0.15 M LiCL, 1 mM EDTA) at room temperature. After washing beads 

were resuspended with 11 µl ice-cold sterile water and the poly (A)+ RNAs eluded from the 

beads by incubation at 65 °C for 2.5 min followed by flash cooling on ice. The 11 µl elution 

aliquots were used immediately for reverse transcription.  

 

Reverse transcription (RT) 

 

Poly (A)+ RNA from single blastocyst was reverse transcribed into first strand cDNA in a 0.2 

ml reaction tube containing 20 µl of reaction mixture. The RT reaction mixture consisted of 2 

µl (1x, 20 mM Tris-HCl, pH 8.4, 50 mM KCL) of 10x RT buffer (Invitrogen), 2 µl (5 mM) of 

magnesium chloride (Invitrogen), 2 µl (1 mM) of deoxyribonucleoside triphosphate (dNTP) 

solution (Amersham Biosciences Europe), 1 µl (2.5µM) of random hexamer primers (N808-

0127, Applied Biosystems), 1 µl (20 Units) of RNase inhibitor (N808-0119, Applied 

Biosystems), 1 µl (50 Units) of  Murine Leukemia Virus (MuLV) reverse transcriptase 

(N808-0018, Applied Biosystems) and the 11 µl of mRNA preparation. Tubes with reaction 

mixture containing sterile water instead of mRNA preparation were used as controls for 

contamination. A tube with reaction mixture and 2 µl (1 pg) of rabbit globin mRNA and 9 µl 

of sterile water was prepared to produce a pool of cDNA globin for quantification of globin 

expression used for data normalization (see below). The RT reaction was carried out in a 

PTC-200 thermocycler (MJ Research) and consisted of 10 min at 25°C for primer annealing, 
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1 h at 42°C for primer extension and 5 minutes at 95°C to terminate the reaction followed by 

cooling down at 8 °C and storage at -25 °C until real-time polymerase chain reaction (PCR) 

analysis. 

 

Quantitative real-time PCR 

 

To perform real-time PCR wells from 96-Well optical reaction plates were loaded with 20 µl 

of PCR reaction mixture containing 10 µl of power SYBR green PCR master mix (4367659, 

Applied Biosystems), 0.8 µl (5 µM) each of the forward and reverse primers of the respective 

genes of interest (Table 1), 2 µl of cDNA (0.2 blastocyst equivalents) and 6.4 µl of sterile 

water. Amplification was carried out in an ABI 7500 Fast Real-Time System (Applied 

Biosystems). The PCR reaction started with 10 min at 95°C for activation of the Taq DNA 

Polymerase, followed by 40 cycles of 15 sec at 95°C for denaturation and 1 min at 60°C for 

annealing and extension. Post-PCR dissociation melting curve analyses were carried to 

determine the specificity of the PCR-amplified products. Raw gene expression data for target 

genes and globin were obtained with the Sequence Detection Software 1.3.1 (Applied 

Biosystems) based on standard curve dilution series (1:5) of cDNA from 60 blastocysts and 

pooled globin respectively (Niemann et al., 2010). Data were then transferred to Microsoft 

Excel and the relative mRNA abundance was calculated by dividing the target gene 

expression value by the amount of globin mRNA expressed in each sample (globin added as 

external control during RNA extraction). To normalize data to embryo cell number, the 

relative abundance of each transcript in individual embryos was divided by the mean total cell 

number (Table 3) and multiplied by 100 (Block et al., 2008). For each group, results are based 

on twelve replicates per gene.  

 

Statistical analysis 

 

Data were analyzed with SigmaStat 2.0 (Jandel Scientific, San Rafael, CA). Differences 

between groups were tested by Chi-square test and ANOVA with the Fisher’s least significant 

difference (LSD) method as post hoc test. Associations between variables were tested by 

regression analysis. Percentage values analyzed as continous data were arcsine transformed 

before analysis. Continous data were transformed if they did not meet the assumption of 

normal distribution or homogeneity of variance. If no improvement was achieved after 

transformations, the non-parametric equivalents were used (e.g. Kruskal-Wallis test). When a 
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p-value with a tendency towards significance (< 0.08) was detected with ANOVA or Kruskal-

Wallis test, a two-group comparison test was carried out (e.g. Student’s t-test) to clarify the 

differences between the treatments. Fluorescence intensity within groups (i.e. ICM vs. TE) 

was analyzed by t-test or Mann-Whitney test as appropriate. Since data were analyzed by 

parametric and non-parametric tests, results are presented as mean ± S.E.M. and median [Q1-

Q3] unless otherwise indicated. P ≤ 0.05 was considered to be statistically significant.  

 

Results 

 

Preimplantation embryo development 

 

The rate of cleavage stage embryos and blastocyst categories were not affected by IGF1 

supplementation. However, the total rate of blastocyst formation was increased significantly 

by 100 ng/ml IGF1 compared to control (P = 0.005) and 1000 ng/ml IGF1 (P = 0.035) (Table 

2). The 100 ng/ml IGF1 group had fewer degenerated embryos than the control (P = 0.014) 

and the supraphysiological IGF1 group (P = 0.018). The rate of blastocyst formation and 

degenerated embryos did not differ significantly between the control and the 1000 ng/ml IGF1 

group (Table 2). The proportion of replicates in which blastocyst formation was increased 

over controls was higher for 100 ng/ml IGF1 than for 1000 ng/ml IGF1 (80.6 vs. 51.6 % P = 

032). 

 

Differential cell staining and detection of apoptosis by TUNEL  

 

The number of cells in the ICM was not significantly different between the control and the 

100 ng/ml IGF1 group. The supraphysiological IGF1 concentration increased the number of 

ICM cells over controls (P = 0.005) and the 100 ng/ml IGF1 group (P = 0.003). The number 

of TE cells did not differ between the three groups (Table 3). Mean values for ratio of TE to 

ICM cells and proportion of ICM over the total cell number (ICM/TCN) were not affected by 

IGF1 treatment (Table 3). However, a significant percentage of blastocysts in the 1000 ng/ml 

IGF1 group displayed an increased ICM/TCN proportion compared to the control (P = 0.006) 

and the 100 ng/ml IGF1 group (P = 0.006). The control (P = 0.001) and the 100 ng/ml IGF1 

group (P = 0.006) had a higher percentage of blastocysts with a 20-40 ICM/TCN proportion 

than the supraphysiological IGF1 group (Fig. 1). The percentage of blastocysts showing an 
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ICM/TCN proportion less than 20 was not statistically different between the three groups 

(Fig. 1). 

 

The percentage of embryos displaying at least one apoptotic blastomere was higher in the 

1000 ng/ml IGF1 (98.6 %) group compared with the control (88 %) group (P = 0.026). There 

were no differences in this regard between the control and physiological IGF1 (93.5 %) or 

between the two IGF1 groups. No significant differences were found in any of the apoptotic 

parameters analyzed between the control and the 100 ng/ml IGF1 group. In contrast, embryos 

treated with 1000 ng/ml IGF1 showed more apoptotic cells in ICM (P < 0.001) and TE (P = 

0.004) than embryos in the control and the 100 ng/ml IGF1 group (Table 3). This was 

reflected in a higher number of total apoptotic cells (P < 0.001) and in an increased apoptotic 

index (P < 0.001) in the supraphysiological group compared to control and 100 ng/ml IGF1 

groups (Table 3). The number of apoptotic cells was not dependent on the number of cells in 

any of the groups as indicated by low coefficients of determination (control-r2= 0.0858, 100 

ng/ml IGF1-r2= 0.0993, 1000 ng/ml IGF1-r2= 0.0047). Total cell number was increased by 

1000 ng/ml IGF1 compared to control (P = 0.005) and 100 ng/ml IGF1 (P= 0.01). There were 

no differences in this regard between the control and the 100 ng/ml IGF1 group (Table 3). 

 

Messenger RNA transcript expression 

 

Supplementation with IGF1 did not affect the relative abundance of transcripts for IGF1R, 

TP53 and SLC2A3. However, 100 ng/ml of IGF1 significantly increased transcript abundance 

of IGFBP3 (P= 0.006) and tended to increase the relative abundance of transcripts for 

SLC2A1 (P= 0.067) and SLC2A8 (P= 0.06) over that resulting from supraphysiological 

concentrations of IGF1 (Fig. 2). Transcript abundance for IGFBP3, SLC2A1 and SLC2A8 did 

not differ among the rest of the group combinations (i.e. control vs. 100 ng/ml IGF1, control 

vs. 1000 ng/ml IGF1). Physiological concentrations of IGF1 also tended to increase the 

relative expression of AKT1 transcripts compared to controls (P= 0.059) but not to 1000 

ng/ml IGF1 (Fig. 2). Relative abundance of AKT1 did not differ between the control and the 

supraphysiological IGF1 group.  
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IGF1R immunofluorescence 

 

The IGF1R receptor was localized in both the ICM (ICM-positive) and TE in most of the 

blastocysts, predominantly in the cytoplasm (Fig. 3). However, a substantial proportion of 

blastocysts did not display IGF1R in the ICM (ICM-negative). The proportion of ICM-

negative embryos did not differ significantly between the groups (control= 34.7 %, 100 ng/ml 

IGF1= 29.1 %, 1000 ng/ml IGF1= 50 %). In ICM-positive embryos, the IGF1R was less 

expressed in the ICM than in the TE (Fig. 4). Less ICM immunofluorescence in ICM-positive 

embryos and ICM-negative staining was also observed in hatched blastocyst, indicating that 

this staining pattern was not an artifact caused by the zona pellucida. No differences in 

relative signal strength (RSS) were found between the groups when all embryos were 

analyzed together (i.e. ICM-positive and -negative blastocysts). A second statistical analysis 

carried out in ICM-positive embryos revealed an increased RSS in the ICM of embryos 

treated with 1000 ng/ml IGF1 (P= 0.023) compared to the control group (Fig. 4). No 

significant differences in TE immunofluorescence were observed between high IGF1 treated 

and control embryos. Embryos treated with 100 ng/ml IGF1 tended to have more IGF1R 

immunofluorescence in the ICM (P= 0.076) and showed a significant increase in TE 

immunofluorescence (P= 0.014) over controls (Fig 4). Total RSS values for IGF1R were 

higher for 100 ng/ml IGF1 (P= 0.008) but not for supraphysiological IGF1 when compared to 

controls (Fig. 4). There were no significant differences in RSS values in IGF1 groups from 

ICM-positive embryos and between all groups in ICM-negative blastocysts. There was no 

correlation between the RSS values and the total number of nuclei in any of the groups.  

 

TP53 immunofluorescence 

 

The TP53 protein was observed in both the ICM and TE in most of the embryos (Fig. 3). Only 

a few blastocysts did not display TP53 in the ICM (control=2, 100 ng/ml IGF1=2, 1000 ng/ml 

IGF1=1). All embryos showed cytoplasmic localization of TP53 protein. RSS values were 

similar between the ICM and TE in the control group, whereas in the IGF1 groups TP53 

immunofluorescence was less intense in the ICM (Fig. 5). RSS values of TP53 in the ICM 

were not affected by IGF1 treatment. TE RSS values of TP53 were not different between 

controls and physiological IGF1. However, embryos treated with 1000 ng/ml IGF1 had a 

decreased TP53 RSS in the TE compared to both the control (P= 0.033) and 100 ng/ml IGF1 

(P= 0.048). Supraphysiological IGF1 decreased total RSS over controls (P= 0.022) but not 
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over physiological IGF1 (Fig. 5). Total p53 RSS values were not different between the control 

and physiological IGF1. Total nuclei were not correlated with RSS values in any of the 

groups.  

 

Discussion 

 

The novel finding of this study was that the increased apoptosis in bovine blastocysts induced 

by supraphysiological IGF1 concentrations was not associated with down-regulation of the 

IGF1 receptor, as previously found for preimplantation murine embryos (Chi et al., 2000, 

Pinto et al., 2002; Eng et al., 2007). On the contrary, high levels of IGF1 increased IGF1R 

protein expression particularly in the ICM. A similar scenario has been found in IGF1-treated 

bovine granulosa cells, where mRNA expression of the pro-apoptotic gene BAX was up-

regulated with concomitant transcript up-regulation of the IGF1 receptor (Mani et al., 2010). 

