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INTRODUCTION 

1 Introduction 
 

The myometrial contractile activity is of paramount importance for the bovine 

reproductive performance. An on-shedule, optimal labor as well as coordinated 

contractions able to expel the fetal placenta and bring the uterus to its previous non-

pregnant size are inextricably linked with the uterine contractility. A disruption of this 

mechanism is the source of many obstetrical and gynecological alterations with direct 

effects on future fertility. 

 

The contractile activity of the bovine myometrium can be measured in vivo, in situ, 

and in vitro [1]. In vivo experiments deal with conscious, intact animals. In situ 

measurements utilize anaesthetized animals with an opened abdomen. The uterus or 

samples of uterine tissue are studied after their extraction from the body of the 

animal during in vitro measurements. The data obtained by the two first methods are 

influenced by factors difficult to control, since these factors comprise not only internal 

disturbances, such as the metabolic or the hormonal background, but also external 

interferences like animal manipulation or feeding [2]. All these factors can be 

neglected using in vitro experiments, where only the myogenic activity of the uterus is 

measured. In vitro experiments also allow the study of uterine response after 

stimulation or inhibition of the receptors involved in hormonal and nervous pathways 

[1]. Therefore, in vitro experiments represent a suitable way to investigate the uterine 

activity exhibited by both late-pregnant and postpartum myometria. 

 

The uterine activity is regulated by many factors, among them the hormonal 

background. It is well accepted that the steroids progesterone and estradiol have 

opposite effects at the myometrial level. Whereas progesterone owns the capacity to 

down-regulate uterine activity, estradiol promotes myometrial changes towards the 

contractant pathways. Nevertheless, the precise balance that these hormones 

maintain around parturition, as well as their influence on the myometrial activity of the 

bovine uterus remain unclear. Likewise, the myogenic behavior of the bovine 

myometrium prior to and after calving has so far not been fully described. Under 
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physiological hormonal and nervous stimulation both the gravid and the postpartum 

uterus exhibit contractile activity in the cow [2,3]; however, the myogenic 

mechanisms and the exact hormonal background are usually ignored. Additionally, 

after calving, the uterus has to return to its non-pregnant size and expel the fetal 

membranes and the lochial fluids. Here again a co-ordinated contractile activity is 

necessary. The mechanisms governing this process are known to be easily 

influenced. For instance, coliform bacteria, whose presence is frequent in postpartum 

cattle, may trigger PGF2α production, which has an uterotonic action. Yet, how the 

presence of endotoxins in uterine lumen may affect the uterine contractility after 

placental expulsion has so far not been investigated. 

 

Therefore, the first aim of this study was to examine the myogenic activity of bovine 

myometrium in vitro in two specific reproductive stages: on d 275 of gestation and 

after placental expulsion with subsequent infusion of intrauterine lipopolysaccharide 

(LPS) taking into account the blood progesterone (P4) and 17ß-estradiol (E2ß) levels. 

A further objective was to examine the contractile activity exhibited after stimulation 

with the contraction agonist oxytocin (Oxy) and the natural PGF2α analogue dinoprost 

(PGF) as well as calcium chloride (Ca). The third goal of this study was to describe 

the expression of the uterine receptors for oxytocin (OTR), PGF2α (FPR), 

progesterone (PR), and estrogen (ERα) and the relation of the P4 and E2ß blood 

concentration with them. 
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2 Literature 
 

2.1 Uterus  
 

The bovine uterus consists of a cervix, a body and two horns [4]. The uterine wall is 

divided into three layers: endometrium, myometrium and serosa. The myometrium 

contains two smooth muscle layers separated by a vascular plexus. The outer 

longitudinal layer is adjacent to the serosa and the inner circular one neighbours the 

endometrium. In contrast to the human uterus [5], these two layers can be easily 

differentiated in the bovine uterus [6,7]. They exhibit different histological [8] and 

biochemical [9] features along with a layer-specific innervations [10]. Myocytes or 

smooth muscle cells are the dominant cell population in the myometrium. They are 

embedded in loose connective tissue which accommodates all supplying structures 

[8]. 

 

2.1.1 Uterine contractility during late gestation 

 

During pregnancy, the uterus undergoes an extreme enlargement to accommodate 

the growing fetus, the placenta and the amniotic liquid [11]. This phenomenon is 

based on hypertrophy and hyperplasia of the existing cells and an increased 

deposition of fibrous (predominantly collagen) and elastic tissue components [12]. 

It has been shown that despite progesterone secretion throughout pregnancy [13], 

the bovine uterus does not remain quiescent, but displays contractile activity [3,14]. 

This fact has not only been proved in vivo [3,14,15], but also in vitro [16,17]. In regard 

to in vivo studies, Kündig et al. [3] described the contractions produced by the bovine 

uterus around parturition through pressure microsensors and electrodes implanted in 

the pregnant horn. They stated that approximately 3 weeks before calving, the 

frequency was 0.3 to 0.5 contractions/h, lasting 3 to 30 min, and their amplitude 

ranged from 60 to 80 mmHg in the caudal part of the uterus, and from 20 to 

40 mmHg in its cranial part. Taverne et al. [2] confirmed these findings by utilizing 
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similarly instrumented late-pregnant cows. They used the term “contracture” to 

describe low-frequency (13.6 ± 0.9 contractures/d) long-lasting (12.1 ± 0.3 min) 

bursts of uterine activity during the last weeks of gestation, and to differentiate them 

from the contractions distinctive of labor. The latter are high-frequency, short-lasting 

(less than 90 sec) contractions which occur uniformly throughout the uterine horn. 

This work also reported three further noteworthy findings. First, the electrical 

myometrial activity persisted even after the pressure cycles were completed. Second, 

the contractures were not equally distributed during the 24 h of the day (lower activity 

at 6, 17 and 21 h). External stimuli (animal feeding and stable cleaning), systemic or 

local hormones (oxytocin, prostaglandins, and catecholamines), or even just the 

intrinsic myogenic activity were suggested to be responsible for such circadian 

activity patterns and remain to be elucidated in the cow [2]. The third finding referred 

to the fact that the contractures in pregnant cows suddenly disappear shortly before 

calving, at the time luteolysis is occuring. This last phenomenon is yet unexplained.  

Most of the studies in vitro highlight the importance of the hormones [18] and 

pregnancy status [5] on uterine contractions with special focus on progesterone [17], 

estrogens [17], and prostaglandins [16]. 

 

2.1.2 Uterine contractility during parturition 

 

Approximately 280 days after fertilization [19,20], the fetus is fully developed and has 

to be expelled. A strict regulation of the contractility mechanism is indispensable to 

produce sufficient vigorous contractions able to expel the fetus without provoking 

further damages, such as hypoxia or distress. Uncoordinated or too weak 

contractions lead to dystocia [21]. 

Labor has traditionally been divided into three stages: the preparation and aperture 

phase, the delivery of the fetus, and the expulsion of the fetal placenta [22]. From the 

myometrial point of view, a similar classification is possible attending to the changes 

in the contractility mechanisms.  

Accordingly, the first stage is characterized by a number of changes in the signaling 

system. The balance in the myometrium starts to shift from components of the 
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relaxant pathways, to components of the contractant pathways. In the cow this shift is 

triggered by a steep rise in the fetal plasma levels of cortisol, which leads to 

hormonal changes in the pregnant uterus, such as the synthesis of estrogens and 

prostaglandins. The latter induce a functional regression of the corpus luteum and a 

rapid decline of the maternal progesterone levels [2]. However, not fully understood 

is the fact that uterine contractures are absent during luteolysis [2,23]. Janszen et al. 

[24] postulated that this time window is required by the uterus to undergo several 

functional changes to initiate labor-like uterine contractions. In other species these 

functional changes involve the synthesis of molecules (proteins for the formation of 

gap junctions or ion-channels, interleukin etc.) that permit the myometrium to contract 

at term [25]. Taverne et al. [2] surmised that the inducible isoform of the enzyme 

nitric oxide synthase plays a role in the change from myometrial inhibition to 

activation at early stages of the parturient process in the cow. 

The second stage comprises the parturition. It is hypothesized that in this stage the 

myometrium becomes more receptive to contractile signals and less responsive to 

relaxant ones as labor approaches [26]. Kündig et al. [3] reported that the onset of 

labor was characterized by regular, long-lasting (5 to 15 min) strong contractions (50-

180 mmHg). With the entrance of the calf into the birth canal, the frequency 

augmented up to 8 to 10 contractions/h and their amplitude to 80-180 mmHg. The 

rupture of the fetal membranes initiated a more relaxed phase until the ingress of the 

calf into the cervix. During the expulsion phase, a burst of intensive (>200 mmHg) 

contractions occurred. They became more frequent (20-30 contractions/h) and briefer 

(40-120 seconds) right after the expulsion of the calf [3]. 

 

2.1.3 Uterine contractility after calving 

 

After delivery of the calf, a series of contractions has to be performed to expel the 

placenta [27]. According to Kündig et al. [3] these contractions are regular (20-

30 contractions/h), brief (40-120 sec) and attain levels of 100-200 mmHg right after 

the expulsion of the calf. Martin et al. [28] observed similar contractions one hour 

after parturition. In the late mentioned study, the contractions had frequencies of 
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2.7 ± 0.5 /10 min, and lasted 1.6 ± 0.4 min; however, the amplitudes were lower 

(21.1 ± 5.0 mmHg) than those described by Kündig et al. [3]. 

In case of a normal parturition, the fetal membranes have to be expelled within six 

hours after birth [29]. The physiological afterbirth detachment is followed by a rapid 

decrease in the uterine activity [3]. Although with a decreased contractile 

performance, the intact uterus remains active several days after calving [3] executing 

the contractions necessary to accomplish the uterine involution [30]. The amplitudes 

are up to 120 mmHg high and occur with intervals of 5 to 60 min from days 1 to 4 

after calving. They convert to isolated (0.2-0.5 contractions/h), weak (20-50 mmHg) 

contractions between days 4 to 12 postpartum, and result in stronger contractions 12 

to 13 days after calving with frequencies up to 2-3 contractions/h [3]. 

 

2.1.3.1 Pathological alterations after calving 

 

If the fetal membranes are still present by 12 [31] to 24 h [32] after calving, it is called 

a retained placenta [29]. Eiler and Fecteau [31] defined primary retention as a result 

of absence of detachment from the maternal caruncles, whereas secondary retention 

is related to a mechanical complication in expelling already detached fetal 

membranes. Both causes can coexist [31]. A deficient or complete lack of uterine 

motility (atony) is therefore considered as an important reason for the retention 

pathogenesis [33]. Generally, animals with a retained placenta register higher uterine 

work [28]. More precise, cows with a retained placenta showed 48 h after calving a 

higher frequency (2.21 ± 0.75 contractions/10 min vs. 1.00 ± 0.96 con-

tractions/10 min), duration (1.32 ± 0.39 min vs. 0.88 ± 0.8 min), and amplitude 

(16.39 ± 7.06 mmHg vs. 7.37 ± 7.20 mmHg) of contraction compared to cows without 

a retained placenta [28]. 

Wishral et al. [34] examined the fluctuations in prostaglandin concentrations around 

parturition in cows with and without retained fetal membranes. They stated that cows 

with a delayed placenta detachment showed a lower 15-keto-13,14-dihydro-PGF2α 

(PGFM) plasma concentration one hour after calving compared with cows with 

physiological placental detachment. Twelve hours after calf delivery, PGFM 
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decreased markedly in cows without retention (approx. up to 12000 pmol/L) and 

increased in cows with retained fetal membranes (approx. up to 25000 pmol/L), 

provoking a clear PGFM difference between animals with and without a retained 

placenta. 

An impaired myometrial contractility after placental detachment may lead to deficient 

clearing of the uterus [35,36], favoring uterine infections [7,37]. The bacterial 

presence in the uterus may trigger an inflammatory reaction [37], activate the ara-

chidonic acid cascade with the consequent synthesis and release of prostaglandins 

[36,38,39]. Del Vecchio et al. [40] and Lindell et al. [41] stipulated that PGFM after 

parturition likely reflects uterine tissue damage and infection. In fact, Del Vecchio et 

al. [40] described a raise in PGFM plasma concentration some hours after a 

transcervical infusion of 3·109 colony forming units (cfu) of Trueperella pyogenes and 

1.5·109 cfu of β-hemolytic Escherichia coli. Lindell et al. [41] also observed higher 

values of PGFM in cows suffering from pyometra than in intact cows. Moreover, 

Peter et al. [42] demonstrated that uterine endotoxins can be absorbed by damaged 

endometria and consequently be detected in plasma. 

 

2.2 Myogenic intrinsic mechanism 

 

The uterus has the capacity to generate spontaneous contractions. The mechanisms 

involved in the initiation of a contraction are not completely understood [43]. Since 

Ramón y Cajal [44] discovered a population of cells (interstitial cells of Cajal; ICC) in 

the digestive tract that served as electrical pacemakers, there have been several 

attempts to find the corresponding cells in the female reproductive tract [43,45]. With 

the identification of cells similar to the ICC in other spontaneously active smooth 

muscles (ureter, urethra, portal vein, mesenteric artery, and urinary bladder [45]), the 

term ICC-like cell was introduced. In 2005, Duquette et al. [45] described a novel 

ICC-like cell type in murine and human uteri. This finding was corroborated by 

Popescu et al. [43]. According to both groups of authors, these cells were closely 

associated with axons, smooth-muscle cells [45], capillaries [43], and connective 

tissue cells of the immune system [43]. Thereby, uterine ICC-like cells seemed to be 
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involved in neurotransmission [45] and immunomodulation [43], but were neither able 

to fire action potentials nor to show contractile activity in response to depolarization. 

Conversely, smooth muscle cells fired action potentials and contracted in response to 

depolarization [45]. Popescu et al. [43] hypothesized that the intrinsic capacity of the 

uterus to contract spontaneously results from a series of genetic, metabolic and hor-

monal modulations in the ICC-like cells, which may modify their phenotype depen-

ding on the information they receive. 

The smooth muscle cells communicate with each other through gap junctions [46]. 

Thus, the excitation generated in a pacemaker cell is transmitted to neighboring cells 

to perform an effective contraction [47]. These gap junctions increase numerically 

with the onset of labor [48], and the myocytes form a functional syncytium [49]. Such 

a syncytium is necessary for the coordination of effective uterine contractions. Some 

connexins have been identified in the bovine uterus, but connexin-43 appears to be 

the most abundant one [9,47]. Interestingly, the circular layer of the bovine 

myometrium appears to have more intercellular communications than the longitudinal 

one as connexin-43 messenger ribonucleic acid (mRNA) is higher in the circular layer 

[9]. Both mechanical (stretching force produced by the growing fetus and its adnexa) 

and hormonal changes, can modulate the abundance of connexins in uterus [47]. 

 

2.3 Neural modulation 

 

The neural control upon the myometrial smooth muscle cells is mediated through the 

effect of transmitters. Cholinergic and adrenergic nerve fibers of the autonomic ner-

vous system innervate the uterus [50]. Cholinergic stimulation causes the contraction 

of the smooth muscle cells through muscarinic receptors [51], whereas adrenergic 

stimulation can produce both contraction or relaxation, depending on how the 

receptors are bound. Myometrial α1- and α2-adrenoreceptors binding leads to an 

excitatory response, and β2-adrenoreceptors to an inhibitory one [52]. The α2-

adrenoreceptors are more abundant in the bovine uterus than α1-adrenoreceptors 

[53]. Furthermore, noncholinergic and nonadrenergic (NANC) nerves are involved in 

the relaxation of the uterus through the neurotransmitter nitric oxide [54]. Regarding 
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the two muscle layers, Taneike et al. [10] found that there are variations in their 

functional innervation. The longitudinal layer is exclusively innervated by adrenergic 

nerves, whereas the circular layer is in a minor proportion innervated by adrenergic 

nerves, and predominantly by excitatory NANC [10]. The above mentioned authors 

also noticed that cholinergic nerves are not functional in the bovine myometrium, and 

corroborated that α2-adrenoreceptors are predominant in myometrium, and 

responsible for the excitatory response to both endogenous and exogenous 

noradrenaline. The longitudinal layer possesses more α2-adrenoreceptors than the 

circular one, and in both of layers the receptors are heterogeneously distributed [10]. 

Both hormonal control and myogenic intrinsic mechanisms have more influence on 

the uterine motility than the nervous system [55]. 

 

2.4 Hormonal modulation 

 

2.4.1 Steroid hormones 

 

2.4.1.1 Progesterone 

 

In the cow there are three sources of progesterone (P4) that coexist during preg-

nancy: corpus luteum, placenta and adrenal glands. In contrast to other species 

where placental P4 is responsive to maintain the maternal P4 systemic levels, in the 

cow the placenta contributes only to minor extent and only temporarily to the P4 

synthesis [56]. The corpus luteum is the main source of P4 during pregnancy [57]. 

The role of accessory placental P4 production and its target organs is still not fully 

understood. It is discussed that the mechanism of action of P4 might not only be 

limited to endocrine routes, but may involve paracrine ways [56]. These paracrine 

routes have been suggested for the ovary. The progesterone receptor has been 

detected in ovarian tissue [58], where presumably luteal progesterone exerts its 

action. Likewise, placental progesterone could act in the proximity of the site of 

production, which is the trophoblast [56]. Hoffman and Schuler [56] identified 

progesterone receptor in the caruncle in stromal cells, capillary pericytes, and only at 



 

 10 

LITERATURE 

parturition in arterial walls. This lends a great support to the hypothesis that placental 

P4 exerts its action in the pregnant uterus in a paracrine way to promote placental 

growth, differentiation and regulation. 

The biochemical mechanisms of P4 leading to uterine relaxation are numerous [59]. 

They are classified into nongenomic and genomic mechanisms. Nongenomic effects 

are the inhibition of transmembrane calcium entry, release of calcium from intra-

cellular stores, such as the sarcoplasmatic reticulum [60], and membrane hyper-

polarization with consequent activation of potassium channels [61]. However, most of 

the effects of P4 are mediated via genomic mechanisms through its binding with the 

hormonal nuclear receptor. This binding induces a series of changes in the expres-

sion of target genes. In particular, P4 inhibits the expression of connexin-43 [62], 

regulates the density of the oxytocin receptor [63,64], reduces estradiol-induced in-

crease in cyclic guanosin monophosphat-dependent protein kinase [65], and de-

creases the expression of interleukin-8 in myometrial and cervical stromal cells [66]. 

Progesterone is known to down-regulate estrogen receptors, induce estrogen 

metabolism [67], and repress transcriptional estradiol-responsive genes [68]. The 

uterine oxytocin receptor gene expression is synergistically up-regulated by P4 and 

estradiol; however, exogenous P4 alone seems to have no effect on the gene 

expression of the oxytocin receptor [69]. 

 

2.4.1.2 Estrogens 

 

There are several derivatives of free estrogens. The most biologically active are 

estradiol-17β, estrone and estriol. Estrogens are synthesized from androstenedione, 

which derives from cholesterol. Androstenedione is converted to estrone or estradiol, 

either immediately or through testosterone. The conversion of testosterone to estra-

diol, and of androstenedione to estrone, is catalyzed by the enzyme aromatase [70]. 

Estriol is almost exclusively produced from the C19 estrogen precursor dehydroepi-

androstenodione sulfate in the adrenals of the fetus [71]. In the pregnant cow, the 

major source of estrogens is the placenta [72], more concretely the trophoblast [13], 

followed by the ovary. Estrone-sulphate, the conjugated form of estrone is the most 
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abundant estrogen in the maternal blood circulation [70]. An increase in its maternal 

peripheral blood concentration starts to be detectable between 75 and 100 days of 

gestation [56]. From day 265 onwards it plateaus at 15-30 nmol/L until parturition 

[56], and declines abruptly to zero level after birth [70,73]. The concentrations of the 

non-conjugated form of estrone and estradiol-17β rise 30 to 20 days prior to 

parturition, peaking at birth [13]. Both conjugated and non-conjugated forms of 

estrogens are transformed into estrone, glucuronides (17 beta-estradiol-3-

glucuronide, estrone-3-glucuronide), and sulfates (estrone-3-sulfate, 17beta-

estradiol-3-sulfate) metabolites in the uterus [74], and in various hydroxylated (2-

hydroxyestradiol, 2-hydroxyestrone, 6α-hydroxyestradiol, 6α-hydroxyestrone) 

estrogen metabolites in the placenta [70,75]. 

Placental estrogens exceed markedly ovarian estrogens during pregnancy [70]. 

Moreover, similar to placental P4, both the real aim of the placental estrogens and 

their exact target organ in the time frame between the onset of their secretion and 

late gestation still remain unclear [56]. In cows with low estrone-sulphate levels, 

6 weeks before parturition the rate of stillborn calves was increased [76]. Kindahl et 

al. [70] therefore surmised that placental estrogens may be essential for an optimal 

placental function. 

Estrogens are not directly responsible for uterine contractions to initiate labor but 

induce a series of myometrial changes. These transformations in the myometrium 

include an increase in the number of prostaglandin receptors [77], oxytocin receptors 

[78,79], and gap junctions [80], a reduction of the membrane potential [81], and an 

up-regulation of proteins (calmodulin) and enzymes (myosin light chain kinase) 

responsible for muscle contractions [82], that enhance the capacity of the 

myometrium to perform contractions. The effect of estrogens on the PGF2α secretion 

depends on the location in the endometrium. In cultured bovine uterine endometrial 

epithelial cells, but not in stromal cells, the basal production of PGF2α is reduced by 

estradiol [83]. Furthermore, estrogens promote the production of oxytocin receptor in 

uterus [69], which in turn stimulates the synthesis of PGF2α [84]. 
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2.4.2 Prostaglandins 

 

Prostanoids (prostaglandins and thromboxanes) originate from arachidonic acid. The 

transformation is catalyzed by cyclooxygenases (COX). There are two different  

COX-isoenzymes, one is mainly constitutive (COX-1) and the other one inducible 

(COX-2). The latter participates in both physiological (luteolysis, parturition) and 

pathological processes (inflammation). 

There are three types of prostaglandins: PGF2α, prostacyclin (PGI2) and prosta-

glandin E (PGE) [85]. Prostaglandin F2α plays a major role in reproduction. Its me-

tabolism is very fast and results in the initial formation of PGFM, mainly in the lungs. 

PGFM is measurable in blood and reflects the activation of the arachidonic acid 

cascade. The dual triggering of this cascade, as a response to both physiological and 

inflammatory stimuli, complicates the interpretation of the prostaglandin production. 

Physiologically, PGF2α is synthesized in the endometrium to lyse the corpus luteum at 

the end of diestrus or pregnancy. However, an increase of PGFM can also be related 

with endometrial damage and with an inflammation of the uterus or other organs [70]. 

Between 2 to 3 weeks after calving, PGF2α is massively produced with a 

corresponding elevation of blood PGFM [86]. Cows with different degrees of 

intrauterine infections or retained fetal membranes show a longer duration of this 

PGF2α release than cows with a normal uterine involution [41]. Due to the 

inflammatory process, the myometrium becomes insensitive to the products of the 

arachidonic acid cascade, and does not react with a contractile response, delaying 

the uterine involution. Therefore, it appears that a high PGF2α release is not 

beneficial for the uterine involution in cows with a disrupted uterine physiology. In 

contrast, this PGF2α secretion seems to be essential for the correct uterine involution 

in healthy cows, maybe mainly for the contraction of the uterine smooth muscle 

cells [70]. 

Prostaglandin F2α exerts its action in the myometrium in a direct and in an indirect 

manner. In vitro, it stimulates directly the electrical and the mechanical activity of the 

myometrium through a slow membrane depolarization upon the presence of sodium 

in the nourishment medium [87]. More specifically, PGF2α increases intracellular cal-
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cium by stimulating its entry mechanisms with a significant dependence on extra-

cellular calcium [88]. Furthermore, PGF2α inhibits adenosine triphosphate-dependent 

calcium binding to the sarcoplasmatic reticulum [89], and activates extracellular sig-

nal-regulated kinases through the βγ subunits of G proteins [90], metabolites involved 

in the regulation of the contractant pathways [26]. Prostaglandin F2α is also involved 

in the synthesis of inositol phosphates [88] responsible for the calcium release from 

intracellular stores [47]. The indirect effects are multiple, and include an up-regulation 

in the number of oxytocin and estrogen receptors along with an elevated sensitivity of 

the uterus to oxytocin [91-94]. In the corpus luteum, PGF2α down-regulates the P4 

synthesis [95], and in the bovine placentome PGF2α up-regulates its production [96]. 

Prostaglandin F2α  also contributes to enhance the number of gap junctions of the 

myometrial syncytium [62]. 

