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 INTRODUCTION 

1 Introduction 

 
Reproductive efficiency of dairy cattle has been declining over the past 40 years 

(LUCY 2001). Embryonic mortality is recognized to have a critical role in this process 

(DISKIN and MORRIS 2008; SILKE et al. 2002; ZAVY 1994).  

 

Embryonic mortality is usually classified into two categories, based on when the cow 

returns to estrus. In case of early embryonic loss, the cow returns to estrus within 24 

days after artificial insemination (AI), meaning that embryonic death happened before 

day 16. This situation, which occurs in approximately 30% of all inseminated cattle, 

has proportionately the biggest impact on fertility (DISKIN and MORRIS 2008; SILKE 

et al. 2002; HUMBLOT 2001). In late embryonic loss, however, the embryo is 

believed to die between days 16 and 42 after AI. Although less frequent 

(approximately 10% of breedings), it has the most severe economic consequences 

per affected animal, due to a substantial increase in the calving to conception interval 

(DISKIN and MORRIS 2008; SANTOS et al. 2004; SILKE et al. 2002).  

One of the theorized reasons for embryonic loss is inflammation. In that regard, 

bacterial infections of various origins are thought to adversely affect fertility. In 

experimental challenges, bacterial endotoxins such as lipopolysaccharides (LPS) 

from Gram-negative bacteria have been associated with abortion (FOLEY et al. 

1993; GIRI et al. 1990; HALL 1973). The most appealing hypothesis to explain this 

phenomenon is that the inflammatory response to bacteria, involving increased 

production of prostaglandin F2alpha (PGF2α), triggers the luteolytic reaction 

(SHELDON et al. 2009; HOCKETT et al. 2000; BARKER et al. 1998). Evidence 

supporting this theory comes from a recent experiment, wherein a single infusion of 

E.coli LPS was given to cows in diestrus (HERZOG et al. 2012). In addition to the 

expected toxaemia-related symptoms, this infusion provoked a temporary depression 

of luteal function, manifested as decreases in luteal size, luteal blood flow and serum 

progesterone concentration. However, there is a paucity of information regarding 

direct consequences of endotoxin on luteal function in early pregnancy.  
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Thus, the purpose of the present experiment was to characterize the effect of a 

single LPS intravenous administration in early pregnant cows. More specifically, the 

study aimed to determine the impacts of this infusion on luteal structure and function, 

as well as on uterine perfusion, and whether this could cause late embryonic 

mortality. 
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2 Literature  

 
2.1 Fertility decline in dairy cattle 

 
In the past 40 years, while genetic capability for milk production increased, repro-

ductive efficiency of dairy cows steadily declined (DISKIN et al. 2013; DISKIN et al. 

2006; LOPEZ-GATIUS 2003; GOFF 2002; SARTORI et al. 2002; BUTLER 1998). 

Although several causes for this phenomenon have been suggested, there is no 

definitive explanation. However, the inverse association between milk production and 

reproductive performance is likely indirect. Perhaps the main cause of the declining 

fertility in dairy cattle is a combination of various additive physiological and 

management factors, i.e. lower progesterone concentrations, inhibited ovarian 

follicular growth, larger herds, inbreeding, global warming, and increased dietary 

protein, among others (LUCY 2001).  

 

In a retrospective study, increased milk production over 10 years was accompanied 

by a greater number of inseminations per conception (LOPEZ-GATIUS 2003). 

However, those effects were much more evident during the warm season, suggesting 

decreased reproductive performance was related to stress factors rather than a direct 

association with milk yield. In addition, dramatic increases in milk production in the 

last decades have required changes in nutritional management to limit negative 

energy balance during the first 3 to 4 weeks after calving. For example, high-protein 

diets could be detrimental for fertility, since some amino acids are metabolized to 

produce energy in cows with negative energy balance. Consequently, plasma 

concentrations of urea and ammonia increase; they have negative effects on the 

delicate uterine milieu and suppress embryonic development (BUTLER 2000; 1998).  

 

Intense genetic selection for milk production has altered reproductive physiology, 

including longer intervals to first ovulation after calving and an increased prevalence 

of abnormal luteal phases and anestrus. In addition, there is a greater percentage of 

repeat breeders, i.e. cows that are inseminated multiple times without establishing 
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pregnancy (LUCY 2001). As suggested in earlier studies, regular fertilization takes 

place in repeat breeders, but the embryo subsequently dies (DISKIN and SREENAN 

1980; AYALON 1978). Hence, embryonic mortality seems to have a pivotal role in 

the general decline of reproductive performance in dairy cattle.  

 

2.2 Embryonic mortality in cattle 

 
2.2.1 Definition of embryonic mortality 

 
As established by the Committee on Bovine Reproductive Nomenclature (1972), the 

embryonic period extends from conception to the end of the differentiation stage (42 

days of pregnancy), whereas the fetal period extends from day 42 to calving. In 

several studies, the timing of embryonic death affected the length of the interestrus 

interval (KASTELIC et al. 1991; HUMBLOT and DALLA PORTA 1984; NORTHEY 

and FRENCH 1980). Luteolysis and return to estrus prior to day 24 are consistent 

with an embryo that died before day 16 of gestation. Conversely, if return to estrus is 

delayed beyond day 24, embryonic loss may have occurred from day 16 or later 

(HUMBLOT 2001). Furthermore, when luteolysis precedes embryonic death, the time 

of return to estrus is affected by the stage of ovarian follicular development (SANTOS 

et al. 2004; HUMBLOT 2001; KASTELIC and GINTHER 1989).  

 

Embryonic mortality is generally recognized as one of the most important sources of 

economic losses for livestock producers (LUCY 2001; ZAVY 1994). The extent of 

embryonic mortality can be calculated by subtracting foetal mortality rate from the 

difference between fertilisation rate and subsequent calving rate (SREENAN and 

DISKIN 1986). Fertilization can be assessed directly by collection and assessment of 

embryos and oocytes soon after breeding. Fertilization rate is measured as the 

proportion of normally cleaved oocytes or embryos, versus the total number of 

oocytes or embryos collected (SREENAN and DISKIN 1986). Fertilization rate in 

cattle after artificial insemination (AI) with semen of proven quality, and in absence of 

proven detrimental factors such as heat stress and high milk production (SARTORI et 

al. 2002), is thought to be approximately 90% (KASTELIC et al. 1991; AYALON 
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1978). Calving rate, however, only ranges between 30 and 50% (DISKIN et al. 2013; 

DOCHI et al. 2010; NORMAN et al. 2009; DILLON et al. 2006; PRYCE et al. 2004). 

Consequently, substantial pregnancy loss occurs after fertilization.  

 

2.2.2 Extent and time of embryonic loss  

 
Precise information characterizing the extent and time of embryonic loss is not 

available. Early experiments by DISKIN and SREENAN (1980) estimated an overall 

embryonic loss of 42% between days 4 and 42 in beef heifers, with the major portion 

occurring between days 8 and 16. In a subsequent paper (1986), the same authors 

described embryonic mortality in heifers and cows as a phenomenon which occurred 

gradually from fertilisation onwards, with the greatest incidence of loss between days 

15 and 18. In the following decades, however, it has become increasingly evident 

that the situation is more complex. In that regard, although fertilization rate is 

apparently similar among various categories of cattle (DISKIN et al. 2013; DISKIN et 

al. 2006), the average calving rate is higher in heifers or low-producing cows versus 

high-producing cows.  

 

Furthermore, environmental and management factors, i.e. heat stress and high milk 

production, are thought to reduce the number and quality of embryos (SARTORI et 

al. 2002; RYAN et al. 1993). Notwithstanding, since various factors (e.g. cow 

characteristics) are difficult to compare, a precise estimation of extent and time of 

embryonic mortality is elusive. Early embryonic loss is reported to affect 28 to 43% of 

all inseminated cows (DISKIN et al. 2013; DISKIN et al. 2006), whereas late em-

bryonic loss is estimated to affect 7% of inseminated cows (DISKIN and MORRIS 

2008; SILKE et al. 2002). The latter has, however, a greater economic impact per 

affected cow, because the calving to conception interval is extended for a longer 

interval (SANTOS et al. 2004). 

 

The causes of embryonic mortality have been extensively reviewed (DISKIN et al. 

2013; DISKIN and MORRIS 2008; ZAVY 1994; AYALON 1978); they are usually 

divided into categories, i.e. genetic, environmental, nutritional, infectious, etc. 



6 
 

 LITERATURE 

(DISKIN and MORRIS 2008; ZAVY 1994). In that regard, impaired corpus luteum 

(CL) function and a resulting inadequate progesterone (P4) concentration have been 

reported as a possible causes of embryonic loss (MANN 2002).  

 

2.3 Reproductive performance and bacterial infectio ns  

 
2.3.1 Influence of nonspecific bacterial infections on reproductive performance 

 
Aside from specific venereal diseases, nonspecific bacterial infections can affect 

bovine reproductive performance in many respects. This phenomenon has gradually 

become evident in the last decades, with numerous studies reported.  

 

2.3.1.1 Uterine infections 

 
Uterine infections adversely affect reproductive performance of dairy cows (GILBERT 

et al. 2005; SHELDON et al. 2000; BONNETT et al. 1993). Cows with endometritis 

are almost 1.7 more likely to be culled for fertility problems, and take 27% longer to 

become pregnant than non-affected cows (LEBLANC et al. 2002). Furthermore, cows 

with uterine disease have more days to first service and more services per preg-

nancy (GILBERT et al. 2005; BONNETT et al. 1993), more days not pregnant 

(GILBERT et al. 2005; KIM and KANG 2003), and a lower overall pregnancy rate 

(GILBERT et al. 2005).  

 

Uterine infections also negatively affect ovarian activity. Compared to healthy cows, 

the first postpartum dominant follicle is smaller and secretes less estradiol in cows 

with a severe bacterial uterine infection (WILLIAMS et al. 2007; SHELDON et al. 

2002). These cows have smaller CLs and lower plasma P4 concentrations than 

healthy cows (WILLIAMS et al. 2007). Postpartum uterine infection is also associated 

with cystic ovarian follicles (BOSU and PETER 1987).  

 

In addition, an association between delayed uterine involution and persistent CL in 

dairy cows has been described (TAYLOR et al. 2003; OPSOMER et al. 2000). A per-
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sistent CL is generally defined as a CL that maintains its function beyond the physio-

logical length of the estrous cycle. This condition is one of the most frequent 

abnormal ovarian activities in dairy cows (OPSOMER et al. 2000). Nevertheless, the 

impact of persistent CLs on bovine fertility is largely unknown. Although Taylor et al. 

(2003) reported no difference in reproductive efficiency between cows with persistent 

CL and normal cyclic cows, another study (LAMMING and DARWASH 1998) 

reported that persistent CLs was associated with higher level of late embryonic to 

early foetal mortality.  

 

2.3.1.2 Mastitis 

 
Mastitis in dairy cattle is common and usually caused by several species of bacteria 

(WATTS 1988). Mastitis occurs often without obvious clinical symptoms; however, 

these subclinical infections increase the number of leukocytes in milk and decrease 

milk production (BRADLEY 2002). Mastitis is one of the most economically important 

diseases in the dairy industry, due to reduced milk production, cost of treatments, 

milk discarded after treatment, and increased culling rate (PETROVSKI et al. 2006).  

 

Furthermore, mastitis has been implicated in reduced reproductive performance. One 

of the first studies supporting this idea was a field study that detected an association 

between clinical mastitis and altered interestrus interval, on a farm with mastitis 

predominantly caused by Gram-negative bacteria (MOORE et al. 1991). The authors 

presumed that luteolysis, induced by endotoxemia, was responsible for altering 

interestrus length. Cows with short luteal phases have in fact greater uterine luminal 

concentration of PGF2α  than cows with normal cycle length, and the quality of their 

embryos is poorer (SCHRICK et al. 1993). BARKER et al. (1998) conducted a study 

to evaluate reproductive performance of cows with clinical mastitis. Based on the 

time of occurrence of clinical disease, the mastitis group was allocated into three 

subgroups: before first AI, between first AI and confirmed pregnancy, and after 

confirmed pregnancy. Cows with clinical mastitis before first AI had an increased 

number of days to first AI when compared to healthy cows and to cows with mastitis 

occurring after first AI. Moreover, cows with clinical mastitis between first AI and 
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pregnancy had a significantly increased number of days to establishing pregnancy 

and a lengthened breeding period compared to all other groups, and required 

repeated inseminations. The authors noted that luteolysis and ensuing embryonic 

death could account for the increased number of days not pregnant.  

