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PREFACE 

 
Dear Reader, 

 

 You are about to read a publication Scientia iuvenis that contains a collection of scientific 

papers of doctoral student, young researchers and young teachers in the field of Natural 

Sciences, Mathematics and Informatics, as well as papers dealing with current issues from the 

field of Theory of Teaching of these subjects. 

 The proceedings contains papers presented at the 15
th
 International Scientific Conference 

held at the Faculty on Natural Sciences of the Constantine the Philosopher University in Nitra 

on October 22, 2014. 

 Let me take this opportunity to wish all your young scientific talents a lot of success in 

their scientific work, great enthusiasms and persistence in investigation and good luck in 

gaining positive result in creative work.  

 

 

 

 

Nitra, October 2014      prof. RNDr. Libor Voz§r, CSc. 
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ROOIBOS, GINKGO AND FLAXSEED CAN AFFECT BASAL AND 

IGF-I -REGULATYED PROLIFERATION AND APOPTOSIS OF 

PORCINE OVARIAN GRANULOSA CELLS  
 

Aneta ĠtochmaŎov§
1
, Attila K§dasi

3
, Richard Alexa

1
, Alexander V. Sirotkin

1,2 
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3
Faculty of Biotechnology and and Food Science, Department of Animal Physiology, Tr. A. Hlinku 2, 
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Abstract 

Rooibos, ginkgo and flaxseed are very popular in alternative medicine due their possitive effect on health 

promoting activities. Their action on ovarian cell functions and the interrelationships with the upstream 

hormonal regulators remained unknown.The aim of our study was to examine the influence of  these natural 

supplement on basal and  IGF-I-stimulated porcine ovarian functions (proliferation, apoptosis).We examined the 

effect of IGF-I (1; 10 and 100 Õg.ml-1), plant molecule rooibos, ginkgo and flaxseed (1; 10 and 100 Õg.ml-
1).Expression marker of proliferation (PCNA) and marker of apoptosis (bax) was analysed by 

immunocytochemistry.We observed that IGF-I stimulated the accumulation of proliferation marker and 

decreased the expresion of apoptosis marker in cultured ovarian cells at all doses added. Either rooibos, ginkgo 

and flaxseed when given alone decreased the accumulation of proliferation marker and increased the 

accumulation of apoptosis marker at all doses added. All the plant molecules used prevented both proliferative 

and anti-apoptotic effects of IGF-I: they significantly decreased occurence PCNA and increased bax compared 

with corresponding groups cultured with IGF-I alone. Our study (1)confirm  that IGF-I directly controls these 

ovarian cells functions, (2) demonstrate the efect of rooibos, ginkgo and flaxseed on proliferation and apoptosis 

of ovarian cells, and (3) suggest an inter-relationship between natural supplement and the IGF-I  system in the 

control of these functions. The potential direct anti-reproductive action of rooibos, ginkgo and flaxseed is to be 

take into account by consummation of these plant products. 
 

Keywords 

IGF-I. Rooibos. Ginkgo. Flaxseed. Proliferation. Apoptosis. Porcine granulosa cells. 

 

INTRODUC TION  

Many enviromental factors intervene in the regulation of reproduction, including nutrition 

(Raabe, 1986). Rooibos, ginkgo and flaxseed because of their possitive health effect belong to 

herbal group often used in folk medicine (Kokotkiewicz and Luczkiewicz, 2009; McKenna et 

al., 2001; Obermeyer et al., 1995). Extracts from the Ginkgo biloba tree have been used in 

Chinese medicine for thousands of years (Kleijnen and Knipschild, 1992).Over the past 

couple of decades, the ginkgo leaf extract has stepped into the herbal spotlight mainly because 

of its proven benefits for treating Alzheimerôs disease (Smith and Luo, 2003; Yao et al., 

2004). Ginkgo biloba extract exhibited estrogenic and antiestrogenic activity and had a 

biphasic effect on estrogen (Oh and Chung, 2006). It also appears promising as a therapeutic 

for many other chronic and acute forms of diseases(Izzo and Ernst 2001). Rooibos 

(Aspalathus linearis) has been shown to protect membrane lipids against peroxidation  

thereby partially preventing oxidative stress (Ulicna et al., 2006). It has also been used as an 

anti-hypertensive, immune stimulant, laxative, sedative and spasmolytic agent as well as for 

the treatment of atherosclerosis and diabetes (McKay and Blumberg, 2007). Rooibos 

significantly improved certain sperm function which might be attributed to their high level of 

antioxidant activity (Opuwari, 2013).Flaxseed is a rich source of 3 components with 

demonstrated cardioprotective effects: the omega-3 fatty acid Ŭ-linolenic acid (ALA), dietary 

fibre, and phytoestrogen lignans (Chantal et al., 2009). Inclusion of flaxseed or one of its 

derived components in the diet in animal studies has shown that flaxseed can inhibit 

mailto:attila.kadasi@gmail.com


  

12 

 

arrhythmogenesis during ischemia-reperfusion (Ander et al., 2004), inhibit atherogenesis 

(Prasad, 2005), and protect against vascular dysfunction during hypercholesterolemic 

conditions (Dupasquier et al., 2006). Flaxseed contributed to decrease embryo mortality for 

cows fed the former diet. The establishment of pregnancy could then be improved by feeding 

whole þaxseed, a source of omega 3 fatty acids as a result of its effects on different factors 

such as plasma progesterone concentrations and size of the CL (Petit and Twagiramungu, 

2006). Flavonoids are a diverse group of plant-derived polyphenols that occur naturally in 

fruits, vegetables, teas and herbs. Rooibos, ginkgo and flaxseed are a polyphenol-rich herbal.  

Insulin-like growth factors (IGF)I and II are important regulators of proliferation, apoptosis 

and differentiation and of secretory and generative functions of mammalian ovarian cells 

(Schams et al., 1999; Guidice, 2001). The mechanisms of IGF-I action, as well as the 

interrelationship between IGF-I and other substances in the ovary, have not been fully studied. 

Therefore, rooibos, ginkgo and flaxseed are very popular in alternative medicine due their 

possitive effect on health promoting activities. Their action on ovarian cell functions and the 

interrelationships with the upstream hormonal regulators (including IGF-I) remained 

unknown.The aim of our study was to examine the influence of  these natural supplement on 

basal and  IGF-I-stimulated  porcine ovarian functions (proliferation, apoptosis). 

 

MATERIAL AND METHODS  

Isolation and culture of granulosa cells 

Ovaries of non-cycling pubertal gilts, about 180 days of age, were obtained after 

slaughter at a local abattoir. They were washed several times in sterile 0.9% NaCl and 95% 

alcohol. Granulosa cells were aspirated by syringe and sterile needle from follicles 3ï5 mm in 

diameter and granulosa cells isolated by centrifugation for 10 min at 200g. Cells were then 

washed in sterile DMEM/F12 1:1 medium (BioWhittakerTM, Verviers, Belgium), 

resuspended in the same medium supplemented with 10% fetal calf serum (BioWhittakerTM) 

and 1% antibiotic-antimycotic solution (Sigma, St. Louis, MO, USA) at a final concentration 

10
6
 cells/ml medium. Portions of the cell suspension were dispensed to 16-well chamber 

slides (Nunc Inc., International, Naperville, USA, 200 ɛl/well) and incubated at 37.5 ÁC in 5 

% CO2 in humidified air until 60-75% confluent monolayer was formed (3-5 days), at which 

point the medium was renewed. Further culture was performed in 200 ɛl/medium in the same  

chamber slides, as described previously. 

After medium replacement experimental cells were cultured in the presence of IGF-I  

(Sigma, St. Louis, UDS) alone at concentrations of 1;10 and 100 Õg/ml or powder rooibos 

(Clanwilliam, South Africa), ginkgo (Shangai TECH Chemical Indutry Testing Co., Ltd) and 

flaxseed (MEDU s.r.o., Ļenkovce, Slovakia) alone at concentration 1; 10 and 100 ɛg/ml, and 

IGF-I at concentrations of 1; 10 and 100 Õg/ml combination with rooibos, ginkgo and 

flaxseed at dose 10 ɛg/ml.  Rooibos, ginkgo, flaxseed and IGF-I was dissolved in culture 

medium immediately before their addition to the cells. Control cells were cultured without 

rooibos, ginkgo and flaxseed or IGF-I. After removing the medium from chamber slides, cell 

were washed in ice-cold PBS (pH 7.5), fixed in paraformaldehyde (4% in PBS, pH 7.2-7.4; 60 

min) and held at 4ÁC to await immunocytochemistry.  

 

Immunocytochemical analysis  

Following washing and fixation, the cells were incubated in the blocking solution (1% of 

goat serum in phosphate-buffered saline - PBS) at room temperature for 1 h to block 

nonspecific binding of antiserum. Afterwards, the cells were incubated in the presence of 

monoclonal antibodies against either PCNA (marker of proliferation) and bax (marker of 

apoptosis) (all from Santa Cruz Biotechnology, Inc., Santa Cruz, USA; dilution 1:500 in PBS) 

for 2 h at room temperature overnight at 4ÁC. For the detection of binding sites of primary 
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antibody, the cells were incubated in secondary swine antibody against mouse IgG labeled 

with horse-radish peroxidase (Servac, Prague, Czech Republic, dilution 1:1000) for  1 h. 