 

2.4.3 Oxytocin 

 

Oxytocin exerts a potent stimulatory effect on the myometrium [97]. The actions of 

oxytocin are mediated by specific, high-affinity oxytocin receptors. Oxytocin activates 

phospholipase C to produce inositol phosphates. There is considerable evidence that 

several G-proteins are involved in this signaling pathway [79]. In contrast to PGF2α, 

extracellular calcium is not decisive for the generation of inositol phosphates by oxy-

tocin [98], and does not play a direct role in the oxytocin-induced activation of phos-

pholipase C [79]. The effect of oxytocin on the formation of myometrial gap junctions 

is controversial. Ciray et al. [99] categorized the effect of oxytocin on the promotion of 

gap junctions as negligible, and postulated that gap junction formation occurs 

indirectly via estrogens, since oxytocin stimulates estradiol synthesis [100] and this in 

turn the formation of gap junctions [62]. Chan et al. [101] found that inactivation of 

oxytocin receptors under experimental conditions did not affect gap junction 

synthesis in pregnant rats. 
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2.4.4 Relaxin 

 

Relaxin inhibits the spontaneous activity of the uterus [102]. It is generally accepted 

that this hormone is responsible for the uterus relaxation during the last 24 to 36 

hours of gestation [103]. Relaxin is involved in luteolysis during late pregnancy, 

affecting peripheral blood concentrations of P4, estrogen, oxytocin and PGF2α [104]. 

Specifically, relaxin induces a suppression of oxytocin release in a dose-dependent 

manner [105] and effaces the prostaglandin- and oxytocin-induced progesterone 

secretion by cultured bovine luteal cells from days 145 to 214 of gestation [95]. 

 

2.5 Hormone receptors 

 

2.5.1 Progesterone receptor (PR) 

 

Progesterone receptor (PR) belongs to a large family of nuclear ligand-activated 

transcription factors. In the absence of P4 the receptors are associated with prefor-

med complexes of proteins, such as heat-shock proteins [106], and they appear to be 

dispersed in the cytoplasm, predominantly near to the nucleus [107]. The heat-shock 

proteins ensure that the functional conformation of the receptor remains unaltered 

and able to bind ligands to be activated [108]. The linkage with P4 causes the 

dissociation of the heat-shock proteins, receptor dimerization and its binding to a 

steroid response element. Then, the receptor dimer interacts with basal transcription 

factors, other DNA-binding proteins and co-activators, which result in transcription of 

the target gene [107]. The fact that kinase activity can activate some steroid 

receptors in the absence of ligand, suggests alternative pathways of gene 

transcription [109]. The final biological response after receptor activation is therefore 

the result of a fine and intricate modulation among the factors mentioned above. 

These interactions may be regulated by receptor phosphorylation. Many of the 

phosphorylation sites in the receptors have been identified. Moreover, initial analyses 
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indicate that at least DNA binding and transcriptional activation are modified 

substantially by phosphorylation [107]. 

The presence and distribution of PR in the intercaruncular uterine wall have already 

been examined immunohistochemically in cows during pregnancy [110], and around 

the time of parturition [111]. These studies agree that the number of PR depends on 

the pregnancy stage and PR are located in distinct cell types and locations in the 

uterine tissue. Schäubli et al. [111] found that PR are restricted to the nucleus. In this 

study, endometrial surface epithelium was PR-negative and glands exhibited weak 

immunoreaction. The stromal cells displayed strong staining, but the most 

outstanding immunoreaction was observed in the myocytes. Gray et al. [112] investi-

gated the presence of PR protein during the first days postpartum in ewes. At the first 

day after parturition PR protein could only be detected in stromal cells and in the 

myometrium, and it was completely absent in surface epithelia. By postpartum day 7, 

PR protein was detected in the superficial glandular epithelium of the stratum 

compactum and in the glandular epithelium present in the upper stratum 

spongiosum. Between postpartum days 7 and 28, PR protein was either very low or 

absent in luminal epithelium, but moderately or highly abundant in the stroma and 

myometrium. During this period, PR protein was observed in all epithelial cells of 

superficial and mid endometrial glands, but absent in the epithelium of deep glands. 

In the presence of estrogen receptor, P4 down-regulates its own receptor [113]. High 

levels of PR in myometrium during pregnancy are probably associated with a strong 

dilution of P4 in the blood stream [111]. 

 

2.5.2 Estrogen receptor α (ERα) 

 

Similar to PR, estrogen receptor α (ERα) also belongs to the nuclear ligand-activated 

transcription factors superfamily, and utilizes similar ways of activation and action 

[107]. Estrogen exerts its action on the uterus via two receptors: estrogen receptor 

alpha (ERα) and estrogen receptor beta (ERβ). In pregnant cows, ERα has been 

localized in the cytoplasm of the tunica media of maternal blood vessels and in the 

plasmalemma of the trophoblast [110,114]. However, several studies focusing on the 
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interplacentomal uterine wall described that ERα is exclusively located in the nucleus 

[110,111]. Specifically, most of the nuclei of the endometrial surface epithelial cells, 

glandular epithelial cells, smooth muscle cells of myometrium and vascular tunica 

media exhibited ERα [111] with different intensities [110]. ERα seems to stimulate the 

production of Ki-67 positive cells [110], an antigen related with cell proliferation. The 

presence of ERα in glandular epithelium is presumably related to the regulation of 

histotroph production, which supplements the hemotroph [115]. For its production, a 

PR down-regulation is needed [112,113,116]. Histotroph and hemotroph diminish 

steadily during the first week after parturition [112]. This loss of production is 

supported by the findings of Gray et al. [112]. They observed an association between 

the down-regulation of PR, the up-regulation of glandular ERα, and a decrease of the 

histotroph production after lambing. The presence of ERα in the tunica media of 

endometrial and myometrial blood vessels suggests a direct influence of estrogens 

on uterine blood perfusion [110], augmented during pregnancy [117], and on 

angiogenesis [118]. In myometrium, ERα is thought to mediate the action of 

estrogens to promote the development, growth and differentiation of myometrial cells 

as a transcription regulator [110]. Referring to its regulation, E2β has been shown not 

to enhance myometrial mRNA of ERα, but to increase myometrial ERα protein 48 h 

after its inoculation in ovariectomized non-pregnant ewes. Interstingly, the treatment 

with E2β followed by P4 and again by E2β (i.e. E2β priming and P4 pretreatment before 

E2β inoculation) induced the expression of myometrial mRNA ERα but had no 

influence on the expression of ERα protein compared to the treatment with E2β alone 

[119]. 
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2.5.3 Prostaglandin F2α receptor (FPR) 

 

Prostaglandin F2α receptors (FPR) share features common to the members of the 

regulatory guanine nucleotide binding (G) protein superfamily of receptors and 

possess seven transmembrane domains [120]. Briefly, the binding of PGF2α to its 

receptor induces a conformational change in it, which leads to the activation of 

several intracellular pathways with the final result of influencing intracellular signaling 

or target functional proteins. To determine its location and abundance in the different 

compartments of the intercaruncular uterine wall, Wehbrink et al. [121] performed a 

series of semi-quantitative immunohistochemical experiments on uteri obtained from 

cows at late pregnant stages and after calving. They found that FPR is traceable in 

all uterine layers except for the perimetrium, but showed different intracellular 

staining patterns. In the surface epithelial cells, glandular epithelial cells and in the 

stromal cells, FPR was located in the cytoplasm, whereas in myometrial smooth 

muscle cells FPR was located in both cytoplasma and nuclei. The findings of Arosh 

et al. [122] regarding a decline in the surface endothelium and in myometrial FPR 

presence towards term could not be corroborated by this author, since no 

significantly diminished FPR abundance was detected. 

Its presence in the surface and glandular epithelium is probably related to the 

regulation of the cell proliferation that allows a successful enlargement to 

accommodate the growing fetus and placenta. Indeed, a study dealing with 

endometrium from cycling women reported that FPR is present and functional in this 

localization. More specifically, the used cells from the Ishikawa human endometrial 

epithelial line were shown to express FPR. After stimulation with PGF2α, these cells 

produced inositol phosphate and induced the phosphorylation of extracellular signal-

regulated protein kinases 1 and 2, involved in signaling cascades controlling cell 

proliferation and cell death [123]. The presence of FPR in myometrium is 

unanimously thought to be related to the onset of contractions during labor. It has 

been shown that an increase in myometrial FPR is concurrent with enhanced 

contractions and production of PGF2α, probably resulting in more occupied FPR 

receptors, which in turn activate intracellular messengers and contractions [59]. 
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In contrast to other prostaglandins, whose receptors are known to be involved in 

inflammatory processes, FPR does not seem to participate in the signaling of 

inflammatory or immunological pathways [124]. 

 

2.5.4 Oxytocin receptor (OTR) 

 

The oxytocin receptor (OTR) protein belongs to the G-protein coupled receptor fa-

mily. The binding of oxytocin to OTR, specifically to Gi or Gq, leads to activation of 

kinase C/calcium and phospholipase C2 pathways, respectively [79]. Several authors 

have addressed the regulation [125], expression [126], localization [125] and 

abundance [125,127] of OTR in pregnant cattle focusing in most of the cases on the 

cervix. The distribution of OTR in the intercaruncular uterus from late-pregnant cattle 

or after calving has so far not been investigated. Wu et al. [128] described the 

patterns of localization of OTR in the different compartments in the pregnant sheep 

uterus. In their study, OTR immunopositive cells were detected in the smooth muscle 

of myometrial blood vessels, in the endometrial glandular cells and in the 

myometrium. These findings suggest the implication of oxytocin in the endometrial 

production of prostaglandins in addition to its essential participation in labor through 

its receptor. 

 

2.6 Methods for the study of uterine contractility 

 

2.6.1 In vivo methods 

 

There are several methods to examine uterine contractility in vivo. The electro-

physiological activity of the myometrium, i.e. ion currents occurring during depo-

larization and hyperpolarization among myocytes, can be quantified by electrodes 

implanted into the musculature [3,28,129]. Moreover, there are two methods to 

measure the pressure fluctuations inside the uterus. One of them uses mercury tubes 

as a barometer able to register little pressure changes [3,28]; the second one em-

ploys a balloon catheter inserted into the uterus [1,130]. The strain gauge recording 
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represents another method to measure uterine contractility by utilizing a transducer 

which measures electrical resistance in response to a mechanical deformation [131]. 

Additionally, uterine contractions can be registered by sonomicrometry. By means of 

transmitting and receiving ultrasound, the distance between crystals implanted into 

an organ can be measured, and thus the changes in organ size be estimated 

[14,132,133]. 

 

2.6.2 In vitro methods 

 

In vitro studies are performed using isolated organ baths containing a nourishment 

solution which is permanently oxygenated. The tissue samples, mounted in the organ 

baths, are able to display spontaneous contractions after an equilibration time. 

Depending on the design of the montage, the contractions occur under isotonic [134-

136] or isometric [5] circumstances. In an isotonic system, the tissue samples modify 

their length according to a given force. The isometric systems register the variations 

in force generated by a sample with constant length using a force transducer and an 

acquisition device. 

 

In cattle, several studies have been undertaken using myometrium under isometric 

conditions in vitro to elucidate its physiology and describe its response within phar-

macological experiments. The different patterns of contraction of the circular and the 

longitudinal layers depending on the cows hormonal background (estrus or diestrus) 

were stated by Hirsbrunner et al. [6]. Kaufmann et al. [137] used also cycling cows to 

determine the influence of the hormonal status (estrus or diestrus), the topography 

(samples taken near to the corpus or near to the horn tip), the myometrial layer 

(circular or longitudinal), and time (course of the recording session) on the contractile 

activity of the myometrium. The first study describes significant differences between 

the layers with increased contractile activity for the longitudinal one. Only within the 

circular layer a cycle effect could be noticed, whereas a time effect was only 

significant within the longitudinal layer. The second study found important differences 

between the locations used for the sampling, with a higher contractility near to the tip 
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than near to the corpus. There were no differences between muscle layers and cycle 

stages. 

In experiments performed to study the effects of different drugs on the bovine 

myometrium, mainly the contractility of the longitudinal layer of cycling or early 

pregnant cattle was examined [17,130,138-140]. Rizzo et al. [17] tested the effects of 

etomoxir, an irreversible inhibitor of mitochondrial carnitine palmitoyltransferase-1, in 

both cycling (during luteal and follicular phases) and early-pregnant cows (40 to 60 

days of gestation). In early-pregnant cattle and in animals during the follicular phase, 

etomoxir induced a rise of the amplitude and of the frequency of the contractions, 

respectively. Both variables increased after the incubation with etomoxir in 

myometrium from animals during the luteal phase. The results of this study suggest 

the involvement of glucose in the mechanism of contraction in vitro and the 

importance of energetic substrats in the solution. Moreover, they confirmed previous 

observations based on the use of a drug able to promote peripheral glucose 

utilization that increases uterine contractions [139]. 

Minoia et al. [16], Müller [141], and Singh et al. [142] investigated the contractility of 

the myometrium of pregnant cattle between the 3rd and the 7th month of gestation, at 

term (271 and 290 d of gestation), and of uteri containing fetuses with weights 

between 500 g and 900 g (up to 4th month of gestation), respectively. The spontane-

ous activity differed between the above mentioned studies. Whereas Minoia et al. 

[16] and Singh et al. [142] observed uterine activity in pregnant uteri, Müller [141] 

found no contractile signs in late pregnant cows. In all these studies PGF2α (Minoia et 

al. [16]: natural PGF2α at 2.5 µg/mL; Singh et al. [142]: synthetic PGF2α at increasing 

concentrations from 0.12·103 to 6·103 µmol/mL; Müller [141]: synthetic analogue 

cloprostenol at 2.1·10-6 M) was additionally used to stimulate myometrial activity. 

Mionia et al. [16] observed a weak response to PGF2α in both non-pregnant and 

early-pregnant uteri, and a negligible response in 7-month-pregnant uterus. Müller et 

al. [141] did not observe any response to the PGF2α treatment compared to the 

spontaneous activity. However, Singh et al. [142] reported a strong stimulatory 

response in the form of an enhanced amplitude but with unaltered frequency 

immediately after the addition of PGF2α. Interestingly, the activity declined to pre-
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addition values 8 to 10 min after the drug application. Müller [141] also stimulated 

strips from late pregnant cows with different concentrations of oxytocin, which yielded 

a dose-dependent contractile response in the form of an enhanced amplitude and 

duration of the myometrial contractions. 

Only one in vitro study about the myometrial activity after calving in cows with 

endometritis could be found in the literature [7]. The samples were taken after 

stunning from animals between 2 and 12 months after parturition (median: 3 months). 

In this study, the contractility of both layers was investigated separately. The circular 

layer showed higher values of area under the curve (AUC) and maximal amplitude 

(maxA) compared to the longitudinal one. Only numerical differences were found 

when comparing the different cycle stages (estrus vs. diestrus), with higher values of 

AUC and maxA for estrus [7]. 

In vitro contractility of myometrial strips harvested from late pregnant uteri has been 

studied also in the rat [143,144], human [145-149], sheep [150], rabbit [151,152], and 

sow [141]. In some of these studies the myometrial samples were stimulated with dif-

ferent substances. Noteworthy in this respect is the investigation of Tuross et al. 

[153] using longitudinal and circular muscle strips from rats on different days of 

gestation (15, 17 and 21 (= day of parturition)) which were stimulated with oxytocin 

and PGF2α following a dose-response protocol in respect to the muscle layer and the 

gestational age of the rats. Both agents stimulated the circular and the longitudinal 

layers in all gestation days but there were differences in the responses. The 

longitudinal layer showed on gestational days 15 and 17 higher amplitudes after 

stimulation with oxytocin than the circular layer, but on the day of parturition, the 

circular layer contracted more intensively after PGF2α  stimulation. The EC50 (effective 

concentration that produced 50% of the maximum response) of PGF2α in the circular 

layer was greater than in the longitudinal layer, indicating a lesser sensitivity of the 

circular layer to this agent. The maximally effective dose expressed as AUC as well 

as percentage of oxytocin were significantly higher on day 21 than earlier in 

gestation. However, the EC50 for oxytocin on day 21 did not differ significantly 

between both layers. The threshold dose of oxytocin was the same for the circular as 

for the longitudinal layer on all gestation days and declined between days 15 and 21. 
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Several in vitro studies have been conducted on the myometrium under pathological 

circumstances [35,36,154]. Rigby et al. [35] observed an intrinsic contractile defect of 

the myometrium of mares suffering from delayed uterine clearance after mating. 

They investigated both the circular and the longitudinal layers. After an equilibration 

phase of 1 h, muscle strips were incubated using the contractile antagonists 

potassium chloride, oxytocin and PGF2α in increasing concentrations following a 

cumulative-response experiment. Other studies [36,154] investigated the influence of 

the incubation with E.coli or lipopolysaccharide (LPS) on uterine contractility in 

different species during different cycle stages. For instance, Jana et al. [36] stated 

that sow uteri with an inflammation induced by E.coli react in a different manner 

compared to intact organs after stimulation with noradrenalin, acetylcholine and 

increasing doses of PGE2 in the organ bath. Okawa et al. [154] obtained similar 

results regarding the influence of an inflammation induced by LPS in pregnant rats. In 

both studies an inflammation of the uterus caused an enhanced uterine activity. 
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3 Materials and methods 
 

3.1 Cows  

 

Twenty-four healthy pluriparous, late-pregnant Holstein Friesian cows were enrolled 

in this study. They belonged to a single farm located in Saxony-Anhalt (Germany) 

with a herd size of about 700 cows. The experimental protocol was approved by the 

administration of the District of Hannover in accordance with German legislation on 

animal rights and welfare (AZ 33.9-42502-04-09/1696). 

 

3.2 Housing and feeding 

 

On the farm the cows were kept in groups of 50 to 100 animals in free stall barns 

endowed with slatted floor and fed a total mixed ration. 

Approximately two weeks prior to the expected birth date, the animals were brought 

to the Clinic for Cattle of the University of Veterinary Medicine in Hannover and 

housed in isolated boxes with straw bedding. They were fed primarily with hay ad 

libitum and 6 kg corn silage, and supplemented with 1 kg concentrate (18% protein 

content, St. Mv.18 III Pell.; ForFarmers Bela GmbH, Vechta, Germany) twice daily. 

The animals had free access to water and to mineralized salt lick. 

 

3.3 Study design 

 

The animals were divided into two groups. The animals of group 1 underwent a 

cesarean section 275 days after artificial insemination. After extraction of the calf, a 

10x14 cm sample including all uterine layers was excised from the large curvature of 

the pregnant horn. The cows of group 2 showed a spontaneous parturition and were 

treated with 6.84 g calcium subcutaneously (150 mL Calcitat S 50®, aniMedica, 

Senden-Bösensell, Germany) to prevent a hypocalcaemia. The dams had to expel 
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their fetal membranes within 12 hours after calf delivery. To determine the moment 

when the shedding of the fetal membranes occurred, the animals were continuously 

monitored by a video surveillance system. Those animals that expelled the placenta 

later than 12 hours post partum were excluded from the study. After the expulsion of 

the fetal membranes, 5 mg of purified E.coli lipopolysaccharide (LPS, E.coli, O55:B5; 

Sigma Aldrich, Saint Louis, Missouri, USA. Final concentration: 5 µg/mL) dissolved in 

1 l 0.9% NaCl isotonic solution (0.9% NaCl, Braun, Melsungen, Germany) at 37°C 

were infused into the uterus through the outer sleeve of a uterine swab for mares 

(LDKS Oversan, Industries Biomedica S.P.A., Gemonio, Italy) to trigger a local 

inflammatory reaction. Three hours after LPS infusion, the cows were euthanized 

using 30,000 mg pentobarbital-natrium (Release®, WDTeG, Garbsen Germany) 

intravenously. Subsequently, the carcasses were lifted by their hind limbs. An 

approximately 30 cm transversal incision was traced 2 cm below the cranial 

mammary gland insertion to access the abdominal and pelvic cavities. The uterus 

was then excised at the caudal cervix level and extracted. To proceed easily with the 

sampling, the uteri were placed on a sterile tray. Location and sample size were the 

same as in group 1. 

The uterine tissue was divided into three fragments. For expression analysis, myo-

metrium was dissected, frozen in liquid nitrogen and stored at -80º C in a sterile 

DNase- and RNase-free cryo tube (Fa. Brand, Wertheim, Germany) until analysis. 

Two uterine samples were immersed in 4% neutral buffered formalin (see annex 9.4) 

and in preoxygenized (95% O2 and 5% CO2) 37°C modified Krebs’ solution (KS; see 

annex 9.5) for the immunohistochemistry and for the contractility measurements, 

respectively. 

 

3.4 Blood sampling and analysis 

 

Prior to cesarean section or euthanasia, blood samples were collected from the 

jugular vein in 1 serum tube (10 mL, Sarstedt, Nümbrecht, Germany) and 2 tubes 

containing EDTA (5 mL, Kabevette®; Kabe Labortechnik GmbH, Germany) to assess 

the blood concentration of progesterone (P4), 17-ß estradiol (E2ß) and 15-keto-13,14-
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dihydro-PGF2α (PGFM). In addition to the serum and EDTA tubes, at least 3 capillary 

tubes (Blood gas capillaries, Na-heparin/Sodium Hirschmann® Laborgeräte, 

Germany) were filled with blood to examine the ionized calcium concentration. This 

parameter was assessed immediately after blood collection with an automated 

analyser (Cobas-Mira®, Fa. Hoffmann-La Roche & Co. AG Diagnostika, Basel, 

Switzerland). EDTA and serum tubes were centrifuged at 4°C and 1500 g for 10 min. 

Plasma and serum were separated, placed in Eppendorf vessels and frozen at -20°C 

until analysis. Serum E2ß and P4 concentrations were measured with a solid-phase 

radioimmunoassay (RIA; Coat a count, TKE21, Siemens Diagnostics, Eschborn, 

Germany). Plasma PGFM concentration was determined with a competitive enzyme 

immunoassay [155]. The PGFM-horseradish peroxidase conjugate and antiserum 

PGFM were supplied by Prof. Meyer (Physiologie. Zentralinstitut für Ernährungs- und 

Lebensmittelforschung. Technische Universität München. Freising-Weihenstephan, 

Germany). For the standard curve, PGFM from Sigma Aldrich (St. Louis, Missouri, 

USA) was used. 

 

3.5 Myography 

 

3.5.1 Sample preparation and devices 

 

The samples were briefly stored in a flask containing preoxygenized (95% O2 and 

5% CO2) modified KS at approximately 37°C. The transporta tion time to the labo-

ratory was 2 min. In the laboratory the blood rests on the samples were washed off 

with KS and their margins cut to obtain an approximately 6 x 6 cm sample. The 

specimen was pinned on a dissecting dish, whose bottom was coated with solid sili-

cone, and covered with 37°C KS. Endometrium and ser osa were carefully dissected 

apart using a multi-teeth flat dissecting forceps and dissecting scissors. Four strips 

were meticulously dissected parallel to the circular muscle fibers and four parallel to 

the longitudinal fibers. The approximated dimensions of every strip were 

1 x 0.3 x 0.2 cm (length x width x depth). Using conventional sewing thread both 
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ends of the strip were tied with double surgical knots. The end supposed to be 

attached to the hook in the bottom of the organ bath was supplemented with a loop. 

After attaching the thread loop with the hook, the thread from the other end of the 

strip was coiled in an isometric force transducer (TRI 201, LETICA® scientific instru-

ments, PanLab s. l., Cornellá, Barcelona, Spain). The eight muscle strips were 

suspended in 8 individual organ bath chambers (Model Nr. LE 01-086, LETICA® 

scientific instruments, PanLab s. l., Cornellá, Barcelona, Spain) filled with 10 mL 

oxygenated KS at constant temperature (37°C). The t hermostat (Thermostat Unit LE 

13206, LETICA® scientific instruments, PanLab s. l., Cornellá, Barcelona, Spain) 

provided a constant pre-determined temperature of 37°C. The organ bath device also 

ensured a continuous oxygenation of the 8 chambers with 95% O2 and 5% CO2 to 

obtain a constant pH of 7.3 – 7.4. The mechanical response from each of the 8 chan-

nels was digitized, amplified, and transferred to the data acquisition program 

(LabChart7®, ADINSTRUMENTS GmbH, Spechbach, Germany) on a personal 

computer. 

 

3.5.2 Recording sequences of myometrial activity 

 

During the first 30 min no tension was applied to the strips to let them equilibrate. 

Then 1 g of tension was administered followed by another 1 g of tension 15 min later. 