Up-regulation of IGF1R has also been observed in bovine embryos developed in a high IGF1 

microenvironment induced with 100 ng/ml Long R3 IGF1, which has a 1000-fold reduced 

affinity for IGFBPs (Prelle et al., 2001). The reason(s) for this contrasting regulation of the 

IGF1R during exposure to high levels of IGF1 between murine and bovine embryos is 

unknown at present. Nevertheless, it could involve cellular signalling networks not yet studied 

in the bovine embryo. For instance, IGF1 can regulate expression of transcription factors such 

as Krüppel-like factor 6 (KLF6) in a TP53-dependant manner (Bentov et al., 2008) and its 

protein expression levels seems to be directly related to protein levels of IGF1R (Rubinstein 

et al., 2004). KLF6 has been identified in murine embryonic cells (Laub et al., 2001) and is 

involved in murine embryonic stem cell differentiation (Matsumoto et al., 2008). KLF6 

activates genes involved in cell proliferation and survival such as members of the 

transforming growth factor beta (TGFβ) family including the TGFβ type III receptor 

(TGFβR3) (Friedman et al., 2007). Accordingly, overexpression of the TGFβR3 gene induced 

cellular apoptosis (Margulis et al., 2008). Under this scenario, down-regulation of the IGF1 

receptor would not be necessary to induce apoptosis. The TGFβ signalling pathway is 

operative in both human (Adjaye et al., 2005) and bovine embryos (Huan et al., 2010). 

Interestingly, a recent study linked the TGFβ signalling pathway to embryo demise, where 

TGFβR3 was up-regulated in bovine embryos that did not complete the morula to blastocyst 

transition by day 8 after IVF (Huang et al., 2010).  
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Species-specific differences in embryonic IGF signalling could also partially account for the 

difference in regulation of IGF1R under high levels of IGF1 between mice and cattle. Gene 

expression of the IGF1 ligand has been detected from the zygote to the blastocyst stage in 

mouse embryos (Stojanov and O’Neill, 2001) and immunolocalization studies confirmed its 

presence, revealing a higher expression in the ICM than in the TE cells (Stojanov and O’Neill, 

2001). In contrast, although early studies reported the presence of mRNA for IGF1 ligand in 

preimplantation bovine embryos (Watson et al., 1992; Yoshida et al., 1998; Lonergan et al., 

2000), subsequent experiments did not confirm these observations (Yaseen et al., 2001; 

Bertolini et al., 2002; Ponsuksili et al., 2002; Moore et al., 2007; Warzych et al., 2007; Wang 

et al., 2009). Recent immunofluorescence studies did not detect the IGF1 ligand in bovine 

embryos (Wang et al., 2009). This indicates an active autocrine IGF1 circuit in mice 

compared to cattle, similar to that of the ovary (Velazquez et al., 2008). Albeit speculative, 

IGF1 produced by the murine embryo could potentially exacerbate receptor activation during 

exposure to high levels of IGF1, resembling the circumstances observed with adrenergic 

receptors where prolonged or repeated activation of receptors leads to down-regulation of 

receptor binding sites (Tsao and Zastrow, 2000).  

 

In rabbits (Herrler et al., 1997) and mice (Smith et al., 1993), the IGF1 receptor is equally 

expressed in both the ICM and TE; although a recent study indicated that rabbit blastocysts 

expressed more IGF1R in the ICM than in the TE cells (Navarrete Santos et al., 2008). Either 

case differs from the lower or nearly absent expression of the IGF1R in the ICM of bovine 

blastocyst found in the present study and by others (Wang et al., 2009). Notably, the lack of 

IGF1 production and the preferential expression of the IGF1R in the TE are characteristics 

that have also been observed in human embryos (Hardy and Spanos, 2002). The absence of 

IGF1R noticed in the ICM of some blastocysts most probably was caused by the in vitro 

culture, as this feature was not observed in in vivo bovine embryos fixed immediately after 

non-surgical recovery and processed with the same immunostaining protocol used for in vitro 

embryos in the current work (Velazquez et al., accompanying paper). Epigenetic changes in 

the IGF system attributed to in vitro conditions have been reported in mice (Stojanov and 

O’Neill, 2001).  

 

In our study, the localized higher ICM protein expression of the IGF1R observed in embryos 

treated with supraphysiological IGF1 concentrations matched the specific increase in ICM 

cells induced with this treatment. This is consistent with the selective increase of cells in the 
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ICM reported in bovine blastocysts (Sirisathien et al., 2003) and embryos from other species 

treated with IGF1, including humans (Lighten et al., 1998), pigs (Kim et al., 2005) and mice 

(Smith et al., 1993). This localized cell proliferation seems to be related to an exclusive 

activation of the mitogen activated protein kinase (MAPK) pathway in the ICM by IGF1 

(Navarrete Santos et al., 2008). Nguyen et al. (2007) demonstrated that IGF1 can increase cell 

proliferation of mouse embryonic stem (ES) cells causing stimulation of protein synthesis via 

the MAPK pathway, similar to the situation observed in intact blastocysts (Navarrete-Santos 

et al., 2008). Likewise, it has been found that the IGF1R is co-localized with Oct4 expression 

in human ES cells and plays a critical role for expansion as shown by the reduction in cell 

number after IGF1R blocking (Bendall et al., 2007). Therefore, IGF1 supplementation in vitro 

could be useful to improve the known limited capacity for self renewal and proliferation of 

bovine ICM derived cells (Yadav et al., 2005). The specific IGF1R increase in the ICM was 

not translated into improved blastocyst formation, suggesting that IGF1 requires a parallel 

increase of its receptor in both cell compartments to achieve beneficial effects upon bovine 

embryos. Indeed, a more homogenous increase of IGF1R protein was detected in embryos 

treated with physiological concentrations of IGF1, where an increase in blastocyst formation 

was found. This positive effect of IGF1 is probably related to its known role in the regulation 

of glucose uptake via its own receptor at physiological concentrations (Pantaleon and Kaye, 

1996) and could be due in part to a better modulation of IGF1 binding under physiological 

IGF1 concentrations via the higher expression of IGBPB3 observed in the present and other 

studies (Prelle et al., 2001; Block et al., 2008).  

 

The lower protein expression of TP53 in the supraphysiological IGF1 group was rather 

surprising since activation of TP53 is considered indicative of embryonic demise (Keim et al., 

2001; Matwee et al., 2001). However, recent information suggests that TP53 does not act 

merely as a death signal, but rather as a modulator of damage responses to ensure successful 

development (Toyoshima, 2009). For instance, it has been suggested that the primordial 

function of the TP53 ancestor gene was to ensure fecundity and production of normal 

offspring and that its function as a tumor suppressor came later in evolution (Hu, 2009). 

Accordingly, there is evidence indicating that expression of TP53 is essential for female 

fertility (Hu et al., 2007) and that active TP53-dependent cell death signaling is required to 

suppress erroneous replication of damaged DNA during the preimplantation period 

(Toyoshima, 2009) and to avoid  abnormalities during fetal development (Torchinsky and 

Toder, 2010). In fact, high levels of TP53 are associated with normal cellular differentiation 
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during murine embryogenesis (Schmid et al, 1991). From this perspective, we interpret the 

decrease in TP53 of embryos treated with high levels of IGF1 as reduced capacity to eliminate 

unfit phenotypes, such as aberrant cell allocation. Data from in vivo-produced bovine embryos 

indicate that an ICM/TCN proportion between 20 and 40 % may be considered normal (Van 

Soom et al., 1997; Koo et al., 2002; Rho et al., 2007). In our study a significant percentage of 

embryos treated with supraphysiological concentrations of IGF1 developed a high ICM/TCN 

proportion (more than 40 %). Control blastocysts did not exhibit this phenotype and it was 

practically absent in embryos treated with physiological concentrations of IGF1. A high 

ICM/TCN proportion (41.3 %) was found in experiments in which cysteine addition to SOF 

medium supplemented with fetal bovine serum increased apoptosis and reduced blastocyst 

formation and hatching rates (Van Soom et al., 2002). Furthermore, high ICM/TCN 

proportions (42-60 %) have been repeatedly reported in bovine somatic cell nuclear transfer 

(SCNT) embryos (Koo et al., 2002; Amarnath et al., 2004; Li et al., 2004; Oh et al., 2006; Li 

et al., 2007). The aberrant cell allocation of bovine SCNT embryos has been suggested to be 

partially responsible for the high embryonic losses occurring during early pregnancy (first 

trimester) after embryo transfer (Koo et al., 2002). Based on this information and our data, we 

presume that the increased apoptosis observed mainly in the TE and the reduction in TE cell 

number caused by the high ICM/TCN proportion can give rise to either an embryo incapable 

of implantation or a fetus with impaired placental function that will negatively impact the 

establishment and maintenance of pregnancy. Nevertheless, this hypothesis needs to be tested 

in embryo transfer studies.  

 

Our data also indicates that the majority of embryos can cope with high concentrations of 

IGF1 and develop with a normal cell allocation. In our static in vitro system, consumption and 

degradation of IGF1 would occur, without peptide renewal. However, under natural high 

IGF1 microenvironments such as PCOS (Thierry van Dessel et al., 1999), the embryo will be 

continuously exposed to high levels of IGF1 with possible exacerbation of the phenotype 

observed in our in vitro model (high apoptosis and hypertrophic ICM). Furthermore, given 

that estrogens regulate, to a great extent, IGF1 production in the uterus (Velazquez et al., 

2009), an increased paracrine action of IGF1 caused by the greater bioavailability of free 

estrogens present in the endometrium of PCOS women (Leon et al., 2008) would lead to an 

impaired endometrial function (Lathi et al., 2002; Giudice, 2006) that would further reduce 

chances of normal pregnancy.  
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Assuming that the bovine embryo resembles the human embryo behaviour under a high IGF1 

microenvironment and that a concentration of ~1000 ng/ml is actually present in both the 

oviduct and the uterus of PCOS women, we propose that a substantial proportion of embryos 

developing in a PCOS environment may adapt (i.e. do not undergo degeneration) to the high 

IGF1 levels and develop to the blastocyst stage with normal cell allocation but increased 

apoptosis. However, a small proportion of these embryos will also develop a hypertrophic 

ICM. If endometrial function is impaired, the chances for implantation and normal 

placentation will be less for embryos with hypertrophic ICM. If this is true from an 

epidemiological point of view, the risk of pregnancy loss will greater in a small percentage of 

PCOS women with hyperinsulinemia. A recent survey showed that the prevalence of recurrent 

miscarriage in PCOS (~10 %) women is relatively low (Cocksedge et al., 2009). Nevertheless, 

the latter study was not carried in PCOS patient with hyperinsulinemia, and our model 

assumes that oocyte quality is not seriously compromised, which probably is not the case, as 

oocyte developmental competence was reduced in a PCOS-like bovine model of 

hyperinsulinemia (Adamiak et al., 2005). Furthermore, there is evidence that in vivo oocyte 

developmental competence can be impaired by high concentrations of IGF1 (Velazquez et al., 

accompanying paper). 

 

In conclusion, supraphysiological concentrations of IGF1 can affect normal preimplantation 

embryo development not only by increasing apoptosis but also by altering cell allocation. This 

altered phenotype supports the hypothesis of a detrimental effect of supraphysiological IGF1 

concentrations on early pregnancy. However, our results do not support the premise that 

increased apoptosis associated with high levels of IGF1 is mediated via down-regulation of 

the IGF1 receptor as previously found in the preimplantation mouse embryo. At present, it is 

not possible to explain apoptosis induction without IGF1R down-regulation in bovine 

embryos exposed to a high IGF1 microenvironment. Research on cellular signalling networks 

affected by IGF1 not yet investigated in bovine embryos and species differences in IGF 

signalling could be a starting point to elucidate this phenomenon.  
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Figure legends 

 

 

Figure 1 Effect of different IGF1 concentrations on the percentage of in vitro-produced 

blastocysts displaying different Inner Cell Mass/Total Cell Number proportions. Within 

ICM/TCN categories bars with different letters differ significantly (P ≤ 0.05). 

 

Figure 2 Relative transcript abundance (mean ± S.E.M.) of developmentally important genes 

in day-8 blastocyst treated with different IGF1 concentrations from the zygote stage onwards. 

Bars with different superscripts within each gene transcript indicate a significant difference (a 

vs b P ≤ 0.05) or tendency towards significance (c,d P= 0.059, e,f P= 0.067, g,h P= 0.06). 

 

Figure 3 Three-dimensional reconstruction of confocal laser microscopy images showing 

protein localization of the IGF1R and TP53 in day-8 blastocysts treated with different 

concentrations of IGF1. PI= propidium iodide. Note the lower expression of the IGF1R in the 

inner cell mass of the control group compared to the IGF1 groups and the lower expression of 

TP53 in the trophectoderm in the supraphysiological IGF1 group (1000 ng/ml). 