Positive signals were visualized by staining with DAB-substrate (Roche Diagnostics GmbH, 

Manheim, Germany).  

Following DAB-staining, the cells on chamber-slides were washed in PBS, covered with 

a drop of Glycergel mounting medium (DAKO, Glostrup, Denmark); then coverslip was 

attached to a microslide. Cellular presence and localization of PCNA and bax positivity in 

cells was proved on the basis of DAB-peroxidase brown staining. A ratio of DAB-HRP-

stained cells to the total cell number was calculated. 

 

Statistical analysis  

Each experimental group was represented by three chamber-slide wells. The proportions 

of cells containing specific immunoactivity were calculated from at least 1000 cells per 

chamber. The percentage of cells containing antigen in different groups of cells was 

calculated. Each series of experiments was performed twice. The data shown are the means of 

values obtained in these two separate experiments performed on separate days with separate 

groups of granulosa cells, each obtained from 9 animals. 

Significant differences between the experiments were evaluated using StudentËs T-test 

and one/two-way ANOVA followed by paired Wilcoxon-Mann Whitney test, by using Sigma 

Plot 11.0 software (Systat Software, GmbH, Erkhart, Germany). Differences from control at 

P<0.05 were considered as significant. 

 

RESULTS 

Immunocytochemical analysis demonstrated that IGF-I stimulated the accumulation of 

proliferation marker and decreased the expresion of apoptosis marker in cultured ovarian cells 

at all doses added. Either rooibos, ginkgo and flaxseed when given alone decreased the 

accumulation of proliferation marker and increased the accumulation of apoptosis marker at 

all doses added. All the plant molecules used prevented both proliferative and anti-apoptotic 

effects of IGF-I: they significantly decreased occurence PCNA and increased bax compared 

with corresponding groups cultured with IGF-I alone. The potential direct anti-reproductive 

action of rooibos, ginkgo and flaxseed is to be take into account by consummation of these 

plant products. The presence of markers of both proliferation (PCNA) and apoptosis (bax) in 

the porcine ovarian cells without or after exposure to natural substances and IGF-I. Marker of 

proliferation  (PCNA) significantly increased after IGF-I addition at all doses (1Õg/ml; 

10Õg/ml; 100Õg/ml). IGF-I significantly decreased marker of mitochondrial apoptosis (bax) at 

all doses (1Õg/ml; 10Õg/ml; 100Õg/ml). The addition of natural supplements (rooibos, ginkgo 

and flaxseed) to the medium alone significantly stimulated the expresion of bax (marker of 

apoptosis) and inhibited the expresion of PCNA (marker of proliferation) at all doses (1Õg/ml; 

10Õg/ml; 100Õg/ml). Combination of IGF-I with natural supplements (rooibos, ginkgo and 

flaxseed) showed influence on expresion of proliferation and apoptosis marker in ovarian 

cells. Analysis demonstrated that exposure IGF-I with natural supplements significantly 

modified proliferation and apoptosis at all doses (1Õg/ml; 10Õg/ml; 100Õg/ml) (Table 1).  
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Tab. 1 The percentage of  granulosa cells containing markers of proliferation (PCNA) and apoptosis 

(bax) in the porcine granulosa cells  treated and not treated with IGF-I hormone, natural substances 

and their combination (imunocytochemistry assay).  

 

Supplement 

% of cells contained 

PCNA bax 

Control (no addition) 39,50Ñ1,07 

(1400) 

33,33Ñ0,41 

(1200) 

Rooibos 1Õg/ml 28,75Ñ2,03 

(400)* 

46,75Ñ1,46 

(400)* 

Rooibos 10Õg/ml 26,20Ñ1,44 

(500)* 

40,80Ñ0,85 

(500)* 

Rooibos 100Õg/ml 22,20Ñ0,76 

(500)* 

50,44Ñ1,59 

(450)* 

Ginkgo 1Õg/ml 24,00Ñ0,99 

(500)* 

48,20Ñ1,09 

(500)* 

Ginkgo 10Õg/ml 20,50Ñ1,12 

(400)* 

49,00Ñ0,38 

(400)* 

Ginkgo 100Õg/ml 22,55Ñ1,35 

(550)* 

54,00Ñ0,82 

(450)* 

Flaxseed 1Õg/ml 23,40Ñ0,67 

(500)* 

40,50Ñ0,91 

(400)* 

Flaxseed 10Õg/ml 21,75Ñ1,10 

(400)* 

37,50Ñ0,73 

(400)* 

Flaxseed 100Õg/ml 17,40Ñ0,85 

(500)* 

45,25Ñ2,10 

(400)* 

IGF-I 1Õg/ml 46,00Ñ1,16 

(450)* 

23,60Ñ0,58 

(500)* 

IGF-I 10Õg/ml 44,50Ñ1,50 

(400)* 

20,25Ñ0,70 

(400)* 

IGF-I 100Õg/ml 51,75Ñ1,16 

(400)* 

16,00Ñ0,67 

(500)* 

Control (IGF-I 

0Õg/ml+Flaxseed10Õg/ml) 

21,00Ñ1,14 

(400) 

37,00Ñ0,66 

(400) 

IGF-I 1Õg/ml+Flaxseed 

10Õg/ml 

31,50Ñ0,91 

(500)** 

deficient amount of cells 

IGF-I 10Õg/ml+Flaxseed 

10Õg/ml 

38,00Ñ1,16 

(450)** 

28,25Ñ0,96 

(400)** 

IGF-I 100Õg/ml+Flaxseed 

10Õg/ml 

36,75Ñ1,07 

(400)** 

28,75Ñ1,65 

(400)** 

Control (IGF-I 

0Õg/ml+Rooibos 10Õg/ml) 

26,75Ñ0,75 

(400) 

40,25Ñ1,28 

(400) 

IGF-I 1Õg/ml+Rooibos 

10Õg/ml 

36,75Ñ1,51 

(400)* 

25,75Ñ0,71 

(400)* 

IGF-I 10Õg/ml+Rooibos 

10Õg/ml 

deficient amount of cells 

 

26,25Ñ0,45 

(400)* 

IGF-I 100Õg/ml+Rooibos 

10Õg/ml 

36,60Ñ0,95 

(500)* 

22,25Ñ0,59 

(400)* 
All the values represent % of cells containing particular antigen, means Ñ SEM, * - significant (P<0.05) differences with control (cells  not 

treated with addition). ** ï indicates significant (p<0,05) effect of natural substances on cells cultured with or without IGF-I: differences 

between the corresponding groups of cells cultured with and without natural substances. In the brackets is a number of counted cells. 
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DISCUSSION 

The present observations confirm that IGF-I increase granulosa cell proliferation and 

decreased cell apoptosis (Duleba et al., 1998; Mao et al., 2004). This is the fist evidence about 

rooibos, ginkgo and flaxseed effect  on mammalian ovarian cell proliferation and apoptosis. 

All powdered plants tested in our experiments promoted ovarian cell apoptosis and inhibited 

their proliferation. Our observations are inline with previous reports on the ability rooibos to   

inhibit proliferation and stimulate apoptosis  (Salganik, 2001; Pantsi et al., 2011; Kim et al., 

2005; Chen et al., 2002; Xu et al., 2003; Zhang et al., 2008) and to inhibit cell cycle (blockage 

at G0/G1 to S phase) (Yea et al., 2007). In non-ovarian cancer cells but not with reports of the 

antiapoptotic effect of ginkgo (Wei et al., 2000) probably induced by activation of anti-

apoptotic peptide bcl-2, maintenance of matrix metalloproteinase stability and decrease of 

pro-apoptotic caspase-3 (Kang et al., 2007). Furthermore, our observations are in line with the 

reports of the ability of flaxseed to reduce cell proliferation, increase apoptosis of both non-

ovarian and ovarian cancer cells (Demark-Wahnefried et al., 2001; Danbara et al., 2005; 

Thompson et al., 2005; Zhou et al., 2009). Our observations are the first demonstration of the 

direct influence of roobibos, ginkgo and flaxseed on basal proliferation and apoptosis rate in 

healthy ovarian cells.  The up-regulation of apoptosis and the down-regulation of proliferation 

induced by these plant extracts suggest that these plants could directly inhibit ovarian cell 

functions. If such negative effects would occur in vivo and influence fecundity, such anti-

reproductive action of roobibos, ginkgo and flaxseed sould be taken into account by their 

consummation by animals and humans. Our study show modulation effect of roobibos, 

ginkgo and flaxseed on IGF-I proliferation and apoptosis action. All the plant extract 

prevented both the stimulatory effect of IGF-I on ovarian cell proliferation and the inhibitory 

action of IGF-I on ovarian cell apoptosis. Previous study indicate that some rooibos, ginkgo 

and flaxseed flavonoids can down-regulateIGF-I/IGF-I receptor system and therefore they 

may be useful for  prevention or treatment of prostate cancer (Shukla et al., 2005; Fang et al., 

2006). It might be suggested, that rooibos, ginkgo and flaxseed can not only inhibit basal 

ovarian cell functions, but also to prevent the action of IGF-I, the well-known hormonal 

stimulator of these processes probably via inhibition of IGF-I receptors.   