Afterwards, 15 min were given to let the strips equilibrate before the recording 

session started. Spontaneous contractions were recorded for 2.5 h, divided into 

five periods of 30 min each. Subsequently, three circular and three longitudinal strips 

were stimulated with oxytocin (Oxy; Oxytocin® 10 IU/mL; Cp pharma; Germany), 

PGF2α (PGF: Dinolytic®, 5 mg/mL; Pfizer, Germany) or CaCl2 (Ca; Calciumchlorid, 

Sigma Aldrich Chemie GmbH, Germany) diluted in KS at 37ºC. The concentrations 

increased from 10-10 to 10-7 mol/L for Oxy, from 10-7 to 10-4 mol/L for PGF2α, and from 

2.6 to 20.8 mmol/L for Ca. Each stimulation period lasted 30 min and was performed 

after flushing off the former solution and rinsing the organ baths twice with KS. One 

circular and one longitudinal strip were not stimulated to serve as control. Previous 

studies reported a loss or induction of spontaneous contractions if flushed with KS 
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[156,157]. To test if the rinsing of the treated strips might have an effect, in group 1 

the organ baths from control strips were not flushed, whereas in group 2 they were 

(see annex 9.2). The measurements ended with the rinsing of the strips with double-

distilled water to test if they were able to contract. This was speacially important in 

strips that did not display contractions, but only contractile activity (see annex 9.1). At 

the end of the recording session, the strips were slightly compressed for 5 sec 

between two tissue papers sheets. Their length and weight were measured to obtain 

the cross-sectional area. The cross-sectional area was calculated using the formula 

[158]: area=mass/(density x length), where tissue density was assumed to be 1.056 

g/cm3 [158,159]. 

 

3.5.3 Analysis of data 

 

The parameters baseline rise (BR), mean amplitude (MA), minimal amplitude (minA), 

maximal amplitude (maxA), area under the curve (AUC) and frequency (FR) were 

calculated for every channel and every time period. Only the last 20 min from each 

time period (T) were included in the analysis. Mean amplitude (MA), minA, maxA, 

and AUC were analysed automatically for each channel separately using a macro 

defined through the software (LabChart7®, ADINSTRUMENTS GmbH, Spechbach, 

Germany). This macro consisted of several programs able to localize within one 

channel´s measurement one minimal signal point (absolute minA; see annex 9.1) 

during T1-T5 and one during T6-T9. MA, minA, and maxA for T1, T2, T3, T4 and T5 

were calculated being the absolute minA detected during T1-T5 the reference (see 

annex 9.1). MA, minA, and maxA for T6, T7, T8, and T9 were calculated being the 

absolute minA detected during T6-T9 the reference (see annex 9.1). AUC was 

calculated as the integral of the selected time interval (see annex 9.1). The values for 

these variables were expressed in g (MA, minA and maxA) or in g•s (AUC). Baseline 

rise (BR) and FR were calculated manually, and their units were g and peaks/20 min 

(see annex 9.1), respectively. The data were exported to a digitized spread sheet 

(Excel 2007, Microsoft Office®, Immeuble Leccolith, Luxemburg s.à.r.l.). Baseline rise 

(BR), MA, minA, and maxA, AUC values were corrected by the corresponding strip 
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cross-sectional area value. The data were transformed from g into mN (BR, MA, 

minA, and maxA) or from g•s into mN•s (AUC) by multiplying it by 9.8. Data from 

strips that did not display any contractile activity even after the rinsing with double-

distilled water were not included in the final analysis. Values of strips whose knots 

became loose were eliminated from the data from the failure onwards. 

 

3.6 Expression analysis 

 

The expression of mRNA from estrogen receptor α (ERα), progesterone receptor 

(PR), PGF2α (FPR) and oxytocin receptor (OTR) in the myometrium was quantified 

through a real time polymerase chain reaction (RT-PCR). First, RNA from the myo-

metrial samples was isolated and a two-step quantitative RT-PCR performed as 

described previously [160,161] using the LightCycler DNA Master SYBR Green I 

protocol (Roche, Mannheim, Germany). To amplify specific fragments of the 

regulated genes, 4 primers were employed. The cycle number (Cq) needed to 

achieve a definite SYBR Green fluorescence signal was calculated by the second 

derivative maximum method (LightCycler software version 3.5.28). The Cq was 

inversely correlated with the logarithm of the initial template concentration. The 

housekeeping genes Ubiquitin and Histone (∆Cq) served to normalize the Cq for the 

target genes. Means ± SEM from the arbitrary cycle number 20 (∆Cq) were given to 

prevent possible negative values when two genes were compared. Consequently, 

high ∆Cq corresponds to a high amount of transcript [162]. 
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3.7 Immunohistochemistry 

 

Immunohistochemistry was performed to determine the expression of ERα, PR, FPR 

and OTR in the different types of cells from the intercaruncular uterine wall. 

 

3.7.1 Sample embedding and slides preparation 

 

After fixation for 24 h in 4% neutral buffered formalin, the samples were rinsed in tap 

water for 20 h. Subsequently, the samples were dehydrated in a graded series of 

alcohols and embedded in paraffin (Leica Surgi Path Paraplast, Leica Microsystems, 

Germany). The paraffin embedded uterine samples were cut in 3-4 µm sections 

using a rotation microtome (LEITZ1512®, Wetzlar GmbH, Germany). The sections 

were mounted on silane treated glass slides (Histobond, Paul Marienfeld, Laboratory 

Glassware, Laud-Königshofen, Germany) and dried overnight at 60°C in a heating 

chamber. 

 

3.7.2 Hematoxylin-Eeosin staining 

 

Hematoxylin-eosin is a dichromatic staining technique that uses the basic hemato-

xylin to color the nuclei and the acidic eosin to stain eosinophilic structures such as 

cytoplasm. Every slide was subjected to this treatment to have an overview of the 

tissue morphology (see annex 9.8). 

 

3.7.3 Procedure of immunohistochemistry 

 

Recipes for used rinsing solutions, buffers, and exact protocols are included in the 

annex (see annex 9.6, 9.7, and 9.9, respectively). 

The immunohistochemistry was performed in a 2-day protocol. In general, on the first 

day sections were dewaxed using xylene and hydrated through serial dilutions of 

alcohols. Antigen retrieval, i.e. unmasking of cross-linked epitopes, was carried out 
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by heating (96-99°C) of the sections in different b uffers depending on the receptor 

examined. Sections for the determination of ERα and PR were incubated with Tris-

EDTA-Citrat-buffer (TEC), and ethylenediaminetetraacetic acid buffer (EDTA), res-

pectively. Antigen retrieval for OTR and FPR was performed using citrate buffer. 

Thereafter, sections were incubated in the above mentioned buffer solutions and 

cooled down to room temperature. Peroxidases were quenched using H2O2 in dif-

ferent concentrations and at different point of time of the protocol depending on the 

receptor examined. Similarly, tris-buffered saline (TBS) solution or phosphate buf-

fered saline (PBS) solution were used to rinse the samples according to the estab-

lished protocols. To reduce the non-specific bindings the samples were incubated 

with 20% normal horse serum diluted in PBS and protein free serum (PFS; 

DakoCytomation, Hamburg, Deutschland) for ERα, or with normal goat serum for 

FPR, OTR and PR. Finally, the corresponding antibody dilutions were administered 

and incubated overnight at 4ºC in a moist chamber (see Tab. 1). 

On the second day all unbound primary antibodies were removed from the slides by 

rinsing them in the corresponding solution. The sources of the primary antibodies 

were either rabbit (FPR, OTR) or mouse (ERα and PR). Shortly after, the rinsed 

slides were incubated with an anti-rabbit polymer or an anti-mouse polymer in a 

moist chamber and then rinsed in the corresponding solution. The visualization of the 

reaction between the antibodies and the receptors occurred through the horseradish 

peroxidase complex secondary antibodies, which turned the staining substrate 3, 3’ 

diaminobenzidin (DAB; EnVisionTM (DakoCytomation, Hamburg, Deutschland)) into a 

brown, insoluble precipitate. After staining with DAB, the slides were rinsed with TBS 

or PBS (see Tab.1) and rinsed for 10 min under running tab water to stop further 

DAB staining. Slides with a primary antibody for PR were additionally counterstained 

with Delafield’s hematoxylin for 30 seconds. Slides were dehydrated in a series of 

graded alcohol solutions and cleared in xylene. Finally they were mounted with 

Eukitt. As negative controls the primary antibodies were replaced with the 

corresponding rinsing buffer (see Tab. 1). For the isotype controls the first antibody 

was substituted for mouse serum IgG-horseradish peroxidase (Millipore, Upstate, 

Temecula, CA, USA) in case of ERα and PR, and for rabbit serum IgG-horseradish 
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peroxidase (Sigma Aldrich, Hamburg, Germany) for OTR and FPR in the same 

concentrations of the first antibody. Endometrium and myometrium of uterine 

samples from heifers in estrus (ERα), pregnant rat (PR), as well as bovine corpus 

luteum (FPR) were used as positive controls. 
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Table 1: Overview of the used antibodies and their solutions. 

 

Receptor Primary antibody 
Primary antibody 

dilution 

Heating  

buffer 

Rinsing 

solution 

ERα Mouse anti-estrogen receptor 

AER304 Monoclonal antibody 

1:200 in FPS TEC TBS 

PR Mouse anti-progesterone 

receptor MA1410 Monoclonal 

antibody 

1:100 in 1.5 % 

BSA diluted in 

PBS  

EDTA PBS 

OTR Rabbit anti-oxytocin receptor 

LSA244 Polyclonal antibody 

1:200 in 1.5 % 

BSA diluted in 

TBS 

Citrat TBS 

FPR Rabbit anti-prostaglandin F2α 

Polyclonal antibody 

1:1000 in 1.5 % 

BSA diluted in 

PBS 

Citrat PBS 

 

 

3.7.4 Slide evaluation 

 

Each slide was evaluated by the same observer in randomly selected microscopic 

fields on different tissue locations: surface epithelium (SE), compact stroma (CS), 

reticulated stroma (RS), glands (G; for OTR: surface glands (SG) and deep glands 

(DG)), endothelium (E), vessel wall (VW) and myometrium (MYO). Since the 

receptors showed different patterns of staining, two evaluation methods were used. 

The first one was applied in case of nuclear staining, i.e. PR, ERα and FPR, where a 

positive reaction was detectable in the nuclei. Those locations, which allowed an 

exact recount of nuclei (SE, G, E and VW), positive nuclei were counted, and the 

percentage of positive nuclei calculated. In CS, RS and MYO, the percentage of 

stained nuclei was estimated. The second evaluation method was based on the 

intensity of cytoplasm staining. OTR and FPR showed such a pattern and were quali-

tatively evaluated according to the following scale:  
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3 = very strong 

2 = strong 

1 = moderate 

0.5 = weak 

0 = not stained 

 

3.8 Statistics 

 

To test the influence of the steroid blood profile prior to the myometrial collection on 

the contractility, four distinct subgroups of cows in each of the original groups could 

be defined, with high and low levels of E2ß, and high and low levels of P4, respectively 

(see annex 9.3). Thus, cows of group 1 were firstly regrouped attending to their E2ß 

plasma concentration into high (E2ß>400 pg/mL; E2ß high; na=7) and low (E2ß<400 

pg/mL; E2ß low; na=5) subgroups. Secondly, 4 animals with the highest (P4>5.1 

ng/mL) and the lowest (P4<3.5 ng/mL) P4 concentrations were designated P4 high 

and P4 low, respectively. Similar criteria were used for the animals in group 2. The 

superior cut-off of E2ß concentration was 100 pg/mL and the inferior 60 pg/mL, 

resulting in 2 subgroups termed E2ß high (E2ß>100 pg/mL; na=4) and E2ß low 

(E2ß<60 pg/mL; na=4). Animals with P4>0.43 ng/mL and P4<0.31 ng/mL were 

included in P4 high (na=4) and in P4 low (na=4), respectively. 

The distribution of the data was tested by means of the Shapiro Wilcoxon test (PROC 

UNIVARIATE) for age, lactation, days of pregnancy, hours between calving and pla-

centa detachment, hormonal concentration, ionized calcium levels, expression 

analysis, and immunohistochemistry. Data from the contractility experiments were 

tested for normal distribution with Kolmogorov-Smirnow-test (PROC UNIVARIATE). 

From the variables mentioned above, only data from expression analysis, hormonal 

concentrations (except PGFM) and ionized calcium levels were normally distributed 

and therefore expressed as mean ± standard deviation (SD). The variables with 

departure from normality were expressed in median ± median absolute deviation 

(MAD). 
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The differences between subgroups in normal distributed variables were compared 

by Student-T test (PROC TTEST). During the spontaneous time periods (T1-T5) of 

the contractility experiments, the effect of time and subgroup were tested with the 

Friedmann´s (PROC FREQ) and the Wilcoxon´s two sample test (PROC 

NPAR1WAY), respectively. The comparisons for the contractility parameters within 

one time period (T) between layers and between subgroups were tested with the 

Wilcoxon´s two sample test (PROC NPAR1WAY). For dependent pairwise compa-

risons (between two successive time periods within subgroup), the paired signed 

rank test (PROC UNIVARIATE) was used. 

Referring to the stimulation part of the contractility experiment, the contractile re-

sponse among the different substances was tested within every time period with the 

Kruskal-Wallis´ test (PROC NPAR1WAY). The Duncan´s-test (PROC GLM) was 

used to perform multiple comparisons among them. During the stimulatory time 

periods (T6-T9), the effect of concentration and subgroup was tested by means of 

the Friedmann´s (PROC FREQ) and the Wilcoxon´s two sample test (PROC 

NPAR1WAY), respectively. The comparisons for the contractility parameters within 

one time period (T) between layers and between subgroups were tested with the 

Wilcoxon´s two sample test (PROC NPAR1WAY). For dependent pairwise compari-

sons (between two successive time periods within subgroup), the paired signed rank 

test (PROC UNIVARIATE) was used. 

 

All statistical analyses were performed with the Statistical Analysis System V9.1 

(SAS Institute Inc., Cary, NC, USA); P≤0.05 was considered significant, P<0.0001 

highly significant and 0.05<P≤0.10 as a tendency.  
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4 Results 
 

4.1 Group 1 

 

4.1.1 Cows 

 

The cows of group 1 were 3.2 ± 0.1 years old and were all in the second lactation. 

The cesarean sections were performed on d 275 of gestation. 

 

4.1.2 Blood profiles 

 

The blood concentrations of P4, E2ß, PGFM and ionized calcium are shown in Tab. 2. 

In two samples ionized calcium could not be measured because of maintenance 

procedures of the device. 

 
Table 2:  Means ± SD of blood concentrations of E2β (na=12), P4 (na=12), and ionized 
calcium (na=10), and medians ± MAD of PGFM (na=12) of group 1. 
 

Parameter Mean ± SD 
P4 (ng/mL) 4.0 ± 1.7 
E2β (pg/mL) 482.3 ± 290.2 
PGFM (pg/mL) 125.3 ± 63.7 
Ionized calcium (mmol/L) 0.8 ± 0.3 
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4.1.2.1 Blood profiles depending on estradiol-17β (E2ß) levels 

 

The blood concentrations of the parameters P4, PGFM and ionized calcium did not 

differ (P>0.10) between subgroups of cows with low (na=5) and high E2β (na=7) levels 

(Tab. 3). The concentration of E2β was over 2.7-fold higher in subgroup E2β high 

compared to subgroup E2β low. 

 
Table 3: Means ± SD of blood concentrations of E2β, P4, and ionized calcium and 
median ± MAD of PGFM of subgroups E2β low (na=5) and E2β high (E2β, P4, PGFM: 
na=7; ionized calcium: na=5). 

 

Parameter E2β low E2β high 
E2β (pg/mL) 241.3 ± 116.9 654.5 ± 249.6 
P4 (ng/mL) 4.5 ± 1.6 3.7 ± 1.8 
PGFM (pg/mL) 115.0 ± 25 200.0 ± 140 
Ionized calcium (mmol/L) 0.9 ± 0.1 0.9 ± 0.3 

 

 

4.1.2.2 Blood profiles depending on progesterone (P4) concentrations 

 

The blood concentrations of the parameters E2β, PGFM, and ionized calcium did not 

differ (P>0.10) between groups of cows with low and high P4 levels (Tab. 4). The 

concentration of P4 was 2.6-fold higher in subgroup P4 high compared to subgroup P4 

low. 

 
Table 4: Means ± SD of blood concentrations of E2β, P4, and ionized calcium, and 
median ± MAD of PGFM of subgroups P4 low (E2β, P4 PGFM: na=4; ionized calcium: 
na=3) and P4 high (na=4). 

 

Parameter P4 low P4 high 
P4 (ng/mL) 2.2 ± 1.2 5.8 ± 0.4 
E2β (pg/mL) 497.8 ± 325.7 468.2 ± 384.4 
PGFM (pg/mL) 250.0 ± 150.0 125.0 ± 37.5 
Ionized calcium (mmol/L) 0.8 ± 0.3 0.8 ± 0.2 
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4.1.3 Contractile activity 

 

Out of 96 strips used for this experiment, 11 (11.5%) were discarded since they failed 

to contract. In 9 (9.4%) strips the knot became loose. From these strips, only data 

until the knot deletion were used. 

 

4.1.3.1 Spontaneous contractile activity 

 

Longitudinal vs. circular muscle layer 

During the phase without treatment (T1-T5), 19 circular strips and 24 longitudinal 

strips displayed contractions. The pattern of these contractions differed between the 

circular and the longitudinal muscle layers. The circular muscle layer exhibited phasic 

spontaneous contractions (Fig. 1), whereas the longitudinal muscle layer was 

characterized by longer-lasting contractions in some cases showing a plateau 

(Fig. 2). 
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Figure 1:  Spontaneous contractile activity (g) exhibited by a strip from the circular 
muscle layer of the myometrium from a cow undergoing cesarean section on d 275 of 
pregnancy. Isometric recordings were performed under a resting tension of 2 g and 
maintained in Krebs´ solution with a continuous perfusion of O2 and CO2 at 37º C for 
2.5 h. 
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Figure 2: Spontaneous contractile activity (g) exhibited by a strip from the 
longitudinal muscle layer of the myometrium from a cow undergoing cesarean 
section on d 275 of pregnancy. Isometric recordings were performed under a resting 
tension of 2 g and maintained in Krebs´ solution with a continuous perfusion of O2 
and CO2 at 37ºC for 2.5 h. 
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The type of muscle layer had effects on AUC (Fig. 3), MA, and maxA (P≤0.05) during 

T1-T5. AUC, MA and maxA of the longitudinal muscle layer were higher (P≤0.05) in 

each time period compared to those of the circular muscle layer. During T1-T5, both 

muscle layers showed increased time-dependent changes for BR, AUC, MA, and 

maxA (P≤0.05). The parameter minA was only affected by time in the circular muscle 

layer (P≤0.05). There were differences when comparing all the time periods with the 

previous one within each of the layers for AUC (Fig. 3), MA, and maxA (P≤0.05). The 

values for these variables increased over time. For minA, there were differences 

between two successive time periods only within the circular muscle layer (T1-T2, 

T2-T3, and T3-T4; P≤0.05); the values were higher for T2, T3, and T4 compared to 

T1, T2 and T3, respectively. There were no further differences for the variables 

studied either between layers or related to time (P>0.10). 

 

 

Figure 3:  Area under the curve (AUC) during spontaneous contractions (5 time 
periods of 20 min each) displayed by the circular (n=48) and the longitudinal (n=42) 
myometrial strips obtained through a cesarean section from 12 healthy cows on d 
275 of gestation. The box-plots show the median values, 95th, 75th; 25th, and 5th 
percentiles. 

*: Different values between muscle layers within one time period. (P≤0.05) 
a: Different values with respect to the previous time period within one layer, 
(P≤0.05). 
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E2ß high vs. E2ß low cows 

 

Circular muscle layer 

Subgroup had an effect during T1-T5 on minA with increased values for E2β low 

(P≤0.05; Fig. 4) and a rise in tendency for BR (P=0.10; Fig. 5). There were 

differences between subgroups within one time period for minA in T2, T4 and T5 

(P≤0.05; Fig. 4) and for BR in T1 and T3 with higher values for E2β low (Fig. 5). There 

were no further differences between subgroups E2β low and E2β high within the 

circular muscle layer (P>0.10). 

 

 
 
 
Figure 4:  Minimal amplitude (minA) for the circular muscle layers during 
spontaneous contractions (5 time periods of 20 min each) of subgroups E2ß high 
(na=7; n=26) and E2ß low (na=5; n=17). The box-plots show the median values, 95th, 
75th; 25th, and 5th percentiles. 

*: Different values between subgroups E2ß high and subgroup E2ß low within 
time periods (P≤0.05) 
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Figure 5:  Baseline rise (BR) for the circular muscle layers during spontaneous 
contractions (5 time periods of 20 min each) of subgroups E2ß high (na=7; n=26) and 
E2ß low (na=5; n=17). The box-plots show the median values, 95th, 75th; 25th, and 5th 
percentiles. 

*: Different values between subgroups E2ß high and subgroup E2ß low within 
time periods (P≤0.05) 

 

 

Longitudinal muscle layer 

Subgroup had an effect on AUC, MA, and maxA (Tab. 5; P≤0.05) with higher values 

for subgroup E2β high during the phase without treatment. Further differences were 

not found between subgroups E2β low and E2β high within the longitudinal muscle 

layer (P>0.10). 

-20 

-10 

0

10
0 

20
0 

30
0 

40
0 

50
0 

B
R

 (
m

N
) 

Time period 

Subgroup effect: P=0.10 
Time effect: P≤0.05 

1 2 3 4 5 

* * 
 

E2ß low 

E2ß high 

   

   



 

 42 

RESULTS 

Table 5 : Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) for the 
longitudinal muscle layers of subgroups E2ß high (na=7; n=25) and E2ß low (na=5; 
n=17) during the spontaneous phase (time periods 1 to 5). Values expressed in 
median±MAD. 
 

a, b: Medians for the given parameter with different superscript, differ between 
subgroups E2β low and E2β high (P≤0.05) 
 

 

P4 high vs. P4 low cows 

 

Circular muscle layer 

Subgroup had an effect during T1-T5 for AUC, MA and maxA with higher values 

attained by subgroup P4 high (P≤0.05; Tab. 6). 

 

Table 6 : Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) for the 
circular muscle layer of the subgroups P4 low (na=4; n=12) and P4 high (na=4; n=15) 
during the spontaneous phase (time periods 1 to 5). Values expressed in median ± 
MAD. 
 

a, b: Medians for the given parameter with different superscript, differ between 
subgroups P4 low and P4 high (P≤0.05) 
 

 

Parameter E2β low E2β high 
BR (mN) 11.5 ± 31.9 4.4 ± 28.1 
AUC (N•s) 188.6 ± 144.6a 256.6 ± 204.9b 
MA (mN) 157.2 ± 120.3a 213.8 ± 170.8b 
minA (mN) 29.7 ± 26.8 35.7 ± 33.8 
maxA (mN) 187.0 ± 139.0a 1091.5 ± 140.0b 
FR (contractions/20 min) 0.0 ± 0.0 0.0 ± 0.0 

Parameter P4 low P4 high 
BR (mN) 16.2 ± 24.6 8.7 ± 21.5 
AUC (N•s) 76.1 ± 37.4a 111.7 ± 56.7b 
MA (mN) 63.4 ± 31.1 a 93.0 ± 47.2b 
minA (mN) 33.2 ± 29.3 28.6 ± 22.5 
maxA (mN) 98.7 ± 54.9 a 137.5 ± 99.1b 
FR (contractions/20 min) 0.0 ± 0.0 0.0 ± 0.0 
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There were differences in tendency between subgroups for maxA in T3, T4 and T5 

(P=0.07), with the subgroup P4 high showing higher median values than P4 low. The 

maxA displayed by the strips of both subgroups during the time periods without 

treatment is shown in Fig. 6. There were no further differences between subgroups 

P4 high and P4 low within the circular muscle layer (P>0.10). 

 

 

 
 
Figure 6:  Maximal amplitude (maxA) for the circular muscle layers during 
spontaneous contractions (5 time periods of 20 min each) of subgroups P4 high 
(na=4; n=15) and P4 low (na=4; n=12). The box-plots show the median values, 95th, 
75th; 25th, and 5th percentiles. 

a: Different values with respect to the previous time period within subgroup 
(P≤0.05) 
(*): Tendency for values between subgroups P4 high and P4 low 

 

 

Longitudinal muscle layer 

Subgroup had a high effect during T1-T5 on AUC (Fig. 7), MA, and maxA (P<0.0001; 

Tab. 7). The subgroup P4 high showed higher values for these variables compared to 

P4 low (Tab. 7). 
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Table 7 : Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) for the 
longitudinal muscle layers of the subgroups P4 low (na=4; n=10) and P4 high (na=4; 
n=16) during the spontaneous phase (time periods 1 to 5). Values expressed in 
median ± MAD. 

a, b: Median values for the given parameter with different superscript, differ between 

subgroups P4 low and P4 high (P≤0.05) 

 

 

From T1 to T3, there were no differences between subgroups (P>0.10). During T4 

there was a difference in tendency between subgroups for BR (P=0.08), and the rest 

of the variables showed differences between subgroups (AUC, MA, minA, maxA, and 

FR; P≤0.05). The subgroup P4 high showed higher values for these variables 

compared to subgroup P4 low. During T5, all the variables were different between 

subgroups (P≤0.05), characterized by higher contractility values displayed by the 

strips of the subgroup P4 high (Fig. 7). 