A further study (SCHRICK et al. 2001) compared the effects of various types of 

mastitis (subclinical, clinical, and subclinical evolving into clinical) on fertility. The 

number of services per conception increased in all affected cattle; the greatest rise 

was in cows that developed a clinical disease from a subclinical infection. The 

described effects of mastitis were similar, regardless of whether the bacteria were 

Gram-positive or negative (SCHRICK et al. 2001), in accordance with results 

reported by BARKER et al. (1998). Clinical mastitis, as well as puerperal uterine 

infections, represent risk factors for delayed ovulation and prolonged luteal phase in 

the first month after calving (OPSOMER et al. 2000).  

 

2.3.1.3 Lameness  

 
Lameness in dairy cattle is a global problem, with increasing negative consequences 

on production and animal welfare. Lameness is not a single uniform condition, but 

rather a common symptom of various diseases. Much is left to understand about 

aetiology and pathogenesis of many of those diseases, thus a single explanation is 

not available (HUXLEY 2012). Many possible causes i.e. hoof structure, 

management, nutrition, and environment factors are mentioned in the literature. The 

association between lameness and various microorganisms, including Treponema, 

Fusobacterium and Campylobacter species is, indeed, well recognized (BENNETT et 

al. 2009; CRUZ et al. 2005).  

The negative influence of lameness on reproductive performance is documented 

(HUXLEY 2013). Especially during the peri-parturient period, lameness can have a 

marked impact on subsequent fertility (WILDE 2006). GARBARINO et al (2004) 

reported a 3.5 times increased incidence of impaired ovarian activity, with P4 

concentrations constantly lower than 1 ng/mL, in lame versus healthy cows in the first 

2 months after calving. In another experiment, cows developing some kind of 

lameness during the first 30 days postpartum were 2.63 times more likely to develop 
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cystic ovarian follicles before first service than healthy cows (MELENDEZ et al. 

2003). In their epidemiological analysis, OPSOMER et al (2000) concluded that 

severe lameness was a significant risk factor for postpartum ovarian disturbances in 

high-producing dairy cows.  

 

2.3.2 Influence of bacterial endotoxins on reproductive performance 

 

2.3.2.1 Bacterial endotoxins 

 

Bacteria are surrounded by an outer membrane that promotes integrity of the cellular 

body. In Gram-negative strains, including Escherichia coli (E. coli), Salmonella and 

Klebsiella species, their outer layer is comprised predominantly of 

lipopolysaccharides (LPS), a particular type of macroamphiphile molecule. 

Lipopolysaccharides are often named endotoxins because of their early recognized 

function as potent toxic compounds. Their chemical structure consists of a lipid 

component termed lipid A, covalently bound to a hydrophilic heteropolysaccharide. 

The latter can be subdivided into two units: the O-specific chain (a polysaccharide 

imparting serospecificity for Gram-negative bacteria) and the core oligosaccharide 

(RIETSCHEL et al. 1994; LOHUIS et al. 1988; RIETSCHEL et al. 1971). Lipid A is 

responsible for the endotoxic effects of LPS.    

The biological activity of LPS does not occur by inhibiting certain cellular functions; 

rather they induce and take advantage of host cell responses. Lipid A interacts with 

various host cell types, including mononuclear cells, endothelial and smooth muscle 

cells, polymorphonuclear granulocytes and thrombocytes, activating the 

macrophages/monocytes system. Consequently, an inflammatory response is elicited 

(DOSOGNE et al. 2002). The most important mediators involved are bioactive lipids, 

reactive oxygen species, and peptides such as tumor necrosis factor alpha (TNF-α), 

and interleukin 1, 6, 8 and 10 (IL-1, IL-6, IL-8, IL-10). Those inflammation mediators 

appear to have beneficial effects if produced in limited amounts, but detrimental 

effects when they circulate in high concentrations, as in septic shock. However, low 

levels of mediators might have negative effects in a state of hyperreactivity towards 
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LPS, a situation induced, for example, by chronic infections. Gamma-interferon (IFN-

γ) seems to play a pivotal role in this process of sensitization to LPS (RIETSCHEL et 

al. 1994; MORRISON and RYAN 1987).  

The mechanism of recognition of LPS by cells of the innate immune system has been 

elucidated. Circulating LPS adheres to a specific plasmatic LPS-binding protein 

(LBP). In this form, it is recognized by the immune cell surface receptor CD14 and 

translated to a complex including the Toll-like receptor 4 (TLR-4). Toll like receptors 

(TLRs) are a family of highly conserved transmembrane signal transducing 

molecules, enrolled in the response to pathogenic challenge. Of the 10 known mam-

malian TLRs, specificity is best characterized for TLR-2 and TLR-4 (PIOLI et al. 

2004). In that regard, lipopolysaccharide and heat shock proteins activate TLR-4, 

whereas TLR-2 responds to peptidoglycan of Gram-positive bacteria and bacterial 

lipopeptides (GIOANNINI et al. 2004; PIOLI et al. 2004; HOSHINO et al. 1999).  

Activation of TLR-4 triggers an intracellular signalling cascade that ultimately leads to 

induction of several genes encoding inflammatory mediators, i.e. IL-1β and TNF-α, 

which are responsible for eliciting a systemic reaction (PIOLI et al. 2004; GUHA and 

MACKMAN 2001).  

 

2.3.2.2 Bacterial endotoxaemia in cattle 

 
In cattle, administration of endotoxins induces a vast variety of physiological and 

pathophysiological events that are well characterized (ANDERSEN 2003; GRIEL JR 

et al. 1975). Systemic signs of endotoxicosis include dramatically increased 

respiratory and pulse rates, with respiratory distress and increased salivation, 

urination and decreased reticolo-ruminal motility. Those symptoms are accompanied 

and probably caused by activation of the sympatico-adrenal response (GRIEL JR et 

al. 1975). Given the quite marked pulmonary response of cattle in comparison to 

other species, the bovine lung is arguably a target organ for endotoxins (ANDERSEN 

2003). Fever does not consistently occur in cattle; hypothermia might be present 

alone or come after fever. The most important haematological alterations in 

endotoxicosis are severe polymorphonuclear leukopenia, followed by leucocytosis 

(ANDERSEN 2003; LOHUIS et al. 1988). Metabolic disturbances, i.e. hypoglycaemia 
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subsequent to hyperglycaemia, brusque depletion of liver glycogen and alterations of 

the organic anabolic and catabolic processes also occur (LOHUIS et al. 1988).  

Endotoxaemia occurs frequently in adult cattle affected by diseases such as E. coli 

mastitis (WENZ et al. 2001) and severe puerperal uterine infections (PETER et al. 

1990a). Additionally, ruminal acidosis has been suggested as a possible causal fac-

tor for development of endotoxaemia. An unbalanced ruminal environment and im-

paired clearance capacity of the liver may lead to translocation of endotoxins from 

the gastro-intestinal contents to the systemic circulation (ANDERSEN 2003). 

Endotoxins are also involved in the pathogenesis of bovine laminitis (BOOSMAN et 

al. 1991).  

 

2.3.2.3 Endotoxaemia as a model for infection (for abortion) 

 
The abortive effects of endotoxin infusions were reported decades ago (HALL 1973; 

RIEDER and THOMAS 1960). Its underlying mechanisms have been studied exten-

sively in laboratory animals. In a mouse study, RIEDER and THOMAS (1960) 

suggested that the interruption of pregnancy following E. coli LPS infusion does not 

simply occur as a consequence of the severe shock induced by endotoxins, but is the 

result of a series of characteristic endotoxin-induced placental lesions. HALL (1973) 

induced a similar response in rats by intraperitoneal inoculation of a Salmonella 

dublin suspension.  

To mimic natural infections by endotoxin-producing bacteria and elucidate their me-

chanisms, infusions of lipopolysaccharides have been done, including in cattle. In 

one study, cows at various stages of pregnancy were given 1.0 or 2.5 µg/kg body 

weight of an E. coli endotoxin suspension to cows (GIRI et al. 1990). Following 

treatment, there was a rapid increase in plasma concentrations of PGF2α and its 

metabolites (PGFM), followed by a dramatic decrease in blood P4 concentrations. 

Furthermore, endotoxins provoked a rise in plasma cortisol concentrations, initial 

hyperglycemia followed by lactic acidemia, and lipid mobilization. Seven of ten cows 

aborted. The authors inferred that luteolysis, decreased P4, and eventually abortion 

were caused by the release of PGF2α secondary to the immune-mediated systemic 

inflammatory reaction (GIRI et al. 1990). Furthermore, despite the limited number of 
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cows used, it seemed that LPS-induced abortion was more likely during the first 

trimester of pregnancy. In that regard, P4 of extraluteal (i.e. placental) origin is not 

produced during the first trimester, suggesting a central role of the CL in the process 

(CULLOR 1990). In another study, 0.5 µg/kg of Salmonella typhimurium was given to 

cows (with catheterized fetuses) during the third trimester of pregnancy. All three 

cows aborted within 10 days after treatment. Maternal PGFM peaked in the first hour 

after application, whereas P4 had a transient increase and then rapidly decreased. In 

addition, there were increases in maternal and fetal plasma concentrations of ACTH, 

cortisol, and maternal tumor necrosis factor (TNF). Based on fetal motion and fetal 

blood gas values, all fetuses were alive on the day of abortion, confirming the 

hypothesis that endotoxin-induced abortion is primarily a maternally mediated event 

where PGF2α, and thus luteolysis, might play a central role (FOLEY et al. 1993).  

Intravenous infusion of 5 µg/kg E. coli LPS in diestrous heifers did not shorten the 

estrus cycle, but produced a marked synchronous increase in both P4 and PGFM 

concentrations. The peak of P4 was followed by its transient decrease, up to 28 

hours (h) after injection (GILBERT et al. 1990). If the infusion was done during 

proestrous heifers, preovulatory estradiol rise and LH surge were disrupted and 

ovulation was delayed compared to control heifers. Similarly, CL formation and 

increases in plasma P4 concentrations were delayed in LPS-treated heifers (SUZUKI 

et al. 2001).  

In a recent experiment, LPS was given intravenously to cows 10 days after ovulation, 

with a focus on determining effects of CL function. Luteal size decreased in the first 

24 h after infusion and remained low until the end of diestrus and consequent onset 

of natural luteolysis, 9 days after infusion. Luteal blood flow declined abruptly within 

the first 3 h and decreased until 12 h, but increased again between 24 and 72 h after 

infusion, regaining pre-treatment values. The P4 concentration peaked within the first 

0.5 h and then subsequent declined to a nadir 9-24 h after infusion. Similar to luteal 

blood flow P4 also rebounded, and reached pre-treatment levels 5 days after 

infusion. Plasma PGFM concentrations increased dramatically (almost 10-fold) in the 

first 0.5 h after infusion, then declined rapidly and returned to basal levels 6 h later. 

This study clearly demonstrated the suppressive effects of endotoxins on luteal 
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function in diestrous cows. However, it was noteworthy that these effects were only 

temporary. Furthermore, the time of luteal regression in the current and next cycle 

were not affected (HERZOG et al. 2012).  

 

2.3.2.4 Possible mechanisms by which endotoxins impair fertility 

 
Negative influences of endotoxins on fertility occur at several levels. One hypothetical 

mechanism involves production of PGF2α. For example, if clinical mastitis is induced 

in cows by intramammary infusion of Klebsiella pneumoniae, both milk and plasma 

concentrations of PGF2α increase (CULLOR 1990). Furthermore, if endotoxins are 

given intravenously, PGF2α is released as a consequence (PETER and BOSU 1987). 

In addition, intrauterine infusion of LPS in early postpartum cows (PETER et al. 

1990a) has similar effects. Prostaglandin F2α is universally recognized as the most 

important luteolysin in ruminants (SHIRASUNA et al. 2008; GINTHER et al. 2007; 

AROSH et al. 2004; LIGHT et al. 1994). Hence, the fundamental cause of abortion 

following endotoxin challenge might be PGF2α-induced luteolysis. It is noteworthy that 

this hypothesis was formulated about two decades ago (MOORE and O'CONNOR 

1993; CULLOR 1990), and implies a central role of the CL in this process.  