 

CONCLUSION 

This study: 

(1) Confirm that IGF-I directly controls porcine ovarian cells proliferation and apoptosis. 

IGF-I was support proliferation (accumulation of PCNA) and inhibit apoptosis 

(accumulation of bax) in porcine ovarian cells. 

(2) Is the first evidence of the involvement of rooibos, ginkgo and flaxseed in the 

regulation of ovarian cells functions. These natural supplements supress marker of 

proliferation (PCNA) and promote marker of apoptosis (bax).  

(3) Demonstrate that natural supplements, rooibos, ginkgo and flaxseed, have ability not 

only to affect directly ovarian functions, but also to prevent the action of endocrine 

stimulator of reproduction, IGF-I on both proliferation and apoptosis of porcine 

ovarian granulosa cells. 
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Abstract 

Patulin, a frequently found food contaminant, has been shown to be cytotoxic, genotoxic, immunotoxic and 

carcinogenic agent. This study investigated the impact of patulin on femoral bone structure in adult female 

rabbits. The animals at the age of 4 months were randomly divided into two groups of four individuals. In the 

first group, 4 females were intramuscularly administered with patulin at dose 10 ɛg.kg-1b.w. 2 times a week for 

28 days (group A). The second group (n=4) without patulin administration served as a control (group B). The 

evaluation of body weight, femoral weight and length, cortical bone thickness, and histological structure of 

femoral bones were performed in each group. Our results revealed no significant differences in body weight, 

femoral weight and length between both investigated groups of rabbits. On the other hand, intramuscular 

application of patulin caused significant increase in cortical bone thickness (P<0.05), and induced considerable 

alterations in qualitative histological characteristics of femurs in rabbits. Indeed, femoral diaphyses of females 

from the group A had lower number of secondary osteons in the middle part of bone, and the osteons occurrence 
also near the periosteal border. Histomorphometrical analysis showed no demonstrable changes in the size of 

the primary osteonsô vascular canals, Haversian canals and secondary osteons (except for the size of the 

minimum diameter of the osteons) in rabbits from the group A. Our results suggest that patulin administration 

had significant impact on cortical bone thickness and qualitative histological characteristics of investigated 

bones in adult female rabbits.  

Keywords 

Patulin.Femoral bone.Histomorphometry.Rabbit. 

 

INTRODUCTION  

Mycotoxins are secondary fungal metabolites which can grow on certain food under 

special conditions (humidity, temperature) before and/or during harvest, handling, shipment 

and storage (Fern§ndez et al., 2006). They are capable of causing disease and death of humans 

and animals (Bennett and Klich, 2003). According to Hussein and Brasel (2001), the 

worldwide mycotoxin contamination of foods and feeds is a significant problem. 

Patulin, 4-hydroxy-4H-furo[3,2-c]pyran-2(6H)-one, is a mycotoxin produced by several 

species of Penicillium, Aspergillus and Byssochlamys (Alves et al., 2000; Gonz§les-Osnaya et 

al., 2007). This mycotoxin is mainly found in apple and apple products (Alves et al., 2000; 

Mahfoud et al., 2002; Moake et al., 2008), and occasionally in pears, grapes, apricots, 

strawberries, blueberries and peaches (Neri et al., 2010). 

Despite its original antibiotic properties, numerous adverse health impacts have been 

attributed to patulin (Baert et al., 2012). The mycotoxin is believed to exert its cytotoxic 

(Palmgren and Ciegler, 1983; Schumacher et al., 2005; Glaser and Stopper, 2012), genotoxic 

(Thust et al., 1982; Roll et al., 1990; Pfeiffer et al., 1998; Liu et al., 2003; Glaser and Stopper, 

2012), immunotoxic (Sharma, 1993), and carcinogenic (Dickens and Jones, 1961) effects 

mainly by forming covalent adducts with essential cellular thiols in proteins (Riley and 

mailto:hduranova@ukf.sk
mailto:veronika.kovacova@ukf.sk
mailto:ramona.babosova@ukf.sk
mailto:mmartiniakova@ukf.sk
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19 

 

Showker, 1991; Wu et al., 2008), as well as by glutathion depletion leading to oxidative 

damage and generation of oxidative stress (Heussner et al., 2006; Wu et al., 2008). Askar 

(1990) and Puel et al. (2010) state that patulin's affinity to sulfhydryl groups may explain its 

inhibitory effect to many enzymes. Moreover, patulin treatment was found to active protein 

degradation, especially proteasome activities, and sulfur amino acid metabolism (Iwahashi et 

al., 2006).  

Toxicological studies have shown that patulin induce nephropathy and gastrointestinal 

tract malfunction in humans and animal models (Speijers et al., 1988; Liu et al., 2003; 

Heussner et al., 2006; Liu et al., 2007; Wu et al., 2008). Also, histopathological changes in 

reproductive organs (epididymis, prostate tissues; Selmanoglu, 2006) and thymus (Kockaya et 

al., 2009) were observed in growing male rats exposed to patulin. According to Huff et al. 

(1980) and Maurice et al. (1983), mycotoxin-contaminated diets can affect growth and cause 

bone fragility and decreased bone strength. However, the effect of patulin on bone 

microstructure has not been studied prior to our experiment. 

The aim of the present study was to evaluate the possible toxic impact of patulin on 

femoral bone structure in adult female rabbits. 

 

MATERIALS AND METHODS  

Adult female rabbits (n=8) of meat line M91 (Californian broiler line) were used in the 

experiment. Animals (at the age of 4 months, weighing 3.5ï4.0 kg) were obtained from an 

experimental farm of the Animal Production Research Centre in Nitra, Slovak Republic. 

Rabbits were housed in individual flat-deck wire cages (area 0.3 m
2
) under standard 

conditions (temperature 20ï22 ÁC, humidity 55Ñ10 %, 12/12 h cycle of light and darkness) 

with access to food (feed mixture) and drinking water ad libitum. 

Clinically healthy animals were randomly divided into two groups, of 4 individuals each. 

In the first group (A), adult rabbits were intramuscularly injected with patulin (10 ɛg.kg
-1 

b.w.) 

2 times per week for 28 days. The second group (B; n=4) without patulin intoxication served 

as a control. All procedures were approved by the Animal Experimental Committee of the 

Slovak Republic. 

At the end of 28 days, all the rabbits were euthanized, weighed and their femurs were 

used for macroscopic and microscopic analyses. The femurs were weighed on analytical 

scales with an accuracy of 0.01g and the femoral length was measured with a sliding 

instrument. For histological analysis, the right femurs were sectioned at the midshaft of the 

diaphysis and the segments were fixed in HistoChoice fixative (Amresco, USA). The 

segments were then dehydrated in increasing grades (40 to 100 %) of ethanol and embedded 

in Biodur epoxy resin (G¿nter von Hagens, Heidelberg, Germany) according to the method 

described by Martiniakov§ et al. (2008). Transverse thin sections (70ï80 ɛm) were prepared 

with a sawing microtome (Leitz 1600, Leica, Wetzlar, Germany) and fixed onto glass slides 

by Eukitt (Merck, Darmstadt, Germany) as previously described (Martiniakov§ et al., 2010). 

The qualitative histological characteristics of the compact bone tissue were determined 

according to the internationally accepted classification systems of Enlow and Brown (1956) 

and Ricql®s et al. (1991). The quantitative (histomorphometrical) variables were assessed 

using the software Motic Images Plus 2.0 ML (Motic China Group Co., Ltd.). We measured 

area, perimeter and the minimum and maximum diameters of primary osteonsô vascular 

canals, Haversian canals and secondary osteons in all views (i.e., anterior, posterior, medial 

and lateral) of the thin sections in order to minimize inter-animal differences. Diaphyseal 

cortical bone thickness was also measured by Motic Images Plus 2.0 ML software. Twenty 

random areas were selected, and average thickness was calculated for each femur. 
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Statistical analysis was performed using SPSS 8.0 software. All data were expressed as 

mean Ñ standard deviation (SD). The unpaired Studentôs T-test was used for establishing 

statistical significance (P<0.05) between groups A and B. 

 

RESULTS 

Intramuscular injection of patulin had no significant effect on body weight, femoral 

weight and femoral length in female rabbits. However, cortical bone thickness was 

considerably increased in rabbits administered with patulin (Table 1). 