Parameter P4 low P4 high 
BR (mN) 8.9 ± 22.6 13.2 ± 32.9 
AUC (N•s) 86.6 ± 64.6a 265.2 ± 239.0b 
MA (mN) 72.1 ± 53.8a 221.0 ± 199.0b 
minA (mN) 52.0 ± 46.8 31.0 ± 28.9 
maxA (mN) 86.9 ± 55.2a 261.7 ± 252.6b 
FR (contractions/20 min) 0.0 ± 0.0 0.0 ± 0.0 
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Figure 7:  Area under the curve (AUC) of the longitudinal muscle layers during 
spontaneous contractions (5 time periods of 20 min each) of subgroup P4 high (na=4; 
n=16) and subgroup P4 low (na=4; n=10). The box-plots show the median values, 
95th, 75th; 25th, and 5th percentiles. 

*: Different values between subgroups within one time period (P≤0.05) 
a: Different values with respect to the previous time period within subgroup 
(P≤0.05) 

 

 

4.1.3.2 Stimulated contractile activity 

 

4.1.3.2.a Differences among stimulations and concentrations within layer 

 

Circular muscle layer 

During the stimulatory phase (T6-T9), the substance used had a high effect on all the 

variables studied (P<0.0001), with a higher response after oxytocin stimulation 

compared to the other stimulations. The concentration of the different substances 
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had an effect on AUC, MA, minA, maxA, and FR (P≤0.05). The highest concentration 

corresponded to the highest contractile response for these variables. 

In T6 there were no differences in the response among the given substances 

(P>0.10) for any of the variables studied, but in T7 the substance had an effect in the 

contractile parameters (P≤0.05). More concretely, there were differences of the 

myometrial response to Oxy and both to Ca and Controls for BR, AUC, MA, maxA, 

and FR (P≤0.05), but not between Oxy and PGF (P>0.10). For FR and maxA, the 

stimulation with Oxy provoked a higher (P≤0.05) response compared to the other 

stimulations. 

 

The stimulating substance used had also an effect during T8 (P≤0.05), specifically 

between Oxy and the other stimulations or controls for BR, AUC, MA, minA, and FR 

(P≤0.05). Oxy yielded higher (P≤0.05) values compared to the other stimulations or 

controls for these variables. For maxA, there were no differences between Oxy and 

PGF stimulation during T8 (P>0.10). However, Oxy and PGF responses attained 

higher (P≤0.05) values compared to Ca stimulation and controls (control: 

217.7 ± 98.5 mN; Oxy: 1250.0 ± 1171.2 mN; PGF: 163.2 ± 111.2 mN; Ca: 

74.7 ± 31.3 mN). 

 

The differences among stimulations became highly significant in T9 (P<0.0001) for all 

variables. The response to Oxy yielded higher (P≤0.05) median values in all variables 

for the last time period (T9; Fig.8) compared to the other stimulations or controls. 

 

Further differences among substances or concentrations were not found within the 

circular muscle layer (P>0.10). 
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Figure 8: Changes in area under the curve (AUC) of the circular muscle layers from 
12 cows recorded during 4 time periods (T) of 20 min each without stimulation 
(Control; n=10), after stimulation with oxytocin (Oxy; T6: 10-10 mol/L; T7: 10-9 mol/L; 
T8: 10-8 mol/L; T9: 10-7 mol/L; n=11), or prostaglandin F2α (PGF; T6: 10-7 mol/L; T7: 
10-6 mol/L; T8: 10-5 mol/L; T9: 10-4 mol/L; n=12), or with calcium chloride (Ca; T6: 
2.6 mmol/L; T7: 5.2 mmol/L; T8: 10.4 mmol/L; T9: 20.8 mmol/L; n=9).The box-plots 
show the median values, 95th, 75th; 25th, and 5th percentiles. 

a,b: Data with different letters within one time period, differ significantly (P≤0.05) 
 

 

Longitudinal muscle layer 

The stimulating substance had a high effect on all the variables studied (P<0.0001). 

Oxy produced higher values compared to the other stimulations. The concentration of 

the substances during the stimulatory phase had an effect on AUC (Fig. 9), MA, 

maxA and FR (P≤0.05), but not on BR and minA (P>0.10). For AUC, MA, maxA, and 

FR a higher concentration of the stimulating substances caused higher median 

values of the contractility parameters. 

 

There were no differences among substances during the first stimulation (T6; 

P>0.10) but in T7 the substance had an effect in AUC, MA, minA, maxA, and FR 
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(P≤0.05). More specifically, there were differences among the myometrial response 

to Oxy and both to Ca and controls for AUC, MA, and minA, with higher (P≤0.05) 

values attained by Oxy. For maxA in T7, Oxy differed from both Ca and controls 

(P≤0.05), but not from PGF (P>0.10). 

 
The stimulating substance used had also an effect during T8 (P≤0.05), specifically 

between Oxy and the other stimulations or controls for BR, AUC, MA, minA, and FR 

(P≤0.05). The stimulation with Oxy yielded higher (P≤0.05) values compared to the 

other stimulations or controls for these variables. For maxA, there were no 

differences between Oxy and PGF stimulation during T8 (P>0.10). However, Oxy 

attained higher (P≤0.05) values compared to Ca stimulation and controls (Control: 

1270.9 ± 1130.4 mN; Oxy: 5290.9 ± 3347.1 mN; PGF: 309.5 ± 294.0 mN; Ca: 

169.7 ± 107.0 mN). 

 

There were differences among stimulations in T9 (P≤0.05) for all variables. Oxy 

yielded higher (P≤0.05) median values for BR, AUC (Fig.9), MA, minA, and FR for 

this time period (T9) compared to Ca and controls. Yet, the stimulation with Oxy did 

not differ from that with PGF for maxA (Oxy: 4550.6 ± 3111.0 mN; PGF: 

528.6 ± 505.9 mN; P≤0.05).  

 

Further differences within the longitudinal muscle layer related to stimulatory 

substance or concentration were not observed (P>0.10). 
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Figure 9 : Changes in area under the curve (AUC) of the longitudinal muscle layers 
from 12 cows recorded during 4 time periods (T) of 20 min each without stimulation 
(Control; n=11), after stimulation with oxytocin (Oxy; T6: 10-10 mol/L; T7: 10-9 mol/L; 
T8: 10-8 mol/L; T9:10-7 mol/L; n=8), or prostaglandin F2α (PGF; T6: 10-7 mol/L; T7:  
10-6 mol/L; T8: 10-5 mol/L; T9: 10-4 mol/L; n=12), or with calcium chloride (Ca; T6: 
2.6 mmol/L; T7: 5.2 mmol/L; T8: 10.4 mmol/L; T9: 20.8 mmol/L; n=8).The box-plots 
show the median values, 95th, 75th; 25th, and 5th percentiles. 

a,b: Data with different letters within one time period, differ significantly (P≤0.05) 
 

 

4.1.3.2.b Differences between layers depending on stimulation and concentration 

 

Control 

The type of muscle layer had an effect on AUC, MA, maxA, and FR (P≤0.05) during 

the stimulatory phase (T6-T9) with higher values of the longitudinal layer. However, 

there were no differences between layers within T6, T7, and T9 (P>0.10). Only during 

T8 were AUC, MA, and maxA higher (P≤0.05) in the longitudinal muscle layer 
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compared to the circular one (Tab. 8). There were no further differences between 

layers for the control strips (P≤0.05). 

 

Table 8: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during the 
time period 8 of the circular (n=10) and the longitudinal (n=11) control layers from 12 
healthy cows undergoing a cesarean section on day 275 of gestation. Values 
expressed in median ± MAD. 
 
Parameter Circular muscle layer Longitudinal muscle layer 
BR (mN) 6.3 ± 49.1 11.2 ± 26.1 
AUC (N•s) 119.2 ± 66.0a 324.7 ± 63.8b 
MA (mN) 99.3 ± 54.9a 270.5 ± 53.2b 
minA (mN) 53.8 ± 41.5 95.7 ± 83.9 
maxA (mN) 177.6 ± 69.3a 1270.9 ± 1038.6b 
FR (contractions/20 min) 0.0 ± 0.0 0.5 ± 0.5 
a,b: Medians for the given variable with different superscript, differ significantly 
between layers (P≤0.05) 
 

 

Stimulation with oxytocin 

Oxy provoked different patterns of contraction in the circular muscle layer compared 

to the longitudinal one. At low concentrations of Oxy (10-9 mol/L and 10-8 mol/L) the 

circular muscle layer exhibited frequent phasic contractions which converted to high-

frequency gathered phasic contractions at a higher concentration (10-7mol/L). There 

was a return to the baseline resting tension between these groups of contractions 

(Fig. 10). The longitudinal muscle layer exhibited a different pattern of contractions 

characterized by a rise in the baseline to achieve an incomplete tonic contracture 

from a concentration of 10-8 mol/L onwards (Fig. 11). 
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Figure 10: Stimulated contractile activity (g) in a strip from the circular muscle layer 
of the myometrium from a cow undergoing cesarean section on d 275 of pregnancy. 
Isometric recordings obtained during 4 time periods of 30 min each after stimulation 
with increasing concentrations of oxytocin (Oxy). The previous solution was rinsed 
with Krebs´ solution at 37°C. 
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Figure11: Stimulated contractile activity (g) in a strip from the longitudinal muscle 
layer of the myometrium from a cow undergoing cesarean section on d 275 of 
pregnancy. Isometric recordings obtained during 4 time periods of 30 min each after 
stimulation with increasing concentrations of oxytocin (Oxy). The previous solution 
was rinsed with Krebs´ solution at 37°C. 
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During the stimulatory phase, the type of muscle layer had an effect on some of the 

variables studied (BR, AUC, MA, and minA; P≤0.05), with higher median values 

obtained by the longitudinal layer, and in tendency higher maxA (P=0.09) in the 

longitudinal muscle layer. During T7, there were differences between layers for AUC 

(Fig. 12), and MA (P≤0.05), and in tendency for maxA (P=0.08). During T8, 

differences between the layers were seen for AUC and MA (P=0.09); and during T9, 

between layer for BR and minA (P≤0.05). The longitudinal muscle layer showed 

higher (P≤0.05) median values for the given variables compared to the circular one. 

Increasing concentrations of Oxy affected all the variables studied (P<0.0001). There 

were no further differences between the layers after the stimulation with Oxy 

(P>0.10). 
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Figure 12 : Changes in the area under the curve (AUC) after administration of 
increasing concentrations of oxytocin during 4 time periods (T) of 20 min each (T6: 
10-10 mol/L; T7:10-9 mol/L; T8:10-8 mol/L; T9:10-7 mol/L) for circular (n=11) and 
longitudinal (n=8) muscle layers from 12 cows undergoing a cesarean section on d 
275 of pregnancy. The box-plots show the median values, 95th, 75th; 25th, and 5th 
percentiles. 

*: Different between layers within one time period (P≤0.05) 
a: Different respect to the previous time period within layer (P≤0.05) 
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Stimulation with PGF 

The type of muscle layer affected maxA in tendency (P=0.09; Fig. 13) during T6-T9 

with higher values in the longitudinal muscle layer. A rise of the PGF concentration 

affected all the variables (BR, AUC; MA, minA, and maxA: P≤0.05, and FR: P=0.08) 

with increased contractile values over time. Further differences between layers or 

between different concentrations of PGF were not observed (P>0.10). 

 

 

 
 
Figure 13 : Changes in the maximal amplitude (maxA) after administration of 
increasing concentrations of PGF during 4 time periods (T) of 20 min (T6:10-7 mol/L; 
T7:10-6 mol/L; T8:10-5 mol/L; T9:10-4 mol/L) for circular and longitudinal (n=12, 
respectively) muscle layers from 12 healthy cows undergoing a cesarean section on 
d 275 of gestation. The box-plots show the median values, 95th, 75th; 25th, and 5th 
percentiles. 

a: Different respect to the previous time period within layer (P≤0.05) 
 

 

Stimulation with Ca 

No effects were observed concerning layers and concentrations (P>0.10). 
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4.1.3.2.c E2ß high vs. E2ß  low cows 

 

Circular muscle layer 

 

Control 

Neither subgroup nor time had an effect on any of the contractility parameters 

studied (P>0.10). Only during T7, were there differences in BR (P≤0.05) between 

subgroups E2β low (-9.6 ± 29.8 mN) and E2β high (-12.3 ± 48.9 mN). Further 

differences between these subgroups were not found (P>0.10). 

 

Stimulation with oxytocin 

Subgroup had an effect on BR, maxA, minA, and FR (P≤0.05) during the stimulatory 

phase (Tab. 9), but not during T6, T8, and T9 (P>0.10). Differences between 

subgroups were found only in T7 for BR (E2β low: 345.0 ± 58.7 mN; E2β high: 

110.5 ± 169.6 mN; P≤0.05) and FR (E2β low: 0.0 ± 0.0 contractions/20min; E2β high: 

1.0 ± 1.0 contractions/20min; P≤0.05). Except for these findings, no further 

differences between subgroups were seen after stimulation with Oxy (P>0.10). 
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Table 9: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during the 
stimulatory phase (T6-T9) of the circular muscle layers of subgroups E2β low (na=5; 
n=5) and E2β high (na=7; n=7) after administration of increasing concentrations of 
oxytocin. Values expressed in median ± MAD. 

a,b: Medians for the given variable with different superscript, differ significantly 
between layers (P≤0.05) 
 

 

Stimulation with PGF 

Subgroup had no influence on any of the parameters studied (P>0.10). 

 

Stimulation with Ca 

Only 9 strips could be used for this part of the experiment due to knot breakage. 

Subgroup had an effect during T6-T9 on AUC, MA, minA, and maxA (P≤0.05; 

Tab.10). The circular muscle layers of subgroup E2β high attained higher (P≤0.05; 

Tab.10) values for these variables compared to subgroup E2β low. There were no 

further differences between subgroups (P>0.10). 

Parameter E2β low E2β high 
BR (mN) 288.7 ± 253.2a 47.3 ± 156.71b 
AUC (N•s) 993.3 ± 797.1 353.9 ± 292.7 
MA (mN) 827.8 ± 664.2 294.9 ± 243.1 
minA (mN) 569.7 ± 487.4a 174.2 ± 143.3b 
maxA (mN) 1256.78 ± 1146.4a 1166.1 ± 1116.5b 
FR (contractions/20 min) 0.0 ± 0.0 a 1.5 ± 1.5b 
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Table 10: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during 
the stimulatory phase (T6-T9) of the circular muscle layer of subgroups E2β low 
(na=5; n=3) and E2β high (na=7; n=6) after administration of increasing 
concentrations of calcium chloride. Values expressed in median ± MAD. 
 
 

Parameter E2β low E2β high 
BR (mN) 4.3 ± 22.9 -5.8 ± 34.1 
AUC (N•s) 62.1 ± 22.2a 205.8 ± 154.0b 
MA (mN) 51.8 ± 18.5a 171.4 ± 128.3b 
minA (mN) 41.9 ± 21.7a 163.2 ±121.0b 
maxA (mN) 61.1 ± 18.3a 179.6 ±128.0b 
FR (contractions/20 min) 0.0± 0.0 0.0 ± 0.0 

a,b: Medians for the given variable with different superscript, differ significantly 
between layers (P≤0.05) 
 

 

Longitudinal muscle layer 

 

Control 

There were no differences in any of the variables studied between subgroup E2β high 

and E2β low (P>0.10). 

 

Stimulation with oxytocin 

Only 8 strips (E2β low: n=3, and E2β high= 5) could be used for this part of the 

experiment due to knot breakage. Subgroup had an effect during the stimulatory 

phase on BR (P≤0.05) with higher values attained by E2β low (802.1 ± 256.3 mN) 

compared to E2β high (132.2 ± 235.4 mN) during T6-T9. There were differences 

between subgroups within T6, T7, and T8 (P≤0.05; Tab. 11) for BR, and during T8 

and T9 (P≤0.05) for minA, characterized by higher values in the subgroup E2β low 

(T8: E2β low: 1477.5 ±178.5 mN; E2β high: 653.5 ± 100.6 mN; T9: E2β low: 

2438.4 ± 2077.9 mN; E2β high: 1214.2 ± 162.7 mN). 
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Table 11: Baseline rise (BR; mN) during the stimulatory phase (T6-T9) of the 
longitudinal muscle layers of subgroups E2β low (na =5; n=3) and E2β high (na =7; 
n=5) after administration of increasing concentrations of oxytocin. Values expressed 
in median ± MAD. 

a,b: Medians for the given time period with different superscript, differ between 

subgroups E2β low and E2β high (P≤0.05) 

 

 

Stimulation with PGF 

Subgroup had an effect on BR and minA (P≤0.05) during T6-T9 with higher values 

attained by E2β low (211.9 ± 149.4 mN) compared to E2β high (35.2 ± 27.1 mN). Only 

during T6 and T9, were there differences between subgroups for minA (P≤0.05; Tab. 

12), with higher values attained by the subgroup E2β low. There were no further 

differences between subgroups after the stimulations with PGF (P>0.10). 

 
Table  12: Minimal amplitude (minA; mN) during the stimulatory phase (T6-T9) of the 
longitudinal muscle layer of subgroups E2β low (na=5; n=5) and E2β high (na=7; n=7) 
after administration of increasing concentrations of PGF2α. Values expressed in 
median ± MAD. 
 
 

Time period E2β low E2β high 
6 61.3 ± 25.2a 27.3 ± 18.2b 
7 155.9 ± 63.8 21.9 ± 21.9 
8 204.6 ± 79.1 37.8 ± 21.5 
9 384.6 ± 134.8a 91.1 ± 23.6b 

a,b: Medians for the given time period with different superscript, differ between E2β 
low and E2β high (P≤0.05) 
 
 
 

Time period E2β low E2β high 
6 402.9 ± 104.7a -7.4 ± 37.2b 
7 767.4 ± 159.7a 26.7 ± 188.8b 
8 1020.5 ± 317.8a 342.7 ± 211.5b 
9 2107.9 ± 1270.8 1505.4 ± 490.9 
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Stimulation with Ca 

There were no differences in any of the variables studied (P>0.10). 

 

4.1.3.2.d P4 low vs. P4 high cows 

 

Circular muscle layer 

 

Control 

There were no differences between subgroups (P>0.10). 

 

Stimulation with oxytocin 

Subgroup had an effect among the stimulatory periods on maxA (P≤0.05; Fig. 14), 

with higher median values attained by subgroup P4 high. There were no further 

differences between subgroups after increasing concentrations with Oxy (P>0.10). 

 

 
Figure14:  Changes of maximal amplitude (maxA) for the circular muscle layers 
attending to the subgroups P4 low (na=4; n=4) and P4 high (na=4; n=4) after 
administration of different concentrations of oxytocin during 4 time periods (T) of 20 
min (Oxy; T6: 10-10 mol/L; T7:10-9 mol/L; T8:10-8 mol/L; T9:10-7 mol/L). The box-plots 
show the median values, 5th; and 95th percentiles. 
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Stimulation with PGF and Ca 

Subgroup had no effect on any of the parameters studied (P>0.10). 

 

Longitudinal muscle layer  

 

Controls and stimulations with oxytocin, PGF and Ca 

For this part of the experiment only 14 strips from subgroup P4 high (Cont: n=3; Oxy: 

n=3; PGF: n=4; Ca: n=4), and 8 from subgroup P4 low (Cont: n=3; Oxy: n=1; PGF: 

n=3; Ca: n=1) could be included in the analysis. Subgroup had no effect on any of 

the variables studied (P>0.10). 

 

4.1.4 Immunohistochemistry 

 

The evaluation of RS was only possible in four (33.3 %), five (41.7 %), three (25 %), 

and three (25 %) of the samples stained for ERα, PR, OTR and FPR, respectively. In 

some of the cases, the samples were completely devoided of RS, and in other cases 

its structure appeared altered. These observations are noticeable in Fig. 16; whereas 

in field F RS appears as a homogen structure, the same is not true for the the fields 

C, D and E. In C and D, the components of RS are loose, and in E, RS is absent to a 

great extent. 

 

4.1.4.1 Estrogen receptor α (ERα) 

 

This receptor was present in almost all the nuclei of the cells examined in SE, G, E 

and MYO (100 ± 0%); and in 70 ± 5% of the nuclei of CS. In VW, the presence of 

ERα was negligible. In 58.3% of the samples a constant supranuclear pattern of 

staining was observed (Fig.15). This pattern was not only confined to cells from SE, 

but also to cells from G, although to minor extent. 
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4.1.4.2 Progesterone receptor (PR) 

 

There were no PR-positive stained cells in SE, G, E and VW. Although SC and SR 

were not present in all the samples studied, the analysis was performed and 

40 ± 10% and 20 ± 20% of nuclei of SC and SR, respectively, were PR-positive. The 

vast majority of the nuclei (100 ± 0%) of myometrial cells were positively stained 

(Fig.16). 

 

4.1.4.3 Oxytocin receptor (OTR) 

 

SR was only present in 3 (25%) of the samples. The rest of the compartments 

showed positive staining in different intensities. SE displayed a faint cytoplasmatic 

immunoreaction (0.5 ± 0.5), while CS, SG (2.0 ± 0.5), E (2.0 ± 1.0) and MYO 

(2.0 ± 0.0) were strongly stained. DG and VW showed a slightly weaker reaction than 

the latter compartments (DG: 1.5 ± 0.5; VW: 1.5 ± 1.0; Fig. 17). 

 

4.1.4.4 Prostaglandin F2α (FPR) 

 

This receptor exhibited two localizations of staining, a nuclear and a cytoplasmatic 

one. All the compartments had high percentages of stained nuclei (SE, CS, G, E, and 

MYO: 100 ± 0 %; VW: 75 ± 0 %). Again, RS was not present in most of the samples 

(75%). Referring to the cytoplasmic intensity of staining, this was negligible in SE, 

weak in E (0.5 ± 0.5), moderate in SC and VW (1.0 ± 0.0), and strong in G and MYO 

(2.0 ± 0.0; Fig. 18). 
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Figure 15:  Immunolocalization (brown staining) of estrogen receptor α (ERα) in the 
bovine intercaruncular uterine wall on d 275 of pregnancy. ERα was confined to 
nuclei and detected in surface epithelium (SE), glandular epithelial cells (G), stromal 
cells of the compact (CS) and reticulated (RS) stroma, endothelial (E) and wall cells 
(VW) of blood vessels, and myometrium (MYO). A and B: Surface of endometrium, 
composed of SE, CS and G. In B, a focal supranuclear pattern of positive staining in 
SE (*) is obvious. C: All the nuclei of G are ERα-positive. D: The E and VW of a blood 
vessel between the CS and RS exhibited ERα-positive staining. E: Myometrial cells 
(MYO) were ERα-positive. F: Representative negative control employing non-
immune IgG instead of specific primary antibodies. 