 

Figure 4 Relative signal strength (RSS) values (mean ± S.E.M) of the IGF1R in day-8 

blastocysts treated with different concentrations of IGF1 and displaying immunofluorescence 

in both the inner cell mass (ICM) and the trophectoderm (TE). Between groups, bars with 

different superscripts indicate a significant difference (ICM:a,b,c; TE:d,e; Total RSS:A,B P ≤ 

0.05) or tendency towards significance (ICM:a,b P=0.076). Within groups, the asterisk 

indicates significant differences between the ICM and the TE (P ≤ 0.05).  

 

Figure 5 Relative signal strength (RSS) values (mean ± S.E.M) of TP53 in day-8 blastocysts 

treated with different concentrations of IGF1. ICM= inner cell masss, TE= trophectoderm. 

Between groups, bars with different superscripts indicate a significant difference (TE:a,c; 

Total RSS:A,B P ≤ 0.05). Within groups, the asterisk indicates significant differences 

between the ICM and the TE (P ≤ 0.05).  
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Table 1 Primers used for real-time PCR. 
 

Genes Primer sequences and positions Annealing temperature Fragment 
size 

Accession 
number 

IGF1R 5´ (1068-1090) 
3´ (1139-1121) 

CCTCATCAGCTTCACCGTCTACT 
GCGTCCTGCCCGTCATACT 60 °C  72 XM_606794.3 

IGFBP3 5´ (731-752) 
3´ (941-921) 

AACTTCTCCTCTGAGTCCAAGC 
CGTACTTATCCACACACCAGC 60 °C 210 NM_174556.1 

TP53 5´ (720-739) 
3´ (776-756) 

TTTACGCGCGGAGTATTTGG 
GGCACCACCACACTGTGTCTA 60 °C 57 NM_174201.2 

AKT1 5´ (368-385) 
3´ (457-475) 

GCTCACCCGGCGAGAACT 
CTTTGCCCAGCAGCTTCAG 60 °C 108 AY781100.1 

SLC2A1 5´ (894-914) 
3´ (1131-1151) 

CAGGAGATGAAGGAGGAGAGC 
CACAAATAGCGACACGACAGT 60 °C 258 NM_174602.2 

 

SLC2A3 5´ (127-149) 
3´ (173-192) 

GTTGCTACCATAGGCTCTTTCCA 
GATCGCCTCAGGAGCATTGA 60 °C 65 AY033938 

SLC2A8 5´ (1441-1461) 
3´ (1501-1521) 

GCATCTTCGGTGTCCTTTTCA 
CAAAATGGGCTGTGATTTGCT 60 °C 80 AY208940 
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Table 2 Effects of different IGF1 concentrations on the in vitro development of bovine embryos. 
 

Parameter Control 
(n =1200)  

100 ng/ml IGF1 
(n =1200)  

1000 ng/ml IGF1 
(n =1200)  

 Mean ± S.E.M.— Median (Q1-Q3) [n]*  Mean ± S.E.M.— Median (Q1-Q3) [n]* Mean ± S.E.M. — Median (Q1-Q3) [n]* 

Cleavage  (%) 55.9 ± 1.9 — 57.1 (48.5-62.8) [679]  58.4 ± 2.0— 60.0 (54.2-63.3) [707] 58.6 ± 1.5 — 59.1 (51.9-64.0) [707] 

Blastocysts (%)   7.9 ± 1.1 — 8.1 (2.5-13.6) [96]   9.6 ± 1.2 — 8.5 (5.0-14.2) [115]   7.1 ± 1.1 — 6.1 (0.5-11.1) [87] 

Expanded 
blastocysts (%)  15.7 ± 1.1 — 16.6 (11.4-19.5) [194] 18.1 ± 0.7 — 17.1 (16.3-20.3) [219] 17.1 ± 1.3 — 18.3 (12.4-22.8) [208] 

Hatching 
blastocysts (%)   2.6 ± 0.4 — 2.8 (0.0-4.2) [31]   2.6 ± 0.4 —2.8 (0.0-4.4) [32]   2.1 ± 0.4 —0.0 (0.0-5.0) [27] 

Hatched 
blastocysts (%)   2.5 ± 0.5 — 2.3 (0.0-4.4) [29]   4.5 ± 0.8 — 2.8 (0.0-6.7) [54]   3.8 ± 0.6 — 2.8 (0.5-5.7) [47] 

Total  
blastocysts (%) 28.9 ± 1.5a — 28.5 (23.5-34.2) [350] 34.9 ± 1.4b — 32.6 (30.6-40.0) [420] 30.4 ± 1.5a — 31.4 (24.6-37.0) [369] 

Degenerated 
embryos  (%) 47.5 ± 2.3a — 47.6 (39.4-58.2) [329] 38.5 ± 2.7b — 42.1 (27.3-51.1) [287] 47.2 ± 2.7a — 46.6 (35.4-61.1) [338] 

Presumptive zygotes used in 31 IVP cycles  
*Number of embryos produced in each category 

Embryos with 4 or more cells on day 3 (day 0 = IVF)  
Calculated on the number of cleaved embryos 

abValues within rows with different superscript bold letters differ significantly (P ≤ 0.05) 



 32

 
Table 3 Effects of different IGF1 concentrations on cell number, cell allocation and apoptosis in bovine blastocyst produced in vitro. 
 

Parameter Control 100 ng/ml IGF1 1000 ng/ml IGF1 

 Mean ± S.E.M.— Median (Q1-Q3) 
                         [n]* 

Mean ± S.E.M.— Median (Q1-Q3)  
                         [n]* 

Mean ± S.E.M.— Median (Q1-Q3) 
                         [n]* 

Cell number in 
the ICM 

  32.3 ± 1.2a — 30.0 (26.0-40.0)  
               [DCS = 57] 

  32.5 ± 1.1a — 30.0 (25.0-38.0)  
               [DCS = 75] 

  39.0 ± 1.6b — 36.5 (29.0-48.0)  
               [DCS = 66] 

Cell number in 
the TE 

  89.6 ± 4.0  — 84.0 (69.5-113.2)  
               [DCS = 57] 

  96.7 ± 3.5  — 95.0 (75.0-118.5)  
               [DCS = 75] 

102.3 ± 4.8  — 100.5 (64.0-133.0)  
               [DCS = 66] 

Ratio TE:ICM     2.8 ± 0.1  — 2.6 (2.2-3.1)  
               [DCS = 57] 

    3.1 ± 0.1  — 2.9 (2.3-3.6)  
               [DCS = 75] 

    2.8 ± 0.1  — 2.5 (1.7-3.8)  
               [DCS = 66] 

Proportion 
ICM/TCN (%) 

  27.2 ± 0.7  — 27.6 (24.2-30.6)  
               [DCS = 57] 

  25.8 ± 0.7  — 25.5 (21.3-29.8)  
               [DCS = 75] 

  28.8 ± 1.1  — 28.5 (20.6-36.0)  
               [DCS = 66] 

Apoptotic cells 
in ICM 

    1.3 ± 0.2a — 0.0 (0.0-2.0)  
             [TUNEL = 76] 

    0.7 ± 0.1a — 0.0 (0.0-1.0)  
             [TUNEL = 77] 

    2.2 ± 0.3b — 1.0 (0.0-4.0)  
             [TUNEL = 73] 

Apoptotic cells 
in TE 

    3.2 ± 0.3a — 3.0 (1.0-5.0)  
             [TUNEL = 76] 

    3.8 ± 0.3a — 3.0 (1.0-5.0)  
             [TUNEL = 77] 

    5.4 ± 0.5b — 4.0 (1.0-9.2)  
             [TUNEL = 73] 

Total apoptotic 
cells 

    4.6 ± 0.4a — 3.5 (1.0-7.0)  
             [TUNEL = 76] 

    4.5 ± 0.4a — 4.0 (2.0-6.2)  
             [TUNEL = 77] 

    7.7 ± 0.6b — 7.0 (3.7-12.0) 
             [TUNEL = 73] 

Total apoptotic 
index (%) 

    3.0 ± 0.3a — 2.5 (0.9-4.5)  
             [TUNEL = 76] 

    2.9 ± 0.2a — 2.1 (1.4-3.6)  
             [TUNEL = 77] 

    4.8 ± 0.3b — 5.0 (2.3-6.7)  
             [TUNEL = 73] 

Total number 
of cells 

146.0 ± 3.4a — 140.0 (109.2-180.7) 
        [DCS-TUNEL-IF = 179] 

147.1 ± 3.3a — 135.0 [111.0-170.2] 
        [DCS-TUNEL-IF = 197] 

161.4 ± 3.9b — 151.0 [119.5-199.2] 
          [DCS-TUNEL-IF = 189] 

ICM = Inner cell mass, TE = Trophectoderm, TCN = Total cell number  
* Number of embryos used for differential cell staining (DCS), terminal deoxynucleotidyl transferase mediated dUTP nick end labelling 
(TUNEL) or immunofluorescence (IF) 
abValues within rows with different superscript bold letters differ significantly (P ≤ 0.05)
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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Abstract 

 

The present study investigated the effects of intraovarian injections of 1 µg of IGF1 on the 

superovulatory response in lean and obese dairy cows. This amount of IGF1 has been 

associated with impaired bovine oocyte competence in vitro. High IGF1 levels are found in 

women with the polycystic ovary syndrome (PCOS) experiencing early pregnancy loss and 

we sought to mimic this situation in female cattle. Transcript abundance and protein 

expression of selected genes involved in apoptosis, glucose metabolism and the IGF system 

were analyzed. Concentration of IGF1 in plasma and uterine luminal fluid (ULF) were also 

measured. IGF1 treatment decreased both the number and proportion of viable embryos in 

lean cows to levels observed in obese cows. Obese cows were not affected by IGF-1 

treatment. Blastocyst from lean cows treated with IGF1 showed a higher abundance of 

SLC2A1 and IGFBP3 transcripts. IGF1 treatment reduced blastocyst protein expression of 

TP53 in lean cows, whereas the opposite was observed in obese cows. IGF1 in plasma and 

ULF were correlated only in the control groups. Blastocyst transcript abundance of IGF1R 

and IGFBP3 correlated positively with IGF1 concentrations in both plasma and ULF only in 

control lean cows. The detrimental microenvironment created by IGF1 injection in lean cows 

and the lack of effect in obese cows resembles to a certain extent the situation observed in 

PCOS, where IGF1 bioavailability is increased in normal-weight PCOS women but reduced 

in obese PCOS patients, suggesting that this model could be useful for studying PCOS.  
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Introduction 

 

The insulin-like growth factor (IGF) system is critical for ovarian function (Kwintkiewicz and 

Giudice 2009) and is an important signalling mechanism disrupted by hyperinsulinemia in 

women with the polycystic ovary syndrome (PCOS) (Essah et al., 2004). High insulin 

concentrations reduce synthesis of IGF binding proteins such as IGFBP1, which in turn 

enhances the bioactivity of IGF1 (Thierry van Dessel et al., 1999; Wang and Chard, 1999). In 

vivo and in vitro rodent models demonstrated that exposing embryos to supraphysiological 

concentrations of IGF1 can result in abnormal preimplantation embryo development (Katagiri 

et al., 1996, 1997). This led to the hypothesis of a link between high levels of IGF1 and early 

pregnancy loss in PCOS women (Chi et al., 2000; Pinto et al., 2002; Eng et al., 2007). The 

murine PCOS model was used to test the effects of supraphysiological concentrations of IGF1 

during in vitro preimplantation embryo development (Chi et al., 2000; Pinto et al., 2002; 

Moley et al., 2005; Eng et al., 2007), but studies investigating in vivo oocyte developmental 

competence are lacking. In vitro oocyte developmental competence was reduced after 

nutrient-induced maternal hyperinsulinemia of bovine oocyte donors, similar to the insulin 

values observed in PCOS patients (Adamiak et al., 2005). The bovine female has been 

proposed as an in vivo bioassay for the generation of conceptual models relevant to ovarian 

function in women (Adams and Pierson, 1995) and has played a pivotal role in the 

development of an in vivo culture system for human embryos (Blockeel et al., 2009). 

Recently, the superovulated bovine female was proposed as an alternative animal model to 

investigate endocrine-related pathologies associated with IGF1 such as PCOS (Velazquez et 

al., 2009). In fact, the nymphomaniac cow has been considered as the only naturally occurring 

animal model for PCOS (Abbott et al., 2006).  

 

The goal of the present study was to evaluate the effects of priming ovaries with intraovarian 

injections of IGF1 upon the superovulatory response of lactating and non-lactating dairy cows 

with contrasting body conditions (i.e. lean vs. obese). One µg of IGF-1 was injected into the 

ovarian stroma, similar to the concentrations suggested to be present in PCOS women 

experiencing early pregnancy loss (i.e. 950-1500 ng/ml) (Chi et al., 2000; Pinto et al., 2002; 

Eng et al., 2007) and associated with detrimental effects on bovine oocyte competence in vitro 

(Thomas et al., 2007). It was intended to mimic the intraovarian milieu to which oocytes are 

exposed during the final stages of ovarian follicular development in women with PCOS. 