 
Tab. 1Body weight, femoral weight, femoral length and cortical bone thickness in rabbits injected 

with patulin (10 ɛg/kg b.w.; group A) and the control rabbits (group B) 

Group of 

rabbits 

 

 
N Body weight 

(g) 

Femoral weight 

(g) 

Femoral length 

(cm) 

Cortical bone 

thickness (mm) 

A  4 4324.3Ñ326.9 14.33Ñ1.12 10.54Ñ0.29 1068.18Ñ153.08 

B  4 4152.9Ñ212.2 14.53Ñ1.39 10.51Ñ0.25 997.08Ñ94.61 

T-test NS NS NS + 

N: number of measured structures, P<0.05 (+), NS: non-significant changes 

From histological structure point of view, all rabbits from the control group had a 

common bone microstructure. Primary vascular longitudinal bone tissue, as a basic structural 

pattern of all bones, formed the periosteal and endosteal surfaces. This type of the tissue was 

created by vascular canals which ran in a direction essentially parallel to the long axis of the 

bone. In some areas of endosteal surface, primary vascular radial bone tissue (composed by 

branching or non-branching vascular canals radiating from the marrow cavity), dense 

Haversian or irregular Haversian bone tissues (characterized by an occurrence of secondary 

osteons) were also identified. Middle part of the bone consisted of a layer of dense Haversian 

bone tissue characterized by a large number of secondary osteons (Fig. 1).  

Administration of patulin led to a reduction in a number of secondary osteons in the 

middle part of the bone. Secondary osteons were marginalized from this part to periosteal 

borders (in all views of the thin sections) suggesting alterations in bone remodeling. 

Moreover, primary vascular longitudinal bone tissue was found in the middle part of 

substantia compacta in some areas (Fig. 2). 

 

 
 

 

 

 

 

Fig. 1 Microscopic structure of compact bone 

in rabbits from the control group (B): 
1 ï primary vascular longitudinal bone tissue, 

2 ï dense Haversian bone tissue. 

Fig. 2 Microscopic structure of compact bone 

in rabbits from the experimental group (A): 
1 ï primary vascular longitudinal bone tissue, 

2 ï dense Haversian bone tissue,  

3 ï primary vascular radial bone tissue. 
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For the quantitative histological characteristics, 326 vascular canals of primary osteons, 

227 Haversian canals and 227 secondary osteons were measured. Data on bone measurements 

are shown in Table 2. We have found no significant differences in the sizes of the primary 

osteonsô vascular canals and Haversian canals between groups A and B. Also, the values of 

secondary osteons did not change between rabbits from both investigated groups, except for 

the minimal diameter of the osteons.  

 

Tab. 2 Data of the primary osteonsô vascular canals, Haversian canals and secondary osteons 

in rabbits injected with patulin (10 ɛg/kg b.w.; group A) and the control rabbits (group B) 

Measured 

structures 

Group of 

rabbits 
n Area (ɛm

2
) 

Perimeter 

(ɛm) 

Max. diameter 

(ɛm) 

Min. diameter 

(ɛm) 

Primary 

osteonsô 

vascular 

canals 

A 163 281.05Ñ71.06 61.10Ñ9.50 10.87Ñ2.45 8.30Ñ1.21 

B 163 290.11Ñ85.10 61.75Ñ9.68 11.06Ñ2.27 8.33Ñ1.35 

T-test NS NS NS NS 

Haversian 

canals 

A 107 411.23Ñ106.38 72.25Ñ9.73 12.49Ñ2.01 10.39Ñ1.36 

B 120 410.43Ñ110.65 72.35Ñ9.97 12.55Ñ2.04 10.33Ñ1.56 

T-test NS NS NS NS 

Secondary 

osteons 

A 107 7495.80Ñ2585.41 311.99Ñ56.59 56.71Ñ11.36 41.04Ñ7.86 

B 120 7780.39Ñ2720.53 313.95Ñ52.25 54.79Ñ9.47 44.23Ñ9.03 

T-test NS NS NS + 

N: number of measured structures, P<0.05 (+), NS: non-significant changes 

DISCUSSION  

In the present study, the effect of patulin on macroscopic and microscopic structure of 

femoral bone was evaluated in adult female rabbits. We found no considerable changes in 

body weight, femoral weight and femoral length of the rabbits. Similarly, no significant 

differences in body weight (Selmanoglu, 2006; Selmanoglu and Kockaya, 2004; Kockaya et 

al., 2009) and weight of prostate, seminal vesicle (Selmanoglu and Kockaya, 2004) and 

thymus (Kockaya et al., 2009) were reported in growing male rats after gavage administration 

of patulin at the dose of 0.1 mg/kg b.w./day for 60 or 90 days. Also, the results by Llewellyn 

et al. (1998) revealed non-significant effect of patulin (at different doses for 28 days) on body 

weight and weight of liver, thymus, spleen, kidneys and lungs in female mice. In general, 

growth involves a complex set of metabolic events which are genetically, hormonally and 

environmentally controlled (Momenah, 2012). In respect with hormonal factors, it was 

demonstrated that mycotoxins may affect endocrine system (Sharma, 1993; Janssen et al., 

2000). However, results by Selmanoglu and Kockaya (2004) showed that patulin (0.1 mg/kg 

b.w./day for 60 or 90 days) had no impact on levels of growth hormone (GH) and thyroid 

stimulating hormone (TSH) in growing rats. Regarding this observation, patulin should not 

have an adverse effect also on the length and weight of investigated bones. 

The thickness of cortical bone is generally accepted as an important parameter in the 

evaluation of cortical bone quality and strength. We found that values for cortical bone 

thickness were significantly higher in female rabbits with patulin intoxication. This fact 

indicates increased formation of bone tissue within periosteum as an adaptive response of the 

bones to patulin toxicity. Indeed, bone as a dynamic organ has the ability to adapt its material 

composition and structural design to accommodate prevailing loads (Seeman, 2007). This 

remarkable feature of bone is achieved by adaptive modeling and remodeling of the periosteal 

and endocortical surfaces of compact bone (Seeman, 2008). Under physiological conditions, 

the width of bone increases with ageing due to periosteal apposition (Seeman, 2003). 
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However, if the bone remodeling is accelerated (in our study due to patulin exposition), 

alterations in bone microstructure occur. According to Szulc et al. (2006), bone loss from the 

endocortical surface (contributing to bone fragility) may be compensated by deposition of 

bone on the periosteal surface as an adaptive response to maintain resistance to bending. As 

periosteal apposition exceeds net endocortical resorption, the bone develops a wider and 

wider cortex (Seeman, 2008). On the basis of all aspects we suppose that significantly 

increased cortical bone thickness in female rabbits intramuscularly injected with patulin is 

associated with intensive adaptive periosteal apposition.  

The results of qualitative histological analysis correspond with those reported by other 

authors (Enlow and Brown, 1958; Martiniakov§ et al., 2003; Martiniakov§ et al., 2005). The 

basic structural pattern of compact bone was primary vascular longitudinal in both groups of 

rabbits. In addition, primary vascular radial and/or dense and/or irregular Haversian bone 

tissues were found near endosteal surfaces. However, decreased number of secondary osteons 

was observed in female rabbits with patulin application. Furthermore, primary vascular 

longitudinal bone tissue was also found in the middle part of compact bone in these rabbits. 

The presence of secondary osteons is general feature of mature bones (Locke et al., 2004). 

However, the age of rabbits from both experimental groups was the same in our study. 

Therefore, we suppose that differences in bone microstructure in rabbits from group A could 

be connected with alterations in bone remodeling in order to protect bone tissue against the 

patulin intoxication. 

Data obtained from the histomorphometrical analysis showed no significant differences 

in the size of primary osteonsô vascular canals and Haversian canals between rabbits from 

both groups. Also, secondary osteons were unchanged except for the size of minimum 

diameter of secondary osteons. However, we suppose that higher number of analysed 

individuals would eliminate this statistically significant difference.   

The mean diameter of Haversian canals in rabbits from the control group was 11.44 Ñ 1.8 

ɛm. According to the classifications of Rªmsch and Zerndt (1963) and Gladuhsew (1964), 

secondary osteons of female rabbits from the control group have short Haversian canals. 

Similar results have also been found in 4-6 months old rabbits (Martiniakov§ et al., 2005; 

Chovancov§, 2009). On the other hand, vascular canals of primary osteons were lower in 

rabbits the group B than those reported by Martiniakov§ et al. (2005) and Martiniakov§ et al. 

(2009). This discrepancy could be associated with different age (Martiniakov§ et al., 2005), 

breed of animals or length of femoral bones (Martiniakov§ et al., 2009).  

 

CONCLUSION 

Our results demonstrate that intramuscular application of patulin at the dose of 10 ɛg.kg
-1
 

b.w. twice per week for 4 weeks significantly affects cortical bone thickness in adult female 

rabbits. This mycotoxin also induces changes in femoral bone microstructure of female 

rabbits leading to alterations in bone remodeling and decreased number of secondary osteons. 