 

 63 

RESULTS 

 
Figure 16:  Immunolocalization (brown staining) of progesterone receptor (PR) in the 
bovine intercaruncular uterine wall after d 275 of gestation. The counterstaining with 
Delafield´s hematoxylin yielded the stain-negative nuclei (blue) and the purple 
background. PR was confined to nuclei and detected in stromal cells of the compact 
(CS) and reticulated (RS) stroma, and myometrium (MYO), while epithelial cells were 
negative. A: Surface of endometrium, composed of surface epithelium (SE), and CS. 
B: CS of endometrium with some blood vessels endowed with endothelium (E) and 
wall (VW). C: Deep endometrium with RS, a deep endometrial gland (G), and a blood 
vessel endowed with VW. D: Detail of image C (60x).The E of a blood vessel in 
myometrium is negative. MYO exhibited positive nuclei to a large extent. E: 
Representative negative control employing non immune IgG instead of specific 
primary antibodies in the bovine intercaruncular uterine wall after d 275 of gestation. 
F: Representative negative control employing non immune IgG instead of specific 
primary antibodies in the bovine intercaruncular uterine wall from a healthy cow 20 d 
postpartum (courtesy of J. Volland). The tissue was obtained after euthanasia and 
extraction of the uterus. Except for the sampling and the fixation, all the tissues were 
treated equally for the immunohistochemistry. 
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Figure 17:  Immunolocalization (brown staining) of oxytocin receptor (OTR) in the 
bovine intercaruncular uterine wall after d 275 of gestation. OTR was localized in the 
cytoplasm of stromal cells of the compact (CS) and the reticulated stroma (RS), 
superficial glands (SG) and endothelium (E) and wall (VW) cells of the blood vessels, 
and myometrium (MYO). Surface epithelium (SE) showed a faint immunoreaction. A: 
Superficial endometrium, composed of SE and CS. B: SG with moderate staining of 
the cell cytoplasm. VW in the CS were also positive. C: Blood vessels, endowed with 
endothelial (E) and wall (VW) cells, whose cytoplasm became moderately stained. D: 
Representative negative control employing non-immune IgG instead of specific 
primary antibodies. E: The cytoplasm of some myometrial cells (MYO) was 
moderately stained. 
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Figure 18:  Immunolocalization (brown staining) of PGF2α receptor (FPR) in the 
bovine intercaruncular uterine wall after 275 d of gestation. FPR was localized in the 
nuclei and cytoplasm of cells of the surface epithelium (SE), stromal cells of the 
compact (CS) and the reticulated (RS) stroma, glandular epithelium (G), endothelium 
(E) and wall (WV) cells of the blood vessels, and myometrium (MYO). A: Superficial 
endometrium, composed of SE and CS. Only the nuclei were FPR-positive. B: G with 
moderate staining of the cell cytoplasm and FPR-positive nuclei. C and D: Different 
patterns of localization of FPR in MYO. In C, the nuclei of MYO were FPR-positive. In 
D, both the nuclei and the cytoplasm of MYO were FPR-positive. E: Nuclei of all 
components of blood vessels (E and VW) were FPR-positive. D: Bovine corpus 
luteum served as positive control. The cytoplasm of the luteal cells was strongly 
stained. 
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4.1.4.5 Immunohistochemistry: E2β high vs. E2β low cows 

 

There was a difference in the intensity of VW stain between subgroups (E2β low: 

0.5 ± 0.5; E2β high: 2.0 ± 1.0; P≤0.05), and a difference in tendency for SG (E2β low: 

1.0 ± 0.5; E2β high: 2.0 ± 0.0; P=0.06) for OTR. There were no further differences 

between subgroups E2β high and E2β low (P>0.10). 

 

4.1.4.6 Immunohistochemistry: P4 high vs. P4 low cows 

 

There were no differences any in abundance or in the pattern of stained nuclei 

between the subgroups for the examined receptors (P>0.10). 

 

4.1.5 Expression analysis 

 

The myometrial expression of mRNA transcripts encoding ERα, PR, OTR and FPR is 

shown in Tab. 13. 

 

Table  13: Myometrial expression (∆Cq) of estrogen receptor α (ERα), progesterone 
receptor (PR), oxytocin receptor (OTR) and PGF2α receptor (FPR) in group 1 (n=12). 
Values expressed in mean±SD.  
 
 

 ERα PR OTR FPR 
∆Cq 16.7 ± 0.4 9.1 ± 0.8 16.0 ± 0.7 14.2 ± 0.7 

 

 

4.1.5.1 Expression analysis: E2β high and E2β low cows 

 

The mRNA abundance of the different receptors in myometrium between subgroups 

E2β high and E2β low is shown in Fig. 19. There were only differences in tendency in 

the mRNA concentrations between subgroups for ERα (P=0.08) and for PR (P=0.09). 
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Figure 19 : Myometrial mRNA expression (∆Cq; mean ± SD) of transcripts encoding 
estrogen receptor α (ERα), progesterone receptor (PR), oxytocin receptor (OTR) and 
PGF2α receptor (FPR) of the subgroups E2β low (na=5) and E2β high (na=7). 

: Means; Whiskers: standard deviation. 

(*):Tendency for values between subgroups E2ß low an E2ß high 
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4.1.5.2 Expression analysis: P4 high vs. P4 low cows 

 

Referring to the P4 subgroups, there were no differences in the expression of any of 

the receptors studied between them (Fig. 20). 

 
 
Figure 20 : Myometrial mRNA expression (∆Cq; mean ± SD) of transcripts encoding 
estrogen receptor α (ERα), progesterone receptor (PR), oxytocin receptor (OTR) and 
PGF2α receptor (FPR) of the subgroups P4 low (na=4) and P4 high (na=4) 

: Means; Whiskers: standard deviation. 
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4.2 Group 2 

 

4.2.1 Cows 

 

Out of the 20 animals that were enrolled in the beginning of the study, five were 

discarded because of placental retention, one because of abomasal displacement 

prior to calving, one due to dystocia, and one because of the impossibility of 

management. The remaining cows (na=12) were 3.2 ± 0.2 years old and were all in 

the second lactation. They calved spontaneously 282.5 ± 1.0 d after the artificial 

insemination, and the placenta detachment occurred 6.0 ± 1.8 h after calving. Only 

one animal had to be slightly assisted during labor.  

 

4.2.2 Blood profiles 

 

The concentrations of P4, E2β, PGFM and ionized calcium are shown in Tab.14. The 

concentrations of P4, E2β and PGFM were measured in all animals (na=12), whereas 

ionized calcium concentration were measured in 11 cows due to device 

inaccessibility. 

 
Table 14:  Means ± SD of blood concentrations of E2β (na=12), P4 (na=12), and ionized 

calcium (na=11), and median ± MAD of PGFM (na=12) of group 2. 

 
Parameter Blood concentration 
P4 (ng/mL) 0.4 ± 0.1 
E2β (pg/mL) 87.6 ± 39.5 
PGFM (pg/mL) 2154.1 ± 886.0 
Ionized calcium (mmol/L) 0.9 ± 0.1 
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4.2.2.1 Blood profiles depending on estradiol-17β (E2β) levels 

 

There were differences between the subgroups E2β low and E2β high for E2β, P4 

(P≤0.05), and a difference in tendency for PGFM (P=0.07; Tab.15). The 

concentrations of E2β and P4 were over 2.7 and 2.5 times higher (P≤0.05), 

respectively, in subgroup E2β high compared to E2β low.  

 

Table 15 : Means ± SD of blood concentrations of E2β, P4, and ionized calcium, and 
median ± MAD of PGFM of subgroups E2β low (na=4) and E2β high (E2β, P4 PGFM: 
na=4; ionized calcium: na=3). 
 
Parameter E2β low E2β high 
E2β (pg/mL) 48.1 ± 12.0a 132.9 ± 26.6b 
P4 (ng/mL) 0.2 ± 0.1a 0.5 ± 0.1b 
PGFM (pg/mL) 1168.7 ± 180.1(a) 2952.2 ± 1026.4(b) 
Ionized calcium (mmol/L) 0.9 ± 0.2 0.9 ± 0.2 
a,b: Variables with different superscript, differ significantly between subgroup E2β low 
and E2β high. 
(a, b): Tendency for values between subgroup E2β low and E2β high 
 

 

4.2.2.2 Blood profiles depending on progesterone (P4) levels 

 

There were differences between the subgroups P4 low and P4 high E2β (P≤0.05). The 

subgroup P4 high showed 2.5 and 2.3 times higher values for P4 and E2β, 

respectively, compared to P4 low (Tab. 16). 
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Table 16: Means ± SD of blood concentrations of E2β, P4, and ionized calcium, and 
median ± MAD of PGFM of subgroups P4 low (na=4) and P4 high (E2β, P4 PGFM: 
na=4; ionized calcium: na=3). 
 
Parameter P4 low P4 high 
P4 (ng/mL) 0.2 ± 0.1a 0.5 ± 0.1b 
E2β (pg/mL) 52.8 ± 19.5 a 119.6 ± 46.1b 
PGFM (pg/mL) 1454.2 ± 405.5 1868.6 ± 600.9 
Ionized calcium (mmol/L) 1.0 ± 0.1 0.9 ± 0.2 
a,b: Means with different superscript, differ between subgroups (P≤0.05) 
 

 

4.2.3 Contractile activity 

 

Out of 96 strips used for this experiment, 5 (5.2%) failed to contract, and thus were 

discarded from the study. In four (4.2%) strips the knot became loose, therefore, only 

data until the knot deletion were used. 

 

4.2.3.1 Spontaneous contractile activity 

 

Longitudinal vs. circular muscle layer 

Only 1 strip from the circular and 6 strips from the longitudinal muscle layers 

displayed contractions during the phase without treatment (T1-T5). Therefore, a 

homogeneous pattern of contraction could not be established. 

 

The type of muscle layer had an effect during T1-T5 on BR (P≤0.05), characterized 

by higher values attained by the circular muscle layer (2.8 ± 13.4 mN) compared to 

the longitudinal one (-3.6 ± 12.4 mN). During T1-T4, both layers exhibited similar 

median values for AUC (Fig. 21), MA, minA and maxA, but during T5 were there 

differences between layers for BR, minA, and FR (P≤0.05), and a rise in tendency for 

AUC (Fig. 21; P=0.08), and MA (P=0.08), characterized by higher values for the 

circular muscle layer. Time had an effect on BR in both layers (P≤0.05), in the 

circular muscle layers for AUC, MA, and maxA (P≤0.05); and in the longitudinal 

muscle layers for minA (P≤0.05). Within the circular muscle layer, there were 
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differences when comparing all successive time periods for MA, AUC (Fig. 21), and 

maxA (P≤0.05). During the first time period (T1), the longitudinal muscle layer 

showed higher values (P≤0.05) for BR, AUC, MA, minA, and maxA compared to T2. 

Further differences concerning the layers and time were not observed (P>0.10). 

 

 

 
 
Figure 21:  Area under the curve (AUC) during spontaneous contractions (5 time 
periods of 20 min each) displayed by the circular (n=46) and the longitudinal (n=47) 
myometrial strips from 12 cows after placenta detachment and subsequent LPS 
infusion 3 h before euthanasia. The box-plots show the median values, 95th, 75th; 
25th, and 5th percentiles. 

a: Within one layer, Different values with respect to the previous time period 
(P≤0.05). 
(*): Tendency for values between muscle layers within one time period 
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E2β high vs. E2β low cows 

 

Circular muscle layer 

The subgroup had an effect during T1-T5 for BR (E2β low: 8.8 ± 10.1 mN; E2β high: 

0.8 ± 16.6 mN; P≤0.05). There were no further differences between subgroups E2β 

low and E2β high within the circular muscle layer (P>0.10). 

 

Longitudinal muscle layer 

Subgroup had an effect during T1-T5 on AUC (E2β low: 79.0 ± 47.0 N•s; E2β high: 

62.8 ± 24.5 N•s; P≤0.05) and MA (E2β low: 65.8 ± 39.1 mN; E2β high: 52.4 ± 20.4 mN; 

P≤0.05). Further differences were not found between subgroups E2β low and E2β high 

within the longitudinal muscle layer (P>0.10). 

 

P4 high vs. P4 low cows 

 

Circular muscle layer 

The subgroup P4 low exhibited higher (P<0.0001; Fig. 22) minA values than P4 high. 

Only within this variable was there a difference between subgroups in the last time 

period without treatment (T5, P≤0.05), and differences in tendency between 

subgroups during T1 (P=0.08), T2 (P=0.08), and T4 (P=0.06), characterized by 

higher values in the subgroup P4 low. Further differences between subgroups were 

not observed within the circular muscle layer (P>0.10). 
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Figure 22:  Minimal amplitude (minA) for the circular muscle layers of subgroups P4 
high (na=4; n=15) and P4 low (na=4; n=12) recorded during spontaneous contractions 
(5 time periods of 20 min each) after placenta detachment and subsequent LPS 
infusion 3 h before euthanasia. The box-plots show the median values, 95th, 75th; 
25th, and 5th percentiles. 

*: Different values between subgroups P4 high and P4 low for the given time 
period (P≤0.05) 
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Longitudinal muscle layer 

Subgroup had an effect on minA (P≤0.05; Fig. 23) during T1-T5 and was 

characterized by higher values in P4 low. Only within this variable were there 

differences between subgroups in the first time periods (T1, T2, and T3: P≤0.05), with 

higher values attained by the subgroup P4 low. Other differences concerning 

subgroup were not observed (P>0.10). 

 

 
 
Figure 23:  Minimal amplitude (minA) for the longitudinal muscle layers of subgroups 
P4 high (na=4; n=16) and P4 low (na=4; n=10) recorded during spontaneous 
contractions (5 time periods of 20 min each) after placenta detachment and 
subsequent LPS infusion 3 h before euthanasia. The box-plots show the median 
values, 95th, 75th; 25th, and 5th percentiles. 

*: Different values between subgroups within one time period (P≤0.05). 
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4.2.3.1 Stimulated contractile activity 

 

4.2.3.1.a Differences between stimulations and concentration within layer 

 

Circular muscle layer 

During the stimulatory phase, the effect of the stimulating substance was highly 

significant in all the variables studied (P<0.0001), and the concentration of the 

stimulation substances had an effect on BR, AUC (Fig. 24), and MA (P≤0.05), and a 

difference in tendency for minA (P=0.09). Higher concentrations of Oxy and PGF 

caused higher median values of the contractility parameters. 

 

In T6, there were no differences in the response between the given substances 

(P>0.10). However, in T7, T8, and T9 there were differences between the myometrial 

response to Oxy and the other stimulatory agents or controls for all variables 

(P≤0.05). Oxy provoked a higher (P≤0.05) response in all the variables compared to 

the other stimulations. Further differences concerning substances or concentrations 

were not seen within the circular muscle layers (P>0.10). 
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Figure 24:  Changes in area under the curve (AUC) of the circular muscle layers 
during 4 time periods (T) of 20 min each without stimulation (Control; n=11) and after 
stimulation with oxytocin (Oxy; T6: 10-10 mol/L; T7:10-9 mol/L T8:10-8 mol/L; 
T9:10-7 mol/L; n=12), or PGF2α (PGF; T6: 10-7 mol/L; T7:10-6 mol/L; T8:10-5 mol/L; 
T9:10-4 mol/L; n=12), or with calcium chloride (Ca; T6: 2.6 mmol/L; T7: 5.2 mmol/L; 
T8: 10.4 mmol/L; T9: 20.8 mmol/L; n=10). The box-plots show the median values, 
95th, 75th; 25th, and 5th percentiles. 

a,b: Data with different letters within one time period, differ significantly (P≤0.05) 
 

 

Longitudinal muscle layer 

There was a high effect of stimulating substance in all the variables studied during 

T6-T9 (P<0.0001; AUC shown in Fig. 25). The concentration had a positive effect on 

AUC, MA, and FR (P≤0.05). The myometrial response to Oxy was higher during all 

time periods for BR (P≤0.05), and during T7, T8 and T9 for FR. 

 

During T7, Oxy did not differ from PGF for AUC, MA and maxA (P>0.10), and Tthere 

were no differences between PGF and Ca and controls. (P>0.10). For minA, there 
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were no differences in the stimulation with Oxy, PGF and the controls (P>0.10), but 

there were differences among these and Ca (P≤0.05). 

 

In T8, Oxy produced higher (P≤0.05) values for AUC (Fig. 25), MA, and minA 

compared to PGF, Ca and controls. Yet, Oxy did not differ from PGF (P>0.10) for 

maxA, but Oxy and PGF were different compared to Ca and controls (Cont: 

188.7 ± 104.3 mN; Oxy: 1410.8 ± 392.7 mN; PGF: 705.8 ± 618.6 mN; Ca: 

107.4 ± 42.2 mN; P≤0.05). 

 

During T9, Oxy produced higher values (P≤0.05) for AUC (Fig. 25), MA, minA, and 

maxA compared to the other stimulations or controls. For AUC, MA, and maxA, PGF 

also differed from Ca and from the controls (P≤0.05). There were no further 

differences concerning substances or concentrations (P>0.10). 
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Figure 25 : Changes in area under the curve (AUC) of the longitudinal muscle layers 
during 4 time periods (T) of 20 min each without stimulation (Control; n=12) and after 
stimulation with oxytocin (Oxy; T6: 10-10 mol/L; T7:10-9 mol/L T8:10-8 mol/L T9:10-

7 mol/L; n=11), or prostaglandin F2α (PGF; T6: 10-7 mol/L; T7:10-6 mol/L; 
T8:10-5 mol/L; T9:10-4 mol/L; n=12), or with calcium chloride (Ca; T6: 2.6 mmol/L; 
T7: 5.2 mmol/L; T8: 10.4 mmol/L; T9: 20.8 mmol/L; n=11). The box-plots show the 
median values, 95th, 75th; 25th, and 5th percentiles. 

a,b,c:, Data with different letters within one time period, differ significantly 
(P≤0.05) 

 

 

4.2.3.1.b Differences between layers depending on stimulation and concentration 

 

Control 

During the stimulatory phase, neither layer nor time had an effect on any of the 

variables studied (P>0.10). Furthermore, there were no differences between layer 

within time periods (P>0.10). 
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Stimulation with oxytocin 

The pattern of contraction exhibited by the circular and the longitudinal muscle layers 

did not differ at the lowest concentrations (10-10 mol/L and 10-9 mol/L). It was 

characterized by phasic contractions with light rise of the baseline. At the highest 

concentration (10-7 mol/L) the contractions became more frequent and the baseline 

rose (Fig. 26 and 27). 
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Figure 26: Stimulated contractile activity (g) in a strip from the circular muscle layer 
of the myometrium from a cow approximately 10 hours after calving. The placenta 
was expelled 7 h after birth and, subsequently, LPS was infused 3 h before 
euthanasia. Isometric recordings obtained during 4 time periods of 30 min each after 
stimulation with increasing concentrations of oxytocin (Oxy). The previous solution 
was rinsed with Krebs´ solution at 37°C. 
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Figure 27: Stimulated contractile activity (g) in a strip from the longitudinal muscle 
layer of the myometrium from a cow approximately 10 hours after calving. The 
placenta was expelled 7 h after birth and, subsequently, LPS was infused 3 h before 
euthanasia. Isometric recordings obtained during 4 time periods of 30 min each after 
stimulation with increasing concentrations of oxytocin (Oxy). The previous solution 
was rinsed with Krebs´ solution at 37°C. 
 

 

During the stimulatory phase, the type of layer had no effect on any of the 

contractility parameters studied (P>0.10; Fig. 28); however, the concentration had a 

high effect on all the variables studied (P<0.0001). A higher concentration of the 

stimulating substances caused higher median values of the contractility parameters. 

Only for BR during T7 were there differences between the circular and the 

longitudinal muscle layers (P≤0.05), characterized by higher values in the circular 

muscle layer. 
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Figure 28 : Changes in the area under the curve (AUC) after administration of 
increasing concentrations of oxytocin during 4 time periods (T) of 20 min each (T6: 
10-10 mol/L; T7:10-9 mol/L; T8:10-8 mol/L; T9:10-7 mol/L) of the circular (n=12) and 
longitudinal (n=12) muscle layers from 12 cows after placenta detachment and 
subsequent LPS infusion 3 h before euthanasia. The box-plots show the median 
values, 95th, 75th; 25th, and 5th percentiles. 

a: Within one layer, significantly different respect to the previous time period. 
 

 

Stimulation with PGF 

During T6-T9, the type of layer had an effect on maxA (P≤0.05), and differences in 

tendency were observed between the PGF-stimulatory phase for AUC, MA, and FR 

(P=0.06; Fig. 29 for AUC). In both cases the longitudinal muscle layer attained higher 

values compared to the circular one. There were no differences between layers 

within each of the stimulatory periods (P>0.10). The concentration of PGF had an 

effect on BR, AUC, MA, and maxA (P≤0.05), characterized by higher contractile 

values after stimulation with higher concentrations of PGF. Further differences 

concerning the type of layer and the concentration of PGF were not observed 

(P>0.10). 

0

0.5 

1 

1.5

2 

2.5

3 

3.5 

4 

A
U

C
 (

x1
03 

N
•s

) 

6 7 8 9

 

Longitudinal    

Circular    

Layer effect: P>0.10 
Concentration effect: P<0.0001 

Time period 

a 

a 

a 

a 

a 

a 



 

 83 

RESULTS 

 
 
 
Figure 29 : Changes in the area under the curve (AUC) after administration of 
increasing concentrations of PGF during 4 time periods (T) of 20 min (T6: 10-7 mol/L; 
T7:10-6 mol/L T8:10-5 mol/L T9:10-4 mol/L) for circular (n=12) and longitudinal (n=12) 
muscle layers from 12 cows after placenta detachment and subsequent LPS infusion 
3 h before euthanasia. The box-plots show the median values, 95th, 75th; 25th, and 5th 
percentiles. 

a: Significantly Different values with respect to the previous time period within 
one layer (P≤0.05) 

 

 

Stimulation with Ca 

The circular muscle layer showed higher (P≤0.05) values for AUC, MA, minA, and 

maxA compared to the longitudinal one during the Ca-stimulatory phase (Tab. 17). 

There were no differences between layers within each of the stimulatory periods 

(P>0.10). Further differences concerming the type of layer or the Ca-concentration 

were not found (P>0.10).  
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Table 17: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during the 
stimulatory phase (T6-T9) of the circular (n=10) and the longitudinal (n=11) muscle 
layers after administration of increasing concentrations of calcium chloride (Ca) from 
12 cows after placenta detachment and subsequent LPS infusion 3 h before 
euthanasia. Values expressed in median ± MAD. 
 
 

Parameter Circular muscle layer Longitudinal muscle layer 
BR (mN) -3.9 ± 24.9 -6.2 ± 24.3 
AUC (N•s) 159.9 ± 66.5a 102.4 ± 29.4b 
MA (mN) 133.2 ± 55.4a 85.4 ± 24.5b 
minA (mN) 96.6 ± 52.6a 63.7 ± 20.6b 
maxA (mN) 188.3 ± 81.6a 110.0 ± 22.1b 
FR (contractions/20 min) 0.0 ± 0.0 0.0 ± 0.0 

a,b: Medians for the given variable with different superscript, differ significantly 
between layers (P≤0.05) 
 

 

4.2.3.1.c E2β high vs E2β low cows 

 

Circular muscle layer 

 

For this part of the experiment 30 strips from subgroup E2β high (Cont: n=4; Oxy: 

n=4; PGF: n=4; Ca: n=4), and 8 from subgroup E2β low (Cont: n=3; Oxy: n=4; PGF: 

n=4; Ca: n=3) could be included in the analysis. Subgroup, substance or 

concentration had no effect on any of the variables studied (P>0.10). 

 

Longitudinal muscle layer 

 

Control 

There were no differences between subgroups for the variables studied (P>0.10). 

 

Stimulation with oxytocin 

There was a difference between subgroups during T6-T9 for FR (P≤0.05; Tab. 18), 

and a difference in tendency for maxA (P=0.09). For these variables, the subgroup 
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E2β low had higher values than E2β high. Further differences were not seen between 

subgroups (P>0.10). 

 

Table  18: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during 
the stimulatory phase (T6-T9) of the longitudinal muscle layer of subgroups E2β low 
(na=4; n=4) and E2β high (na=4; n=4) after administration of increasing 
concentrations of oxytocin from cows after placenta detachment and subsequent 
LPS infusion 3 h before euthanasia. Values expressed in median ± MAD. 
 
 

Parameter E2β low E2β high 
BR (mN) 146.2 ± 111.6 273.9 ± 219.4 
AUC (N•s) 841.3 ± 695.0 641.2 ± 436.0 
MA (mN) 701.1 ± 509.1 534.3 ± 363.4 
minA (mN) 385.7 ± 297.9 406.1 ± 247.8 
maxA (mN) 1581.9 ± 777.1(a) 969.1 ± 563.7(b) 
FR (contractions/20 min) 2.0 ± 2.0a 0.0 ± 0.0b 

a,b: Medians for the given variable with different superscript, differ significantly 
between subgroups E2β low and E2β high (P≤0.05) 
(a, b): Tendency for values between subgroup E2β low and E2β high 
 

 

Stimulation with PGF and Ca 

There were no differences between subgroups, among time periods (T6-T9), or 

within one time period (P>0.10). 

 

4.2.3.1.d P4 high and P4 low cows 

 

Circular muscle layer 

 

Control 

There were no differences between subgroups (P>0.10). 

 

Stimulation with oxytocin 

During T6-T9, there was a difference between subgroups for, AUC, MA, and maxA 

(P≤0.05; Tab. 19), characterized by higher median values attained by the subgroup 
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P4 low. During T7, there was a difference in tendency between subgroups for maxA 

(P=0.06); the subgroup P4 low showed higher values compared to P4 high. 

 

Table  19: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during 
the stimulatory phase (T6-T9) of the circular muscle layer of subgroups P4 low (na=4; 
n=4) and P4 high (na=4; n=4) after administration of increasing concentrations of 
oxytocin from cows after placenta detachment and subsequent LPS infusion 3 h 
before euthanasia. Values expressed in median ± MAD. 
 