Recent studies aimed to prove this point by administering non-steroidal anti-

inflammatory drugs (NSAID) to early pregnant animals. These substances elicit their 

anti-inflammatory effects via inhibition of the enzyme cyclooxygenase-2, which has 

an important role in prostaglandin synthesis (BRIDEAU et al. 2001). In some studies, 

there seemed to be a protective effect of NSAID against embryonic mortality 

(GUZELOGLU et al. 2007; PURCELL et al. 2005). This was attributed by the authors 

to impaired PGF2α-synthesis and consequent inhibition of luteolysis. Thus, the 

hypothesis that PGF2α is responsible for the deficient reproductive performance 

associated with bacterial infections could explain this phenomenon (SHELDON et al. 

2009). However, other similar investigations did not demonstrate this effect (GEARY 

et al. 2010; VON KRUEGER and HEUWIESER 2010).  

Endotoxins also impair the reproductive endocrine axis by elevating cortisol 

concentrations (HOCKETT et al. 2000; BATTAGLIA et al. 1997). A rise in cortisol 

might block estradiol synthesis at the ovarian level, suppressing the preovulatory 
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surge in luteinizing hormone (LH) and, thus, ovulation (PETER et al. 1990b). Indeed, 

a lowered or absent LH peak delayed or prevented ovulation in cows exposed to 

endotoxins (LAVON et al. 2008).  

 

2.4 Assessment of luteal function 

 
2.4.1 Progesterone  

 
Since the main function of CL is P4 production, peripheral P4 concentration is 

commonly considered a valid parameter for quantification of luteal function in the cow 

(LUTTGENAU et al. 2011; SARTORI et al. 2004). There are associations between 

P4 concentration during early pregnancy and subsequent insemination outcome 

(MANN 2002; MANN and LAMMING 1999). For example, P4 concentrations from 

days 10-18 after insemination (LUKASZEWSKA and HANSEL 1980), or at 

approximately 12-17 days after breeding (MANN et al. 1995) were lower in 

nonpregnant than in pregnant cows. However, P4 concentrations at 10-12 days after 

insemination are not the critical restriction. In contrast, lower progesterone 

concentrations earlier, namely 5-7 days after insemination, were associated with 

reduced probability of successful pregnancy (STRONGE et al. 2005). Furthermore, 

P4 supplementation only significant increases interferon τ (IFN-τ) production if 

applied 5-9 days after insemination and not later; therefore, the time at which P4 

rises is more crucial than its peak (MANN 2002). The rise in P4 must be adequate 

(>3 ng/mL) and early, i.e. 5 days after insemination, in order to ensure the highest 

conception rate (50-55%; (MANN 2002). Consequently, a delayed postovulatory rise 

in P4 leads to deficient embryonic growth. If the embryo is not optimally developed 

16 days after insemination, its production of IFN-τ will be insufficient for maintenance 

of pregnancy (MANN and LAMMING 2001).  

In the last decades, ultrasonography has emerged as a non-invasive technique for a 

rapid characterization of luteal anatomy and physiology (PIERSON and GINTHER 

1988; PIERSON et al. 1988). Progesterone concentration is correlated with luteal 

tissue area (measured with B-Mode ultrasonography) during its development and 

maintenance, as well as during pregnancy (KASTELIC et al. 1990). This correlation, 
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though, is not constant: it is more marked in heifers than in cows and weakens or 

even disappears during luteal regression (ASSEY et al. 1993; KASTELIC et al. 

1990). A recent analysis by MANN (2009) argued that luteal size is an important 

determinant for luteal function during CL development, but has limited value once the 

CL has matured.  

The CL acquires its capacity to produce P4 after development of a complex 

vascularization net (REYNOLDS et al. 2000; SUGINO et al. 1993). The mature CL 

has one of the highest blood flow rates (per gram of tissue) of the entire organism 

(WILTBANK et al. 1988). In this regard, color Doppler facilitates further evaluation of 

CL function, since blood flow to this endocrine organ is associated with P4 

concentration (HERZOG and BOLLWEIN 2007; ACOSTA et al. 2002; FORD and 

CHENAULT 1981). Luteal blood flow is a more reliable parameter for assessing 

luteal function than luteal size, especially during luteal regression. In fact, in this 

phase of the estrous cycle, luteal blood flow decreased rapidly, and its decline was 

closely related to the decrease in P4, unlike luteal size, which had a delayed 

decrease compared to P4 concentrations (HERZOG et al. 2010).  

 

2.4.2 Expression analysis 

 
Furthermore, luteal function can be evaluated on the molecular level, by measuring 

mRNA expression of specific parameters. There is a wide variety of intracellular, 

membrane or matrix components that can be used as targets, yielding information 

about the status of key cellular functions (NISWENDER et al. 2000).  

 

2.4.2.1 StAR 

 
A rate-limiting step in the process of P4 synthesis is transport of cholesterol from the 

outer to the inner mitochondrial membranes. This passage is regulated by the 

steroidogenic acute regulatory protein (StAR; (REKAWIECKI et al. 2008; STOCCO 

and CLARK 1996). Once transported to the inner mitochondrial membrane, 

cholesterol is converted to pregnenolone by the cytochrome P450 side chain 

cleavage (P450scc). The final step is conversion of pregnenolone to P4 by 3β-
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hydroxysteroid dehydrogenase (3β-HSD), associated with the smooth endoplasmatic 

reticulum (REKAWIECKI et al. 2008; STOCCO and CLARK 1996). Progesterone 

contributes to regulation of its own synthesis by increasing P450scc and 3β-HSD 

activity (REKAWIECKI et al. 2008). If luteolysis is induced in cattle with PGF2α, 

mRNA concentrations for StAR and 3β-HSD decline, reflecting a corresponding 

decrease in P4 (TSAI et al. 2001). Gene expression of StAR was correlated with P4 

concentrations during the estrous cycle in mares (SLOUGH et al. 2011).  

 

2.4.2.2 Caspase-3  

 
In cattle, the decrease in peripheral P4 concentrations following luteolysis is accom-

panied by apoptosis of luteal cells (JUENGEL et al. 1993). Caspase-3 is a member of 

the caspase family, a group of proteolytic enzymes basically involved in apoptosis. In 

response to appropriate signalling, they promote a series of reactions leading to 

cleavage of intracellular proteins with homeostatic functions and subsequent cellular 

death (KLIEM et al. 2009; THORNBERRY and LAZEBNIK 1998; CASCIOLA-ROSEN 

et al. 1996).  

 

2.4.2.3 Acidic and basic fibroblast growth factors  

 
Fibroblast growth factors (FGF) are a family of mitogenic polypeptides. Acidic and 

basic fibroblast growth factors (FGF-1 and FGF-2, respectively) were the first two 

components of this family to be discovered, and are closely related. Both factors are 

widely expressed They act as potent angiogenesis promoters by inducing 

proliferation and organization of endothelial cells in a capillary structure (YUN et al. 

2010). Moreover, both polypeptides are multifunctional, they have the ability to 

induce or delay capillary formation (GOSPODAROWICZ et al. 1987). Further func-

tions involve control of cell proliferation, migration and differentiation. Through activa-

tion of various signal transduction cascades, they have a pivotal role in wound 

healing (YUN et al. 2010; POWERS et al. 2000; KLAGSBRUN and D'AMORE 1991).  
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3 Materials and methods 

 
3.1 Cattle 

 
The present study was approved and conducted in accordance with German 

legislation regarding animal welfare (Lower Saxony Federal State Office for 

Consumer Protection and Food Safety, Az: 33.9-42502-04-11/0515). In total, 15 

cattle were used between March 2011 and May 2012. Eight German Holstein, non 

lactating, uniparous cows of the Clinic for Cattle, University of Veterinary Medicine 

Hannover, Germany were assigned to the lipopolysaccharide treated group (LPS 

group; n=8). These cows were 3.7±0.8 (mean ± SD) years old, with a body weight of 

581±42 kg (mean ± SD). Seven German Holstein heifers from the FLI (Friedrich 

Loeffer Institut – Federal Research Institute for Animal Health) in Mariensee, 

Germany were selected as a control group (NaCl group; n=7). They were 2.2±0.3 

years old, with a body weight of 539±77 kg.  

Before the beginning of the study, all cattle underwent a general clinical investigation 

(STÖBER 1979). Furthermore, they were examined manually by transrectal palpation 

and by ultrasonography of the reproductive tract to exclude uterine and ovarian 

morphological abnormalities (GRUNERT 1999). Only clinically healthy animals 

without any signs of reproductive pathology were included in this study. During the 

research, animals were kept loose in individual stables, with ad libitum access to both 

hay and water.  

 

3.2 Study design  

 
3.2.1 Lipopolysaccharide group 

 
3.2.1.1 Synchronization of ovulation and artificial insemination  

 
To synchronize ovulations, cattle in the LPS group were subjected to an OvSynch 

program (PURSLEY et al. 1995). A gonadotropin-releasing hormone analogue 

(Buserelin 10 mg; Receptal® MSD, Oberschleissheim, Germany) was first given and 
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7 days later, animals were given a PGF2α analogue (Cloprostenol 500 µg, 

Estrumate® MSD, Oberschleissheim, Germany). Two days after PGF2α, a second 

GnRH treatment was given (all hormonal treatments were by intramuscular injection). 

Artificial insemination (AI) was performed in each animal 16-20 h after the second 

GnRH administration with cooled semen from a fertile German Holstein bull (60 x 106 

sperm/mL, 0.25 mL, held at 4° C for 24 h). By means of B-Mode ultrasonography 

investigations, ovulation was confirmed 4 to 6 h after AI and presence of a CL was 

confirmed 10 to 14 days after AI.  

 

3.2.1.2 Pregnancy diagnosis  

 
Cattle were examined with B-Mode ultrasonography 24 days after AI to detect 

pregnancy by scanning the conceptus, as described (GINTHER 1998). The 

embryonic vesicle was detected as an anechoic uterine intraluminal area ipsilateral to 

the corpus luteum. The transducer was manipulated until the body of the embryo was 

visible on the screen as an echoic area inside the embryonic vesicle. If embryonic 

heartbeats were present 24 days after AI, the animal was considered pregnant. In 

case of doubt, examinations were repeated every other day until pregnancy was 

confirmed. Pregnant animals were involved in the further part of the experiment. In 

animals that were not pregnant until 32 days after AI, the following spontaneous 

ovulation was observed by visual detection of estrus. Thereafter, the procedure 

described before was repeated starting from OvSynch, until a positive pregnancy 

diagnosis was made.  

 

3.2.2 Control group  

 
Cattle in the control group (NaCl) were inseminated in FLI using frozen-thawed se-

men from a fertile German Holstein bull. Pregnancy diagnosis was done with B-Mode 

ultrasonography between 24 and 28 days after AI. After a positive pregnancy 

diagnosis, each animal was transported to the clinic. Control animals were given 7 to 

10 days to adapt before involving them in the following part of the study.  
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3.3  Infusion and clinical examinations  

 
Animals of the LPS group received a LPS infusion between days 29 and 39 of preg-

nancy (day 35±3). For this purpose, an indwelling catheter (Jugular-Theflonkatheter, 

diameter 2.4 mm, length 20 cm, Walter Veterinaer-Instrumente e.K., Baruth/Mark, 

Germany) was placed into the jugular vein of each animal. The insertion point was 

selected in the middle of a ca. 10 x 10 cm area that had been previously injected with 

local anaesthesia (15 ml Procasel® 2%; Selectavet, Weyarn-Holzolling, Germany).  

On the following day, after a clinical examination, cattle received a solution of 

Escherichia coli lipopolysaccharide (0.5 µg/kg body weight, E. coli, O55:B5; L2880, 

Sigma Aldrich, Steinheim am Albuch, Germany) in 10 mL of a 0.9% saline solution 

(NaCl; Fresenius, Bad Homburg, Germany) through the catheter. The infusion was a 

single bolus injection given over an interval of approximately 1 minute. Time of 

infusion was set as 0 h, and subsequent examinations and blood collections referred 

to this time point. Cattle in the NaCl group were similarly treated, but received 10 mL 

of a 0.9% saline solution between days 33 and 49 (41±6) in lieu of LPS.  