The present study suggests that patulin administration causes changes in macroscopic and 

microscopic structures of femoral bone in female rabbits.  
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Abstract 
Embryo cryopreservation is a great challenge, since cells might be irreversibly damaged at the various levels 

and present altered functionality after the whole process. Considerable efforts are therefore still directed toward 

improvement of particular steps of rapid cooling and vitrification protocols for embryos. Although components 

of medium for embryo cryopreservation are quite similar between species, there are present singularities that 

force the research to optimize the solutions and protocols for each particular species, even more for particular 

developmental stage of embryo. In this review, several aspects of animal embryo cryopreservation are 

summarized and information related to rabbit embryo freezing are compiled. The topics discussed include two 
different procedures of cryopreservation developed, the cryoprotectants used for embryo preservation againts 

cryodamage, devices devoloped to ensure the highest potencial outcomes after thawing and embryotransfer, and 

the negaive effect of the freezing process on the structure of embryonic cells and on the live offspring 

development. 
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INTRODUCTION  

Successful freezing of mammalian embryos, including rabbits, has been the subject of 

intense research over many years. Embryo cryopreservation is widely used as assisted 

reproductive technologies (ARTs) in both laboratory and domestic animals (Lavara et al., 

2014)  and is considered an important tool to prevent loss of biodiversity or preserve the 

genetic resources of domestic animals through the establishment of embryo banks (Leibo and 

Songsasen, 2002). Although the cryopreservation of embryos is more complex and costly 

procedure than semen freezing, it keeps the advantege of conservation of the full genetic 

complement of sire and dam, protecting species and population integrity as well as 

heterozygoty (Prentice and Anzar 2011). Moreover, storing vitrified embryos in liquid 

nitrogen is an effective long-term storage option that maintains similar pregnancy rate, 

fertility, and survival at birth for at least 15 years (Lavara et al., 2011). 

 

Cryoprotection 

Current cryopreservation protocols involve several steps including obtaining the 

embryos, the addition of cryoprotective agents (CPAs), the cooling and warming process, the 

removal of cryoprotectants, and transfer to another maternal tract. 

Preimplantation embryos consist predominantly of water, and the avoidance of 

intracellular ice crystal formation during the cryopreservation process is of paramount 

importance to maintain embryo viability. For this reason, obtained embryos are placed into 

a hypertonic solution of CPAs such as dimethyl sulfoxide (DMSO), glycerol, ethylene glycol 

(EG), and propylene glycol (PG). These additives have a strong dehydrating action and the 

ability to reduce the freezing point of solution, hence delay spontaneous ice formation 

(Makarevich et al., 2009). Ethylene glycol is the most often used CPA in embryo 

cryopreservation as it has the lowest toxic effect and can more rapidly diffude into the cell 

through the zona pellucida and the cellular membrane (Emiliani et al., 2000). Rapid 
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permeation and removal of EG from the cell and lower exposure time increase protection 

from osmotic and toxic injury (Viudes De Castro et al.,2010).  

Meanwhile, considerable efforts were made to decrease the toxicity of cryoprotectants 

using two or three cryoprotectants simultaneously to decrease the specific toxic effect of each 

(Vajta and Kuwayama, 2006). In the field of rabbits embryo cryopreservation, combination of 

EG and DMSO is the most often used  and seems advantageous in rabbits. During the 

addition process, the final cryoprotectant concentrations are usually reached in two steps 

(Tab.1). 

Several protocols also enriche the vitrification solution with disaccharides, such 

as sucrose or trehalose. These components minimize the toxic effect of intracelular CPAs and 

may also serve as an osmotic buffer during thawing, reducing osmotic shock (Silvestre et al., 

2003; Hochi et al., 2004; Naik et al., 2005). Large molecular weight polymers such as 

Polyvinylalcohol (PVA), (Carroll et al., 1993; Nowshari and Brem, 2000), 

Polyvinylpyrrolidone (PVP), (Kim et al., 2008), Ficoll (Kasai et al., 1992; Papis et al., 2005) 

or Dextran (Shaw et al., 1997; Viudes De Castro et al., 2010) are also added to vitrification 

media to protect embryos against cryodamage. These additives preserve the cells by reducing 

mechanical stress, coating the cells, protecting the cell membrane and also affects the 

viscosity of vitrification solution and prevent crystalization during vitrification and warming 

(Kuleshova et al., 2001; Viudes De Castro et al., 2010). 

 

Conventional (slow) freezing vs. vitrification 

Embryos form different species,including rabbits embryos have been cryopreserved by 

either one of two procedures: (i) equilibrium freezing, often referred to as óóslow 

freezingôôand (ii) non-equilibrium freezing, often referred to as óóultra-rapid coolingôô or 

vitrification.  

Slow-rate freezing involves the use of a single CPA in low concentrations (approximately 

1 to 2 M) and attempts to create a delicate balance between various factors causing damage 

including ice crystal formation, fracture, toxic and osmotic damage. The controlled cooling 

rate allows solution exchange between the extracellular and intracellular fluids without 

serious osmotic effects and deformation of the cells (Vajta and Kuwayama, 2006). The 

cooling rate is dictated by the size and permeability of the cell. The outcome is thought to be 

the best when the rate of cooling allows an equilibrium to be established between (i) the rate 

of water loss from the cell (dehydration) and (ii) the rate at which this water is incorporated 

into growing, extracellular, ice crystals (Shaw and Jones, 2003). However, slow freezing 

suffers from several limitations such as chilling injury, physical damage due to external ice 

formation,  zona pellucida cracking, need for elaborate and expensive equipment and tedious 

freezing protocols (Naik et al., 2005). 

The term óóvitrificationôô in cryobiology refers to the other group of cryopreservation 

methods, where the main purpose is to ensure ice free solidification of the whole solution 

containing the sample. The process itself can be described as an extreme increase in viscosity 

of solutions as the high concentration of CPAs (approximately 7 to 8 M), are used. The glass 

state formed during vitrification has the same ionic and molecular distribution as the liquid 

phase, thus avoiding both chemical and mechanical damage to embryos (Lin et al., 2011). 

However, to achieve vitritication of solutions, a radical increase of both the cooling rates and 

the concentration of cryoprotectants is required. The higher the cooling rate, the lower the 

required cryoprotectant concentration is and vice versa (Vajta and Nagy, 2006). Warming 

rates for embryos frozen in this fashion must also be sufficiently high to avoid the melting of 

glass and formation of crystals as embryos are thawed (Woods et al., 2004). 

In rabbits, vitrification might be the freezing procedure of choice, as the noncellular 

investments are frequently damaged during conventional freezing and thawing (Kasai et 
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al.,1992). It is well known that the zona pellucida and mucin coat are essential in the rabbit 

embryo development and implantation (Kasai et al., 1993; Joung et al., 2004). Various 

vitrification protocols have been reportedly applied to rabbit embryos at late preimplantation 

stages, i.e. morula or blastocyst, and resulted better invitro and in vivo development than in 

the programmed freezing procedures (Lopez-Bejar and Lopez-Gaitus, 2002; Silvestre et al., 

2003; Naik et al., 2005). 

 

Differences in cryoresistance among species and embryonic stages 

The extend of injuries incurred in cells largely depends on the cells quality, the size and 

shape of the cell, and the permeability of their membranes to specific CPAs. However, these 

factors vary among species and different stages of mammalian embryo (oocyte, zygote, 

various cleavage stages). Ideally, vitrification protocols should be optimized for embryos at 

various developmental stages as the S/V (surface area/volume)  ratio changes during embryo 

development. This ratio has a direct influence on transporting water and CPAs through the 

membranes (Lin et al., 2011). The higher the S/V ratio is, the more rapidly does a cell 

dehydrate when exposed to hypertonic solutions, as occurs during cryopreservation (Leibo 

and Songasen, 2002). 

 Lin et al. (2011) tested the same vitrification protocol in various stages of rabbit 

embryos. Those at or beyond the 8-cell stage increasingly acquired cryotolerance. The authors 

suggest, cryotolerance of embryos after the 8-cell stage may be also associated with 

embryonic genome activation (EGA), which in the rabbit occurs around the 8- to 16-cell 

stages (Leandri et al., 2009) and might cause intrinsic changes of the membrane properties of 

embryos as the genes associated with membrane structures might have turned on.  

In particular, rabbit embryos at the morula stage (Silvestre et al., 2003; Naik et al., 2005; 

Papis et al., 2005; Vicente et al., 2013; Marco-Jimen®z et al., 2013; Lavara et al., 2014), 

blastocysts (Lopez-Bejar and Lopez-Gatius, 2002) and zona-free expanded or hatching 

blastocysts (Popelkov§ et al., 2008) were vitrified. There were also attempts to cryopreserve 

rabbit pronuclear stage embryos (PN stage), however only Hochi et al. (2001; 2004) 

succeeded.  