Embryo yields were determined and the resultant blastocysts were analyzed for specific 
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characteristics related to the IGF pathway, including protein expression of the IGF1 receptor 

(IGF1R) and TP53 gene, and transcript abundance of selected genes involved in apoptosis, 

glucose metabolism and the IGF system. Furthermore, concentrations of IGF-1 in plasma and 

non-diluted uterine luminal fluid (ULF) were measured.  

 

Materials and Methods 

 

Animals 

 

The study was carried out in the experimental herds of the Institute of Farm Animal Genetics 

(FLI), Mariensee, Germany. A total of 33 lactating Holstein Friesian and 44 non-lactating 

Deutsche Schwarzbunte cows were used as embryo donors. Lactating cows were fed a mixed 

ration and additional concentrate based on milk yield. All lactating cows were in mid-

lactation and had a body condition score (BCS, five-point scale of Edmonson et al., 1989; 

1=emaciated, 5=grossly overfat) of 2.5-3.5 (lean cows). This is the recommended BCS range 

for this lactation period to ensure that animals are not in a negative energy balance (Chagas et 

al., 2007). Deutsche Schwarzbunte non-lactating cows were fed for maintenance requirements 

and had not been lactating for at least six months. These animals had a BCS ≥ 4 (obese cows) 

(Fig. 1). The mean age of all cows was 4 yrs. All cows were kept in tie-stalls with water ad 

libitum. Animal experiments were performed according to the German law for the protection 

of animals. The study comprised two trials, in the first trial (Feb.-Nov. 2008) animals 

(lactating = 19, non-lactating= 10) were superovulated in a cross-over design and in the 

second trial (Jun.-Dec. 2009) a different set of animals (lactating = 14, non-lactating=34) were 

superovulated either as controls or IGF1-treated cows (Fig 1). 

 

In vivo production of embryos 

 

All animals were cycling regularly prior to use in the experiments. Transvaginal ultrasound-

guided ovum pick-up and intraovarian injections were performed as previously described 

(Oropeza et al., 2004). For each cow, the experimental period started with aspiration of all 

visible antral follicles ≥ 5 mm in both ovaries at unknown stages of the estrous cycle (day 0) 

(Baracaldo et al., 2000). Two days after follicle ablation, a single intraovarian injection of 1 

µg of recombinant human IGF1 (291-G1, R&D Systems, Wiesbaden-Nordenstadt, Germany) 

diluted in 0.5 ml of PBS (A0964, AppliChem) supplemented with 0.1% BSA (A9647, Sigma-
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Aldrich) was administered in the stroma of each ovary. Control animals received only 0.5 ml 

PBS/BSA without IGF1. Any visible follicle with more than 4 mm in size on day two was 

aspirated immediately prior to intraovarian injection to ensure a homogenous population of 

follicles with 3-4 mm in diameter. Immediately  after intraovarian treatment, cows entered a 

superovulatory regime with 500 µg of porcine FSH  combined with 100 µg of porcine LH 

(Stimufol®, Ulg, FMV PhR) in a total volume of 10 ml administered i.m. in 8 decreasing 

doses over 4 days. A prostaglandin F2α analogue (Estrumate, Intervet) was applied on days 4 

(pm) and 5 (am) followed by artificial insemination (AI) on days 6 (pm) and 7 (am-pm). All 

cows were inseminated three times with the same bull of proven fertility for AI. Eight days 

after first insemination (day 14 of the experimental period) embryos were recovered by non-

surgical uterine flushing with 500 ml PBS supplemented with 1 % (v/v) new born calf serum 

(B15-001, PAA Laboratories GmbH) (Fig. 1). Prior to embryo recovery, the ovarian response 

(i.e. number of corpora lutea) was analyzed by transrectal ultrasonography (Bungartz and 

Niemann, 1994), followed by collection of non-diluted uterine luminal fluid samples as 

recently described (Velazquez et al., 2010). Blood samples were collected immediately after 

embryo collection from the coccygeal vein into tubes containing ethylenediaminetetraacetic 

acid (EDTA) (Greiner Bio-one, Frickenhausen, Germany). Blood samples were centrifuged 

(2000 x g for 20 min) followed by plasma collection and storage at -25 °C. Embryos were 

graded according to the IETS guidelines (Stringfellow and Seidel 1998) and processed within 

30 minutes after collection. Animals in the cross-over design (first trial) were submitted again 

to follicular ablation and superovulation after at least one normal estrous cycle.  

 

Differential cell staining 

 

To differentiate unfertilized oocytes from zygotes, presumptive oocytes were subjected to a 

protocol of differential cell staining (modified from Thouas et al. 2001). Briefly, oocytes were 

washed with 0.1% (w/v) polyvinylpyrrolidone (PVP)/PBS  and placed into 500 µl of 1% (v/v) 

Triton-X 100/PBS containing 100 µl/ml propidium iodide (PI) (P4170, Sigma-Aldrich) for 40 

sec. Embryos were then transferred into 500 µl of 100% ethanol containing 25 µl/ml 

bisbenzimide (Hoechst 33258, B 2883, Sigma-Aldrich) for at least 5 minutes. Oocytes were 

mounted onto a glass microscope slide in a drop of glycerol, coverslipped and observed with 

an epifluorescence microscope (Olympus BX60, Olympus Optical Co., Ltd, Tokyo, Japan). 

Blastocysts of quality 1 collected from the first trial were used for gene expression analysis, 
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whereas those collected in the second trial were used for immunostaining. All embryos were 

processed while maintaining the identity of the donor. 

 

Messenger RNA isolation 

 

Blastocyst used for gene expression analysis were washed three times in 0.1% (w/v) polyvinyl 

alcohol (PVA)/PBS solution and placed individually into 0.6 ml siliconized Eppendorf tubes 

with ~ 4µl PVA/PBS and stored at -80°C until mRNA extraction. Poly (A)+ RNA was 

isolated as previously described (Kues et al., 2008; Niemann et al., 2010). Briefly, 40 µl of 

lysis-binding buffer (100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA, 1% lithium 

dodecyl sulphate [LiDS], 5 mM dithiothreitol [DTT]) were pipetted into each sample tube, 

followed by addition of 1 pg of rabbit globin mRNA (Bethesda, Research laboratories) as 

external standard. After a short centrifugation, samples were incubated at room temperature 

for 10 min. Five µl of prewashed Dynabeads Oligo (dT)25 (610.21, Invitrogen Dynal AS) were 

then added into each lysate and placed on a shaker at room temperature for 15 min to allow 

binding of the poly (A)+ RNA to the Dynabeads. The beads were then washed once with 40 µl 

of buffer A (10 mM Tris-HCl, pH 7.4, 0.15 M LiCl, 1 mM EDTA, 0.1% LiDS) and three 

times with 40 µl of buffer B (10 mM Tris-HCl, pH 7.5, 0.15 M LiCl, 1 mM EDTA) at room 

temperature. After washing beads were resuspended with 11 µl of ice-cold sterile water and 

the poly (A)+ RNAs eluded from the beads by incubation at 65 °C for 2.5 min followed by 

flash cooling on ice. The 11 µl elution aliquots were used immediately for reverse 

transcription.  

 

Reverse transcription (RT) 

 

Poly (A)+ RNA from single blastocyst was reverse transcribed into first strand cDNA in a 0.2 

ml reaction tube containing 20 µl of reaction mixture. The RT reaction mixture consisted of 2 

µl (1x, 20 mM Tris-HCl, pH 8.4, 50 mM KCL) of 10x RT buffer (Invitrogen), 2 µl (5 mM) of 

magnesium chloride (Invitrogen), 2 µl (1 mM) of deoxyribonucleoside triphosphate (dNTP) 

solution (Amersham Biosciences Europe), 1 µl (2.5µM) of random hexamer primers (N808-

0127, Applied Biosystems), 1 µl (20 Units) of RNase inhibitor (N808-0119, Applied 

Biosystems), 1 µl (50 Units) of  Murine Leukemia Virus (MuLV) reverse transcriptase 

(N808-0018, Applied Biosystems) and the 11 µl of mRNA preparation. Tubes with reaction 

mixture containing sterile water instead of mRNA preparation were used as controls for 
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contamination. A tube with reaction mixture and 2 µl (1 pg) of rabbit globin mRNA and 9 µl 

of sterile water was prepared to produce a pool of cDNA globin for quantification of globin 

expression used for data normalization (see below). The RT reaction was carried out in a 

PTC-200 thermocycler (MJ Research) and consisted of 10 min at 25°C for primer annealing, 

1 h at 42°C for primer extension and 5 minutes at 95°C to terminate the reaction followed by 

cooling down at 8 °C and storage at -25 °C until real-time polymerase chain reaction (PCR) 

analysis. 

 

Quantitative real-time PCR 

 

To perform real-time PCR, wells from 96-Well optical reaction plates were loaded with 20 µl 

of PCR reaction mixture containing 10 µl of power SYBR green PCR master mix (4367659, 

Applied Biosystems), 0.8 µl (5 µM) each of the forward and reverse primers of the respective 

genes of interest (Table 1), 2 µl of cDNA (0.2 blastocyst equivalents) and 6.4 µl of sterile 

water. Amplification was carried out in an ABI 7500 Fast Real-Time System (Applied 

Biosystems). The PCR reaction started with 10 min at 95°C for activation of the Taq DNA 

Polymerase, followed by 40 cycles of 15 sec at 95°C for denaturation and 1 min at 60°C for 

annealing and extension. Post-PCR dissociation melting curve analyses were carried to 

determine the specificity of the PCR-amplified products. Raw gene expression data for target 

genes and globin were obtained with the Sequence Detection Software 1.3.1 (Applied 

Biosystems) based on standard curve dilution series (1:5) of cDNA from 60 blastocysts and 

pooled globin respectively (Niemann et al., 2010). Data were then transferred to Microsoft 

Excel and the relative mRNA abundance was calculated by dividing the target gene 

expression value by the amount of globin mRNA expressed in each sample (globin added as 

external standard during RNA extraction). To normalize data to embryo cell number, the 

relative abundance of each transcript in individual embryos was divided by the mean total cell 

number (Table 5) and multiplied by 100 (Block et al., 2008). One or two embryos were 

analyzed per cow, depending on availability.  

 

Immunofluorescence  

 

Zona-intact blastocysts were fixed in 4% (w/v) paraformaldehyde/PBS solution for 1 h 

followed by permeabilization with Triton X-100 solution (0.5% [v/v] Triton X-100 in 0.1% 

[w/v] sodium citrate/PBS) for 1 h at room temperature. Following permeabilization embryos 
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were blocked with 10% (v/v) new born calf serum/PBS (B15-001, PAA Laboratories GmbH) 

for 1 h at room temperature. Blocked embryos were incubated overnight at 4 oC with the 

primary antibody diluted in 3% (w/v) BSA/PBS (A9647, Sigma-Aldrich). The p53 antibody 

(Rabbit polyclonal, 9282, Cell Signalling Technology Inc) was diluted 1:100 (Favetta et al., 

2004) and the IGF1R antibody 1:50 (Rabbit polyclonal, PAI-14212, Dianova). Embryos were 

then washed twice in Triton X-100 solution and incubated with the Alexa Fluor® 488-

conjugated secondary antibody (1:100 in 3% BSA/PBS, Invitrogen, Ltd) for 2 h in the dark at 

room temperature. Embryos from different cows were incubated in drops of equal volume 

obtained from the same antibody preparation. Embryos were then incubated in ribonuclease 

(RNase) A solution (50 µl/ml, R5500, Sigma-Aldrich) for 1 h at 37°C in the dark followed by 

nuclei counterstaining with PI (50 µl/ml) for 15 min in the dark at room temperature. In vitro-

produced embryos (Velazquez et al., accompanying paper) not incubated with the primary 

antibody served as negative controls. Embryos were then exposed to an increasing gradient 

(50%, 75% and 100%) of Vectashield antifade mounting medium/PBS (v/v, H-1000, Vector 

Laboratories) and mounted individually in glass microscope slides and analyzed the next day 

by confocal laser-scanning microscopy (CLSM). Slides were stored at 4°C in the dark before 

performing CLSM examination. The embryos were subjected to CLSM with a Zeiss LSM 510 

microscope (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) using a Plan-Apochromat 

20x/0.75 objective. Alexa Fluor® 488 and PI were detected with Argon (excitation 

wavelength at 488nm) and Helium (excitation wavelength at 543 nm) lasers respectively. 