All cattle were constantly observed between 0 and 4 h after infusion to detect any 

alterations of general clinical health and wellbeing. Heart and respiratory rates, 

respiratory abnormalities, appearance of mucosa and sclera, elimination and consi-

stency of faeces, urine production, feed and water intake, and general nervous 

responses were closely monitored. Body temperature was assessed every hour. A 

body temperature between 38.0 and 39.0°C was considered normal. Between 4 and 

12 h, cattle were examined every hour, then once daily until the end of the 

experiment (24, 48, 72 and 96 h).  

 

3.4 Ultrasonographic examinations  

 
3.4.1 Equipment 

 
A portable ultrasound device (LOGIQ Book XP; General Electric Medical System, 

Solingen, Germany) equipped with a 10-MHz linear-array transducer was used for B-

Mode imaging (gynaecologic examinations, pregnancy diagnosis, embryonic heart-
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beat) and for power Doppler ultrasonography of luteal blood flow. The same device, 

equipped with a 7.5 MHz microconvex transducer mounted on an intravaginal 

bearing system (type Hannover), was used for ultrasonic guidance during CL 

biopsies.  

Uterine blood flow in the pregnant horn was measured using a Toshiba ultrasound 

system (SSA-370A, Toshiba Co., Tokyo, Japan), equipped with a 7.0 MHz-Microcon-

vex transducer (PVF-738-F, Toshiba Co., Japan). The ultrasound device was con-

nected to a personal computer, enabling the examination to be digitized and 

recorded (Cyberlink PowerDirector). Analysis of velocity waveforms was 

subsequently done offline (on a personal computer).  

 

3.4.2 Luteal size and luteal blood flow 

 
Ultrasound examinations to assess size and blood flow of CL were measured before 

(-1 hour) and after the infusion at specific time intervals (3, 6, 9, 12, 24, 48, 72, and 

96 h). Each examination was performed by the same person (LD) and lasted 

between 15 and 30 minutes.  

To determine luteal size (LS), three cross-sectional B-Mode images with a maximal 

luteal diameter were recorded and exported in DICOM format. Luteal size was calcu-

lated offline with ultrasound image analysis software (PixelFlux Version 1.0; 

Chamaleon Software, Leipzig, Germany), and the mean value of the three images 

was used for statistical analyses.  

To assess luteal blood flow (LBF), the scan angle was adjusted to obtain cross-sec-

tions with maximal amounts of coloured pixels on luteal parenchyma. Three of the 

power Doppler images obtained with this procedure were frozen, exported in DICOM 

format, and submitted to PixelFlux. The program calculates number and intensity of 

coloured pixels. These parameters provide an estimate of luteal blood flow in the re-

gion of interest, as recently confirmed (LUTTGENAU et al. 2011; BEINDORFF et al. 

2009). The mean value of the three images was used for statistical analyses.  
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3.4.3 Uterine artery blood flow 

 
Once before infusion (-12 h) and twice after infusion (+12 h and +72 h), uterine blood 

flow in the pregnant horn was investigated by colour Doppler ultrasonography. Ap-

proximately 10 minutes before each examination, cattle received 60 mg of procaine 

hydrochloride as epidural anaesthesia (Procasel 2%®, Selectavet, Weyarn-Holzolling, 

Germany) to reduce rectal peristaltic contractions. Examinations lasted 

approximately 0.5 h, were always performed by the same operator (LD) and were 

carried out as described (BAUMGARTNER 1998).  

Each examination was displayed on-line and digitised with the help of high-resolution 

video player software (Cyberlink Power DVD®) installed on a personal computer. 

Screenshots of the velocity waveforms were obtained from the digitized video 

records with video player software (VLC 2.0.0, VideoLAN, Paris, France) on a 

personal computer. 

A computer-assisted image analysis program (PixelFlux®, Chamaleon-Software, 

Leipzig, Germany) was used to quantify the Doppler shift spectrum. All parameters 

were calculated for single velocity waveforms. The mean value of two pairs of conse-

cutive Doppler waves was used for statistical analyses.  

For a quantitative evaluation of blood flow, volume and velocity shift were consi-

dered. Blood flow volume (BFV) was calculated by multiplication of time-averaged 

maximum velocity (TAMV) over the cardiac cycle and vessel section area, calculated 

from the measured vessel diameter (D), according to the following formula:  

 

BFV (mL / min) = TAMV (cm / min ) x (D / 2 (cm)) ² x π.  

 

Doppler indices measure downstream impedance to blood flow and are independent 

from the interrogation angle; therefore, they are used to evaluate blood flow semi-

quantitatively. The resistance index (RI) is the quotient of the difference between 

maximum systolic frequency shift (S) and end-diastolic frequency shift (D) over S:  

 

RI = (S-D) / S 
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By definition, if D goes to 0, RI assumes the maximum value of 1. Thus, RI is useful 

for the differentiation of blood flow only if D > 0 (HERZOG and BOLLWEIN 2007; 

DICKEY 1997). This was the case in the present study. Both S and D were obtained 

from the velocity waveform, as shown (Figure 1).  

 

 

 
Fig. 1:  A velocity waveform (contoured in green) with maximum systolic shift (S) and 
maximum end-diastolic shift (D). 
 

3.5 Blood parameters  

 
3.5.1 Collection and conservation of blood samples  

 
Thirteen blood samples were obtained from each animal to determine serum con-

centrations of P4 and prostaglandin metabolites (PGFM). Nine samples were taken 

on the day of infusion (-1, 0.5, 1, 2, 3, 4, 6, 9, and 12 h) and thereafter, one sample 
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per day (24, 48, 72, and 96 h). Blood was collected through the jugular vein catheter 

on the first day (sample -1 to 12 h) and from the second day until removal of catheter. 

The catheter was routinely removed on the fourth day after infusion (96 h). If the 

catheter became nonfunctional before that day, it was removed; thereafter, remaining 

blood samples were collected (venepuncture) from the coccygeal vein or artery. 

Blood samples were centrifuged at least 2 h after collection (3000 rpm 1500 g, 15 

min, 4° C) and stored at -20° C until analysis.  

 

3.5.2 Analyses  

 

Serum P4 concentrations were determined by the use of a solid-phase 

radioimmunoassay (TKPG1, Coat-a-count® Progesterone, Siemens Diagnostics, 

USA) in accordance with manufacturer’s instructions. The intra-assay coefficient of 

variation (CV) was 3.1%, the inter-assay CV was 5.6%, and the lowest detection limit 

was 0.03 ng/ml.  

Serum PGFM concentrations were determined with a competitive enzyme 

immunoassay (MISHRA et al. 2003). The PGFM-horseradish peroxidase conjugate 

and antiserum were supplied by Prof. Meyer (Physiology Weihenstephan, 

Technische Universitaet Muenchen, Freising, Germany), whereas PGFM used for 

the standard curve was purchased from Sigma, Germany. The antiserum had 

minimal cross reactions with any of the related prostaglandins, PGE2, PGEM, PGA2, 

PGAM, and PGF2α (<0.01%, (GUVEN and OZSAR 1993). The lowest detection limit 

for PGFM was 25 pg/ml and intra- and inter-assay CVs were 3.5 and 11.4%, 

respectively.  

 
3.6 Luteal mRNA expression  

 
3.6.1 Collection and conservation of samples 

 
Four biopsy samples of luteal tissue were gathered from each animal, once between 

10 and 12 h after infusion and repeated 48 h after infusion. To reduce rectal 

contractions, cows were given 80 mg of procaine hydrochloride as a caudal epidural 
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(2% Procasel ®; Selectavet, Weyarn-Holzolling, Germany). The biopsy was 

performed using an RNase freed (RNase ExitusPlus ™ AppliChem, Darmstadt, 

Germany), high-speed semi-automatic biopsy needle (Temno Evolution ™, Walter 

Baruth / Mark, Germany). The ultrasound device LOGIQ Book XP was used for 

imaging. The biopsy needle and the ultrasound probe were mounted in a 

transvaginal guidance system (type Hannover). The CL was moved (by transrectal 

manual manipulation) in the direction of the vaginal fornix. At each time of 

investigation, four biopsy samples (approximately 15 x 1 x 1 mm) were gathered from 

the maximum diameter of the CL.  

The described method allows repeated biopsies from one CL without any apparent 

effects on its function (HERZOG et al. 2012; TSAI et al. 2001). Samples were im-

mediately placed into sterile, DNase- and RNase-free cryotubes (from Brand, 

Wertheim, Germany), frozen in liquid nitrogen and subsequently stored at -80°C until 

analysis.  

 

3.6.2 Analyses  

 
Total RNA from the biopsy samples was isolated using QIAzol Lysis Reagent 

(QIAGEN Germany, Hilden) and a two-step quantitative real-time RT-PCR underta-

ken according to PISTEK et al. (2013). The Bioanalyzer 2100 (Agilent Technologies, 

Waldbronn, Germany) was applied with the RNA 6000 Nano Kit (Agilent) to assess 

RNA Quality. The RIN values had a mean and range of 6.5 and 5.5-8.0, respectively. 

For qPCR, the CFX384TM Real-Time PCR Detection System (Bio-Rad, München, 

Germany) was applied using the PCR Mix SensiFast SYBR and Fluorescein Kit 

(Bioline, London, UK). Primers used to amplify specific fragments referred to selected 

regulated genes according to (NEUVIANS et al. 2004). The cycle of quantification 

(Cq) was calculated after baseline subtracted curve fitting using the single threshold 

method (Bio-Rad CFX Manager V1.5.534.0511 software). Relative quantification of 

the qPCR products was undertaken as described (LIVAK and SCHMITTGEN (2001). 

The geometric mean of the reference genes H3F3A, UBK3, YWHAZ was used for 

normalizing mRNA expression of the target genes StAR, Caspase-3, FGF-1, FGF-2, 

TLR-2, TLR-4, according to the BestKeeper method (PFAFFL et al. 2004).  
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3.7 Pregnancy interruption in LPS group 

 
To terminate pregnancy, a PGF2α analogue (500 µg cloprostenol) was administered 

to six cattle in the LPS group at day 55 after AI. Thereafter, these cattle were 

examined by transrectal palpation and ultrasonography every other day until 

abortion. At 2 days after the first PGF2α treatment, if there was no evidence of 

incipient abortion, treatment was repeated on day 58 and, if necessary, again on day 

60. If there was no evidence of impending abortion after the last treatment, efforts to 

induce abortion were abandoned. 

 

3.8 Statistical analyses  

 
Statistical analyses of data was performed using the statistical program SAS 

(version 9.1, Statistical Analysis Institute Inc., Cary, NC, USA). Within groups, 

residuals for luteal size and blood flow, uterine blood flow parameters (BFV and RI), 

P4, PGFM, and mRNA expression parameters (StAR, Caspase-3, FGF-1, FGF-2, 

TLR-2 and TLR-4) were tested for normal distribution visually (PROC CHART) and 

by subjecting them to the Shapiro-Wilk test (PROC UNIVARIATE). 

Residuals within groups for variables LBF, RI, BFV, StAR, Caspase-3, FGF-1 and 

FGF-2 did not differ significantly from a normal distribution. Hence, these variables 

were subjected to a two-factorial variance analysis for repeated measurements 

(PROC GLM). The influence of different time points within groups on the above 

parameters was tested using repeated measures variance analysis (PROC GLM). A 

Tukey’s HSD test was used to locate differences between groups. A Student's t-test 

for paired samples (PROC TTEST) was used to compare two time points within a 

group.  

Since LS, P4, PGFM, TLR-2 and TLR-4 deviated from normal distribution, nonpara-

metric tests were used for those variables. Effects of measurement time on those 

variables were subjected to a Friedman’s Test (PROC SORT) and differences bet-

ween groups were located using the Wilcoxon’s rank sum test (PROC NPAR1WAY). 