 

Parameter P4 low P4 high 
BR (mN) 267.0 ± 251.0 213.8 ± 185.7 
AUC (N•s) 1015.4 ± 725.0a 542.5 ± 334.6b 
MA (mN) 846.2 ± 604.2 a 452.1 ± 278.5 b 
minA (mN) 449.3 ± 320.1 339.8 ± 210.1 
maxA (mN) 2186.2 ± 1746.3a 553.3 ± 392.2b 
FR (contractions/20 min) 1.5 ± 1.5 0.5 ± 0.5 

a,b: Medians for the given variable with different superscript, differ significantly 
between subgroups P4 low and P4 high (P≤0.05) 
 

 

During T9, subgroups showed a tendency to be different concerning AUC, MA, minA, 

and maxA (P=0.07 for all variables). The subgroup P4 low was characterized by 

higher values compared to P4 high (Tab. 20). 

 

Table  20: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during T9 
of the circular muscle layer of subgroups P4 low (na=3; n=3) and P4 high (na=4; n=4) 
after administration of increasing concentrations of oxytocin from cows after placenta 
detachment and subsequent LPS infusion 3 h before euthanasia. Values expressed 
in median ± MAD. 
 
 

Parameter P4 low P4 high 
BR (mN) 1005.2 ± 180.7 472.3 ± 272.9 
AUC (N•s) 2791.1 ± 452.4(a) 913.2 ± 193.0(b) 
MA (mN) 2325.9 ± 377.0(a) 761.0 ± 160.9(b) 
minA (mN) 1920.2 ± 215.9(a) 700.5 ± 170.2(b) 
maxA (mN) 2916.8 ± 890.1(a) 827.4 ± 142.0(b) 
FR (contractions/20 min) 6.5 ± 4.0 0.5 ± 0.5 

(a, b): Tendency for values between subgroup P4 low and P4 high (0.05<P≤0.10) 
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Stimulation with PGF and Ca 

There were no differences between subgroups either among time periods (T6-T9), or 

within one time period (P>0.10). 

 

Longitudinal muscle layer 

 

Control 

There was a difference between subgroups among T6-T9 for minA (P4 low: 

132.6 ± 96.6 mN; P4 high: 56.2 ± 25.9 mN; P≤0.05). Further differences were not 

seen within the longitudinal layer (P>0.10). 

 

Stimulation with oxytocin 

During T6-T9, there was a difference between subgroups for maxA (P≤0.05), and 

tendencies towards a difference in tendency between subgroups for AUC, and MA 

(P=0.08), with higher values in subgroup P4 low (Tab. 21). During T9, there was a 

difference in tendency between subgroups for maxA (P=0.08). The subgroup P4 low 

(2288.2 ± 667.3 mN) attained higher values than P4 high (1370.4 ± 34.5 mN). There 

were no further differences between subgroups after the stimulations with Oxy 

(P≤0.05). 

Table  21: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during 
the stimulatory phase (T6-T9) of the longitudinal muscle layers of subgroups P4 low 
(na=4; n=4) and P4 high (na=4; n=4) after administration of increasing concentrations 
of oxytocin from cows after placenta detachment and subsequent LPS infusion 3 h 
before euthanasia. Values expressed in median ± MAD. 
 
 

Parameter P4 low P4 high 
BR (mN) 197.6 ± 101.2 224.1 ± 210.6 
AUC (N•s) 1129.3 ± 735.3(a) 372.3 ± 293.7(b) 
MA (mN) 941.1 ± 612.5(a) 310.3 ± 244.7(b) 
minA (mN) 702.4 ± 462.0 226.5 ± 173.9 
maxA (mN) 1683.4 ± 1000.9 a 1150.5 ± 458.9 b 
FR (contractions/20 min) 1.5 ± 1.5 0.0 ± 0.0 

a,b: Medians for the given variable with different superscript, differ significantly 
between subgroups P4 low and P4 high (P≤0.05) 
(a, b): Tendency for values between subgroup P4 low and P4 high (0.05<P≤0.10) 
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Stimulation with PGF 

During the stimulatory phase there were differences between subgroups for AUC, 

and MA, and minA (P≤0.05), and a difference in tendency between subgroups for 

maxA (P=0.09). The subgroup P4 low showed higher values than P4 high (Tab. 22). 

There were no further differences between subgroups after the stimulations with PGF 

(P>0.10). 

Table  22: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during 
the stimulatory phase (T6-T9) of the longitudinal muscle layers of subgroups P4 low 
(na=4; n=4) and P4 high (na=4; n=4) after administration of increasing concentrations 
of PGF2α from cows after placenta detachment and subsequent LPS infusion 3 h 
before euthanasia. Values expressed in median ± MAD. 
 
 

Parameter P4 low P4 high 
BR (mN) 1.6 ± 9.2 -2.4 ± 45.1 
AUC (N•s) 420.7 ± 34.6a 165.3 ± 85.4b 
MA (mN) 350.6 ± 288.2a 138.2 ± 71.2b 
minA (mN) 102.3 ± 78.9a 24.3 ± 20.0b 
maxA (mN) 971.8 ± 808.1(a) 171.4 ± 95.9(b) 
FR (contractions/20 min) 0.0 ± 0.0 0.0 ± 0.0 

a,b: Medians for the given variable with different superscript, differ significantly 
between subgroups P4 low and P4 high (P≤0.05) 
(a, b): Tendency for values between subgroup P4 low  and P4 high 
 

 

Stimulation with Ca 

Among T6-T9, there were differences between subgroups for AUC, MA, and minA 

(P≤0.05), and a difference in tendency between subgroups for maxA (P=0.07). The 

subgroup P4 low exhibited higher values compared to P4 high (Tab. 23). There were 

no further differences between subgroups nor related with the concentration 

(P>0.10).  
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Table 23: Baseline rise (BR), area under the curve (AUC), mean amplitude (MA), 
minimal amplitude (minA), maximal amplitude (maxA), and frequency (FR) during the 
stimulatory phase (T6-T9) of the longitudinal muscle layers of subgroups P4 low 
(na=4; n=4) and P4 high (na =4; n=4) after administration of increasing concentrations 
of calcium chloride from cows after placenta detachment and subsequent LPS 
infusion 3 h before euthanasia. Values expressed in median ± MAD. 
 
 

Time period P4 low P4 high 
BR (mN) -0.7 ± 15.6 -17.0 ± 24.4 
AUC (N•s) 108.1 ± 16.2a 71.5 ± 18.7b 
MA (mN) 90.1 ± 13.52a 59.6 ± 15.6b 
minA (mN) 69.2 ± 14.1a 42.1 ± 9.1b 
maxA (mN) 110.9 ± 16.4(a) 99.4 ± 22.9(b) 
FR (contractions/20 min) 0.0 ± 0.0 0.0 ± 0.0 

a,b: Medians for the given variable with different superscript, differ significantly 
between subgroups P4 low and P4 high (P≤0.05) 
(a, b): Tendency for values between subgroup P4 low low and P4 high (0.05<P≤0.10) 
 

 

4.2.4 Immunohistochemistry 

 

4.2.4.1 Estrogen receptor α (ERα) 

 

This receptor was present in the vast majority of the nuclei of the cells examined in 

SE, G, E and MYO (100 ± 0%), and in 80 ± 0% of the nuclei of CS. The RS was only 

measurable in one of the samples (20% of positive nuclei). In VW, the presence of 

ERα was negligible. In the half of the samples, a constant supranuclear pattern of 

staining was observed in the majority of nuclei from SE (Fig. 30, arrow in C and D), 

and to minor extent from G (arrow in Fig. 30, B). 
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4.2.4.2 Progesterone receptor (PR) 

 

There were no PR-positive stained cells in SE, G, E and VW. In contrast, in the 

compact stratum (CS), 70 ± 10% of the nuclei were stained. All the nuclei from MYO 

were positive (100 ± 0%; Fig. 31). 

 

4.2.4.3 Oxytocin receptor (OTR) 

 

Due to altered or complete absence of RS in all the samples, this compartment was 

not evaluated. The rest of the compartments showed positive staining in different 

intensities. Specifically, SE displayed a moderated cytoplasmatic immunoreaction 

(1.0 ± 0.8); nuclei from CS, DG, E and VW were strongly stained (2.0 ± 0.0), 

respectively). The myometrial cells displayed the strongest intensity (3.0 ± 0; Fig. 32). 

 

4.2.4.4 Prostaglandin F2α receptor (FPR)  

 

This receptor exhibited two staining localizations. A nuclear staining was observed in 

all the compartments with a high percentage of stained nuclei (SE, CS, G, E, and 

VW: 100 ± 0%; SR: 70 ± 45%; MYO: 80 ± 15%). Similar  to the receptors mentioned 

above, RS was absent in some of the samples (25%). Referring to the cytoplasmic 

intensity of staining, this was moderate in SE, CS, and VW (SE and CS: 1.0 ± 0.5; 

VW: 1.0 ± 0.0; weak in E (0.5 ± 0.5), and strong in G and MYO (2.0 ± 0.0; Fig. 33). 
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Figure 30: Immunolocalization (brown staining) estrogen receptor α (ERα) in the 
bovine intercaruncular uterine wall after calving and infusion of LPS. ERα was 
confined to nuclei and detected in surface epithelium (SE), glandular epithelial cells 
(G), stromal cells of the compact (CS) and reticulated stroma (RS), endothelial (E) 
and wall cells (VW) of blood vessels, and myometrium (MYO). A: Surface of 
endometrium, compound of SE, and CS. B: The nuclei of G surrounded by RS are 
ERα-positive. In G, a focal supranuclear pattern of positive staining appears (arrow). 
C: In SE, a focal supranuclear pattern of positive staining appears (arrow). D: HE-
negative structures in the supranuclear area. High amount of neutrophils in CS. E: 
The E and VW nuclei of a blood vessel close to the RS exhibited ERα-positive 
staining. F: Myometrial cells (MYO) were ERα-positive in a high percentage. 
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Figure 31:  Immunolocalization (brown staining) of progesterone receptor (PR) in the 
bovine intercaruncular uterine wall after calving and infusion of LPS. The 
counterstaining with Delafield´s hematoxylin yielded the stain-negative nuclei (blue) 
and the purple background. PR was confined to nuclei and detected in stromal cells 
of the compact (CS) and reticulated stroma (RS), and myometrium (MYO). A: 
Surface of endometrium, compound of surface epithelium (SE) and CS. B: RS with 
PR-positive nuclei, and endometrium with G and some blood vessels, endowed with 
endothelium (E) and wall (VW), whose nuclei were PR-negative. C: A high 
percentage of MYO was PR-positive. In the right side of the image there is a blood 
vessel, where E and VW were PR-negative. 



 

 93 

RESULTS 

100μm 50μm

100μm 50μm

SE

A B

C D

CS

DG

RS

VW

SG

SG

SGVW

RS
E

VW

RS

E

 
Figure 32:  Immunolocalization (brown staining) of oxytocin receptor (OTR) in the 
bovine intercaruncular uterine wall after calving and infusion of LPS. OTR was 
localized in the cytoplasm of cells of the surface epithelium (SE), stromal cells of the 
compact (CS) and the resticulated (RS) stroma, superficial (SG) and deep (DG) 
glands and myometrium (MYO). A: Superficial endometrium, compound of SE, CS 
and SG. B: Deep gland with moderated staining of the cell cytoplasm. Additionally, 
several blood vessels with endothelium (E) and wall (VW) in the RS showed a 
moderate cytoplasmatic staining. C: E of blood vessels was strongly (arrow) to 
moderately stained. D: The cytoplasm of smooth muscle cells (MYO) was moderately 
stained. 
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Figure 33:  Immunolocalization (brown staining) of prostaglandin F2α receptor (FPR) 
in the bovine intercaruncular uterine wall after calving and infusion of LPS. FPR was 
localized in the cytoplasm and nuclei of cells of the surface epithelium (SE), stromal 
cells of compact (CS) and reticulated (RS) stroma, glandular cells (G), endothelial (E) 
and wall (VW) cells of blood vessels, and myometrium (MYO). A and B: SE and CS. 
Both nuclei and cytoplasm exhibited positive staining in different grades. C and D: 
The nuclei of the myometrial cells were FPR-positive. In C, the circular and the 
longitudinal muscle layers are separated by a vascular plexus, with positively stained 
E. E: G with moderate staining of the cell cytoplasm and FPR-positive nuclei. Blood 
vessels with FPR-positive nuclei in E. F: Negative control employing non-immune 
IgG instead of specific primary antibodies. 
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4.2.4.5 Immunohistochemistry: E2β high and E2β low cows 

 

There were tendencies for differences between the subgroups for the cytoplasmatic 

staining of OTR in E (E2β low: 2.0 ± 0.0; E2β high: 1.0 ± 0.3; P=0.07), and VW (E2β 

low: 2.5 ± 0.5; E2β high: 1.5 ± 0.5; P=0.09). There were no further differences 

between subgroups relative to the immunohistochemical analysis (P>0.10). 

 

4.2.4.6 Immunohistochemistry: P4 high and P4 low cows 

 

There were no differences between subgroups either for the pattern or for the 

intensity of staining (P>0.10). 

 

4.2.5 Expression analysis 

 

Myometrial mRNA expression of ERα, PR, OTR and FPR is shown in Tab. 24. 

 

Table 24: Means±SD of myometrial mRNA transcripts encoding estrogen receptor α 
(ERα), progesterone receptor (PR), oxytocin receptor (OTR) and PGF2α receptor 
(FPR) in group 2 (na=12) 
 
 

 ERα PR OTR FPR 
∆Cq 22.9 ± 0.7 31.6 ± 0.6 24.6 ± 0.9 27.3 ± 1.9 
 

4.2.5.1 Expression analysis: E2β low and E2β high cows 

 

The myometrial mRNA expression of ERα, PR, OTR and FPR is shown in Fig. 34. 

There was a tendency for a difference in the mRNA encoding PR in the subgroup E2β 

high compared to E2β low (P=0.06) which was higher for E2β high (Fig. 34). There 

were no further differences between subgroups for the expression analysis (P>0.10). 
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Figure 34:  Myometrial mRNA (∆Cq) encoding estrogen receptor α (ERα), 
progesterone receptor (PR), oxytocin receptor (OTR) and PGF2α receptor (FPR) for 
the subgroups E2ß low (na=4) and E2ß high (na=4). 

: Means; Whiskers: standard deviation. 
(*):Tendency for values between subgroup E2ß low and E2ß high 

 

 

4.2.5.2 Expression analysis: P4 low and P4 high cows 

 

Myometrial mRNA expression of ERα, PR, OTR and FPR is shown in Fig. 35. There 

were no differences between the subgroups related to the receptor abundance 

(P>0.10). 
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Figure 35:  Myometrial mRNA (∆Cq) encoding estrogen receptor α (ERα), 
progesterone receptor (PR), oxytocin receptor (OTR) and PGF2α receptor (FPR) for 
the subgroups E2ß low (na=4) and E2ß high (na=4). 

: Means; Whiskers: standard deviation. 
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5 Discussion  
 

5.1 Suitability of the in vitro system  

 

A non-impaired myometrial contractile activity is of paramount importance for the bo-

vine reproductive performance. Timely and optimal labors as well as coordinated 

contractions able to expel the placenta and bring the uterus to its previous non-

pregnant size depend inextricably on uterine contractility. A disruption of this me-

chanism is the source of many obstetrical and gynecological alterations with direct 

effects on future fertility. 

 

Several studies have been conducted in vivo to improve the knowledge of the phy-

siology [3,78,163] and the pathophysiology of the bovine uterine contractility around 

term [1,137,164], and to pave the way for possible therapies [164,165]. Nevertheless, 

the broad array of factors with a potential influence on uterine contractility, for 

example the interaction of the fetus and the placenta, inter-animal variability [166], 

hormonal and neural status [167], and stress caused by experiments and 

environmental conditions [2,3], usually make it difficult to interpret the observations. 

Moreover, the complex metabolism of some hormones used as therapeutics along 

with an uncertain mechanism of action in the periparturient uterus, involve an added 

challenge in the clarification of the bovine uterine pharmacology. Such is the case for 

PGF2α and oxytocin. Whilst the role of PGF2α as an uterotonic agent at parturition has 

been demonstrated [88,168,169], its effect on the uterine contractions postpartum 

remains controversial. The same is true for oxytocin. Although its uterotonic capacity 

is well-known [163], it has yet to be determined if this hormone is effective in cows 

suffering from uterine disease [165,170,171]. 

 

Due to all the above mentioned, it seems necessary to develop or employ systems 

able to simplify the intricate network of the humoral, paracrine and vegetative 

mechanisms involved in such complex events as parturition and uterine involution. 

The in vitro procedures fulfill such demands by the possibility of neglecting some of 
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these factors [5,137]. Indeed, the in vitro experiments performed in the organ bath 

using myometrium, investigate exclusively the myogenic components of the 

myometrial samples. Nervous and humoral mechanisms are only relevant in relation 

with the presence of their receptors [130]. The use of the organ bath to examine the 

spontaneous as well as the stimulated contractile activity of the uterus appears to be 

suitable, and may represent an alternative to in vivo studies, or at least supplement 

them [6]. The most important disadvantage of the in vitro model lies in the limitation 

of the possible extrapolations. The contractility trials use specific organ locations, and 

consequently only permit the examination of these anatomical areas, which may 

differ enormously from adjacent ones. Hirsbrunner et al. [6] and Kaufmann et 

al. [137] stated this phenomenon. The former authors observed that in cycling cows, 

the longitudinal muscle layer of myometrium exhibited higher contractile values than 

the circular one. Kaufmann et al. [137] described different patterns of contraction as 

well as of contractile performance in the bovine myometrium depending on 

topography. They reported that the myometrium close to the horn tip reached higher 

values than the myometrium near to the corpus. Hence, the extrapolation of the 

behavior of a myometrial sample to the whole organ must be done prudently. 

Likewise, the extrapolation of the responses to test substances found in the organ 

bath to the organism in vivo have to be handled with extreme caution. In vivo, the 

mechanism of action of an exogenous substance in a target organ depends on many 

factors, among them its way of administration [163]. 

 

In regard to previous in vitro experiments using late pregnant bovine uteri, the 

heterogeneity of the methods, the contractile variables, the gestational age and the 

analyses used are remarkable [16,141,142]. Furthermore, some of these studies lack 

statistical analysis. This diversity among the different investigations makes any 

comparison of the obtained results difficult. Concerning the postpartum uterus, there 

are, unfortunately, very few previous studies with which to compare our work. To our 

knowledge, this is the first study to directly examine the myometrial contractility of 

bovine uterus in vitro in two specific reproductive moments: 275 days of gestation, 

and approx. 10 h after birth with infusion of intrauterine lipopolysaccharides (LPS). 



 

 100 

DISCUSSION 

Additionally, the contractile activity exhibited after stimulation with the contractile 

agonist oxytocin (Oxy) and the natural PGF2α dinoprost (PGF) as well as calcium 

chloride (Ca) has also been tested. It has been shown in several studies 

[6,7,137,172] that the hormonal profiles measured in vivo are related to the in vitro 

activity of the uterus. To elucidate the possible relationships between the response to 

the uterotonic agents and the hormonal background, in the present study two 

subgroups were defined depending on the systemic progesterone (P4) and 17ß-

estradiol (E2ß) levels. This work is supplemented with a description of oxytocin (OTR), 

PGF2α (FPR), progesterone (PR), and estrogen (ERα) receptor localization patterns. 

 

5.2 Blood profiles 

 

5.2.1 Steroid hormone profiles: P4 and E2ß 

 

According to Knott [20], the gestation length in Holstein-Friesian cattle averages 

280 days. The cows of group 1 were approximately on day 275 of gestation when the 

caesarean section was performed. Prepartal P4 withdrawal is expected to occur 

12 hours before calving [173]. In this part of the experiment, P4 still had not declined 

to levels below 1.2 ng/mL [174] in 11 of the 12 animals. Similar concentrations of 

peripheral P4 and estrogens around day 275 of gestation have been described by 

many other authors [73,173,175,176], and are considered as a preceeding stage 

before the abrupt decline of P4 and the increase of estrogens leading to parturition 

[2,13,73]. In a lot of studies not E2ß, but total estrogens were determined and the 

utilized medium was plasma [56,177-179]. However, Shah et al. [180] determined E2ß 

in blood plasma of cows during pregnancy, and observed a gradual increase up to 

0.56 ng/mL. These results are in accordance with our results in serum 

(0.5±0.3 ng/mL). 

 

The findings in cows of group 2 related to the steroid hormone concentration after 

parturition and placental detachment are to some extent consistent with the literature. 



 

 101 

DISCUSSION 

The decrease in P4 to baseline values observed in group 2 within 24 hours after 

calving has been reported by several authors [73,177]. Shah et al. [180] described an 

abrupt decline of E2ß concentration from 1 ng/mL one day before parturition down to 

0.43 ng/mL 24 hours after calving, using a double antibody ELISA. However, in the 

study of Robertson [181] the E2ß was undetectable within 4 days after calving using a 

radioimmunoassay (RIA). These disparities among the E2ß findings are probably 

related to differences in the detection systems. In our study, approximately 12 h after 

calving, the E2ß serum outcome obtained by RIA was below the threshold 

(0.08 ± 0.04 ng/mL) described by Shah et al. [180]. We therefore surmise that the 

differences found in the present work compared to that of Shah et al. [180] could be 

caused by the different media used for the analysis of estradiol (serum vs. plasma, 

respectively). The presence of sex-hormone-binding globulin in serum could 

contribute to the inaccuracy of direct RIAs of estradiol compared to plasma direct 

RIAs [182]. The reason why the type of medium seems to play a role only after 

calving and not before remains unclear, but it might be related to higher amounts of 

sex-hormone-binding globulin after birth. 

 

5.2.2 15-keto-13,14-dihydro-PGF2α (PGFM) 

 

The plasma levels of PGFM found in cows of group 1 (125.3 ± 63.7 pg/mL) 

correspond with those described by Edqvist et al. [173] (around 100 pg/mL). By the 

275th day of gestation, the PGFM levels are still basal, since the elevated synthesis 

of PGF2α subsequent to the activation of the parturition cascade has not been 

triggered yet [70]. 

 

In regard to group 2 (PGFM: 2154 ± 886.0 pg/mL), although not in Holstein Friesian 

cattle, Mishra et al. [183] obtained with the same method as ours lower (approx. 

1300 pg/mL) and similar (approx. 2400 pg/mL) postpartum concentrations of PGFM 

in healthy buffaloes and in buffaloes with retention of fetal membranes, respectively. 

Species-specific characteristics might explain the disparities between healthy 

buffaloes and Holstein Friesian cows; however, we cannot rule out the possibility that 
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the LPS infusion affected the synthesis and metabolism of PGF2α. Del Vecchio et al. 

[40] and Lindell et al. [41] suggested that PGFM after parturition likely reflects uterine 

tissue damage and infection. In fact, Del Vecchio et al. [40] described a burst of 

PGFM plasma concentration some hours after a transcervical infusion of 

3·109 colony forming units (cfu) of Trueperella pyogenes and 1.5·109 cfu of β-

hemolytic E.coli. Lindell et al. [41] observed higher values of PGFM in cows suffering 

from pyometra than in intact cows. In addition to the observations of these authors, 

Giri et al. [184] stated that the infusion of E.coli endotoxins into blood increases 

PGF2α plasma concentration in cows. The presence of endotoxins in the uterus 

probably activates the arachidonic acid cascade [37,42], production of eicosanoids 

[42], and ultimately, the synthesis and release of prostaglandins [36,38,39]. Peter et 

al. [42] demonstrated that uterine endotoxins can be absorbed by damaged 

endometrium and consequently be detected in plasma, where they further stimulate 

eicosanoid production. Taken together, all these findings point out that the 

endotoxins produced by coliform bacteria have the capacity to induce PGFM 

synthesis. This may also explain why the animals in group 2 exhibited high values of 

PGFM. 
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5.2.3 Ionized calcium 

 

Both groups showed similar ionized calcium concentrations (group 1: 

0.8 ± 0.3 mmol/L; group 2: 0.9 ± 0.1 mmol/L), which were below the values obtained 

by Riond et al. [185]. They measured serum ionized calcium between 15 and 5 days 

before and 6 days after calving using the same method as ours. The animals in that 

study were fed with poor-quality silage and hay in order to reduce energy and 

calcium intake from 2 months before the expected calving date onwards. Ante 

partum, the ionized calcium concentration averaged 1.33 ± 0.11 mmol/L, and the first 

day after calving 1.09 ± 0.11 mmol/L, thus being higher than the concentrations 

measured in our study. The source of this disparity could be that a diet reduced in 

calcium leads to mobilization of calcium from gut and bone into the extracellular pool 

[186]. This might have elevated the calcium concentration even before parturition. 