Optical sections of 1.98 µm thickness were made at 4 µm intervals through the whole embryo 

and analyzed with the LSM Image Browser software (Carl Zeiss MicroImaging GmbH, 

Göttingen, Germany). The total cell number was recorded. All embryos were scanned under 

the same confocal settings. Fluorescence intensity of individual embryos was assessed in one 

central optical section displaying both the inner cell mass (ICM) and the trophectoderm (TE) 

by marking and extracting six small areas of equal size. Extracted images were saved in 

tagged image file format (TIFF) and processed according to the method developed by Tolivia 

et al. (2006) and validated for bovine embryos (Favetta et al., 2007). Briefly, green channel 

images (representing Alexa Fluor® 488 fluorescence) were converted to “grayscale” and then 

inverted with Adobe Photoshop CS2 (Adobe Systems Inc., San Jose, CA, USA) so that gray 

and black pixels represented areas of Alexa Fluor® 488 immunofluorescence on a white 

background. Inverted images were saved as a new TIFF file and opened in the Scion Image 

program (4.0.3.2, Scion Corporation, Frederick, MD, USA) to obtain the mean density of the 

chromogen signal strength (SS). The SS was normalized to the maximum signal strength 
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obtained in each image in order to produce a relative SS (Tolivia et al. 2006). The relative SS 

in individual embryos was the mean values of the small sections extracted per embryo (i.e. six 

for the whole embryo and three per cell compartment [ICM and TE]).  

 

Analysis of IGF1 in plasma and uterine luminal fluid 

 

Uterine luminal fluid samples were homogenized in 200 µl of PBS including a protease 

inhibitor cocktail (complete mini, Roche Diagnostics) with ceramic beads using a MagnaLizer 

(Roche) and directly placed on ice. For IGF1 extraction, 200 µl of HCl/ethanol (12.5 ml 2N 

HCl/87.5 ml absolute ethanol) was added to 20 µl of plasma or uterine fluid (20 µl from the 

200 µl homogenization buffer solution plus the unknown amount of uterine fluid from the 

uterus) and placed on a shaker for 30 min at room temperature. 100 µl of TRIS buffer (5.5 g 

in 50 ml sterile water) were added and vortexed vigorously. The extract was centrifuged at 

10,000 x g for 15 min at 4 °C and frozen at -20 °C overnight. The next day, 200 µl were taken 

from the supernatant and dried for 1 h in a SpeedVac concentrator to remove the ethanol. The 

lyophilisate was then diluted with 200 µl sterile water, from which 20 µL were taken for 

analysis with ELISA. Samples were measured in duplicates from one extraction. Standards 

and samples were diluted in assay buffer containing 0.1% gelatin. Plates were coated with 

goat-anti-rabbit IgG (own production, Technical University of Munich) and blocked with 

0.5% casein (Vector SP-5020). Rabbit polyclonal antibody (kindly provided by Prof. Schams, 

Technical University of Munich) was added to the plate. Samples were incubated over night 

at 6-8 °C. Thereafter, biotinylated IGF1 (Novozymes GroPep, Adelaide, Australia) was added 

and incubated for 6 h at 6-8 °C. Plates were then decanted, followed by addition of 

streptavidin-peroxidase conjugate solution (Sigma-Aldrich, Steinheim, Germany) in each well 

and incubation for 15 min at room temperature. After washing the plates four times, substrate 

solution (Sigma-Aldrich) was added. The reaction was stopped after 45 min using sulphuric 

acid (Sigma-Aldrich). The absorption was photometrically determined at 450 nm. The lower 

detection limit was 200 pg/ml, and intra- and interassay coefficients of variation were <10 %.  

 

Statistical Analysis 

 

Data were analyzed with SigmaStat 2.0 (Jandel Scientific, San Rafael, CA). Parametric (t-

test) and non-parametric (Mann-Whitney test) tests were used as appropriate (i.e. depending 

on normality of data). Differences in embryo yields were tested only in cows that responded 
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to superovulation (i.e. two or more corpora lutea at the time of embryo recovery). Both mean 

± S.E.M. and median [Q1-Q3] are reported unless otherwise indicated. P ≤ 0.05 was considered to 

be statistically significant.  

 

Results 

 

Superovulatory response 

 

In the first trial, lean cows treated with IGF1 had a significantly reduced rate of viable 

embryos and an increased rate of degenerated embryos compared to the control group (Fig.2). 

None of the superovulatory parameters was affected by IGF1 treatment in obese cows in both 

trials (Fig. 2, Tables 2, 3, and 4). Parameters of embryo viability were similar between IGF1-

treated lean cows and obese cows (Fig. 2). Lean control cows had an increased viability rate 

compared to obese cows treated with IGF1 (Fig. 2). The rate of degenerated embryos was 

lower in the control group of lean cows compared with the rest of the groups (Fig. 2). Most of 

the numerical parameters (e.g. number of viable embryos) of superovulatory response were 

higher in lean control cows compared to obese cows (Table 2, 3, and 4).         

 

Messenger RNA transcript expression 

 

Blastocysts from lean cows treated with IGF1 showed an increased expression of IGFBP3 and 

SLC2A1 compared to control cows (Fig.3). No differences in transcript abundance were 

observed in embryos from obese cows. Blastocysts from lean cows treated with IGF1 

expressed more IGFBP3 and SLC2A1 transcripts than blastocysts collected from IGF1-

treated and control obese cows, respectively (Fig. 3).  

 

IGF1R immunofluorescence 

 

IGF1R was localized mainly in the cytoplasm in both the ICM and TE in all embryos 

analyzed (Fig. 4). There were no significant differences in RSS values between the ICM and 

TE in blastocysts from lean cows. In the obese group, only blastocysts from control cows 

showed less IGF1R in the ICM (Fig. 5). IGF1 treatment did not affect blastocyst IGF1R 

expression in any of the groups. Embryos from lean cows had a higher protein expression of 

the IGF1R than those from obese control cows (Fig. 5). Blastocysts collected from obese 
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cows treated with IGF1 and lean control animals did not show significant differences. 

However, embryos from IGF1-treated lean cows displayed a higher IGF1R expression 

compared to embryos from obese cows treated with IGF1 (Fig. 5).    

 

TP53 immunofluorescence 

 

All embryos showed cytoplasmic localization of TP53 in both the ICM and the TE (Fig. 4). 

No differences in RSS values were detected between the ICM and TE in any of the groups. In 

the lean group, blastocysts from cows treated with IGF1 showed a reduced expression of 

TP53 protein compared to controls. In contrast, in obese animals, blastocysts from IGF1-

treated cows displayed an increased TP53 expression compared to controls (Fig. 5). Embryos 

from lean control cows had more TP53 than embryos from obese cows (Fig. 5). Blastocysts 

collected from lean cows treated with IGF1 expressed more TP53 than those from obese 

control cows, but showed a lower TP53 expression than blastocysts from obese IGF1-treated 

cows (Fig. 5).   

 

Embryo cell number and concentrations of IGF1 in plasma and ULF 

 

Blastocysts from lean control cows had more total cells than embryos from the other groups 

(Table 5). Intraovarian application of IGF1 did not affect plasma or ULF IGF1 concentrations 

in any of the groups. Obese cows showed higher concentrations of IGF1 in plasma compared 

to lean cows. The same was observed for IGF-1 concentrations in ULF but only in the control 

groups (Table 5). Plasma and ULF IGF1 concentrations correlated only in the control groups 

(Fig. 6). IGF1 concentrations in plasma and ULF were correlated with the expression of 

IGF1R and IGFBP3 in blastocyst collected from lean control cows (Fig. 7).  

 

Discussion 

. 

The main finding of the present study was the negative effect of intraovarian application of 

IGF1 on oocyte developmental competence observed exclusively in lean lactating cows. This 

was unexpected as control obese cows had more IGF1 than lean control cows. Thus, a marked 

detrimental effect of IGF1 treatment was expected in the obese cows. This finding could be 

explained by interactions of IGF1 with other hormones of reproductive importance, such as 

leptin. Cows with high body condition have higher leptin concentrations in blood than their 
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lean counterparts (Ehrhardt et al., 2000; Adamiak et al., 2005) and a positive correlation 

between bovine leptin levels in blood and follicular fluid has been reported (Dayi et al., 

2005). In vitro experiments have demonstrated that high concentrations of leptin can suppress 

the stimulatory effects of IGF1 upon steroidogenesis in ovarian follicular cells from rats 

(Zachow and Magoffin 1997), humans (Agarwal et al., 1999; Huang et al. 2005; Karamouti et 

al., 2008) and cattle (Spicer et al., 2000). Presumably, the effects of exogenous IGF1 on 

ovarian follicles were neutralized by leptin in obese cows. An important feature of this 

superovulated bovine model, is that the detrimental microenvironment created by the 

intraovarian IGF1 injection in lean cows and the lack of effect in obese cows resembles to a 

certain extent the situation observed in PCOS, where IGF1 bioavailability is increased in 

normal-weight PCOS women but reduced in obese PCOS patients (Silfen et al, 2003; Premoli 

et al., 2005; Pasquali and Gambineri, 2008).   

 

Our study is the first to provide in vivo evidence that IGF1 can up-regulate its receptor and 

one of its binding proteins in bovine preimplantation embryos. The coefficients of 

determination were relatively low, but not unexpected as transcript expression of these genes 

is also regulated by steroids, gonadotropins and other growth factors (Sepp-Lorenzino 1998; 

Firth and Baxter 2002). However, this relationship was only detected in lean cows not treated 

with IGF1. These cows also showed the highest yield of viable embryos and lowest 

proportion of degenerated embryos. This observation implies that subtle disruptions in the 

delicate balance of components in the uterine luminal fluid can be sufficient to interfere with 

preimplantation embryo development. An in-depth study of this relationship (i.e. correlation 

between embryo gene expression and hormonal concentrations in blood and ULF= optimal 

embryo development) could provide clues to identify the optimal uterine microenvironment 

for preimplantation embryo development. Our data also showed that after intraovarian IGF1 

application the correlation between plasma and ULF IGF1 concentrations was lost. The 

reason for this is unknown, but it is possible that some of the injected IGF1 could have 

reached the oviducts and uterus via counter-current transfer (Einer-Jensen and Hunter 2005) 

and altered the transport of IGF1 across oviductal and uterine tissues, probably by altering 

vascular permeability (Nasu et al., 2006). Accordingly, as few as seven small IGF1-loaded 

beads placed into the uterine lumen of mice were capable of inducing changes in endometrial 

vascular permeability (Paria et al., 2001). Transfer from the ovary to oviducts and uterus 

could have occurred within seconds or minutes after IGF1 administration (Einer-Jensen and 
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Hunter 2005) and was probably exacerbated in our model, as blood flow in reproductive tract 

is dramatically increased by superovulation (Honnens et al., 2009). 

 

The present study confirmed the known adverse effects of obesity upon mammalian 

reproduction (Brewer and Balen 2010) and revealed that intraovarian application of high 

concentrations of IGF1 in lean cows can decrease both the number and the proportion of 

viable embryos to levels observed in obese cows. We recently reported that intraovarian 

administration of 6 µg of IGF1 reduced blastocyst yields of cycling young heifers subjected to 

ovum pick up and in vitro fertilization compared to control animals injected with vehicle 

(Zaraza et al., 2010). In this model, the heifers were still growing and endogenous 

concentrations of IGF1 were probably higher than in their adult counterparts, with no deficit 

of IGF1, unless they are under a catabolic disease state (Velazquez et al., 2008). Our results 

also agree with previous studies carried out in women (Wang et al., 2006) and heifers 

(Nicholas et al., 2005; Siddiqui et al., 2009) where oocytes obtained from follicles with high 

IGF1 bioavailability (i.e. more free IGF-1 or less IGFBPs) displayed impaired developmental 

competence in vitro. In vitro studies have shown that exposing bovine follicles to a high IGF1 

microenvironment leads to reduced oocyte size and decreased the number of granulosa cells 

(McCaffery et al., 2000; Thomas et al., 2006). A recent in vivo experiment showed that 

intrafollicular injection of 200 µg of IGF1 in the second largest ovarian follicle decreased the 

growth rate and maximum diameter of the largest follicle (Shahiduzzaman et al., 2010). All 

these features are known to have negative consequences for meiotic maturation, fertilization 

and development to the blastocyst stage (Fair et al., 1995; Arlotto et al., 1996; Otoi et al., 

1997). Results of the present investigation also indicate that oocyte competence can be 

compromised by a relative short exposure to high levels of IGF1. Likewise, short term 

treatment (9 hr) with physiological concentrations of IGF1 (100 ng/ml) was enough to block 

heat shock-induced apoptosis in preimplantation bovine embryos (Jousan et al., 2008). 