Differences between time points within a group were identified using a Wilcoxon’s 
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signed rank test (PROC UNIVARIATE). Spearman’s correlation coefficient (PROC 

CORR Spearman) was calculated for all pairwise comparisons between LS, LBF and 

P4 within groups. For all tests, P ≤ 0.05 was specified as significant, whereas P ≤ 

0.001 and 0.05 < P ≤ 0.10 were considered highly significant and a tendency, 

respectively. Values for LBF, RI, BFV, FGF-1, FGF-2, TLR-2, TLR-4, StAR and 

Caspase-3 are expressed in text, figures and tables as mean ± standard error of 

means (SEM) or mean ± standard deviation (SD). For P4, PGFM and LS, median 

and median absolute deviation (MAD) were used.  
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4 Results 

 
4.1 Clinical findings after infusion 

 
In the first 10 minutes after injection with LPS, all cattle had tachypnea and tachy-

cardia that worsened within 0.5 h (80 breaths and 100 beats per minute, 

respectively). Tachycardia was less severe before the end of the first hour, whereas 

a mild tachypnea lasted until 2 h after infusion and was accompanied by coughing, 

mild to severe dyspnea (evidenced by dilatation of nostrils, extension of neck and 

head, as well as mouth breathing and ptosis of the tongue in extreme cases), inspi-

ratory and expiratory stridor, and groaning. Other symptoms common to all cattle 

were muscular tremor (approximately 1 to 4 h after infusion), ptyalism, hyperemic 

mucosae and episcleral vessels. Epistaxis was observed in one animal. Three cows 

had epiphora, six had diarrhea (not severe, lasted for 2 to 6 h) and three had polyuria 

(2 to 3 h).  

For the first 6 h after infusion (sometimes up to 12 h), cattle were more likely to lie 

down for a prolonged interval, but not one became recumbent. Animals became 

depressed soon after LPS injection; they did not interact with the environment for the 

first 2 to 3 h. Feed intake was suspended in all cattle for at least 4 to 6 h (sometimes 

longer). Water intake ceased for 3 to 4 h after infusion. Four animals treated with 

LPS developed fever (>39°C, maximum 39.7°C) at some point during the first 6 h 

after infusion, for a maximum extension of 3 h. One of these animals had a tem-

perature of 37.5°C 3 h after infusion. From 6 h after infusion onwards, body 

temperature of all LPS group animals was in the normal range (38.0-39.0°C). At 12 h 

after infusion, all cows were fully recovered.  

One cow died 24 h after LPS treatment without premonitory signs. Five liters of clot-

ted blood were present in the abdominal cavity during necropsy. Detailed 

examination of CL revealed three lesions, each 2 mm sized, caused by the biopsy 

procedure. Though the cause of death could not be established unequivocally, it was 

suspected that cause of death was severe cardiovascular failure, due to the loss of 

blood. Another cow died 8 days after the LPS trial due to a clostridium infection after 
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a subcutaneous injection of calcium. In the first days after the LPS treatment, she 

had been bright and alert, but she developed a fever on day 5. 

Control animals did not show any alterations of clinical signs or behavior. Their body 

temperature also remained constantly in the normal range (38.0-39.0°C).  

 

4.1.1 Fate of the embryos  

 
All embryos in both groups were alive at all ultrasonographic examinations during the 

investigation period. Of the remaining six cows, three aborted between the second 

and the fifth day after the first PGF2α injection (days 56 to 59 of pregnancy). In the 

three residual cows, since the ultrasound examination on the following days did not 

evidence incipient abortion, the injections were repeated on days 58 and 60, but 

were again unsuccessful. Hence, it was decided not to interrupt pregnancy in those 

animals. The three calves, delivered at term, were completely healthy. All animals of 

the control group delivered healthy calves at the expected term.  
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4.2 Ultrasonographic measurements 

 
4.2.1 Luteal size  

 
The factor time exerted a highly significant influence on LS (Fig. 2). The effect of time 

was highly significant within LPS group, but not significant within NaCl group. In LPS-

treated cattle, luteal size decreased between 3 and 6 h after infusion from 3.80±0.50 

to 3.63±0.32 (median±MAD, P=0.04). Between 6 and 9 h, LS continued to decrease 

(P=0.02), reaching a minimum at 12 h and remained at a constant level (P>0.05) until 

24 h after infusion. Between 24 and 48 h, LS increased (P=0.03) to the pre-infusion 

value (P>0.05), and maintained (P>0.05) at this level until the end of experiment. 

After infusion of saline solution, LS did not change between time points (P>0.05). 

Luteal tissue area was smaller in LPS versus saline treated animals only at 12 h after 

infusion (P=0.02).  
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Fig. 2:  Luteal tissue area (median±MAD) in cows treated with E. coli lipopolysaccha-
ride (LPS; -1 to 12 h: n=8, 24 to 96 h: n=7) or NaCl (n=7) in relation to the time of 
infusion (0 h). Within the LPS group, values with different superscripts (a,b) differ 
(P≤0.05). Values with an asterisk differ between groups (P≤0.05).  
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4.2.2 Luteal blood flow  

 
There were a highly significant effect of time on LBF and a highly significant group by 

time interaction for LBF. Luteal blood flow was influenced by time (P<0.0001) in the 

LPS-treated group, but unaffected in the NaCl group (P>0.05). 

Between 3 and 6 h after endotoxin infusion, LBF declined (P=0.03; Fig. 3); at 12 h 

after infusion, LBF reached its minimum (reduced by 57% compared to the pre-

treatment value; P=0.003). Between 12 and 24 h after infusion, LBF increased again 

in LPS-treated cattoe (P=0.02), reaching pre-treatment levels (P>0.05) at 48 h. No 

further changes (P>0.05) were evident until the end of the examination period.  

No alterations (P>0.05) of LBF were detected for the first 12 h after infusion with sa-

line solution. However, there was an increase in LBF 12 and 24 h after infusion 

(P=0.01). At 24 h, LBF was higher compared to the values before NaCl infusion 

(P=0.02). No further changes (P>0.05) of LBF were detected between consecutive 

measurements in the NaCl group until the end of the experiment, nor did any of the 

values differ from those measured before NaCl infusion (P>0.05).  

Luteal blood flow was lower in LPS treated cattle than in control cattle at 9 (P=0.02) 

and 12 h (P=0.01) after infusion. The situation was contrary to those at 48 and 72 h 

after treatment. At these time points, LBF was higher in the LPS group than in the 

NaCl group (P≤0.05 and P=0.03, respectively). Furthermore, there were moderate 

positive correlations between LBF and LS within the LPS group (r=0.64, P<0.0001), 

as well as within the NaCl group (r=0.61, P<0.0001).  
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Fig. 3:  Luteal blood flow (mean ± SEM) in cows treated with E. coli 
lipopolysaccharide (LPS; -1 to 12 h: n=8, 24 to 96 h: n=7) or NaCl (n=7) in relation to 
the time of infusion (0 h). Within groups, values with different superscripts (a,b or 
A,B) differ (P≤0.05). Values with an asterisk differ between groups (P≤0.05).  
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4.2.3 Uterine blood flow 

 
Treatment and time had no effect on BFV (both P>0.05), although there was a 

treatment by time interaction (P≤0.05). Furthermore, time had no effect on BFV within 

the single groups (both P>0.05). For RI, there were effects of treatment and time 

(P=0.003 and P=0.01 respectively), and a treatment by time interaction (P=0.01). 

Time affected RI within LPS (P=0.007), but not in NaCl group (P>0.05). Values for 

BFV and RI at various time points are shown (Table 1).  

 
Table 1 . Blood Flow Volume (BFV) and Resistance Index (RI) in cows treated with 
LPS (LPS; -12 and 12 h: n=8, 48 h: n=7) or NaCl (n=7) measured 12 h before and 12 
and 48 h after infusion (-12, 12 and 48). Values are means ± SD. For each 
parameter, within the LPS group, values with different superscripts (a,b) differ 
(P≤0.05). Values with asterisk differ between groups (P≤0.05). 
                                                                             Time (h) 

 

Parameter Group -12 12 48 

BFV (cm3/s) 
LPS 2.82±1.08a,b 2.23±1.18a 3.05±0.96b 

NaCl 2.13±0.52 2.24±0.51 2.10±0.54 

RI 
LPS 0.83±0.10c 0.93±0.08d 0.87±0.11d 

NaCl 0.70±0.08* 0.68±0.08* 0.70±0.07* 
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4.3 Blood parameters 

 
4.3.1 Progesterone  

 
Time of measurement had an effect on P4 concentration within groups LPS 

(P<0.0001) and NaCl (P=0.0003). In LPS-treated cattle, P4 concentrations increased 

(P=0.02; Fig. 4) within the first 0.5 h. After the initial peak, P4 tended to decrease 

between 0.5 and 1 h after infusion (P=0.06). Between 4 and 6 h and between 9 and 

12 h, P4 decreased (P=0.03 and P=0.008 respectively). Twelve h after infusion, P4 

reached its minimum value and did not change until 24 h (P>0.05). Between 24 and 

48 h after infusion, P4 increased again (P=0.02), but remained at a lower level until 

the end of experiments (P=0.02) compared to values measured before LPS infusion. 

Thereafter, P4 had no further changes between consecutive measurements 

(P>0.05).  

 

In control cattle, there were no changes (P>0.05) in P4 concentrations between 

consecutive measurements for the first 12 h. However, between 12 and 24 h after 

saline infusion, P4 decreased (P≤0.05), whereas it increased again between 48 and 

72 h (P=0.02). Three values, measured 24, 48 and 96 h after saline infusion, were 

lower than the values measured before the NaCl infusion (P=0.02, P=0.03 and 

P=0.02, respectively).  

 

In the LPS group, P4 was higher (P=0.006) than in the control group 0.5 h after 

infusion. Progesterone was lower in LPS than in saline treated animals at 9 and 12 h 

(P=0.04 and P=0.002, respectively). Furthermore, P4 was higher in LPS group at 

48 h (P=0.04). At all other time points, P4 was not different (P>0.05) between groups.  

 

Within the NaCl group, there was no significant correlation (P>0.10) between P4 and 

LS or LBF. Within the LPS group, there was a moderate positive correlation (r=0.56, 

P<0.0001) between P4 and LS, as well as between P4 and LBF (r=0.61, P<0.0001). 
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Fig. 4:  Serum progesterone concentration (median±MAD) in cows treated (0 h = time 
of infusion) with E. coli lipopolysaccharide (LPS; -1 to 12 h: n=8, 24 to 96 h: n=7) and 
NaCl (n=7) in relation to the time of infusion (0 h). Within groups, values with different 
superscripts (a,b or A,B) differ (P≤0.05). Values with asterisk differ between groups 
(P≤0.05).  
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4.3.2 PGFM 

 
Time had an effect on PGFM concentration in LPS group (P<0.0001), but not in NaCl 

group (P=0.60).  

After infusion with saline, PGFM was not diffent (P>0.05) between consecutive time 

points. Within the first 0.5 h after infusion with LPS, PGFM increased almost tenfold 

(P=0.008; Fig. 5). Between 0.5 and 1 h after infusion, PGFM started to decrease 

(P=0.02) and continued to decline between 2 and 3 h (P=0.008) and between 3 and 

4 h after infusion (P=0.04). Four h after infusion, PGFM had reached the pre-

treatment level and maintained it until the end of the study. No further changes 

(P>0.05) in PGFM were detected between consecutive time points. 

The PGFM concentrations were higher (P>0.05) in the LPS group than in the control 

group for the first 4 h after infusion.  
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Fig. 5:  Serum PGFM concentrations (median±MAD) in cows treated with E. coli lipo-
polysaccharide (LPS; -1 to 12 h: n=8, 24 to 96 h: n=7) or NaCl (n=7) in relation to the 
time of infusion (0 h). Within the LPS group, values with different superscripts (a,b) 
differ (P≤0.05). Values with asterisk differ between groups (P≤0.05).  
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4.4 Molecular measures of luteal function 

 
4.4.1 StAR  

 
Expression of StAR mRNA did not differ (P>0.05; Table 2) within the NaCl-group, 

although it was lower (P=0.0005) in the LPS-group at 12 versus 48 h after infusion. 

Twelve h after infusion, expression of mRNA for StAR was lower (P=0.0061) in the 

LPS-group than in the NaCl-group. At 48 h after infusion, there was no difference 

(P>0.05) between groups.  