The fact that none of those animals exhibited signs of postparturient paresis 

corroborates this hypothesis. The animals in group 2 were treated prophylactically 

with Calcitat S 50®, known to elevate the serum calcium levels [187], which probably 

prevented the physiological puerperal hypocalcemia [188] typical for cattle after 

calving. 

 

5.3 Contractile activity 

 

In the present study, not all the strips exhibited spontaneous activity, even though 

they came from the same cow and were treated in exactly the same manner 

compared to strips that displayed contractile activity. This phenomenon has already 

been described elsewhere [5] and does not depend on species [141], reproductive 

status [137] and treatment [5], respectively. Two explanations can be given to this fin-

ding: insufficient presence of gap junctions or pacemaker cells in the selected strips 

able to trigger action potentials and produce contractions, or the minute vitality of so-

me strips. A cytological examination of the strips used might throw light upon the 

mechanism governing these different behaviors. The fact that all strips were treated 
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exactly in the same way makes it unlikely that the vitality of the strips was influenced 

differently. 

 

5.3.1 Spontaneous contractile activity 

 

5.3.1.1 Contractile activity between layers 

 

Concerning the patterns of contraction, it is noteworthy to emphasize the similarities 

found between group 1 of our work and those of Tomiyasu et al. [189]. These authors 

compared both myometrial layers and their coordination in pregnant and at term rat 

uteri. They reported tonic contractions characterized by a plateau in the longitudinal 

muscle layer, and phasic contractions in the circular one. In contrast, in the present 

study the longitudinal muscle layer of group 1 did not exhibit the described complete 

tonic contractions with a plateau, but the incomplete tonic contractions could be the 

pre-stage of the above mentioned complete contractions described by Tomiyasu et 

al. [189]. In regard to the patterns of contraction of bovine uteri, Kaufmann et al. [137] 

did not state explicitly which layer they used for the comparison of contractility 

patterns between the localizations near to the uterine tip or to the uterine corpus. 

Therefore, although some similarities between our work and theirs are evident, we 

consider further comparisons as not sensible. There are also some similarities 

between the patterns of contraction found in our work, and those of Hirsbrunner et al. 

[6]. 

 

We have demonstrated that under physiological conditions (group 1) both layers of 

the bovine myometrium before term behave differently; in particular, the longitudinal 

layer was characterized by higher values. This observation has already been made in 

cycling cows [6], with the longitudinal muscle layer exhibiting more contractile activity. 

Several explanations have been given for this observation in vitro. One of them 

attributes it to the different embryonic origin of the layers. According to Tomiyasu et 

al. [189] the longitudinal muscle layer develops from the serosa and the circular 

muscle layer originates from the mesonephric ducts. Nonetheless, this theory is 
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contrary to the accepted embryologists view, where the complete wall of the uterus 

develops from the lateral mesoderm, in particular from the splanchnopleura 

(= visceral mesoderm) [190]. Hirsbrunner et al. [6] hypothesized that a different 

contractile activity between layers may be due to the cutting technique. Here, the 

bundles of the longitudinal muscle layer may be more strictly cut than the fibrous 

network of the circular muscle layer. 

We postulate that besides the reasons mentioned above, the different behavior bet-

ween layers is related to a great extent to the voltage dependent calcium channels 

present in the uterine musculature. In the myometrium of the pregnant rat the voltage 

dependent calcium channels L-type and T-type differ between the muscle layers 

[191]. The abundance and distribution of L-type is believed to be a major pathway for 

increases in intracellular Ca2+ during excitation-contraction coupling in both the 

longitudinal and circular smooth muscle cells of the rat myometrium, although the two 

types of cells produce different types of action potentials (burst- and plateau-type, 

respectively). The T-type is thought to generate the pacemaker potential and to 

contribute to cell differentiation in myoblasts and neurons [192-195], and it could 

have a similar function in myometrium, where its presence has been proven 

[191,196]. Ohkubo et al. [191] investigated the differences in the expression of the L-

type (α1C) and T-type (α1G and α1H) subunits in the circular and longitudinal 

muscle layers of pregnant rat myometrium. The longitudinal layer expressed more 

α1C mRNA subunit during the first half of gestation and at parturition than the circular 

layer. Similarly, the subunit α1H was expressed to a greater extent in the longitudinal 

layer compared to the circular one. The expression of the α1G subunit remained 

constant through gestation but was slightly higher in the circular layer. This could 

explain the different contractile performance found between these layers in the 

pregnant rat [197], and could be true for the cow. Therefore, to clarify the relationship 

between these channels and the electrophysiology of the bovine uterus around term, 

further investigation of its molecular biology is warranted. 

 

In cows of group 2, the contractile activity between layers did not differ so strongly. 

Only during the last three time periods of the phase without treatment, the circular 
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muscle layer attained numerically higher median values than the longitudinal one. It 

is well accepted that the contraction of the longitudinal muscle layer shortens the 

length of the uterus, whereas the shortening of the circular muscle constricts the 

lumen [5]. After placental expulsion the lochial fluids have to be expelled and the 

uterine lumen diameter reduced [3]. Gier and Marion [198] stated that the decrease 

of the uterine luminal diameter postpartum occurs faster than the uterine shortening. 

It seems reasonable, that for these scopes, the circular rather than the longitudinal 

muscle layer has to contribute more intensively to the uterine contractions after birth. 

Hirsbrunner et al. [7] observed in cycling cows suffering from endometritis, that the 

circular muscle layer yielded significantly higher contractile values than the 

longitudinal one. Presumably, the circular muscle layer, which is closer to the 

endometrium where the pathogens are, could be more reactive and contract in an 

attempt to expel the infection. 

 

5.3.1.2 Effect of time of incubation 

 

In cows of group 1, the time of incubation had an effect on both layers during the 

spontaneous phase characterized by a rise in contractility levels over time. This 

effect was not observed in cows of group 2, where only the circular muscle layer 

seemed to be more influenced by incubation time. Increasing spontaneous uterine 

activity for the longitudinal muscle layer over time has already been reported by 

Hirsbrunner et al. [6]. In that work, significant differences among time periods were 

found for longitudinal muscle layers characterized by increasing values from T1 to 

T6. An explanation for such a different behavior between layers has not yet been 

given. Kaufmann et al. [137] also stated that time had an effect on samples of the 

bovine uterus depending on the region. The samples taken closer to the tip exhibited 

an increased activity over time; however, this could not be seen in samples 

harvested closer to the corpus. The fact that other organs such as abomasum also 

exhibit more contractile activity over time [6], suggests that some samples of smooth 

muscles independently from the organ they originate from may improve its capacity 

to contract over time.  
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Until the myometrial strips were mounted in the organ bath, they underwent several 

manipulations that might have altered their physiology. During the cesarean section 

and the sample preparation, pressure was exerted on the tissues by forceps and 

scissors; additionally, to be transported the tissue was transferred from a natural to a 

chemical medium. The myometrium had to recover from these mechanical and 

chemical impacts to exhibit contractile activity. Therefore, it seems reasonable that 

the recovery time may be longer in specimens which are probably more damaged. 

Consequently, longer equilibration periods may be necessary to let the strips further 

adapt to the organ bath nourishment medium. Because the myometrial activity of 

many of the strips used in this study displayed a steadily increasing contractile 

activity over time, which after 2.5 hours had often not achieved constant maximal 

values, it can be assumed that for gravid or post-gravid bovine uteri the spontaneous 

recording phase should be longer. 

 

5.3.1.3 Spontaneous contractile activity between subgroups 

 

The hormonal status appears to have an outstanding role in the in vitro uterine con-

tractility of some species [5]. Estrogen-dominated uteri are hyperemic, hyperplasic, 

and hypertrophied in comparison to P4-dominated uteri [5]. Yet, this influence seems 

to be not so evident in the bovine uterus. Kaufmann et al. [137] found no statistical 

differences when comparing the uterine activities between uteri in estrus and 

diestrus, and Hirsbrunner et al. [6] found only differences within the circular muscle 

layer referring to the contractile patterns. In the latter study circular muscle strips 

from uteri in estrus displayed higher contractile values for AUC and MA than strips 

from uteri in diestrous cows. 

 

Our data concerning cows of group 1 suggest that higher systemic concentrations of 

E2ß in vivo may enhance the in vitro activity exhibited by the longitudinal muscle la-

yers, but not by the circular one. Whereas in the longitudinal layer higher 

concentrations of serum E2ß were related to higher values of the active force 

variables (AUC, MA, and maxA), in the circular muscle layer only the variables asso-
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ciated with the resting tension (BR and minA) were related to the concentrations of 

E2ß in blood. Specifically, the circular muscle layer of cows of subgroup “E2ß low” 

yielded higher values for minA (in T2, T4, and T5) and BR (in T2, and T3) than cows 

of subgroup “E2ß high”. It seems plausible that other factors, such a higher amount of 

gap junctions, rather than the systemic E2ß provide for the resting tension observed in 

the circular layer of subgroup “E2ß low”. Estrogens promote the formation of gap 

junctions [80], a reduction of the membrane action potential [81], and an up-

regulation of the enzymes responsible for muscle contractions (myosin light chain, 

calmodulin) [82], which have a direct effect on the contractile performance. Since the 

subgroup “E2ß high” exhibited similar values of mRNA ERα transcript as the subgroup 

“E2ß low”, it seems unlikely that the active force displayed by the longitudinal muscle 

strips from “E2ß high” animals is related to an up-regulation of the ERα. The reason 

why the systemic E2ß profile has a different relation to the myometrial layers remains 

unclear. It has been demonstrated that estrogens may inhibit the L-type voltage 

dependent calcium channel in the uterus [199] and regulate the T-type ones in other 

tissues [200-203]. Additionally, the different distribution of these calcium channels 

[191] along with the different performance of the myometrial layers [153] have 

already been observed in the rat. To test the hypothesis that similar mechanisms 

exist also in the cow, a thorough investigation of the distribution of voltage dependent 

calcium channels, gap junctions, and proteins related to uterine contractions in the 

respective uterine layer and the influence of systemic estrogens is necessary. 

 

The subgroup “P4 high” exhibited significantly higher values of the variables related to 

the active force (AUC, MA, and maxA) uterine activity in both the circular and the lon-

gitudinal muscle layers. These findings might be related to the PR. It is well accepted 

that P4 down-regulates its receptor [113]. Our data are in accordance with this as-

sertion since the subgroup “P4 high” registered numerically lower levels of PR mRNA 

transcript than the subgroup “P4 low”. One may speculate that higher levels of circu-

lating P4 in late gestation down-regulate PR [204], and the genomic relaxing action of 

P4. The relaxing pathways of P4 involve the drop of connexin-43 expression [62], 

regulation of the density of oxytocin receptor [63,64], reduction of estradiol-induced 
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increase in cyclic guanosin monophosphat-dependent protein kinase [65], and de-

crease of the expression of interleukin-8 in myometrial cells [66]. However, to confirm 

this hypothesis, the concentration of P4 in the uterus and placenta has to be known, 

since its values usually do not correspond with those in peripheral blood [204]. 

Additionally, it would be necessary to know the quantity of P4 that is bound to PR 

(active receptor). 

 

In group 2, the variables AUC and MA, which are related to uterine active force, dif-

fered between the E2ß subgroups only within the longitudinal muscle layer. Signifi-

cantly higher values were predominantly observed in the subgroup “E2ß low”. This 

finding is in discrepancy with the literature [77-82], where estrogens are reported to 

promote uterine activity. We hypothesize that other substances were synthesized by 

the endometrium in response to LPS infusion before sampling. These substances 

might have affected the myometrium. For instance, nitric oxide is a potent smooth 

muscle relaxant known to rise during an inflammation [205,206]. Its presence in the 

myometrial cells would interfere with the uterotonic effect of E2ß, or the binding to its 

receptor, thus diminishing the contractile performance.  

 

Only the contractile variables related to the resting tension (BR and minA) differed 

between subgroups “P4 high” and “P4 low”, with lower values observed in “P4 high” 

cows. One may speculate that the lack of differences in the contractile activity 

between these subgroups was due to the small differences in the concentrations of 

both groups. However, it could also be possible that higher levels of systemic P4 in 

vivo induced non-genomic transformations towards the relaxant pathways in the 

myometrium. These changes may have occurred irrespective of PR [60,61], because 

the amount of PR mRNA transcripts in subgroup “P4 high” and “P4 low” subgroups 

was similar. To determine the effect of the P4 blood concentration on the uterine 

contractility, a higher number of specimens is advisable. 
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5.3.2 Stimulated contractile activity 

 

5.3.2.1 Effect of the substances on the contractile activity 

 

In the present study, the stimulation with Oxy produced a distinctly higher contractile 

response than the stimulation with PGF and Ca independent from muscle layer and 

group of cows. Unfortunately, the only available investigation in the literature [141] on 

the bovine uterus around parturition which is comparable to our work used myome-

trium from only one late-pregnant cow that reacted to Oxy, but did not respond to the 

synthetic analogue of PGF2α (cloprostenol), and Ca was not tested [141]. Tuross et 

al. [153] studied the response of the circular and the longitudinal muscle layer 

throughout gestation and at term in the myometrium of rats after incubation with Oxy 

and natural PGF2α. They found that circular as well as longitudinal strips stimulated 

with PGF2α responded more intensively than strips stimulated with Oxy. A species-

specific regulation may be the reason for the different results obtained for rat and 

cow. 

 

The different contractile responses observed after PGF and Oxy stimulation might be 

related to the intracellular calcium stores. Carsten and Miller [207] stated that in late 

pregnant cows, oxytocin has the capacity to release calcium from the intracellular 

calcium stores, whereas PGF2α lacks it. This difference between the mechanisms of 

action of both substances [88], could explain why the strips stimulated with Oxy 

exhibited contractions of greater magnitude. Furthermore, the myometrium in vitro 

synthesizes prostaglandins [147]. PGF2α is known to stimulate the expression of OTR 

[91-93] and gap junctions [62], enhancing the sensitivity to Oxy [169]. 

 

The administration of Ca did not enhance the contractile performance in most of the 

cases. Several studies in the rat related to uterine responsiveness to Ca reported an 

improved contractile activity when this substance was added to the organ bath. 

However, these strips were previously treated either with high K+-depolarizing so-

lution [208], or with a Ca2+-free solution [209]. These pre-treatments probably elicited 
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the opening of voltage dependent calcium channels, the entry of extracellular Ca2+ 

into the cell and, ultimately, contraction [47]. Ionized calcium (Ca2+) itself can inacti-

vate some of these channels leading to relaxation [47]. Therefore, it seems 

reasonable that our study failed to quantify the stimulatory response to Ca because 

of a lack of pretreatment of the strips, and an excessive concentration of Ca, that can 

potentially block channels involved in the contraction. 

 

5.3.2.2 Effect of the concentration on the contractile activity 

 

In our study, both the circular and the longitudinal muscle layers responded in a gra-

ded manner to the increasing concentrations of Oxy. These findings are in agree-

ment with those of previous studies [88,141,153,210]. However, the minimal effective 

dose for both layers was 10-9 M. At a lower concentration (10-10 M), the response to 

Oxy did not differ neither from those of using other substances nor from those of un-

treated control strips in none of the groups. Tuross et al. [153] and Rigby et al. [35] 

estimated a lower minimal effective dose in pregnant rats (10-11 M), and in non-preg-

nant mares myometrium strips (10-11 M). The maximal concentration (10-7 M) elicited 

in all the cases the highest response [35,153]. The disparity related to the minimal 

effective dose may be due to species-specific differences or due to differences in the 

hormonal status because Rigby et al. [35] used myometrium from cycling mares. 

 

The response to PGF was predominantly graded in both groups, with the highest 

response often after the administration of the maximal PGF concentration. Similar 

findings have been described in the rat [87], and in the mare [35]. These observa-

tions could be related to the prostaglandin F receptors (FPR). Higher concentrations 

of PGF in the medium correspond to more receptors bound, and consequently, to 

more activated receptors.  

 

The capacity of these two uterotonic agonists to induce contractility in vitro depends 

not only on the presence of their respective receptors in the myometrium, but also on 

their ability to bind them [211]. In these cases, increasing concentrations of uterotonic 
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agents in the medium may correspond to more receptors bound, and ultimately, to an 

enhanced myometrial response. 

 

The administration of different concentrations of Ca did not affect the contractile per-

formance in cows of group 1, but in cows of group 2. However, the mentioned effect 

in the latter group showed paradoxical results. Lower concentrations (2.6 mmol/L and 

5.2 mmol/L) of Ca were related to an enhanced uterine activity in both layers for MA, 

AUC, and maxA, whereas higher concentrations (10.4 mmol/L and 20.8 mmol/L) led 

to a reduction of the contractile activity. The BR achieved its maximum in the 

longitudinal layer after the administration of 2.6 mmol/L Ca, and in the circular one 

after incubation with the highest Ca concentration (5.2 mmol/L). The pre-treatment of 

the uterine strips with a high K+-depolarizing solution [208], or with a Ca2+-free 

solution [209], as reported in the literature, might have permitted a more defined 

contractile response. These pre-treatments would have induced the opening of 

voltage dependent calcium channels, allowing the entry of extracellular Ca2+ into the 

cell which would ultimately result in contractions [47]. Ionized calcium (Ca2+) is known 

to inactivate some of these channels leading to relaxation [47]. An excessive 

concentration of Ca in the incubation medium, which could block channels involved in 

the contraction, may explain why the highest concentrations of Ca did not correspond 

with the highest values of the active force variables (AUC, MA, and maxA). 

 

5.3.2.3 Differences in contractility between layers after stimulation  

 

There were only scattered significantly higher values of the longitudinal muscle layer 

compared to the circular one in cows of group 1 after the stimulation with Oxy. None-

theless, if non-significant results are considered, the longitudinal muscle layer yielded 

higher median values than the circular one after Oxy administration. These obser-

vations are in accordance with the findings of Tuross et al. [153] and Crankshaw 

[212] in pregnant rats. Tuross et al. [153] studied the induced response of Oxy and 

natural PGF2α in the circular and in the longitudinal muscle layer of rat myometrium 

through gestation and at term. Oxy stimulation led to higher contractile values of the 
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longitudinal muscle layer through all periods of gestation compared to the circular 

one. In addition, the sensitivity of the longitudinal muscle increased between days 15 

and 21 (term), at which time it was equal to the circular muscle. Crankshaw [212] 

tested the sensitivity of the longitudinal and the circular muscle layers of the rat 

myometrium to oxytocin in vitro during pregnancy. He stated that the longitudinal 

muscle was as sensitive at the beginning of pregnancy as at term and that there 

were no significant differences in response to the uterotonic hormone. Conversely, 

the circular layer was refractory to Oxy until day 21 of pregnancy, at which time the 

sensitivity and response to the hormone was similar to the longitudinal layer. 

Kitazawa et al. [213] attributed the different contractile behavior of the longitudinal 

and circular muscle layers of pigs after Oxy stimulation to different densities of the 

oxytocin receptors (longitudinal muscle : circular muscle = 5:1). Indeed, the 

longitudinal strips originating from cycling sows were more reactive to Oxy than the 

circular ones. Further investigations are necessary to elucidate if these findings are 

also true for the late-pregnant cow uterus. 

 

We found no significant differences between the layers in cows of group 2. Only 

during the last 3 time periods did the circular muscle layer reached non-significantly 

higher values than the longitudinal one. To our knowledge, higher values of the 

circular muscle layer post-partum after stimulation with Oxy have so far not been 

described. In pregnant mammals, oxytocin binding sites in the uterus increase ab-

ruptly 24 h or less before the onset of labor. The number of oxytocin receptors is 

highest during labor and declines sharply after parturition, reaching baseline levels 2 

to 5 days postpartum [92,214]. We hypothesize that either the intrinsic characteristics 

of the circular layer, or a higher number of oxytocin receptors in the circular layer, or 

both reasons, might be responsible for this behavior in the postpartum uterus of dairy 

cattle. The circular muscle layer of the bovine uterus possesses significantly more 

connexin-43 messenger RNA than the longitudinal muscle layer [9]. However, up to 

now this difference has only been observed in cycling cows. Although in cycling sows 

the number of oxytocin receptors is higher in the longitudinal layer than in the circular 

one [213], the changes that take place in the circular myometrium after calving may 
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also involve an up-regulation of oxytocin receptors, with a subsequently increased 

contractile response of the circular layer. This correlates with the findings of Gier and 

Marion [198], who described that decrease of the diameter of the uterus of post 

partum dairy cows is faster than the shortening of the longitudinal axis. However, 

further investigations of the OTR are required in both the circular and the longitudinal 

smooth muscle of post partum cattle to clarify their different behavior in the organ 

bath. 

 

The stimulation with PGF yielded no significant differences between both layers. Ne-

vertheless, the longitudinal muscle layer reached numerically higher values than the 

circular one in both groups of cows. These observations in cows of group 1 are in 

agreement with those of Tuross et al. [153] made in the rat myometrium some days 

before parturition. According to these authors, the mechanisms underlying this 

unequal behavior of layers are probably related to the differences in prostaglandin re-

ceptor content and the unequal distribution of gap junctions in both layers. It is worth 

mentioning that in cows of group 2 the circular layer showed during T4, T5, and after 

the stimulation with Oxy and Ca numerically higher median values for the active force 

variables (AUC, MA, and maxA) than the longitudinal one. However, only after the 

administration of PGF did the longitudinal layer yield numerically higher median 

values than the circular one. 

 

The response to Ca-stimulation showed unexpected results; whilst in cows of group 1 

it did not elicit significant differences between the layers, in cows of group 2 the 

circular muscle layer exhibited significantly higher values in AUC, MA, minA and 

maxA. In cows of the latter group, during both the spontaneous and the Oxy-

stimulated phase, the circular muscle strips displayed numerically higher values than 

the longitudinal one. All these findings suggest that other factors, rather than Ca 

stimulation, are influencing the contraction of the circular muscle layer. We therefore 

believe that the capacity of the circular muscle layer to contract after parturition was 

not affected by the stimulation with Ca, but was due to intrinsic features of the 

circular layer such as higher abundance of gap junctions [9]. Moreover, it is likely that 
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the high concentrations of Ca present in the incubation medium, interfered with the 

channels, which are involved in the muscle contraction [47]. 

 

5.3.2.4 Differences in stimulated contractility between subgroups 

 

The muscle strips from cows with lower concentrations of E2ß responded with higher 

values after stimulation with Oxy (in both layers) and PGF (only in the longitudinal 

muscle layer) in both groups. 

 

Focusing on the stimulation with Oxy, it is interesting that only the subgroup “E2ß low” 

from group 2 had a numerically higher amount of OTR mRNA transcripts compared 

to E2ß high. This would explain why subgroup “E2ß low” exhibited higher values of 

contractile activity in response to Oxy. A similar argument does not apply for cows of 

group 1. In this group, the subgroup “E2ß high” exhibited lower contractility values af-

ter the stimulation with Oxy, but showed numerically higher OTR mRNA transcripts 

than the subgroup “E2ß low”. Interestingly, the subgroup “E2ß high” tended to express 

more myometrial PR mRNA (P=0.06) than the subgroup “E2ß low”. The activation of 

this receptor could have led to an up-regulation of the relaxant pathways, which may 

down-regulate the action of Oxy, or the binding of Oxy to its receptor. It has been de-

monstrated that P4 can inhibit the function of OTR under some circumstances [215]. 

However, the fact that the PR may induce indirect changes in OTR warrants further 

investigation of the action and the binding of Oxy and OTR. 

 

In regard to the stimulation with PGF, it appeared that only the longitudinal muscle 

layer of cows from group 1 was affected by the systemic concentration of E2ß in vivo. 

The subgroup “E2ß low” cows showed the highest contractility values in response to 

PGF. One may speculate that the mRNA encoding PR found in the present study 

originated mainly from the longitudinal layer. In this case, the E2ß concentration in 

vivo could have had an effect on the contractile activity observed after PGF 

stimulation. Indeed, the subgroup “E2ß high” showed a numerically higher amount of 

PR transcripts, and a lower contractile activity in response to PGF compared to “E2ß 
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low” cows. Consequently, the enhanced uterine activity exhibited by the strips from 

the subgroup “E2ß low” in response to PGF would be more related to the diminished 

relaxing action of P4, whose receptor is down-regulated in this subgroup, rather than 

to an action via the FPR, whose expression was similar in both subgroups.  

 

The circular muscle strips of the subgroups “P4 low” showed higher values 

concerning the contractile activity in response to Oxy stimulation in both groups. 