Experiments in humans and ruminants revealed that unbound IGF1 has a half-life of ~ 12 

min, but it can be prolonged up to several hours when linked to binding proteins (Guler et al, 

1989; Basset et al., 1990). Accordingly, IGFBPs can retain IGF1 in the apical region of 

bovine endothelial cells, controlling localized delivery of IGF1 (Paye and Forsten-Williams 

2006). In the present study, the milieu of the oocyte did not only affect its capacity to develop 

into a blastocyst, but also the molecular and cellular parameters measured at the blastocyst 

stage. Similar long-term effects have been previously reported. For instance, a short (30 min) 
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exposure of pig oocytes to bovine oviductal fluid induced changes in cell number and gene 

expression at the blastocyst stages (Lloyd et al., 2009).  

 

Whether the raised expression of SLC2A1 (formerly known as GLUT1) and IGFBP3 detected 

in blastocyst from lean cows treated with IGF-1 is indicative of impaired embryo quality is 

unknown at present. Expression of SLC2A1 was not different between in vivo- and in vitro-

produced embryos, even though a significant reduction in pregnancy rates was observed with 

in vitro-produced embryos (Lazzari et al., 2002). Bertolini et al. (2002) found that in vivo-

derived embryos showed an increased transcript abundance of SLC2A1 compared to embryos 

produced in vitro. In contrast, Rho et al. (2007) reported higher expression of SLC2A1 in in 

vitro-derived embryos compared to their in vivo counterparts and suggested that this was an 

adaptive response due to altered metabolism. However, this adaptive response might not 

necessarily represent a decline in quality as shown by the up-regulation of SLC2A1 in 

blastocyst derived from a defined in vitro medium capable of having similar calving rates as 

those from in vivo embryos (Lim et al., 2007). The available information on IGFBP3 indicates 

that in vivo-derived embryos expressed more IGFBP3 transcripts than in vitro-produced 

embryos (Sawai 2009). TP53 expression plays a role in cell cycle arrest and apoptosis in 

tumor cells (Rodier et al., 2007), and activation of TP53 has been proposed to be indicative of 

embryo demise (Keim et al., 2001; Matwee et al., 2001). However, recent information 

suggests that TP53 is critical for successful development, as the primordial function of its 

ancestor gene was to ensure fecundity and production of normal offspring, and its function as 

tumor suppressor came later in evolution (Hu 2009). For instance, expression of TP53 is 

essential for female fertility (Hu et al., 2007) and active TP53-dependent cell death signaling 

is required to suppress erroneous replication of damaged DNA during the preimplantation 

period (Toyoshima 2009) and to avoid abnormalities during fetal development (Torchinski 

and Toder 2010). In fact, normal cellular differentiation during murine embryogenesis has 

been associated with increased expression of TP53 (Schmid et al, 1991). From this 

perspective, the low levels of TP53 protein in blastocyst from lean cows treated with IGF1 

could indicate reduced embryo quality, whereas the opposite could be implied in obese cows, 

as embryos from IGF1-treated cows in this group displayed higher expression of TP53. This 

hypothesis on embryo quality needs to be substantiated with embryo transfer studies. 

 

It is important to stress that in a natural high IGF1 microenvironment such as PCOS, oocytes 

and preimplantation embryos will be exposed continuously to high concentrations of IGF1, 



 15

possibly exacerbating the effects observed in the present study. Research in mice has shown 

that in vitro exposure of preimplantation embryos to high IGF1 concentrations resulted in 

increased apoptosis and resorption rates after transfer to recipients (Chi et al., 2000; Pinto et 

al., 2002; Eng et al., 2007). Increases in the number of apoptotic cells and aberrant cell 

allocation have been observed in in vitro-produced blastocysts exposed to high IGF1 

concentrations from the zygote stage onwards (Velazquez et al., accompanying paper). 

Results from the present in vivo model and the available in vitro information strongly indicate 

that high IGF1 concentrations are detrimental to the establishment of pregnancy. This 

information is not only relevant for PCOS women, but also for individuals using growth 

hormone (Sonksen et al., 2001), IGF1 (Guha et al., 2009) or bovine colostrum (Shing et al., 

2009) to improve physical performance.   

 

In conclusion, oocyte developmental competence was reduced by a relatively short exposure 

to supraphysiological concentrations of IGF1 in lean cows to levels observed in obese cows. 

Superovulated obese cows seem to be refractory to IGF1 at the ovarian level. The adverse 

consequences on oocyte competence in lean cows and the absence of effects in obese cows 

after IGF1 intraovarian administration, resembles to a certain extent the situation observed in 

PCOS patients, where IGF1 bioavailability is increased in normal-weight PCOS women but 

reduced in obese PCOS patients. This supports our suggestion of using the superovulated 

female bovine as an alternative model for research on reproductive disorders in humans 

associated with abnormal IGF1 concentrations (Velazquez et al., 2009). 
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Figure legends 

 

 

Figure 1 (A) Example of lean and obese cows used in the study. (B, C) Diagram showing 

animal allocation in both trials and experimental procedures performed in each cow (see text 

for details).    

 

Figure 2 Effect of intraovarian application of 1 µg of IGF1 on selected parameters of 

superovulatory response expressed as proportions. Within trials, bars with different 

superscripts indicate a significant difference (P ≤ 0.05). 

 

Figure 3 Relative transcript abundance (mean ± S.E.M.) of developmentally important genes 

in blastocyst collected from control and IGF1-treated lean and obese superovulated cows. 

Bars with different superscripts within each gene transcript indicate a significant difference (P 

≤ 0.05). 

 

Figure 4 Localization of IGF1R and p53 in in vivo blastocyst from superovulated donors. 

 

Figure 5 Differences (P ≤ 0.05) in relative signal strength (RSS) values (mean ± S.E.M) of 

IGF1R and p53 in blastocysts collected from control and IGF1-treated lean and obese 

superovulated cows. Bars with different small superscripts (a,b,c,d) indicate significant 

differences between the inner cell mass (ICM) and trophectoderm (TE) within groups (ICM vs 

TE), and differences between groups within categories (lactating or non-lactating cows) in the 

same cell compartment (ICM vs. ICM; TE vs. TE). Small superscripts also indicate 

differences in the same cell compartment (ICM vs. ICM; TE vs. TE) between lactating and 

non-lactating cows. Significant differences in total RSS values are indicated by capital 

superscripts (A,B,C,D). *Significance obtained with Mann-Whitney test (B vs. C).  

 

Figure 6 Correlation between plasma and uterine luminal fluid (ULF) IGF1 concentrations 

(ng/ml) in control groups of lean and obese superovulated cows on day 8 (Day 0 = first 

artificial insemination).   

 

Figure 7 Correlation between expression of IGF-related genes in blastocysts and IGF1 

concentrations in plasma and uterine luminal fluid (ULF) in the control group of lean 
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superovulated cows on day 8 (Day 0 = first artificial insemination). Note the higher relative 

predictive power (r2) for IGF1 concentrations in ULF.     
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Table 1 Primers used for real-time PCR. 
 

Genes Primer sequences and positions Annealing temperature Fragment 
size 

Accession 
number 

IGF1R 5´ (1068-1090) 
3´ (1139-1121) 

CCTCATCAGCTTCACCGTCTACT 
GCGTCCTGCCCGTCATACT 60 °C  72 XM_606794.3 

IGFBP3 5´ (731-752) 
3´ (941-921) 

AACTTCTCCTCTGAGTCCAAGC 
CGTACTTATCCACACACCAGC 60 °C 210 NM_174556.1 

TP53 5´ (720-739) 
3´ (776-756) 

TTTACGCGCGGAGTATTTGG 
GGCACCACCACACTGTGTCTA 60 °C 57 NM_174201.2 

AKT1 5´ (368-385) 
3´ (457-475) 

GCTCACCCGGCGAGAACT 
CTTTGCCCAGCAGCTTCAG 60 °C 108 AY781100.1 

SLC2A1 5´ (894-914) 
3´ (1131-1151) 

CAGGAGATGAAGGAGGAGAGC 
CACAAATAGCGACACGACAGT 60 °C 258 NM_174602.2 

 

SLC2A3 5´ (127-149) 
3´ (173-192) 

GTTGCTACCATAGGCTCTTTCCA 
GATCGCCTCAGGAGCATTGA 60 °C 65 AY033938 

SLC2A8 5´ (1441-1461) 
3´ (1501-1521) 

GCATCTTCGGTGTCCTTTTCA 
CAAAATGGGCTGTGATTTGCT 60 °C 80 AY208940 
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Table 2 Effects of intraovarian application of 1 µg of IGF1 on the superovulatory response of lactating and non-lactating cows in the first trial. 
 
 Lean cows  Differences between groups Obese cows  

Parameter* Control (17)  IGF1 (17)  P P Control (6)  IGF1 (9)  P 
Corpora lutea (CL) 14.6 ± 1.8 

15.0 [7.5-20.5] 
11.1 ± 1.9 

9.0 [5.7-13.0] 0.206 
A=0.123 B=0.309 C= 0.452 

D=0.922 
9.3 ± 1.8 

7.5 [6.0-14.0] 
12.4 ± 1.8 

11.0 [10.0-13.5] 0.191 

Ova + embryos  13.0 ± 2.0 
14.0 [4.7-20.0] 

8.3 ± 2.2 
6.0 [2.5-8.2] 0.131 

A=0.063 B=0.470 C= 0.261 
D=0.645 

5.6 ± 2.1 
4.0 [1.0-11.0] 

9.2 ± 2.3 
7.0 [4.7-11.0] 0.309 

Embryos  11.2 ± 1.8 
13.0 [4.0-17.2] 

7.3 ± 1.9 
5.0 [2.5-8.2] 0.041 

A=0.078 B=0.498 C= 0.217 
D=0.595 

4.8 ± 2.2 
1.5 [1.0-11.0] 

7.6 ± 1.5 
6.0 [4.5-10.2] 0.310 

Viable embryos 9.7 ± 1.7 
10.0 [3.7-15.5] 

5.0 ± 1.5 
3.0 [0.0-7.2] 0.053 

A=0.076 B=0.888 C= 0.207 
D=0.652 

3.6 ± 2.1 
1.0 [0.0-7.0] 

5.3 ± 1.3 
4.0 [2.0-9.2] 0.493 

Quality 1 embryos 7.2 ± 1.4 
6.0 [2.7-13.5] 

4.2 ± 1.3 
3.0 [0.0-5.2] 0.078 

A=0.116 B=0.823 C= 0.119 
D=0.618 

3.0 ± 1.6 
1.0 [0.0-7.0] 

3.7 ± 1.1 
4.0 [0.0-7.2] 0.698 

Quality 2 embryos 2.4 ± 0.6 
2.0 [0.0-4.2] 

0.7 ± 0.3 
0.0 [0.0-2.0] 0.055 

A=0.126 B=0.168 C= 0.336 
D=0.168 

0.6 ± 0.6 
0.0 [0.0-0.0] 

1.5 ± 0.4 
2.0 [0.0-2.2] 0.284 

Quality 3 embryos 0.3 ± 0.2 
0.0 [0.0-0.0] 

0.0 ± 0.0 
0.0 [0.0-0.0] 0.565 

A=0.696 B=0.172 C= 0.462 
D=0.172 

0.0 ± 0.0 
0.0 [0.0-0.0] 

0.4 ± 0.2 
0.0 [0.0-1.0] 0.309 

Morulae 4.5 ± 0.9 
4.0 [0.0-8.2] 

3.1 ± 1.0 
1.0 [0.0-5.2] 0.278 

A=0.023 B=0.746 C= 0.324 
D=0.103 

0.1 ± 0.1 
0.0 [0.0-0.0] 

3.0 ± 1.0 
2.0 [0.0-5.5] 0.066 

Blastocysts 5.5 ± 1.5 
2.0 [0.7-9.2] 

1.8 ± 0.6 
0.0 [0.0-3.2] 0.056 

A=0.381 B=0.358 C= 0.230 
D=0.419 

3.5 ± 2.0 
1.0 [0.0-7.0] 

2.7 ± 0.8 
3.0 [0.0-4.2] 0.718 

Degenerated embryos 1.2 ± 0.5 
0.0 [0.0-1.5] 

2.3 ± 0.9 
1.0 [0.0-3.5] 0.437 

A=0.806 B=0.608 C= 0.204 
D=0.726 

1.1 ± 0.6 
0.5 [0.0-2.0] 

1.8 ± 0.7 
1.0 [0.7-2.2] 0.496 

Unfertilized ova 1.7 ± 0.8 
0.0 [0.0-1.5] 

1.0 ± 0.5 
0.0 [0.0-1.0] 0.641 

A=0.725 B=0.607 C= 0.935 
D=0.972 

0.8 ± 0.6 
0.0 [0.0-1.0] 

1.5 ± 0.9 
0.0 [0.0-2.0] 0.722 

*Reported as mean ± S.E.M. and median [first quartile- third quartile]. 
Analysis was carried only in cows that responded to superovulation (i.e. two or more CL at the time of embryo recovery). 