 
4.4.2 Caspase-3 

 
Caspase-3 did not change in saline-treated animals (P>0.05). However, 12 h after 

infusion, gene expression for this parameter was higher than at 48 h in LPS-treated 

cattle (P=0.009; Table 2). Gene expression of mRNA for Caspase-3 did not differ 

between groups at both time points (P>0.05).  

 

4.4.3 FGF-1 and FGF-2 

 
There were no differences in FGF-1 mRNA expression within the NaCl-group 

(P>0.05; Table 2), whereas in the LPS-group, FGF-1 was lower (P=0.009) at 12 

versus 48 h after infusion. The transcript abundance of mRNA for FGF-1 was lower 

in LPS-group than in controls 12 h (P>0.0001), but not 48 h after infusion (P>0.05). 

Relative abundance of transcript of mRNA for FGF-2 did not differ, neither between 

groups at single time points, nor within groups (both P>0.05; Table 2). 

 

4.4.4 TLR-2 and TLR-4 

 

No alterations (P>0.05) of TLR-2 mRNA expression were noticed within any of the 

two groups between the two examined time points. Expression of mRNA for TLR-2 

was not significantly different between groups at both time points (Table 2).  
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Expression of TLR-4 did not change (P>0.05) in the NaCL-group. In the LPS group, 

TLR-4 was significantly higher 12 h after infusion than at 48 h (P=0.03; Table 2). 

Transcript abundance level of mRNA encoding TLR-4 did not differ (P>0.05) between 

groups at both time points.  

 

Table 2 . Relative mRNA expression (mean ± SEM, ∆Cq) of mRNA for StAR, 
Caspase-3, FGF-1, FGF-2, TLR-2, and TLR-4 in cows treated with NaCl (n=7) or 
LPS (12 h: n=8, 48 h: n=7) measured 12 and 48 h after infusion. Within the LPS 
group, values with different superscripts (a,b) differ (P≤0.05). Values with asterisk 
differ between groups (P≤0.05). 

 

Parameter Group 12 h 48 h 

StAR 
NaCl 2.27±0.51* 1.97±0.23 

LPS 0.23±0.20a 2.35±0.24b 

Caspase-3 
NaCl -10.73±0.29 -11.08±0.31 

LPS -10.69±0.08a -11.12±0.08b 

FGF-1 
NaCl -6.44±0.21* -6.47±0.27 

LPS -8.32±0.21a -7.00±0.16b 

FGF-2 
NaCl -6.12±0.30 -6.32±0.35 

LPS -6.20±0.18 -5.67±0.26 

TLR-2 
NaCl -7.14±0.71 -6.59±0.94 

LPS -6.99±0.12 -7.60±0.24 

TLR-4 
NaCl -6.03±0.21 -6.33±0.35 

LPS -5.91±0.06a -6.43±0.12b 



40 
 

 DISCUSSION 

5 Discussion 

 
In the present study, in order to characterize effects of systemic inflammation, E. coli 

endotoxin was given intravenously to cows in early pregnancy. The CL was closely 

monitored, to clarify its role in the process leading to embryonic mortality. To our 

knowledge, this is the first study assessing alterations of the early pregnant CL in the 

context of endotoxin challenge.  

 

5.1 Clinical symptoms after LPS  

 
Following LPS infusion, all cows had mild to severe clinical symptoms. General 

depression, tachycardia, respiratory distress, fever and diarrhoea were the most 

common manifestations. Those changes are all attributable to the immediate 

systemic inflammatory reaction to circulating endotoxins. In that regard, the LPS 

receptor TLR-4 works as a transmembrane signal transduction unit (HORNE et al. 

2008). Once activated, it triggers a cascade culminating in the production of pro-

inflammatory cytokines, reactive nitrogen and oxygen intermediates, and bioactive 

lipids (PIOLI et al. 2004). With an aim to mitigate tissue damage, the host organism 

initiates a complex series of reactions (acute phase response). The main effects are 

fever, cardiovascular deficit, respiratory distress and impaired gastrointestinal motility 

(CARROLL et al. 2009; ANDERSEN 2003; BAUMANN and GAULDIE 1994).  

As expected, type and intensity of the clinical symptoms evoked in this study were 

similar to previous endotoxin challenges (CARROLL et al. 2009; CULLOR 1990; 

GILBERT et al. 1990; GIRI et al. 1990). However, all cattle appeared healthy 12 h 

after infusion. In a previous study in which the same dose of LPS (0.5 µg/kg)  was 

administered to diestrous cows, acute phase symptoms did not disappear until 24 h 

(and in one cow 48 h) after infusion (HERZOG et al. 2012). Although this apparent 
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difference was not substantial, perhaps the immune response is differentially 

regulated in pregnant versus cyclic cattle.  

Leukopenia and thrombocytopenia develop in immunocompetent patients during 

septic shock (STEPHAN 1997); this might explain the death of one cow between 12 

and 24 h after LPS infusion. In that cow, the clotted blood in the abdominal cavity 

was apparently derived from the luteal biopsy sites. In a healthy cow, the loss of 5 

litres of blood would not be the sole cause of death (GRÜNDER 2006; RADOSTITS 

et al. 2000). However, in an animal that was already compromised, this may have 

acted in a synergic manner with acute phase symptoms, resulting in death. Another 

animal died 8 days after LPS infusion (due to a clostridium infection). Since the first 

related symptoms were observed in this case 120 h after the last LPS-related 

symptoms and following a calcium injection, in all likelihood the clostridium infection 

was not primarily related to the septic shock.  

5.2 Effects of LPS on the CL 

 

Exposure to LPS induced a temporary suppression of the luteal size and function. 

Within 12 h after LPS treatment LS, LBF and P4 decreased, but subsequently 

recovered. Similar observations were made in an analogous study, when the same 

dose of LPS was given to diestrous cows 10 days after ovulation (HERZOG et al. 

2012).  

Nevertheless, there were some minor, but perhaps meaningful discrepancies 

between both experiments. In pregnant cows, LS decreased for the first 9 h, and then 

increased again between 12 and 24 h after infusion. The CL had reached its original 

size 48 h after LPS. In cycling cows, LS also decreased in the first 12 h, but then it 

did not recover. In fact, unlike pregnant animals, cyclic cows had reduced LS after 

LPS until the end of measurements, 9 days after infusion and 19 days after ovulation 

(HERZOG et al. 2012). Luteal blood flow decreased in pregnant cows in the first 6 h 

after LPS, reached its nadir at 12 h, and started to increase at 24 h. Similar to LS, 

LBF reached pre-treatment levels at 48 h after treatment. There was a similar pattern 

between LS and LBF (resulting in a moderate positive correlation). However, LBF 
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declined in the first 3 h after infusion, and increased between 24 and 72 h in 

HERZOG et al. (2012). Therefore, LPS induced local changes with a shorter duration 

in pregnant versus cyclic cows, regarding clinical symptoms and also effects on the 

CL. Likewise, in both experiments, after the initial peak at 0.5 h, P4 decreased 

sharply, but reached its minimum at 12 h in pregnant and 24 h in cyclic cows. 

Progesterone increased in our experiment between 24 and 48 h, whereas it re-

mained low longer in HERZOG et al. (2012). Although P4 was still lower in pregnant 

cows at 96 h (last measurement) than before LPS, it plausibly recovered in the 

following days, as happened in cycling cows at 120 h.  

Thus, LPS obviously exerted a temporary suppression of luteal size and function in 

our study as it did with cyclic cows (HERZOG et al., (2012). The elicited response, 

however, seemed of slightly lower intensity and shorter extent in pregnant than in 

cyclic cows. This outcome was unexpected. Data comparing the CL during diestrus 

versus the late phase of early pregnancy (i.e. after day 30) are scarce. MAGATA et 

al. (2012) reported different gene profiles for CL at ~30 days of pregnancy versus 

diestrus. Some important markers involved in acquisition of immune tolerance, 

together with factors related to lymphangiogenesis and control of inflammation, were 

upregulated in pregnant versus cyclic CLs, presumably due to exposure of pregnant 

CLs to IFN-τ, which has a pivotal role in maternal recognition and maintenance of 

pregnancy, in particular inhibiting oxytocin-induced pulsatile release of PGF2α from 

the endometrium, and thus luteolysis (CHEN et al. 2006; WOLF et al. 2003; 

THATCHER et al. 1989). Therefore, the idea that exposure to IFN-τ protected the CL 

from luteolysis is a very appealing explanation for the apparently milder reaction to 

LPS of LS, LBF and P4 in our experiment than in cyclic cows.  

Prostaglandin F2α metabolites increased dramatically in the first 0.5 h and declined 

within the first 4 h after infusion. It is well known that pulsatile secretion of PGF2α 

from the endometrium initiates luteolysis (SHIRASUNA et al. 2008; MCCRACKEN et 

al. 1999). Thus, the PGFM peak observed in the present study was probably 

responsible for changes in LS, LBF and P4 during the first 12 h after LPS infusion 

(HERZOG et al. 2012; MANN 2009; ACOSTA et al. 2002; ASSEY et al. 1993). 

Usually, pulsatile secretion of PGF2α results in more than one PGFM peak during 
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natural or induced luteolysis. For example, in an earlier study, cyclic heifers were 

treated with estradiol-17β on day 13 after ovulation (to induce premature luteolysis). 

Several PGFM peaks were detected before luteolysis was complete, although though 

the first PGFM spike was not accompanied by a decrease in P4 (THATCHER et al. 

1986). More recent observations by GINTHER et al. (2008) on mares treated with 

exogenous PGF2α also detected several PGFM pulses, with the highest frequency 

during the time interval of abrupt P4 decrease. In heifers, repeated intrauterine 

infusions of exogenous PGF2α caused a PGFM pattern that resembled very closely 

that of natural luteolysis (GINTHER et al. 2009). After the single PGFM peak 

observed in the present study, luteolysis was initiated, but not completed, as the CL 

subsequently recovered. Therefore, our observations provided further evidence that 

release of sequential PGF pulses is crucial for completion of luteolysis in cattle 

(GINTHER et al. 2010; GINTHER et al. 2009).  

According to an earlier study regarding luteal regression in adult cows, the decrease 

in LS appears to be delayed by approximately 1 day when compared to P4, and the 

two parameters are not related (ASSEY et al. 1993). In the present study, there were 

positive correlations between P4, LS and LBF. The decrease in LS, however, 

seemed obviously delayed when compared to P4. Progesterone concentration 

reached its minimum at 12 h, as did LBF and LS. Interestingly, though, both P4 and 

LBF were lower at 9 and 12 h in LPS-treated cows than in controls. Conversely, LS 

was smaller in the LPS group only 12 h after infusion. From this perspective, LBF 

was apparently faster than LS in mirroring the decline of P4 production. These 

observations supported the idea that LBF is a better parameter for the assessment of 

luteal function than LS (HERZOG et al. 2010).  

The dramatic increase in P4 soon after exposure to LPS in the present experiment 

might have been due to extraluteal (likely adrenal cortex) production of P4 (HERZOG 

et al. 2012; BATTAGLIA et al. 1997; WATSON and MUNRO 1984). An alternative 

explanation of this P4 peak postulates its luteal origin. Several studies reported an 

acute increase in LBF followed by a decrease in both LBF and LS during PGF2α-

induced luteolysis. A similar P4 peak accompanied the acute LBF increase in those 

studies (GINTHER et al. 2007; ACOSTA et al. 2002). In the experimental design of 
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the present study, ultrasound examinations during the first 3 h after infusion were not 

included, to avoid stress to the animals during the maximum of systemic response to 

LPS (HERZOG et al. 2012). Thus, no information is available on luteal blood flow 

early after infusion. However, since peaks of P4 and PGFM occurred at exactly the 

same time, perhaps a sudden release of endogenous PGF2α might have been at 

least partially responsible for the dramatic P4 increase.  

In the present study, P4 decreased by 62% within 12 h after treatment; this was 

attributed to partial luteal regression. Minor and transitory changes in P4 

concentrations are common during pregnancy (HUMBLOT et al. 1988; ROBERTSON 

1972; POPE et al. 1969), as well as in postpartum diestrus (GOODALE et al. 1978). 

However, they are usually modest and do not impair CL function. Conversely, the 

rate and extent of the P4 decline following LPS infusion and the concomitant 

decrease in LS and LBF confirm, in fact, that luteolysis was intiated (HERZOG et al. 