Both cell size and lipid content of zygotes are factors thought to influence their sensitivity 

to CPAs and to cryopreservation (Pollard and Leibo, 1994; Nagashima et al., 1995). The 

content of cytoplasmic lipid droplets in rabbit zygotes may be similar to those in mouse and 

rat zygotes, on the other hand, the diameter of rabbit zygotes (130Ñ150 mm) is much larger 

than those of the rodents (70Ñ90 mm), and is close to those of large domestic species such as 

cattle, pig, and sheep (Hochi et al., 2001). These authors suggest that sensitivity of rabbit 

zygotes to cryopreservation is similar to that of bovine zygotes regardless of the large 

difference in the volumes of cytoplasmic lipid droplets.  

Vitrification of PN stages has its importance as it contributes to systematic production of 

transgenic rabbits by DNA microinjection. However, the developmental potential of DNA-

injected rabbit zygotes has been reported to be considerably reduced (Chrenek et al., 1998). 

Combination of microinjection and vitrification significantly decreases developmental rate 

and increases proportion of apoptotic cells in rabbit embryos indicating a synergestic 

deleterious effect of both techniques (Hochi et al., 2001; Chrenek et al., 2011). 

 

Devices for vitrification 

Because of the toxicity of high concentrated CPAs during vitrification, there were 

attempts to increase the cooling and warming rates. This was only possible with the smallest 

volume of vitrification medium surrounding the embryo and with open carrier system 

ensuring a direct contact between the solution and liquid nitrogen.  
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Early vitrification experiments have been performed in 0.25 mL plastic insemination 

straws or cryovials. These tools were not designed for the special purpose, had a thick wall 

and required a relatively large amount of solution for safe loading (Vajta and Nagy, 2006). 

 
Tab. 1 Summary of some protocols used in rabbit embryo cryopreservation 

Authors DS Device Equilibration with CPAs  
development 

in vitro  

development 

in vivo 

Kasai et 

al., 1992 
morula 

0.25 mL 

straws 

1 step; EG +Sucrose + 

Ficoll 
87 % eBl 60 % BR 

L·pez-

Bej§r et 

Lopez-

Gatius, 

2002 

Bl mOPS 

3 step; EG+Glycerol 87,8 % eBl 51,7% BR 

1 step; EG +Sucrose 78,3 % eBl 43% BR 

Silvestre 

et al., 

2003 

morula 
0.25 mL 

straws 

2 step;EG+DMSO  32% Bl   

2 step; 

EG+DMSO+Sucrose 
50% Bl   

 1 step; 

EG+DMSO+Sucrose 
36% Bl   

Hochi et 

al., 2004 
PN 

Gl-Tip 

2 step; 

EG+DMSO+Sucrose 

2% Cl ;0% 

Bl 
  

Cryoloop 
5% Cl ;0% 

Bl 
  

Cryotop 
58% Cl ;24% 

Bl 
36% BR 

Cai et al., 

2005 
oocyte 

 

cryoloop 

2 step; 

EG+Ficoll+Trehalose 
0% FR   

2 step; EG+DMSO 

+Ficoll+Trehalose 
46,6% FR   

Naik et 

al., 2005 

morula 

55 hpc 
mOPS 

2 step; 

EG+DMSO+Sucrose 

17% Bl   

morula 

72 hpc 
48% Bl   

Viudes 

DeCastro 

et al., 

2010 

morula 
0.25 

straws 

EG +DMSO 50.9% Bl   

2 step; 

EG+DMSO+Dextran+PVA 
76.9% Bl   

Marco-

Jim®nez 

et al., 

2013 

morula 

0.25 

straws 
2 step; EG+DMSO 

  25% BR 

Cryotop   33% BR 

DS ï developmental stage; Bl ï blastocyst; eBl expanded blastocyst; PN ï pronuclear stage; FR ï fertilization 

rate; BR ï birth rate;  

 

First attempts to increase the cooling rates came with the development of Open-Pulled-

Straw (OPS) system (Vajta et al., 1998),  the open system with diameter  and the wall 

thickness of approximately half of the original straw. Authors also demonstrated that the use 

of OPS decrease the zona pellucida and embryo fractures when compared to standard straws 
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in rapid cooling and warming procedures. Moreover, the method is  safe and easy as it takes 

advantage of capillary effect to load the sample.  

Nowadays, a series of carriers for the sample ensuring ultra rapid cryopreservation have 

been reported: glass capillary (Kong et al., 2000) and GL-tip (Tominaga and Hamada, 2001), 

copper electron microscopic grids (Martino et al., 1996), Cryoloop (Lane et al., 1999) and 

Cryotop (Kuwayama and Kato, 2000) (Fig. 1). Devices used in the rabbit oocyte and embryo 

vitrification are in the Table 1. The most promising carrier system for the rabbit zygotes 

vitrification seems to be the cryotop (Hochi et al., 2004), a thin plastic film strip attached to 

a plastic holder equipped with a protective plastic tube (Vajta and Nagy, 2006) allowing 

greater cooling and warming rates (Marco-Jim®nez, et al., 2013). 

 

 
Fig. 1 Cryodevices for ultra-rapid cooling of embryos (A) GL-tip; (B) Cryoloop; (C) Cryotop (Hochi 

et al., 2004). 

 

Cryoinjurie s 

Although huge efforts have been made to improve freezing methods, oocytes and 

embryos suffer considerable morphological and functional damage during cryopreservation. 

Devolopment of a live induvidual is negativelly affected at multiple levels. Osmotic and cold 

influence may cause cracking of the zonapellucida, disintegration of blastomeres, a collapse 

of the blastocoele cavity, cell swelling, massive increase in the amount of vesicles and 

vacuoles, actin cytoskeleton disruption and cell death (Pivko et al., 2003; Fabian et al., 2005; 

Makarevich et al., 2008). In rabbits, cracked zona pellucida or mucin coat is enough to reduce 

drastically in vivo development of cryopreserved embryos (Kasai et al., 1992) as they are 

essential for  development and implantation (Kasai et al., 1993; Joung et al., 2004). Therefore, 

the cryopreservation media and procedures must avoid damages on rabbit embryo noncellular 

coats (Viudes De Castro et al., 2010).   

Although only morphologicaly normal embryos are selected for embryotransfer to 

recipient does, detrimental effects of vitrification on rabbit embryos are reflected also in the 

later development in vivo. Two major peak periods of losses were reported: one before 

implantation (at day 6) when a preliminary selection of embryos might take place in the 

maternal tract. The other in the second part of gestation (after day 14), when the problems in 

formation of the placenta and a higher foetal mortality rate in vitrified embryos were detected 

(Moce et al., 2010; Marco-Jim®nez et al., 2013;Vicente et al., 2013). Also, Saenz-de-Juano et 

al. (2012) observed that slow freezing process influenced gene expression of pre-implantatory 

6 day old rabbit embryos and caused lethal failures between 6th and 14th days of gestation. 

Similar changes in the abundance of mRNA transcripts of  some candidate genes in rabbit 

embryos cryopreserved by vitrification were reported by Vicente et al. (2013). Beyond the 

short-term effects, Lavara et al. (2014) determined long-term effects in rabbit adult female 

reproduction. They concluded that females derived from cryopreserved and transferred 

embryos (F1 females) have evidence of increased reproductive traits and also shown that 

vitrification influence the future litter size of female F1 offspring (F2 females). 
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CONCLUSION 

Vitrification of embryos migh influence the specimen at the level of genetic information 

expression, early embryogenesis, late development in vivo and might lead to long-term 

generation effects. There are many chemicals used in a different number of steps and 

equilibration times as well as volumes, rates and carriers varying in efforts to ensure the 

highest possible protection to the embryo during the whole process of vitrification or slow and 

rapid freezing. In attempts to cryopreserve embryos from various animal species, the research 

contributed significantly to the understanding of their development into an adult speciman. 
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Abstract 
In vitro production of porcine embryos by means of parthenogenetic activation (PA) is limited by great 

inefficiency. The present study investigated chromatin and nucleolar dynamics in porcine embryos 

developed in vivo (IV) and compared this physiological standard to embryos produced by PA. In vivo 

produced porcine embryos and zygotes show a well-synchronized model of chromatin dynamics 

compatible with genome activation and regular nucleolar formation at the four-cell stage. The spatial and 

temporal dynamics of chromatin in PA embryos were altered in contrast to IV embryos. At the two-cell stage, PA 

nuclei presented more heterochromatin (HC) dispersed in the nucleoplasm, but without attachment to the 

nuclear envelope. In the four-cell PA embryos, nuclei resembled the IV two-cell nuclei. Nuclear morphology in 

eight-cell/morula PA embryos was similar to that of IV nuclei in the same stage. All PA blastocysts had well 

developed trophectoderm but the inner cell mass was very poor defined. The HC halo around the nucleolar 

precursors was lacking or inconsistent in PA embryos within embryogenesis. The aberrations and alterations in 

chromatin remodeling, nucleoli development and first lineage segregation may impair developmental capacity 

and affect the PA- production of porcine embryos. 
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INTRODUCTION  

During the past decade, production of porcine embryos in vitro has become a routine 

research tool in many laboratories, and it is now being implemented in applied breeding 

programs in several countries. The rapid expansion of these biotechnologies has not been 

without problems, leading to an increased focus on embryo quality and viability. 