A=lean control (L-C) vs. Obese control (O-C), B=lean IGF1 (L-IGF1) vs. obese IGF1 (O-IGF1), C=L-C vs. O-IGF1, D=L-IGF-1 vs. O-C. 
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Table 3 Effects of intraovarian application of 1 µg of IGF1 on the superovulatory response of lactating and non-lactating cows in the second trial. 
 
 Lean cows  Differences between groups Obese cows  

Parameter* Control (6)  IGF1 (7)  P P Control (9)  IGF1 (12)  P 
Corpora lutea (CL) 15.6 ± 3.3 

14.0 [13.0-15.0] 
11.8 ± 3.2 

13.0 [3.0-19.5] 0.432 
A=0.031 B=0.313 C= 0.010 

D=0.222 
7.5 ± 1.6 

9.0 [3.5-11.0] 
6.7 ± 1.3 

5.0 [3.5-10.0] 0.709 

Ova + embryos  13.6 ± 3.7 
11.5 [9.0-15.0] 

10.5 ± 3.7 
13.0 [0.2-19.5] 0.576 

A=0.075 B=0.424 C= 0.024 
D=0.324 

6.4 ± 1.7 
7.0 [1.7-9.5] 

5.3 ± 1.6 
4.0 [1.0-8.5] 0.650 

Embryos  12.0 ± 4.0 
9.0 [8.0-13.0] 

10.2 ± 3.6 
13.0 [0.2-19.2] 0.759 

A=0.072 B=0.201 C= 0.015 
D=0.395 

4.6 ± 1.4 
4.0 [0.7-7.2] 

3.6 ± 1.2 
2.5 [0.5-4.5] 0.602 

Viable embryos 10.6 ± 3.6 
9.0 [5.0-13.0] 

8.5 ± 2.9 
13.0 [0.2-14.5] 0.663 

A=0.056 B=0.186 C= 0.024 
D=0.121 

3.6 ± 1.2 
4.0 [0.0-6.0] 

3.1 ± 1.1 
2.0 [0.0-4.5] 0.775 

Quality 1 embryos 7.6 ± 2.1 
7.0 [4.0-12.0] 

5.7 ± 2.1 
7.0 [0.0-10.7] 0.528 

A=0.038 B=0.397 C= 0.018 
D=0.557 

3.0 ± 0.8 
4.0 [0.0-5.2] 

2.5 ± 0.9 
1.5 [0.0-4.5] 0.752 

Quality 2 embryos 3.0 ± 1.8 
1.0 [0.0-4.0] 

2.8 ± 1.0 
3.0 [0.2-5.2] 0.947 

A=0.172 B=0.062 C= 0.157 
D=0.079 

0.6 ± 0.5 
0.0 [0.0-2.0] 

0.5 ± 0.3 
0.0 [0.0-0.5] 0.971 

Quality 3 embryos 0.6 ± 0.6 
0.0 [0.0-0.0] 

0.5 ± 0.4 
0.0 [0.0-0.7] 0.836 

A=0.857 B=0.322 C= 0.598 
D=0.554 

0.1 ± 0.1 
0.0 [0.0-0.0] 

0.0 ± 0.0 
0.0 [0.0-0.0] 0.690 

Morulae 2.0 ± 1.4 
1.0 [0.0-1.0] 

3.1 ± 1.6 
1.0 [0.0-6.0] 0.734 

A=0.768 B=0.471 C= 0.707 
D=0.693 

2.4 ± 0.8 
1.0 [0.0-4.2] 

1.0 ± 0.3 
0.5 [0.0-1.5] 0.114 

Blastocysts 9.3 ± 3.0 
8.5 [5.0-12.0] 

5.8 ± 2.2 
6.0 [0.2-10.7] 0.369 

A=0.018 B=0.092 C= 0.039 
D=0.046 

1.2 ± 0.6 
0.0 [0.0-2.5] 

2.1 ± 0.8 
1.0 [0.0-3.0] 0.433 

Degenerated embryos 0.6 ± 0.4 
0.0 [0.0-1.0] 

1.1 ± 0.6 
0.0 [0.0-2.5] 0.731 

A=0.594 B=0.469 C= 0.813 
D=1.000 

0.8 ± 0.3 
1.0 [0.0-2.0] 

0.5 ± 0.2 
0.0 [0.0-0.5] 0.317 

Unfertilized ova 1.6 ± 1.1 
0.5 [0.0-2.0] 

0.2 ± 0.1 
0.0 [0.0-0.7] 0.240 

A=0.926 B=0.444 C= 0.925 
D=0.059 

1.7 ± 0.6 
1.0 [0.0-3.2] 

1.6 ± 0.9 
0.0 [0.0-2.5] 0.413 

*Reported as mean ± S.E.M. and median [first quartile- third quartile]. 
Analysis was carried out only in cows that responded to superovulation (i.e. two or more CL at the time of embryo recovery). 

A=lean control (L-C) vs. Obese control (O-C), B=lean IGF1 (L-IGF1) vs. obese IGF1 (O-IGF1), C=L-C vs. O-IGF1, D=L-IGF-1 vs. O-C. 
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Table 4 Effects of intraovarian application of 1 µg of IGF1 on the superovulatory response of lactating and non-lactating cows in both trials. 
 
 Lean cows  Differences between groups Obese cows  

Parameter* Control (23)  IGF1 (24)  P P Control (15) IGF1 (21)  P 
Corpora lutea (CL) 14.9 ± 1.5 

15.0 [8.5-19.2] 
11.3 ± 1.6 

9.5 [5.5-17.0] 0.128 
A=0.004 B=0.309 C= 0.008 

D=0.183 
8.2 ± 1.1 

8.0 [4.2-11.0] 
9.1 ± 1.2 

10.0 [4.7-12.2] 0.613 

Ova + embryos  13.2 ± 1.7 
13.0 [5.2-19.2] 

9.0 ± 1.8 
6.0 [1.0-15.5] 0.111 

A=0.007 B=0.731 C= 0.010 
D=0.563 

6.1 ± 1.3 
6.0 [1.2-10.5] 

7.0 ± 1.3 
5.0 [2.7-11.0] 0.665 

Embryos  11.4 ± 1.7 
10.0 [4.0-17.0] 

8.2 ± 1.7 
5.0 [1.0-15.0] 0.116 

A=0.007 B=0.458 C= 0.005 
D=0.311 

4.7 ± 1.2 
2.0 [1.0-7.7] 

5.3 ± 1.0 
4.0 [2.0-9.2] 0.647 

Viable embryos 9.9 ± 1.5 
10.0 [4.0-14.7] 

6.0 ± 1.4 
3.5 [0.0-11.0] 0.033 

A=0.006 B=0.262 C= 0.004 
D=0.412 

3.6 ± 1.0 
1.0 [0.0-6.0] 

4.0 ± 0.8 
3.0 [0.7-6.5] 0.603 

Quality 1 embryos 7.3 ± 1.1 
6.0 [3.2-12.7] 

4.6 ± 1.1 
3.5 [0.0-7.5] 0.041 

A=0.009 B=0.254 C= 0.004 
D=0.286 

3.0 ± 0.8 
1.0 [0.0-5.7] 

3.0 ± 0.7 
2.0 [0.0-6.0] 0.936 

Quality 2 embryos 2.6 ± 0.6 
1.0 [0.0-4.0] 

1.3 ± 0.4 
0.0 [0.0-2.5] 0.153 

A=0.030 B=0.820 C= 0.097 
D=0.277 

0.6 ± 0.4 
0.0 [0.0-0.0] 

1.0 ± 0.3 
0.0 [0.0-0.2] 0.318 

Quality 3 embryos 0.4 ± 0.2 
0.0 [0.0-0.0] 

0.1 ± 0.1 
0.0 [0.0-0.0] 0.756 

A=0.718 B=0.757 C= 0.991 
D=0.930 

0.6 ± 0.6 
0.0 [0.0-0.0] 

0.1 ± 0.1 
0.0 [0.0-0.0] 0.697 

Morulae 3.8 ± 0.8 
3.0 [0.0-7.7] 

3.1 ± 0.8 
1.0 [0.0-5.5] 0.406 

A=0.075 B=0.624 C= 0.126 
D=0.394 

1.5 ± 0.5 
0.0 [0.0-3.2] 

1.8 ± 0.5 
1.0 [0.0-3.2] 0.585 

Blastocysts 6.5 ± 1.3 
5.0 [1.0-11.2] 

3.0 ± 0.8 
0.5 [0.0-5.5] 0.040 

A=0.017 B=0.900 C= 0.027 
D=0.654 

2.1 ± 0.9 
0.0 [0.0-3.5] 

2.4 ± 0.6 
2.0 [0.0-4.0] 0.480 

Degenerated embryos 1.0 ± 0.4 
0.0 [0.0-1.0] 

2.0 ± 0.6 
0.5 [0.0-3.0] 0.388 

A=0.600 B=0.592 C= 0.742 
D=0.729 

1.0 ± 0.3 
1.0 [0.0-2.0] 

1.0 ± 0.3 
0.0 [0.0-2.0] 0.860 

Unfertilized ova 1.7 ± 0.6 
0.0 [0.0-1.7] 

0.7 ± 0.4 
0.0 [0.0-1.0] 0.382 

A=0.753 B=0.368 C= 0.991 
D=0.183 

1.4 ± 0.4 
1.0 [0.0-2.7] 

1.6 ± 0.6 
0.0 [0.0-2.0] 0.664 

*Reported as mean ± S.E.M. and median [first quartile- third quartile]. 
Analysis was carried out only in cows that responded to superovulation (i.e. two or more CL at the time of embryo recovery). 

A=lean control (L-C) vs. Obese control (O-C), B=lean IGF1 (L-IGF1) vs. obese IGF1 (O-IGF1), C=L-C vs. O-IGF1, D=L-IGF-1 vs. O-C. 
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Table 5 Embryo cell number and concentrations (ng/ml) of IGF1 in plasma and uterine luminal fluid (ULF) in superovulated lactating and non-
lactating cows after intraovarian application of 1 µg of IGF1. 
 
 Lean cows  Differences between groups Obese cows  

 Control  IGF1  P P Control  IGF1  P 
First trial* (17)  (17)    (6)  (9)   

IGF1-Plasma  33.3 ± 3.6 
30.0 [26.5-40.9] 

34.2 ± 2.7 
33.6 [27.0-37.3] 0.858 

A=0.001 B=0.002 C= 0.003 
D=0.001 

70.8 ± 11.5 
64.5 [46.6-101.3] 

59.1 ± 8.2 
71.0 [39.2-77.7] 0.410 

IGF1-ULF  3.2 ± 0.6 
2.2 [1.1-4.2] 

2.9 ± 0.6 
2.2 [1.2-3.7] 0.960 

A=0.027 B=0.003 C= 0.007 
D=0.020 

7.8 ± 2.8 
5.4 [2.0-14.3] 

8.2 ± 2.3 
6.5 [5.0-8.5] 0.912 

Second trial* (5)  (6)    (8)  (12)   
IGF1-Plasma  43.9 ± 9.0 

39.9 [32.8-60.7] 
33.1 ± 4.4 

35.9 [26.8-41.0] 0.288 
A=0.230 B=0.003 C= 0.147 

D=0.003 
54.9 ± 3.9 

56.4 [47.5-63.0] 
57.2 ± 4.2 

56.7 [47.6-67.9] 0.707 

IGF1-ULF  4.4 ± 1.1 
4.9 [1.8-6.6] 

3.7 ± 1.4 
2.7 [1.6-4.6] 0.741 

A=0.323 B=0.523 C= 0.198 
D=0.647 

4.5 ± 0.8 
3.7 [2.8-6.3] 

2.9 ± 0.5 
2.9 [1.4-3.9] 0.114 

Cell number 186.9 ± 4.3 
187.0 [168.2-205.5] 

164.7 ± 6.2 
163.0 [146.0-190.0] 0.004 

A=0.001 B=0.725 C= 0.003 
D=0.438 

157.0 ± 6.6 
159.5 [133.0-168.0] 