2010), although it was not completed and the CL recovered. Thereafter, moderate P4 

fluctuations (between 12 and 24 h and between 48 and 72 h after treament) were 

probably not biologically meaningful, because they were not accompanied by 

changes in either LS or LBF.  

Progesterone decreased dramatically in the first 12 h after LPS. A rapid decrease in 

P4 concentration to <3 ng/ml 24-48 h before parturition is well documented 

(EDQVIST et al. 1978; SMITH et al. 1973). Progesterone is unequivocally required 

for maintenance of pregnancy in most domestic species (SPENCER et al. 2004). In 

cattle, low P4 is one of the risk factors for embryonic loss (BECH-SÀBAT et al. 2008; 

STRONGE et al. 2005). There seems to be a lack of information regarding the 

precise concentration under which P4 ceases to be effective in maintaining 

pregnancy. Moreover, the reference level above which an animal is considered 

pregnant varies, as for milk P4 (FAUSTINI et al. 2007), for serum or plasma P4. 

Though the value of 2.0 ng/ml is most frequently used, some authors chose 2.5 ng/ml 

(SKEMESH et al. 1973) or even 3.0 ng/ml (OTAVĂ et al. 2007). Low P4 

concentrations are diagnostic of nonpregnant animals (BALHARA et al. 2013). Thus, 

a P4 value between 2.0 and 3.0 ng/ml, conventionally chosen in tests as a cutoff to 

designate a cow as nonpregnant might be smaller than the real concentration under 
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which P4 is insufficient. Hence, the nadir observed 12 h after infusion (2.7 ng/ml) was 

at least dangerously close to the pregnancy-imperilling level, if not below. However, 

surprisingly, none of the animals aborted after LPS.   

5.3 Effect of LPS on the embryo  

 
Despite several h of suppressed luteal function after LPS, all embryos were alive at 

the end of the endotoxin challenge (96 h), and three cows in which pregnancy was 

not interrupted delivered healthy calves at term. Embryonic death and expulsion of 

the conceptus follow natural or induced luteolysis (KASTELIC et al. 1991; KASTELIC 

and GINTHER 1989). However, in one study (LULAI et al. 1994), 45% of the 

embryos survived 24 h and 13% even 36 h after induced luteolysis and without 

progesterone supplementation. Thus, the time extent of CL impairment in our 

experiment (ca. 12 h) might have been too short to cause embryonic death.  

The dose of LPS (0.5 µg kg) used in the present experiment was chosen in order to 

avoid life-threatening effects on the cows, in accordance with the previous work on 

cycling cows (HERZOG et al. 2012). A previous study characterized effects of 

bacterial infection during late pregnancy (190 to 200 days of gestation) throughout an 

intravenous infusion of 0.5 µg Salmonella typhimurium LPS / kg to pregnant cows 

(FOLEY et al. 1993). Transplacental exposure was not detected in the fetuses. 

However, cows aborted within approximately 5 days after LPS exposure. Apparently, 

the late fetus is more susceptible to LPS-induced stress than 4 to 6 week old 

embryos. Additionally, although the dose was the same as in the present study, the 

type of LPS used was different. To what extent LPS originating from different 

bacterial species cause different reactions is a matter of debate (NETEA et al. 2002). 

For example, in independent experiments, results either highlighted or diminished the 

role of TNF-α in endotoxaemia by LPS from E. coli versus Salmonella spp. 

respectively (ERICKSON et al. 1994; FONG et al. 1989). In more recent in vivo 

experiments in mice, there were several discrepancies in the cytokine reaction to 

LPS from E. coli vs. Porphyromonas gengivalis (PULENDRAN et al. 2001). Also 

NETEA et al. (2001) reported crucial differences in the signal pathway for the 
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response to E. coli and Salmonella typhimurium in mice. However, the underlying 

reasons for these discrepancies, as well as their clinical relevance, are still unclear 

(NETEA et al. 2002).  

GIRI et al. (1990) characterized the effect of two doses of LPS (1.0 or 2.5 µg E. coli 

LPS / kg) in cows at various stages of pregnancy. In their investigation, cows in the 

first trimester of pregnancy were more sensitive to the effect of endotoxin than cows 

in the second and third trimester. A prolonged release of PGF2αlead to a gradual 

decline in P4 concentrations, due to its luteolytic effect. The authors hypothesized 

that, especially during the first trimester, pregnancy terminates due to P4 withdrawal 

following luteolysis (GIRI et al. 1990). In their experiment, infusion was performed 

over 6 h, in contrast to the single bolus injection given in the present study. 

Furthermore, they observed an apparently dose-dependent magnitude of changes for 

P4, PGFM, cortisol and other metabolites, as well as for severity of clinical signs. The 

LPS type used was the same as in the present work, but both doses were higher. In 

cattle, intensity of the systemic response to LPS is dose-dependent, and can 

considerably vary from cow to cow (JACOBSEN et al. 2005). Perhaps their 

experiment design better represented the situation of a natural infection, where small, 

but cumulative amounts of endotoxin are released in blood circulation over extended 

intervals.  

Regarding endotoxin-induced abortion, in addition to P4 withdrawal after luteolysis, 

the systemic reaction of the dam could have a pivotal role in embryo survival. 

Although LPS does not seem to pass the placental barrier (FOLEY et al. 1993), the 

acute reaction could endanger the embryo by causing a circulatory deficit. In the 

present experiment, blood flow to the pregnant uterine horn was affected by LPS 

infusion; variations in BFV and RI were significant, albeit moderate. Their pattern 

indicates a temporary reduction in blood supply at ~ 12 h after infusion. During 

septicemic shock, blood flow undergoes redistribution from periphery of the body to 

termogenic organs, i.e. shivering muscles and adipose tissue (BLATTEIS et al. 1988; 

RIEDEL and HALES 1983). To our knowledge, there is no report on uterine blood 

flow dynamics during septicemia in cattle, although some information is available for 

other species. For example, endotoxin infusion does not affect utero-placental 



47 
 

 DISCUSSION 

circulation in pregnant ewes (BLATTEIS et al. (1988). However, that experiment was 

performed close to parturition, so that the reaction in early pregnant ewes was not 

assessed (BLATTEIS et al. 1988). However, LPS induced a redistribution of blood 

flow in other species pre-term, i.e. in pregnant rats (BLATTEIS et al. 1986). Hence, 

the changes in RI and BFV observed in the present study might be a result of this 

redistribution process. The low intensity of these variations could be ascribed to the 

limited effects of a single LPS injection, consistent with clinical symptoms and effects 

on CL. Conversely, given the relatively small size of the conceptus at this stage, the 

impact of such minor changes in uterine blood flow remains unclear.  

In three cows, repeated administration of PGF2α, starting at 54 days of pregnancy, 

did not induce abortion. Consequently, it was decided not to interrupt pregnancy in 

these cows, and they subsequently delivered healthy calves at term. This outcome 

was unexpected. Given the low number of subjects involved (3 out of 6), the lack of 

reaction to cloprostenol could be a casual result. The focus of the present experiment 

was set on the immediate effects of LPS. Thus, we have no information about 

parameters of luteal function (i.e. P4, LS and LBF) at the time of expected abortion 

after PGF2α-analogue. In some animals, a first injection of synthetic PGF2α is 

insufficient to induce luteolysis, although a decrease in luteal size and P4 

consistently occurs (DAY 1977). A transient decrease of P4 does not necessarily 

lead to interruption of pregnancy. DAY (1977) proposed that an extension of this 

suppressing effect, obtained by repeated injections of cloprostenol, can subsequently 

cause complete luteal regression. Our result, however, does not confirm this 

supposition, since two subsequent replications of PGF2α did not succeed in inducing 

luteolysis in any of the three cows. To our knowledge, there is no report directly 

evaluating the possibility of a PGF2α resistance. If this lack of response to 

cloprostenol is not a casual result, the cows might have become resistant towards 

cloprostenol, because of the major exposure to endogenous PGF2α after LPS. 

Conversely, the interval of 48 h between consecutive cloprostenol injections (chosen 

for technical reasons) could have been inadequate. In fact, natural consecutive 

PGF2α peaks occur with about 18-24 h delay in the preluteolytic and luteolytic periods 

(GINTHER et al. 2010), so that a shorter interval between injections might have been 
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more effective. Further investigations are needed to clarify the reason for this 

interesting outcome.  

 

5.4 Effect of LPS on mRNA expression 

 

Analysis of mRNA expression, coupled with the previous observations, confirmed a 

transient decrease in luteal function after LPS exposure, followed by its recovery. 

Expression of StAR decreased 12 h after infusion of LPS, consistent with 

observations in cyclic cows (HERZOG et al. 2012). Since StAR is a key regulator of 

the transport of cholesterine in the mitochondrial membrane (REKAWIECKI et al. 

2008), a fundamental step in P4 synthesis, its decreased expression 12 h after 

infusion mirrored the concomitant P4 nadir.  

HERZOG et al. (2012) further reported increased expression of the apoptotic protein 

Caspase-3 in cycling cows 12 h after endotoxin infusion. In their experiment, this was 

consistent with decreased luteal size. In addition to apoptotic signalling, the authors 

inferred a concomitant role of Caspase-3 as a promoter of tissue regeneration. In the 

present study, expression of mRNA for Caspase-3 was higher in LPS-treated 

animals 12 h after infusion than at 48 h. However, unexpectedly, expression of 

Caspase-3 did not vary between the treated and control groups 12 h after infusion. 

This finding seemed to suggest a more moderate reaction of pregnant versus cyclic 

corpora lutea to LPS, confirming previous observations on LS, LBF and P4. Two 

explanations are proposed; both implicate some difference in the mechanism of 

luteolysis between cyclic and pregnant CL. Firstly, the biopsy procedure was 

performed 12 h after infusion, concurrent with the nadir of luteal size. The peak of 

apoptotic markers expression, however, presumably happened during the first 9 h 

after infusion, when luteal size was effectively decreasing. Caspase-3 expression 

may have declined faster in pregnant cows than in cycling cows, and be back to the 

normal ranges by the time of sampling. This would be also consistent with the 

observation that clinical signs and changes in LS, LBF and P4 apparently recovered 

sooner in pregnant versus diestrus cows. Alternately, the moderate variation of 
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Caspase-3 expression may be due to different signal molecules regulating luteolysis 

in pregnant versus nonpregnant cows. Thus, Caspase-3 could be crucially involved 

in the apoptosis and/or subsequent regeneration of cycling, but not pregnant CL, 

where it may have a secondary role. Observations in laboratory animals seem to 

support this idea. Caspase-3 can be dispensable or nonspecific in mice (JÄNICKE et 

al. 1998; KUIDA et al. 1996). Furthermore, in postpartum rats Caspase-3 only 

regulated regression of the CL generated after parturition, but had no apparent role in 

the luteolysis of CL formed during pregnancy (TAKIGUCHI et al. 2004).  

Twelve h after infusion, expression of mRNA for FGF-1 was lower in LPS- than in 

NaCl-group cattle. At the second time point (48 h), the difference had disappeared. 

Accordingly, 12 h after exposure to LPS, FGF-1 expression was lower than at 48 h, 

whereas it did not change in the saline-treated group. The second fibroblast growth 

factor examined, FGF-2, however, did not seem to react to LPS exposure. Both 

growth factors have key roles in angiogenensis as promoters of capillary growth, but 

FGF-2 is predominantly involved in early luteal development, whereas FGF-1 seems 

more active during the midcycle (SCHAMS and BERISHA 2004). After PGF2α-

induced luteolysis in cattle, both factors were significantly upregulated 12 h after 

cloprostenol treatment (NEUVIANS et al. 2004). This contrasts with both our 

observations that FGF-2 expression remained unvaried over time and that FGF-1 

expression was lower 12 h after LPS infusion. The specified experiment, however, 

took place in midcycle cattle, so that the difference might be once again due to 

pregnancy status. In early pregnant ewes, FGFs have been related not only with 

angiogenesis, but also with cellular proliferation and turnover in the CL (JABLONKA-

SHARIFF et al. 1997). Furthermore, SCHAMS and BERISHA (2002) reported peak 

abundance for FGF-1 during the midcycle, for FGF-2 in the early luteal phase, 

suggesting different involvement in angiogenesis for the two factors. Twelve h after 

LPS infusion, concurrent with the apparent down-regulation in FGF-1, LS and LBF 

were both lower, and P4 had reached its nadir, indicating a temporary suppression of 

luteal function. Hence, a possible explanation why FGF-1 expression was lower 12 h 

after LPS might be a depletion of this growth factor by the tissue, in an attempt to 

maintain homeostasis. The tissue had perhaps regenerated the FGF-1 reserves by 
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the time of the second biopsy (48 h). To confirm this theory, assessment of FGF-1 

expression before infusion, together with a more frequent biopsy collection to 

document expression of growth factors at more frequent intervals, would have been 

necessary. Notwithstanding, the primary aim of the present experiment was to 

characterize luteal function by ultrasonography. For that reason, and to avoid further 

stress to the cattle during the peak of systemic response, only two biopsies were 

included in the experimental design. Therefore, more detailed investigations are 

needed clarify the role of FGFs in homeostasis of the CL during pregnancy in cows.  