The initial development of mammalian preimplantation embryos is governed by gene 

transcripts and polypeptides produced by, and stored in, the oocyte during its development 

(Schultz, 1993). However, following one to three cleavage divisions, control of development 

is taken over by the expression of portions of the embryonic genome as the maternally derived 

transcripts and proteins are gradually degraded (Sousa et al., 1998; Watson et al., 1999). This 

transition from maternal to embryonic control of development is linked with changes in 

chromatin structure (Ahmed et al., 2010; Pichugin al., 2010). 

Functional reprogramming is tightly linked to morphological chromatin remodeling and 

vice versa; changes in chromatin organization affect the expression proýle of speciýc genes 

(Orkin and Hochedlinger, 2011; Pichugin et al., 2010; Thomas et al., 2011). At the species-

speciýc time point, the major portions of the newly formed genome becomes transcriptionally 

active indicating initiation of the embryonic developmental program (major embryonic 

genome activation) (Tomanek et al., 1989). Concomitantly, the heterochromatin decondenses 

and disperses throughout the nucleoplasm in mouse and cattle embryos, while a small fraction 

of condensed chromatin remains visible (Ahmed et al., 2010; Svarcova et al., 2007). 
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The major transcriptional activation of the embryonic genome includes the formation of a 

ýbrillogranular nucleolus signaling the activation of the ribosomal RNA (rRNA) genes 

Tomanek et al., 1989; King et al., 1988; Fl®chon et al., 1989). The rRNA genes are located at 

the nucleolus organizer regions (NORs) of the chromosomes, and the transcription of these 

genes is associated with the formation of the nucleolus, which is the most prominent nuclear 

organelle and the site of formation of the ribosomal subunits. In the functionally active 

nucleolus three main ultrastructural components can be identiýed: The ýbrillar components 

consisting of the ýbrillar centers (FCs) and the dense ýbrillar component (DFC), and the 

granular component (GC) (Wachtler and Stahl, 1993). These components of the so-called 

ýbrillogranular nucleolus reþect the steps in the biosynthesis of ribosomes according to the 

following: The FCs house the enzymatic apparatus for the transcriptional process, the DFC 

carries the primary nascent transcripts, while the GC represents processed transcripts 

associated with proteins in the form of preribosomal particles. 

The goal of the present study was designed to provide a detailed morphological 

description of chromatin dynamics in in vivo developed porcine embryos and compare this 

óóphysiological standardôô with that observed in embryos produced under in vitro conditions - 

parthenogenetic activation. 

METHODS 

Production of embryos 

In vivo embryo collection (IV) . 

After insemination the sows were slaughtered at deýned time points in a local 

slaughterhouse and uteri were transported to the laboratory at 37ÁC within 1 h. Uterine horns 

were þushed with prewarmed phosphatebuffered saline (PBS) enriched with 1% fetal bovine 

serum (FBS) to collect the embryos. The embryos were recovered from the þushed PBS at 

different time points: days 1ï2 (zygotes), days 2ï3 (two- and four-cell stages), days 3ï4 (four 

and eight-cell/morulae), days 5ï6 (early blastocysts), and days 6ï7 (late blastocysts). 

Parthenogenetic activation (PA). 

Slaughterhouse derived (25ï35ÁC) ovarian follicles (3ï8 mm) were used for cumulus-

oocyte complexes (COCs) aspiration and, selected COCs were cultured in 400 ÕL 

bicarbonate-buffered TCM-199 supplemented with 10% (v/v) cattle serum, 10% (v/v) pig 

follicular þuid, 15 IU/mL Suigonan, 0.8 mM glutamine and 0.05 mg/mL gentamicin, at 

38.5ÁC in four-well plates with 5% CO2 and 100% humidity air using Submarine Incubation 

System (SIS) (Vajta et al., 2004). The oocytes were equilibrated in the activation medium 

after removal of the excess cumulus cells from the COCs. The equilibrated oocytes were 

aligned on the wire of the fusion chamber using the same alternating current pulse (0.006 

kV/cm and 700 kHz) and a single direct current pulse (0.126 kV/ cm for 80 Õs) was used for 

the activation. The pairs were carefully transferred and activated in the NUNC four-well 

plates containing PZM3 medium (Yoshioka et al., 2002) supplemented with 2.5 Õg/mL 

cytochalasin B and 10 Õg/mL cycloheximide at 38.5ÁC in5%CO2,5%O2 and 90% N2 with 

maximum humidity for 4 h. Activated zona intact embryos were cultured in the four-well 

plate, with 400 ÕL PZM-3 medium at 38.5 ÁC in5%CO2,5%O2, and 90%N2 with maximum 

humidity. Embryos were collected at different time points after activation: 4ï6 h (early one-

cell stages), 16ï20 h (late one-cell stages), day 2 (two-cell stages), day 3 (four-cell stages), 

day 4 (eight-cell/morulae), day 5 (early blastocysts), and day 6 (late blastocysts). The 

blastocyst rate in the system varied between 50 and 60%. 
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Processing for light and transmission electron microscopy 

The collected embryos of all types were ýxed in 3% glutaraldehyde in 0.1 M Na-

phosphate buffer (pH 7.2) at 4ÁC for 1 h. Subsequently, the embryos were washed in buffer, 

postýxed in 1% OsO4 in 0.1 M Na-phosphate buffer, embedded in Epon, and serially 

sectioned into semithin sections (2 Õm). The sections were stained with basic toluidine blue 

and evaluated by bright-ýeld light microscopy. All embryos were serially sectioned into 

semithin sections that were carefully examined in order to assure the desired stages of 

embryonic development. Selected semithin sections were reembedded as described earlier 

(Hyttel and Madsen, 1987) and processed for ultrathin sectioning (70 nm). The ultrathin 

sections were contrasted with uranyl acetate and lead citrate and examined on a Philips 

CM100 transmission electron microscope (Darmstadt, The Netherlands). 

RESULTS 

ThenumbersofIV andPA zygotes and embryos analyzedby transmission electron 

microscopyarepresentedin table Tab.  1 . 

 
Tab.1The Numbers of zygotes and embryos analyzed at different developmental stages 

Stage/type Zygote/one-cell Two-cell Four-cell Eight-cell/morula Earlyblastocyst Lateblastocyst 

IV 9 5 5 2 3 3 

PA 9 5 7 3 5 5 

One-cell stage/zygote 

The nine evaluated IV zygotes had either two individual peripheral pronuclei (1/9), 

two centrally apposed pronuclei (4/9) (Fig. 1; A1, arrowhead), or chromosomes at 

different phases of mitosis (2/9). The two remaining zygotes presented metaphase plate 

and condensed sperm. One-cell PA embryos had either one (2/9) or two (2/9) pronuclei 

( Fig. 2A) or had progressed into mitosis (5/9).  

In the IV zygotes, both, the peripheral and the apposed pronuclei contained 

abundant euchromatin and sparse heterochromatin, located either as aggregates in the 

nucleoplasm and/or attached to the nuclear envelope (Fig. 1; A2, arrow). 

Heterochromatin density was highest at the sites of pronuclear apposition. The nuclei in 

PA embryos possessed varying amounts of heterochromatin, which was distributed in 

the nucleoplasm. 

On average, each IV zygote possessed two to five intact nucleolar precursor bodies 

(NPBs), equally distributed between the two pronuclei in IV zygotes. The NPBs were 

surrounded by a halo of heterochromatin (Fig. 1; A2, arrowhead, detail in A3).  

In like manner, each P A  embryo presented on average two to four NPBs, which by 

contrast lacked the halo of heterochromatin (Fig. 3; A3). 

Two-tofour-cellstage/embryonic genomeactivation period 

In all IV embryos, each cell displayed a single nucleus (Fig. 1; B1, arrowhead). Half 

of the PA embryos at the two-cell and one-third at the four-cell stage possessed bi- or 

polynucleated cells (Fig. 2B).  

The two-cell stage I V  nuclei displayed higher amounts of heterochromatin firmly 

attached to the nuclear envelope compared to the zygotes (Fig. 1; B2, arrow). Each 

nucleus had two to five NPBs with a halo of heterochromatin (Fig. 1; B3, arrowhead). 
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Zygote   2-cell  4-cell   8-cell/Ml 

Fig. 1 Representative light micrographic overviews of porcine IV zygote (A1), two-cell 

embryo (B1), four-cell embryo (C1), and eight-cell/morula stage (D1). Arrowheads 
indicate pronuclei and nuclei. (A2ïD2) Transmission electron micrographs of pronuclei 

(zygote) and nuclei (embryos). Arrows indicate heterochromatin loose in the nucleoplasm or 

attached to the nuclear envelope. Arrowheads indicate heterochromatin clusters attached to 
the nucleolus precursor bodies (NPBs). dN, developing nucleolus; FGN, fibrillogranular 

nucleolus. (A3ïD3) Transmission electron micrographs of NPBs/nucleoli in zygote (A3) and 

embryos (B3ïD3). Arrowheads indicate heterochromatin clusters attached to the NPBs. 