161.2 ± 7.5 
152.0 [134.5-179.5] 0.682 

Both trials* (22) (23)   (14) (21)  
IGF1-Plasma  35.7 ± 3.4 

34.8 [27.6-41.1] 
33.9 ± 2.3 

33.8 [26.9-40.0] 0.659 
A=0.001 B=0.001 C= 0.001 

D=0.001 
61.7 ± 5.6 

56.4 [46.6-70.0] 
58.0 ± 4.1 

56.8 [43.5-74.8] 0.595 

IGF1-ULF  3.4 ± 0.5 
2.3 [1.3-4.9] 

3.1 ± 0.5 
2.2 [1.2-3.8] 0.728 

A=0.042 B=0.066 C= 0.176 
D=0.021 

5.9 ± 1.3 
4.5 [2.7-7.9] 

5.2 ± 1.1 
4.0 [2.1-6.6] 0.478 

*Reported as mean ± S.E.M. and median [first quartile- third quartile]. 
Cows used to collect embryos for gene expression analysis. 
Cows used to collect embryos for immunostaining  

A=lean control (L-C) vs. Obese control (O-C), B=lean IGF1 (L-IGF1) vs. obese IGF1 (O-IGF1), C=L-C vs. O-IGF1, D=L-IGF-1 vs. O-C. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
 
 

 
 
 



 33

FIGURE 4 
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FIGURE 5 
 
 

 
 
 
 
 



 35

FIGURE 6 
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FIGURE 7 
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6  GENERAL CONCLUSIONS 
 
The experiments from the present dissertation indicate that supraphysiological concentrations 
of IGF1 can affect normal preimplantation embryo development not only by increasing 
apoptosis but also by inducing a hypertrophic ICM. However, in the bovine embryo IGF1 can 
increase apoptosis without down-regulation of its receptor, which contrast with the scenario 
previously found in the preimplantation mouse embryo. The present study also demonstrated 
that oocyte developmental competence can be reduced by a relatively short exposure to 
supraphysiological concentrations of IGF1 in non-obese cows. In contrast, obese cows seem 
to be refractory to IGF1 at the ovarian level. This resembles to a certain extent the situation 
observed in PCOS patients, where IGF1 bioavailability is increased in normal-weight PCOS 
women but reduced in obese PCOS patients, suggesting that the in vivo model developed in 
this study could be useful for studying PCOS.   
 
 
The in vivo and in vitro data generated in the present investigation strongly indicate the high 
IGF1 concentrations are detrimental to the establishment of pregnancy. This information is 
not only relevant for PCOS women, but also for individuals using growth hormone, IGF-1 or 
bovine colostrum to improve physical performance.   
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7 SUMMARY 
 
Miguel Abraham Velazquez Cabrera 
 
The influence of insulin-like growth factor 1 on in vivo oocyte developmental competence 

and in vitro preimplantation embryo development in cattle 
 
The goal of the present thesis was to determine the effects of high concentrations of IGF1 on 
in vivo oocyte developmental competence and in vitro preimplantation embryo development 
in cattle.  
 
To evaluate the effects of high concentrations of IGF1 on in vitro preimplantation embryo 
development, in vitro-produced zygotes were either cultured in the absence or presence of 
physiological (100 ng/ml) or supraphysiological (1000 ng/ml) IGF1 concentrations. Cell 
allocation, occurrence of apoptosis, protein expression of the IGF1 receptor and TP53 gene, 
and transcript abundance of selected genes involved in apoptosis, glucose metabolism and the 
IGF system were analyzed in day-8 blastocysts.  
 
In vitro treatment with supraphysiological IGF1 concentrations was associated with the 
following outcomes: 
 
1. No improvement in blastocyst formation. 
2. Apoptosis levels were increased. 
3. Decreased TP53 protein expression in the trophectoderm (TE). 
4. Increased number of cells in the inner cell mass (ICM).  
5. Increased IGF1 receptor (IGF1R) protein expression in the ICM. 
6. A significant percentage of blastocysts (15.1 %) showed a high ICM/Total cell number 
    proportion not observed in controls and virtually absent (1.3 %) in embryos treated with 
    physiological concentrations of IGF1.  
 
In vitro treatment with physiological IGF1 concentrations was associated with the following 
outcomes: 
 
1.- Increased blastocyst formation with no effect on cell number or apoptosis levels.  
2.- Up-regulated transcript expression of IGF binding protein 3 (IGFBP3).  
3.- Increased IGF1R protein expression 
 
To evaluate the effects of high concentration of IGF1 on in vivo oocyte developmental 
competence superovulated lean lactating and obese non-lactating dairy cows received 
intraovarian injections of 1 µg of IGF1. This amount of IGF1 is similar to the concentration 
suggested to be present in women with the polycystic ovary syndrome (PCOS) experiencing 
early pregnancy loss and has been associated with detrimental effects on bovine oocyte 
competence in vitro. Transcript abundance and protein expression of genes related to the IGF 
system and involved in apoptosis and glucose metabolism were evaluated in blastocyst 
collected 8 days after first artificial insemination. In addition, concentration of IGF1 in plasma 
and uterine luminal fluid (ULF) were measured on day of embryo collection.  
 
After intraovarian application of IGF1 the following outcomes were observed: 
 
1.- Decreased in both the number and proportion of viable embryos in lean cows to levels 
     observed in obese cows. 
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2.- No affect on the superovulatory response of obese cows.  
3.- Increased blastocyst transcript abundance of SLC2A1 and IGFBP3 in lean cows 
4.- Reduced blastocyst protein expression of TP53 in lean cows 
5.- Increased blastocyst protein expression of TP53 in obese cows. 
 
This in vivo model revealed a correlation between plasma and ULF concentrations of IGF1 
only in the control groups. Blastocyst transcript abundance of IGF1R and IGFBP3 correlated 
positively with concentrations of IGF1 in both plasma and ULF, albeit only in control lean 
cows. This latter group also showed the highest yield of viable embryos and the lowest rate of 
embryo degeneration. The detrimental microenvironment created by the intraovarian IGF1 
injection in lean cows and the lack of effect in obese cows in the present superovulated bovine 
model, resembles to a certain extend the situation observed in PCOS, where IGF1 
bioavailability is increased in normal-weight PCOS women but reduced in obese PCOS 
patients.  
 
Results from the present investigation strongly indicate that high IGF1 concentrations are 
detrimental to the establishment of pregnancy, even after a short exposure. This information is 
not only relevant for PCOS women, but also for individuals using growth hormone, IGF1, or 
bovine colostrum as means to improve physical performance.   
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8 ZUSAMMENFASSUNG 
 
Miguel Abraham Velazquez Cabrera 
 
Der Einfluss des Insulin-ähnlichen Wachstumsfaktors 1 auf die Entwicklungskompetenz 
von Oozyten in vivo und auf die Entwicklung von präimplantatorischen Embryonen in 

vitro beim Rind 
 
Das Ziel diese Dissertationsarbeit war es, den Einfluss von hohen IGF1-Konzentrationen auf 
die Entwicklungskompetenz von Rinderoozyten in vivo und die Entwicklung von 
präimplantatorischen Rinderembryonen in vitro zu untersuchen. 
 
Um die Effekte hoher IGF1-Konzentrationen während der in vitro-Kultur von 
präimplantatorischen Rinderembryonen zu ermitteln, wurden in vitro-produzierte Zygoten 
ohne IGF1, mit einer physiologischen (100 ng/ml) oder mit einer supraphysiologischen IGF1-
Konzentration kultiviert. In Tag 8-Blastozysten wurden Zellallokation, Apoptose, 
Proteinexpression von IGF1-Rezeptor und TP53 und die Transkript-Gehalte von 
ausgewählten Genen, die an der Regulation von Apoptose, Glukose-Metabolismus und der 
IGF-Signaltransduktionskette beteiligt sind, bestimmt. 
 
Nach in vitro-Behandlung präimplantatorischer Rinderembryonen mit supraphysiologischen 
IGF-1-Konzentrationen wurden folgende Befunde erhoben: 
 
1. Die Blastozystenrate war nicht verändert. 
2. Die Apoptoserate war erhöht. 
3. Die TP53-Protein-Expression im Trophektoderm war verringert. 
4. Die Zellzahl der Inner cell mass (ICM)-Zellen war erhöht. 
5. Die IGF1-Rezeptor-Expression war in der ICM erhöht. 
6. Ein signifikanter Anteil von Blastozysten (15,1%) wies ein hohes Verhältnis von  
    ICM-  Zellen zur Gesamtzellzahl auf; dieser Effekt wurde in den Kontrollen nicht  
    beobachtet und trat bei Embryonen, die mit physiologischen IGF1-Konzentrationen  
    behandelt wurden, wesentlich seltener auf (1.3%). 
 
Nach in vitro-Behandlung präimplantatorischer Rinderembryonen mit physiologischen IGF1-
Konzentrationen wurden folgende Befunde erhoben: 
 
1. Die Blastozystenrate war erhöht, ohne dass Effekte im Hinblick auf Zellzahlen oder  
    Apoptose gemessen wurden. 
2. Die Transkriptgehalte von IGF-bindendem Protein-3 (IGFBP3) waren erhöht. 
3. Die IGF1R-Protein-Expression war erhöht. 
 
Um die Auswirkungen von hohen IGF1-Konzentrationen auf die in vivo-Oozyten-
Entwicklung zu ermitteln, wurden superovulierte normalgewichtige, laktierende, sowie 
übergewichtige, nicht-laktierende Milchkühe mit intraovariellen Injektionen von IGF1 (1 μg) 
behandelt. Diese Menge von IGF1 resultiert in Gewebekonzentrationen von IGF1, die 
wahrscheinlich denen entsprechen, die in Frauen, die an dem Polycystischen Ovarsyndrom 
(PCOS) leiden, vorkommen. Bei PCOS-Patienten tritt häufig ein früher Abort auf, diese 
Symptome wurden mit nachteiligen Auswirkungen von IGF1 auf die bovine 
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Oozytenreifungskompetenz assoziert. Die Transkriptgehalte und die Proteinexpression von 
Genen, die in der IGF1-Signaltransduktion, der Apoptose und dem Glukosemetabolismus 
beteiligt sind, wurden in Blastozyten ermittelt, die 8 Tage nach künstlicher Befruchtung 
gespült wurden. Zusätzlich wurden die Konzentrationen von IGF1 im Plasma und der uterinen 
Luminalflüssigkeit (ULF) am Tag der Embryospülung gemessen. 
 
Nach intraovarieller IGF1-Injektion wurden folgende Befunde erhoben: 
 
1. Die absolute und relative Anzahl von lebensfähigen Embryonen aus normalgewichtigen  
    Kühen war auf die Ergebnisse aus übergewichtigen Kühen reduziert. 
2. Die Superovulationsantwort in übergewichtigen Kühen war unverändert. 
3. Die Transkriptgehalte von SLC2A1 und IGFBP3 waren in Blastozysten aus  
    normalgewichtigen Kühen erhöht. 
4. Die TP53-Protein-Expression war in Blastozysten aus normalgewichtigen Kühen reduziert. 
5. Die TP53-Protein-Expression war in Blastozysten aus übergewichtigen Kühen erhöht. 
 
Nur in den Kontrollgruppen zeigte das in vivo-Model eine Korrelation zwischen den IGF1-
Konzentrationen in Plasma und ULF. Ebenso zeigte nur die normalgewichtige Kontrollgruppe 
eine positive Korrelation der IGF1R und IGFBP3-Transkriptgehalte in Blastozysten mit den 
IGF1-Konzentrationen in Plasma und ULF. In der Kontrollgruppe ergab sich auch die höchste 
Ausbeute vitaler Embryonen und entsprechend die geringste Rate an degenerierten 
Embryonen. Die nachteilige Mikroumgebung in Bezug auf Embryoentwicklung nach 
intraovarieller IGF1-Injektion in normalgewichtigen Kühen und das Fehlen von Effekten in 
übergewichtigen Kühen, ähneln bis zu einem gewissen Grad der Situation in PCOS-Patienten, 
bei denen die IGF1-Bioverfügbarkeit bei Normalgewichtigen erhöht, aber bei 
Übergewichtigen erniedrigt ist. 
 
Die Ergebnisse dieser Arbeit weisen deutlich darauf hin, dass sich hohe IGF1-
Konzentrationen, selbst bei kurzer Expositionszeit, nachteilig auf die Etablierung einer 
Trächtigkeit bei Rindern auswirken. Dieser Befund kann nicht nur für PCOS-Patienten, 
sondern auch für Individuen relevant sein, die Wachstumshormon, IGF1, oder bovines 
Kolostrum zur Erhöhung ihrer physischen Leistung nutzen. 
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