In the present study, expression of both TLR-2 and TLR-4 was not different in the 

LPS versus saline-treated group. However, in LPS-treated cows, expression of TLR-

4 was higher 12 h after infusion than 48 h. This was not surprising, since TLR-4 is a 

receptor with very specific affinity for LPS (SHELDON et al. 2009). The higher 

expression 12 h after LPS might be the consequence of a local reaction of luteal 

tissue to endotoxins, mirroring or supporting the systemic response. This could 

explain the decrease observed at 48 h. Toll-like receptors are described as 

ubiquitous, in consideration of their function in both innate and adaptive immunity 

(YANG et al. 2011; SHELDON et al. 2009; KOPP and MEDZHITOV 2003). 

Furthermore, their signal pathways have been recently mapped (CONNOR et al. 

2006). Expression of various TLRs has been shown in a diverse array of tissues and 

species (YANG et al. 2011; AFLATOONIAN and FAZELI 2008; VAHANAN et al. 

2008; FAZELI et al. 2005). More specifically, there is concrete evidence of the 

expression of TLRs in bovine granulosa cells (PRICE and SHELDON 2013; HERATH 

et al. 2007) as well as in the CL (TYSON 2014). These reports support our finding 

that TLR-2 and TLR-4 are expressed in bovine CL. Abundance of TLR throughout 

the organism may allow for more rapid and less specific responses to pathogens by 

the innate immune system. Thus, the hypothesis of a local reaction at the CL level to 

LPS-induced septicemia needs further studies.  

In conclusion, LPS administration in early pregnant cows suppressed luteal size and 

function, but this effect was transient and all pregnancies were sustained. A single 

experimental infusion of a low-dose, purified endotoxin might have simulated the 

natural infection with replicating bacteria, but only to a certain extent. In addition, for 
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several end points, the observed effects concerning systemic and local response to 

LPS seemed weaker in pregnant than in cyclic cows. The exact mechanism causing 

this protective effect during pregnancy, and its practical relevance, are certainly 

worthy of future investigation.  
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6 Summary 

 

Letizia Debertolis 

Effects of an intravenous infusion of Escherichia coli lipopolysaccharide in 

early pregnant dairy cattle 

 

The goal was to characterize effects of a single intravenous dose of endotoxin in 

early pregnant cows, in particular, effects on the corpus luteum (CL). Eight German 

Holstein cows at day 35 ± 3 of pregnancy (mean ± SD; range: day 29 to 38) received 

0.5 µg/kg weight E.coli LPS via an intravenous catheter. Seven pregnant heifers (day 

41 ± 6, range 33 to 49) underwent the same procedure, but received an infusion of 

0.9% saline instead of LPS, thus forming the control group. The time of infusion was 

designated 0 h. Clinical symptoms of animals were monitored continuously up to 

12 h, then at 24, 48, 72 and 96 h after infusion. Transrectal B-mode ultrasonography 

was performed 48, 72, and 96 h after infusion to determine maintenance of 

pregnancy (embryonic/fetal heart beats). One hour before infusion (−1 h) and at 3, 6, 

9, 12, 24, 48, 72 and 96 h after infusion, luteal size (LS) and luteal blood flow (LBF) 

were assessed with transrectal Doppler sonography. Blood flow volume (BFV) and 

resistance index (RI) of the uterine artery ipsilateral to the pregnant horn were 

determined by transrectal Doppler ultrasonography at -12, 12 and 48 h after infusion. 

Serum progesterone (P4) concentrations as well as prostaglandin two-alpha 

metabolites (PGFM) were measured at -1, 0.5, 1, 2, 3, 4, 6, 9, 12, 24, 48, 72 and 96 

h after infusion. Luteal tissue samples were gathered by ultrasound-guided 

transvaginal puncture of the CL 12 h and 48 h after infusion to quantify the levels of 

mRNA encoding Caspase-3, steroidogenic acute regulatory protein (StAR), basic 

and acidic fibroblast growth factors (FGF-1 and FGF-2), and Toll-like receptors 2 and 

4 (TLR-2 and TLR-4). Cows given LPS had an array of toxaemia-related clinical 

signs that disappeared within 24 h after infusion, whereas control cattle did not show 

any disturbances of general health condition. None of the cattle experienced 

pregnancy loss during or after the study period. Within the first 12 h after LPS 
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infusion, LS decreased from 3.80±0.50 to 3.12±0.29 cm2 (P≤0.05), stayed at this 

level up to 48 h and then returned to pre-treatment values (P≤0.05). In the first 24 h 

after LPS, LBF declined by 57% (P≤0.05), increased again to the pre-treatment levels 

(P≤0.05) at 48 h, and remained at a constant level (P>0.05) until the end of 

examinations. Luteal size and LBF did not change after infusion of saline solution 

(P>0.05). Only in the LPS-group, BFV and RI had a modest decline in blood flow to 

the pregnant horn 12 h after infusion, with a subsequent recovery at 48 h. In LPS-

treated cows, P4 concentrations increased abruptly within the first 3 h and 

successively declined to 2.8 ng/ml by 12 h (P≤0.05), although they did not vary in 

control cattle. In both groups, P4 concentrations declined over the following 4 days 

compared to the values measured before infusion (P ≤ 0.05). Serum concentration of 

PGFM peaked 0.5 h after LPS infusion (P ≤ 0.05), than declined to pre-treatment 

level. Molecular parameters of luteal function confirmed previous observations. 

Relative abundance of transcript for mRNA encoding StAR as well as those encoding 

FGF-1, but not FGF-2, were at 12 h lower (P ≤ 0.05) in luteal tissues of cattle given 

LPS vs. saline. However, there was no difference at 48 h after infusion. Furthermore, 

temporary variations (P ≤ 0.05) of mRNA level occurred after LPS for FGF-1, StAR, 

Caspase-3 and TLR-4. In conclusion, a single dose of LPS in early pregnant cattle 

clearly depressed luteal function and moderately reduced uterine blood flow. These 

effects, however, were transient and did not cause pregnancy loss.  
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7 Zusammenfassung 

 

Letizia Debertolis 

Auswirkung einer intravenösen Infusion von Escherichia coli 

Lipopolysaccharide in der Frühgravidität des Rindes  

 

Ziel der vorliegenden Arbeit war es, die Effekte einer intravenösen Endotoxininfusion 

aus E. coli gewonnenen Lipopolysacchariden (LPS) auf das Corpus luteum sowie die 

uterine Perfusion in der Frühgravidität des Rindes zu charakterisieren. Acht Kühen 

der Rasse Deutsche Holstein wurde am Tag 35 ± 3 der Trächtigkeit (Mittelwert ± SD; 

Range: Tag 29-38) 0,5 µg/kg Körpergewicht E.coli-LPS über einen intravenösen 

Katheter appliziert. Sieben tragende Färsen (Tag 41 ± 6, Range: Tag 33-49), die als 

Kontrolltiere galten, erhielten statt LPS eine Injektion 0,9%iger Kochsalzlösung. Die 

Injektionszeit wurde als Stunde (h) 0 definiert. Alle Tiere wurden nach der Injektion 

bis zu 12 h klinisch überwacht und zusätzlich 24, 48, 72 sowie 96 h nach der 

Injektion klinisch untersucht. Mittels transrektaler B-Mode-Ultrasonographie wurde 

48, 72 und 96 h nach der Injektion durch den Nachweis des embryonalen 

Herzschlags die Aufrechterhaltung der Trächtigkeit bestätigt. Eine Stunde vor der 

Infusion (-1 h) und 3, 6, 9, 12, 24, 48, 72 und 96 h nach Infusion wurden die 

Gelbkörpergröße (LS) sowie die luteale Durchblutung (LBF) mittels transrektaler B-

Mode- bzw. Dopplersonographie erfasst. Blutflussvolumen (BFV) und Resistance 

Index (RI) der Arteria uterina des tragenden Uterushorns wurden in den Stunden -12, 

12 und 48 h dopplersonographisch untersucht. Blutproben zur Bestimmung der 

Progesteron- (P4) sowie der Prostaglandin-zwei-alpha-Metabolitenkonzentrationen 

(PGFM) wurden -1, 0,5, 1, 2, 3, 4, 6, 9, 12, 24, 48, 72 und 96 h nach der Injektion 

aus der Vena jugularis entnommen. Außerdem wurden 12 und 48 h nach der 

Injektion Biopsieproben aus dem Corpus luteum über eine ultraschallgeleitete, 

transvaginale Gelbkörperpunktion genommen, um die mRNA-Expression von 

Caspase-3, Steroidogenic Acute Regulatory Protein (StAR), Basic und Acidic 

Fibroblast Growth Factors (FGF-1 und FGF-2) und der Toll-like Receptors 2 und 4 
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(TLR-2 und TLR-4) zu quantifizieren. Tiere, die mit LPS behandelt wurden, zeigten 

eine deutliche Symptomatik eines septischen Schocks, die bei allen Tieren innerhalb 

von 24 h nach Infusion abgeklungen war. Die Kontrolltiere wiesen nach NaCl-

Injektion keine Störung des Allgemeinbefindens auf. Bei keinem der Studientiere 

konnte eine embryonale Mortalität beobachtet werden. Innerhalb der ersten 12 

Stunden nach der LPS-Infusion sank LS von 3,80±0,50 bis 3,12±0,29 cm2, blieb bis 

48 h auf diesem Niveau und stieg dann wieder auf den Basalwert an. In den ersten 

24 Stunden nach LPS sank LBF um 57% ab, nahm danach wieder zu, erreichte bei 

48 h seinen Ausgangswert und blieb bis zum Ende der Untersuchungen konstant. 

Nach Injektion der Kochsalzlösung variierten LS und LBF bei den Kontrolltieren nicht. 

Zwölf Stunden nach der LPS Injektion deutete sich ein leichter Rückgang der 

Parameter BFV und RI an, der nach 48 h wieder ausgeglichen war. Die P4-

Konzentrationen nahmen bei LPS-behandelten Tieren innerhalb der ersten 3 

Stunden abrupt zu und waren 12 h nach der Injektion wieder auf 2,8 ng/ml 

abgesunken. In der Kontrollgruppe änderten sich diese Parameter nicht. Nach einem 

initialen, rapiden Anstieg der PGFM-Konzentration innerhalb der ersten 0,5 h nach 

der LPS-Injektion, erreichte sie wieder das Ausgangsniveau. Die Expression von 

Genen, die für die Funktionalität des CLs verantwortlich sind, bestätigte die oben 

genannten Beobachtungen. Bei LPS behandelten Tieren war die Expression der 

mRNA für StAR und für FGF-1 im Lutealgewebe 12 h nach LPS Injektion niedriger 

als bei den Kontrolltieren. Dieser Unterschied war 48 h nach der Infusion wieder 

aufgehoben. Für FGF-2 ergab sich kein Unterschied. Innerhalb der LPS Gruppe war 

die Expression der mRNA für StAR und FGF-1 12 h nach Injektion erniedrigt und für 

Caspase-3 und TLR-4 erhöht. Schlussfolgernd lässt sich aus der vorliegenden Studie 

zusammenfassen, dass durch eine intravenöse Administration von LPS-Endotoxinen 

in der Frühgravidität des Rindes die Gelbkörperfunktion temporär deutlich 

beeinträchtigt wurde, dies aber bei keinem Tier zu einer embryonalen Mortalität 

geführt hat.  
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