Note the formation of fibrillar  centers (FC), dense fibrillar component (DFC), and granular 
component (GC) around the NPB in the four-cell embryo (C3) and the presence of  

a fibrillogranular nucleolus with the same components in the eight-cell/Ml stage (D3). 

  

I n two-cell PA embryos, the nuclei presented even more heterochromatin dispersed 

in the nucleoplasm than the IV two-cell nuclei, but heterochromatin was not attached to 

the nuclear envelope. Moreover, the heterochromatin halo around the NPBs was lacking. 

The nuclei of the four-cell embryos displayed the least amount of heterochromatin 

of all stages (Fig. 1; C1, arrow- head). The rare heterochromatin clusters were attached 

to the nuclear envelope and/or to NPBs as a halo (Fig. 1; C2, arrow and arrowhead). All 

five evaluated four-cell embryos presented transformation of NPBs into fibril logranular 

nucleoli: FCs surrounded by DFC and GC coated the NPBs (Fig. 1; C3). Developing 

fi bril logranular nucleoli were found together with intact nontransformed NPBs in the 

same nucleus. 

In the four-cell PA embryos, the nuclei resembled the IV two-cell nuclei. Each cell 

presented two to four NPBs in general. The heterochromatin halo around the NPBs was 

inconsistent and development of fibrillogranular nucleoli was not observed (Fig. 3; B3, 

arrowhead). 
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A            B 

Fig. 2 Electron micrographs of polynucleated blastomeres found at the one-cell stage (A)  

and two-cell stage (B) in parthenogenetically activated embryos. Arrows indicate the nuclei. 

  1-cell                 2-cell 

 

Eight-cellstagetomorulae 

The nuclei of IV embryos at the eight-cell/morula stage presented increased 

amounts of heterochromatin that was homogenously distributed throughout the 

nucleoplasm (Fig. 1; D2, arrow), and the fibrillogranular nucleoli (Fig. 1; D3). 

Occasionally, developing nucleoli and NPBs were observed together with 

fibrillogranular nucleoli.  

All  PA embryos at the eight-cell/morula stage presented a single nucleus in all 

cells. Nuclear morphology was similar to the IV eight-cell/morula nuclei. 

Fibrillogranular nucleoli were observed in all blastomeres (Fig. 3; C3). 

Blastocyststage 

Early IV blastocysts presented segregation of the inner cell mass ( ICM) and 

trophectoderm (TE) resulting in a well-defined ICM at the late blastocyst stage (Fig. 4, 

upper overview). In early blastocysts, both ICM and TE nuclei displayed the same 

chromatin distribution as at the eight-cell/morula stage only with a slightly higher 

abundance of heterochromatin (Fig. 4A and B, arrows).  

In late blastocysts, the ICM nuclei were larger and round, but showed the same 

chromatin pattern as in early blastocysts (Fig. 4C, arrow). On the contrary, the TE 

nuclei were smaller and elongated and displayed higher amounts of heterochromatin, 

mainly attached to the nuclear envelope (Fig. 4D, arrow). Both cell types presented 

fibrillogranular nucleoli, which typically were larger in the ICM cells (Fig. 4aïd). 

All  early and late PA blastocysts had only very few presumptive ICM cells, whereas 

the TE was morphologically well-defined and developed. Both ICM and TE cells were 

large and in three out of five blastocysts, binucleated cells were observed.  

In both early and late blastocysts, the nuclei resembled those of early IV blastocysts, 

that is, with sparse heterochromatin. However, both NPBs and developing 

fibrillogranular nucleoli were observed (Fig. 3; D3). 
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 Zygote/1-cell                        4-cell                 8-cell/Ml                 lBl-TE 

Fig. 3 Electron micrographs of the nucleolar ultrastructure in in vivo developed  

(IV;  A1ïD1) and parthenogenetically activated (PA; A3ïD3). Porcine embryos at the zygote/one-cell 

(A), four-cell (B), and eight-cell/morula (eight-cell/Ml; C) and TE of late blastocyst (lBl -TE; D) 

stages. Arrowheads indicate heterochromatin clusters attached to the nucleolous precursor body 

(NPB). Open arrowheads indicate heterochromatin halo around the NPB (A1). FC, fibrillar center; 

DFC, dense fibrillar component; GC, granular component; dN, developing nucleus 

 

P
A 

 
IV

 

DISCUSSION  

Proper chromatin dynamics is essential for reprogramming of the parental genomes 

at the onset mammalian development. Chromatin distribution in differentiated cells 

follows a strict pattern, placing transcriptionally silenced heterochromatin at the nuclear 

periphery in close contact with the nuclear envelope (Izumi et al., 2000; Spann et al., 

1997). Notably, our study revealed strong attachment of heterochromatin domains to 

the nuclear envelope (NE) in IV two-cell stages. This conformation was dramatically 

reorganized and replaced by fully decondensed chromatin at the four-cell stage, when 

the embryonic genome is activated and evidenced by the establishment of functional 

nucleoli (Hyttel et al., 2000; Svarcova et al., 2009; Tomanek et al., 1989). Chromatin 

attachment to the nuclear envelope was first reestablished in the TE cells in the late 

blastocysts, coinciding with the first lineage formation and restriction of developmental 

potency of TE cells. In the blastomeres after the embryonic genome activation  (EGA) 

and in the ICM cells, heterochromatin was more or less randomly distributed 

throughout the nucleoplasm similar to other pluripotent cell populations (Ahmed et al., 

2010; Martin et al., 2006b).  

The transient establishment of heterochromatin domains at the two-cell stage was not 

observed in PA embryos. Furthermore, the subsequent extensive chromatin 

decondensation at the four-cell stage, synchronized with the EGA, was absent in the PA 

embryos.  

Nuclear envelope proteins form tight complexes with heterochromatin components, 

for example, HP1 and cores of H3 and H4 (Guarda et al., 2009; Holmer and Worman 

2001; Polioudaki et al., 2001). Interestingly, the envelope represents not only passive 

anchoring sites for condensed chromatin, but it also recruits chromatin actively by 

triggering gene silencing (Gruenbaum et al., 2005; Guarda et al., 2009; Sui and Yang 

2011; Wang et al., 2002). Thus, the abilit y of the nuclear envelope to mediate 

interactions between chromatin remodeling proteins and the DNA may be critical for 

functional changes in activity and spatial remodeling of chromatin in early embryos.  

The embryos produced by PA have decreased developmental potentials. 
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      eBl                          lBl 
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Fig. 4 Light micrographic overviews of porcine IV early (eBl) and late blastocysts (lBl). Note 

the inner cell mass (ICM) and trophectoderm (TE). Arrowheads indicate nuclei.  

(AïD) Transmission electron micrographs of nuclei. Arrows indicate heterochromatin loose 
in the nucleoplasm or attached to the nuclear envelope.  

(aïd) Transmission electron micrographs of NPBs/ nucleoli. FC, fibrillar  center; DFC, dense 

fibrillar  component (DFC); GC, granular component. 

 
 
 

 

The localization of heterochromatin to the nuclear envelope preceding the EGA  

and subsequent global chromatin decondensation are essential mechanisms for 

proper embryonic development. Moreover, the early deviations in chromatin 

dynamics suggest aberrations occurring already during in vitro oocyte maturation 

and/or initial embryonic cleavage. 

NPBs also contribute to the regulation of chromatin remodeling in early embryos. 

The perinucleolar chromatin contains centromeric and pericentric silent 

heterochromatin (Fulka and Fulka, 2010; Gavrilova et al., 2009; Ogushi et al., 2008) and 

a satellite DNA repeats contributing to the formation of chromocentres (Ahmed et al., 

2010; Gavrilova et al., 2009; Martin et al., 2006a, 2006b; Pichugin et al., 2010). Hence, in 

mammalian embryos, the NPBs are likely to serve as anchors of specific chromatin 

domains as well as anlagen for nucleolar formation. The lack of a halo of 

heterochromatin around the NPBs in PA embryos signals to some extend aberrations in 

the remodeling processes. Moreover, the occurrence of cytoplasmic NPB-like material 

further supports our observations on detrimental effect of culture condition on early 

porcine embryos (Hyttel and Niemann, 1990) and further substantiates our present 

observations of aberrant nucleolar functions under in vitro conditions. 

The retained immaturity in nucleolar morphology, visible in PA embryos from the 

four-cell stage by delayed nucleolar formation, and continuing toward the blastocyst 

stage with presence of extranuclear nucleolar-like material, may also indicate aberrant 

regulation of pluripotency. Nucleoli host proteins critical for establishment of 

pluripotency, for example, NUCLEOSTEMIN (Beekman et al., 2006), NANOG (He et al., 

2006), and MLL2 (Andreu-Vieyra et al., 2010). Regular nucleolar function may therefore 






















































































































































































































































































































































































































































































































































































































































































































































































































