Moreover, the longitudinal muscle layers of group 2 from animals with lower P4 

concentrations exhibited higher contractile activity after the stimulation with Oxy, 

PGF, and Ca. It is generally accepted that P4 inhibits uterine contractility via genomic 

[62-68] and non-genomic [60,61] mechanisms. It seems probable that higher 

systemic P4 concentrations may have influenced the myometrial cells in vivo, 

inducing changes towards the relaxant pathways. These acquired characteristics 

may be conserved in vitro, thus permitting that the “P4 high” subgroups exhibited 

numerically lower contractile activity levels. 
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5.4 Receptors  

 

5.4.1 Inflammation induced by manipulation 

 

The vast majority of the samples used for the immunohistochemistry were devoid of 

the reticulated stroma. This could have been a consequence of the handling. The 

manipulation of the uterus for sampling might have induced an inflammatory reaction 

[216,217] with subsequent liquid accumulation and edema. We hypothesize that the 

edema probably produced an elevation of the pressure in the reticulated stroma, 

provoking the loss of its structure. Another possibility we consider is that the tissues 

were not sufficiently fixed. 

 

5.4.2 Estrogen receptor α (ERα) 

 

By using immunohistochemical analysis we confirmed a nuclear localization of this 

receptor with focal cytoplasmatic supranuclear granules. The first finding is 

consistent with previous studies dealing with the interplacentomal wall of late-

pregnant cattle [110,111]. However, the supranuclear localization of ERα has not 

been reported so far in the interplacentomal wall. Hess et al. [218] described a similar 

pattern of ERα staining in the male seminal efferent ducts [218]. In the present work, 

these supranuclear formations were recognizable in hematoxylin-eosin dye, 

suggesting that they are probably not only related to ERα. Wislocki et al. [219] also 

found similar supranuclear granules in the glands of the uterus of the pregnant rat. 

These structures, not related to ERα, were usually present and involved in glycogen-

related secretory functions. The structures described by Hess et al. [218] are 

detectable by the periodic acid-Schiff´s method. According to this author, the periodic 

acid-Schiff´s granules are found in the seminal efferent duct epithelium and are 

associated with the transport of fluids, ions and proteins. Such a function could also 

be taken over in the endometrial and glandular epithelium of pregnant cows, where 

the ERα was massively detected. 
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Due to differences in the reproductive status of the animals of group 1 (prior to par-

turition) and group 2 (after placental expulsion), a statistical analysis was not 

performed. However, some characteristics were common to both of them, for 

example the localization. This similarity in immunolocalization and the abundance of 

ERα in cows of groups 1 and 2 are in accordance with the literature [110,111]. 

Schäubli et al. [111] highlight that although the hormonal changes before and after 

parturition are tremendous, the ERα distribution remains quite constant in the 

interplacentomal wall. The receptor was located in the nuclei (100% in both groups) 

of the surface epithelia probably to accomplish both secretory and regulatory 

functions [115]. Likewise, the vast majority of the nuclei of the glandular epithelium 

were ERα-positive. This may be related to the capacity of the endometrial glands to 

synthesize histotroph, an additional nutritional fetal supply, known to be synthesized 

during the last months of pregnancy [115]. In the sheep, ERα is present in the luminal 

epithelium, stroma, endometrial glandular epithelium, and myometrium a week after 

parturition and thereafter, with a particular increase in the endometrial glandular 

epithelium [112]. These authors also detected uterine milk protein in the endometrial 

glandular epithelium of the stratum spongiosum on day 1 post partum. Taken 

together, these facts lend a great support to the theory that ERα is involved in 

secretory functions of the endometrial epithelium. 

The presence of ERα in the endothelium of endometrial and myometrial blood ves-

sels (100% of endothelial cells nuclei were ERα-positive in both groups) supports the 

findings of several studies showing a direct effect of estrogens on uterine blood per-

fusion [220], which is enhanced during pregnancy [117], and on angiogenesis [118] 

via their receptors. In the myometrium, where the vast majority of nuclei were stained 

in both groups, ERα is known to mediate the action of estrogens to promote the 

production of Ki-67 positive cells involved in growth, and as transcription regulators in 

the differentiation of myometrial cells [110]. 

 

There are only a few investigations about the mRNA expression of ERα in the myo-

metrium around parturition [221,222]. Our results are to some extent consistent with 

them because, despite species-specific variations in the abundance, the presence of 
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ERα transcripts has consistently been demonstrated in the pregnant myometrium. 

For instance, Knapczyk-Stwora et al. [221] demonstrated mRNA encoding ERα and 

ERβ in myometrium between implantation sites of pregnant gilts by reverse 

transcriptase-PCR, but failed in their attempt to exactly quantify the abundance of 

mRNA encoding ERα, since reverse transcriptase-PCR qualitatively detects gene 

expression. Murata et al. [222] determined the expression of OTR, ERα and ERß in 

rats during pregnancy, parturition and one day postpartum. They observed a slight 

increase in the ERα expression after labor compared to one day before parturition 

and a concomitant increase in OTR and ERα induced by increased serum estrogen 

during pregnancy and parturition. Therefore, the authors suggested that ERα induced 

by increased serum estrogen during pregnancy and parturition is the predominant 

estrogen receptor that mediates OTR mRNA increase in the uterus. This is in 

accordance with our findings for cows of group 1, where a tendency for a higher 

expression of the ERα receptor in the cows of subgroup “E2ß high” was observed. 

Although not statistically significant, the OTR expression was also higher in cows of 

subgroup “E2ß high” compared to those of subgroup “E2ß low”. 

 

5.4.3 Progesterone receptor (PR) 

 

Immunostaining for PR was restricted to the cellular nucleus, a finding that is in 

accordance with Schäubli et al. [111] and Boos et al. [110]. The distribution pattern 

concerning cell-type and location was mainly consistent with those obtained by 

Schäubli et al. [111]. These authors also used the interplacentomal uterine wall of 

cows before and after parturition, but estimated the PR abundance and distribution 

by means of a semiquantitative immunoreactive score. This evaluation method 

differed from ours, because we did not attempt to quantify intensities of nuclear 

staining. The work of Schäubli et al. [111] described the presence of PR in the 

glandular epithelium as a very faint immunoreaction. However, in our samples from 

both groups the presence of PR in this localization was not detectable. Nonetheless, 

the findings referring to the other locations agree with the results of our study, 

specifically in myometrial smooth muscle cells the PR immunoreaction was 



 

 120 

DISCUSSION 

prominent in both studies. The compact and the reticulated stroma, although in part 

altered, also exhibited a PR-positive staining. The expression of PR protein in the 

myometrium is related to its contractile features [111]. Schäubli et al. [111] 

emphasize that hormonal changes before and after parturition are tremendous; 

however, the distribution of some receptors remains quite constant in the 

interplacentomal wall. This would explain why in cows of both groups, despite very 

different blood concentration of hormones such as P4 and E2ß, a high number of 

smooth muscle cells had PR-positive nuclei. An explanation for its presence in the 

stroma has not yet been given [112]. 

 

Because of reproductive state differences and differences related to the method, 

groups 1 and 2 were not statistically compared. However, in spite of that, we obser-

ved that the PR mRNA detected in the myometrium from animals of group 2 was 

almost 3-fold higher than those of cows of group 1. This observation is in accordance 

with the findings of Mesiano et al. [223] on myometrium harvested during cesarean 

section from laboring and not-laboring women. In this study, the PR subtype A was 

much higher in laboring uteri compared to uteri before term. A less evident rise was 

observed in subtype B. The PR subtype A is known to block the P4 action by inhi-

biting the transcriptional activity of PR subtype B [224]. The results of both studies 

concerning RT-PCR only provide information about gene activity and are only indi-

cative of the potential amount of protein, but are not necessarily related to the 

amount of functional proteins [223]. Furthermore, it seems reasonable to hypothesize 

that the increased expression of PR in group 2 is due to an enhanced expression of 

PR subtype A, which would lead to the desensitization of myometrium to P4, and 

subsequently to labor, and that these transcripts and proteins might be detectable 

even some hours after calving. The increase in PR subtype A/subtype B mRNA ratio 

that precedes the P4 block is related to an overexpression of genes related to uterine 

development and activity, such as the homeobox gene HOXA10, and to the up-

regulation of ERα, that leads to increased myometrial responsiveness to circulating 

estrogens. This increase in the PR subtype A/subtype B mRNA lends a big support 

to the theory that PR subtype A mRNA is related to the enhanced myometrial activity 
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observed during and after parturition [223]. To confirm if subtype A is also the 

predominant PR subtype in the bovine myometrium and the extent of its functionality, 

further investigations are needed. 

 

The expression of PR mRNA tended to be higher in the cows of subgroups “E2ß high” 

than in the cows of subgroup “E2ß low” of groups 1 and 2. In both cases, the cows of 

subgroup “E2ß high” displayed a higher expression of PR mRNA values than those of 

subgroup “E2ß low”. This strongly supports the theory that higher levels of E2ß induce 

an enhanced expression of PR towards term and post partum [112]. 

 

5.4.4 Oxytocin receptor (OTR) 

 

Several cell types exhibited positive cytoplasmatic immunoreactions of OTR as de-

scribed in the literature [125]. Nonetheless, the integrity of the plasma membrane of 

the cells of some samples used in our study was not maintained. The sampling 

procedures or the fixation techniques may have not been adequate, with the con-

sequent alteration of this cellular structure, producing a weaker staining of the cyto-

plasm compared to usual staining. Notwithstanding this fact, our findings agree with 

the observations of Wu. et al. [128], who demonstrated the expression of OTR in the 

interplacentomal uterine wall of ewes. In both studies, the myometrium exhibited a 

strong staining, whereas the glandular epithelium and locations related to blood ves-

sels displayed a weaker OTR staining. The location of OTR in myometrial cells is in 

agreement with the hypothesis that OTR plays an important role in regulating uterine 

contractility [128]. The presence of OTR in the glandular epithelium of late pregnant 

animals is probably related to its capacity to synthesize prostaglandins [92]. The 

uterine blood flow might be regulated by OTR [225], and would explain the presence 

of this receptor in the endothelium and in the vessel wall.  

 

It is well accepted that around the onset of labor uterine sensitivity to oxytocin in-

creases markedly. This is associated with both an upregulation of OTR mRNA levels 

and a strong increase in the density of myometrial OTR, reaching a peak during early 
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labor [92,93,125,126]. The results in cows of group 1 are consistent with the cited 

studies, even though the methods differed. Gimpl and Fahrenholz [93] postulate that 

the down-regulation of the OTR after parturition may be necessary to avoid unwanted 

contractile responses during lactation when oxytocin levels are raised. However, we 

did not observe this down-regulation in the myometrium after parturition. Due to dif-

ferences in the reproductive state and in the methods used, group 1 and 2 were not 

statistically compared. However, we observed that the myometrial samples of 

group 2 exhibited more OTR transcripts than those of group 1. These findings do not 

agree either with the observations of Murata et al. [222], who noticed a dramatic de-

cline in OTR mRNA expression after parturition in the rat, or with those of Zingg et al. 

[226], who observed a more than sevenfold decrease of the uterine OTR mRNA 

levels within 24 hours after labor also in rats. These differences may be attributed to 

species-specific characteristics, but one cannot rule out that the rise in OTR mRNA 

expression was induced by an increased PGF2α production [91-93] occurring se-

condary to the LPS infusion. It is also possible, that the OTR expression in cows of 

group 1 had not yet reached levels typical for parturition. In this case, the difference 

between cows of groups 1 and 2 would not be related to the lack of down-regulation 

of OTR after calving, but with the fact that the OTR amount was investigated prior to 

calving, when the OTR expression has not yet achieved its maximum. 

 

There were differences between E2ß subgroups for the locations related to the blood 

vessels. In group 1, “E2ß high” cows exhibited a more intensive staining for OTR of 

the cytoplasm of vessel walls (VW) than “E2ß low” cows, whereas in group 2 “E2ß 

high” showed a slightly lower staining intensity in both the endothelium (P=0.07) and 

the VW (P=0.07). This may be a random finding, for which we do not have any 

explanation yet. To test the hypothesis that E2ß concentrations may affect OTR 

differently, the investigation of a larger amount of animals would have been 

necessary. 
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5.4.5 Prostaglandin F2α receptor (FPR) 

 

In the present study, FPR was detected in cells of the surface epithelium, glandular 

epithelium, and in both the compact and the reticulated stroma and in myometrial 

smooth muscle cells. In all these locations, the nucleus was FPR-positive. An 

additional cytoplasmatic immunoreaction was observed in the surface epithelia of 

cows of group 2 and in the glandular epithelia and in the myometrial cells of both 

groups of our study. In the bovine intercaruncular wall around term Wehbrink et al. 

[121] had been able to show almost the same results. A similar dual pattern of 

intracellular location of FPR (in cytoplasm and related to the nucleus) in late 

pregnant, parturient, and post partum rat myometrium has been described by AI-

Matubsi et al. [227]. In that work, the vascular smooth muscle of vessels throughout 

the uterus and both circular and longitudinal smooth muscle in the myometrium at all 

gestational ages were FRR-positive. At day 16 of pregnancy FPR were associated 

with the nucleus as well as uniformly distributed throughout the cytosol. At day 18 

nuclear staining decreased and the receptors became dispersed throughout the 

cytosol following a striated pattern. To investigate the association between FPR and 

myofibrils, FPR staining was additionally compared with that of α-actin in serial 

sections. Immunoreactive α-actin was found in circular and longitudinal muscle in 

myometrium and vascular smooth muscle and showed a similar striated pattern to 

that seen with FPR. Hence, these authors inferred that changes in cellular 

localization of FPR with advancing gestation and labor are associated with the 

contraction mechanism. Furthermore, although in ocular tissues, a similar pattern of 

intracellular distribution has been described for FPR through immunogold labeling 

and electron microscopy [228]. The goldparticles, indicative of FPR protein presence, 

were distributed along apical and basolateral plasma membranes in the normal 

human eye. In the cytoplasm, the most prominent localization of the gold marker, it 

was observed in the nuclear envelope (perinuclear) and occasionally on outer 

mitochondrial membranes, on rough endoplasmic reticulum, and in cytoplasmic 

vesicles. The authors suggested that the presence of FPR in intracellular locations 
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indicates an intracellular action of prostaglandins and a direct influence of 

prostaglandins on gene transcription.  

 

Interestingly, although the number of FPR-positive nuclei was similar in the cows of 

all groups of the present study, the cytoplasmatic staining of the surface epithelium 

was negligible in cows of group 1, but showed a moderate intensity in cows of 

group 2. This may be interpreted as an increase towards term of the cytoplasmatic 

FPR protein amount, which persists after calving. This agrees with the observations 

of Wehbrink et al. [121]. These authors reported an increase in the FPR protein lo-

cated in the surface epithelium and glandular epithelium towards term in animals with 

induced parturition [121]. The fact that in the present work FPR protein was detected 

to a higher extent in endometrial locations of group 2 goes along with the outcome of 

Wehbrink et al [121] in samples harvested 30 min after birth. The presence of FRP in 

glandular epithelium might be related to the secretion of histiotroph, whose 

production lasts until a week after parturition [112], and includes prostaglandins, 

ERα, OTR, heat shock proteins and other substances [229]. However, the 

understanding of the physiologic function of the presence of FPR protein in 

endometrium awaits further studies. Even though the groups were not statistically 

compared, the abundance of FPR-positive nuclei of the smooth muscle cells was 

numerically lower in cows of group 2 than in those of group 1. It seems plausible that 

the myometrial FPR protein peaks at labor and persists after calving, since the 

contractility in which they seem to be involved [122,229], is maximal during labor and 

continues after parturition [2,3].  

 

Because of differences in the reproductive state and in the methods used, groups 1 

and 2 were not statistically compared. Nonetheless, we noticed that the number of 

mRNA transcripts encoding FPR in the myometrium were lower in cows of group 1 

than in cows of group 2. This supports the theory of Ma et al. [229] that an increased 

rate of FPR expression occurs towards term, to contribute to uterine contractions by 

promoting further PGF2α synthesis. This could lead to more occupied FPR, which 
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activates intracellular messengers and induces myometrial contraction at the time of 

labor. 

 

We found no significant differences between the subgroups in relation to levels of E2ß 

and P4. However, concerning non-significant results, the FPR expression seemed to 

be related to the P4 blood concentration in cows of group 1, and to both steroid 

hormones in cows of group 2. In particular, “P4 low” cows showed numerically higher 

mean values of FPR transcripts than “P4 high” cows in group 1. In group 2, “P4 low” 

cows exhibited numerically lower mean values of FPR transcripts than “P4 high” 

cows. Before parturition, the relaxant pathways switch to contractant ones. 

Therefore, the P4 withdrawal before calving seems to positively affect the expression 

of FPR, involved in the myometrial contractile activity. Among other issues, Dong and 

Yallampalli [77] investigated the direct relation between systemic P4 and FPR 

expression in nonpregnant, non-pregnant ovariectomiced, pregnant, and post partum 

rat uteri through reverse transcription-polymerase chain reaction. The treatment of 

ovariectomized rats with P4 did not elicit changes in the FPR expression. However, 

the combination of E2β and P4 reduced the mRNA expression of FPR compared to 

the administration of E2β alone. Furthermore, the treatment of pregnant rats with the 

antiprogesterone RU-486 produced increased levels of FPR mRNA confirming a 

down-regulating role of P4 in the expression of FPR. The reason why higher con-

centrations of P4 are accompanied by an up-regulation of FPR in bovine uterus after 

parturition remains unclear, though. Dong and Yallampalli [77] described a post 

partum return of FPR mRNA to nonpregnant levels. This disagreement between their 

work and ours could be related to species-specific features. However, we do not 

preclude the possibility that this was a random finding due to the small differences in 

P4 concentration between the subgroups “P4 low” and “P4 high”. Therefore, further 

investigations of the bovine uterus post partum are necessary involving animals with 

more pronounced differences in P4 concentration. 

 

A higher E2ß blood concentration seemed to be related to an up-regulation of FPR. 

This has also been observed in the work of Dong and Yallampalli [77]. In this study 
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the expression of FP receptor mRNA was significantly increased by the 

administration of E2β (358% versus 100% in control), and reduced by the treatment of 

ovariectomized rats with the antiestrogen ICI 164384. This suggests the regulation of 

FPR upon E2β in rat uterus, a finding that could possibly be extrapolated to the cow. 
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5.5 Conclusion 

 

In the present study it has been shown that the longitudinal and the circular muscle 

layers of the bovine uterus around parturition have to be considered as two different 

entities, because of their distinctive behavior in the organ bath. The longitudinal layer 

exhibited significantly more contractile activity than the circular one before calving. 

However, after calving, placental expulsion and LPS infusion, the circular muscle 

layer displayed more activity than the longitudinal muscle layer, although only nu-

merically. We have demonstrated that the bovine myometrium around parturition is 

more sensitive and reactive to oxytocin than to PGF or Ca. The present study has 

also proven that the conditions acquired in vivo may play an outstanding role in the 

performance of the spontaneous contractility in vitro. Before calving, the longitudinal 

muscle layers originating from animals with higher concentrations of E2ß in vivo ex-

hibited a higher spontaneous contractile activity compared to those from animals with 

lower concentrations of E2ß. However, longitudinal strips from postpartum animals 

with lower E2ß blood concentrations displayed more spontaneous contractile activity. 

Prior to calving, both types of strips showed more contractions if the in vivo P4 con-

centration was high. However, after calving, both longitudinal and circular strips sho-

wed a higher spontaneous contractility if they originated from cows with lower blood 

levels of P4. Furthermore, these steroid hormones appear to be involved in the 

regulation of the receptors involved in contraction. Higher prepartum levels of E2ß 

were associated with numerically higher expression of ERα, PR and OTR; whereas 

lower blood concentrations of P4 were related to non-significant higher levels of ERα, 

PR, FPR and OTR expression. After calving and LPS infusion, higher concentrations 

of E2ß are related to numerically higher PR and FPR expressions. The P4 blood 

concentration after calving seems to be not so determinative for the expression of the 

receptors involved in the contractility compared to the E2ß blood concentration. 
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6 Summary 
Lara Górriz Martín 

 

“An in vitro study on the myometrial contractility in dairy cat tle before calving 

and after postpartum LPS infusion. Influence of blo od progesterone and 

estradiol-17 ββββ levels” 

The aims of this study were to investigate the uterine contractility in vitro, and the 

expression of the oxytocin (OTR), prostaglandin F (FPR), progesterone (PR), and 

estrogen α (ERα) receptors in late pregnant and postpartum bovine uteri, and 

whether the systemic levels of progesterone (P4), and 17ß-estradiol (E2ß) have an 

influence on them. For these purposes 24 Holstein Friesian cows were used and 

divided into 2 groups. The first group (na=12) accounted healthy animals at around 

day 275 of gestation. The second group involved 12 postpartum animals whose 

afterbirth was spontaneously expelled within 12 hours after calving. After the 

placental detachment, 5 µg/mL LPS dissolved in 1 L 0.9% NaCl isotonic solution at 

37°C were infused transcervically in the uterus. Bl ood samples were harvested prior 

to the tissue collection from the jugular vein to examine P4, E2ß, metabolite of PGF2α 

(PGFM) and ionized calcium. The uterine samples were taken through cesarean 

section (group 1) and laparotomy after euthanasia (group 2) from the large curvature 

of the pregnant horn. The tissues were placed in Krebs’ solution (KS) at 37°C for the 

contractility experiments, in formalin for the immunohistochemistry, and frozen in 

liquid nitrogen for the RT-PCR. Four circular and 4 longitudinal myometrial strips 

were dissected from every uterine sample and mounted in an organ bath filled with 

KS at 37°C and perfused with 95% O 2 and 5% CO2. The spontaneous contractile 

activity was measured after 1 h of equilibration and during 2.5 h (divided into 5 time 

periods (T) of 30 min each). Subsequently, every strip was stimulated with increasing 

concentrations of oxytocin (Oxy), a natural analogue of PGF2α (PGF), calcium 

chloride (Ca), or nothing (Cont) and the induced response recorded. The parameters 

area under the curve (AUC), mean amplitude (MA), maximal amplitude (maxA), 

minimal amplitude (minA), baseline rise (BR), and frequency (FR) were calculated for 
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every T (last 20 min). Retrospectively the animals were regrouped into subgroups 

attending to their steroid hormones levels. This led to the following subgroups in 

group 1: E2ß high: E2ß>400 pg/mL, na=7; and E2ß low: E2ß<400 pg/mL. Secondly, 4 

animals with the highest (P4>5.2 ng/mL) and the lowest (P4<3.5 ng/mL) P4 

concentrations were designated P4 high and P4 low, respectively. Similar criteria 

were used for the animals in group 2. The superior cut-off of E2ß concentration was 

100 pg/mL and the inferior 60 pg/mL, resulting in 2 subgroups termed E2ß high 

(E2ß>100 pg/mL; na=4) and E2ß low (E2ß<60 pg/mL; na=4). Animals with P4>0.43 

ng/mL and P4<0.31 ng/mL were included in P4 high (na=4) and in P4 low (na=4), 

respectively. 

The blood P4, E2ß, PGFM and ionized calcium values averaged 4.0 ± 1.7 ng/mL, 

482.3 ± 63.7 pg/mL, 125.3 ± 63.7 pg/mL, and 0.8 ± 0.3 mmol/L for group 1, and 

0.4 ± 0.1 ng/mL, 87.6 ± 39.5 pg/mL, 2154.1 ± 886.0 pg/mL, and 0.9 ± 0.1 mmol/L for 

group 2, respectively. In group 1, the longitudinal muscle layers achieved higher 

(P≤0.05) spontaneous contractile values for AUC, MA, maxA, and FR than the 

circular one; whereas in group 2 the circular layer attained higher median values for 

BR (P≤0.05), and during T5 for BR (P≤0.05), minA (P≤0.05), maxA (P≤0.05), AUC 

(P=0.8) and MA (P=0.8). The stimulation with Oxy produced in all cases higher 

contractile values (P≤0.05) than PGF, Ca and Cont (Oxy>PGF>Ca, Cont). The 

longitudinal muscle layers of group 1 were numerically more reactive to the 

stimulation with Oxy and PGF than the circular ones. However, in group 2, the 

circular muscle layers reached non-significant higher values after the administration 

of Oxy, but numerically lower values after the stimulation with PGF and Ca compared 

to the longitudinal ones. Before calving, the longitudinal muscle layers originating 

from animals with higher concentrations of E2ß in vivo exhibited more spontaneous 

contractile activity. In contrast, longitudinal strips from postpartum animals with lower 

E2ß blood concentrations displayed more spontaneous contractile activity. Prior to 

calving, both types of strips contracted more if the in vivo P4 concentration was 

higher. Yet, after calving, the longitudinal muscle layers exhibited higher values for 

AUC, MA, and maxA, whereas circular strips showed higher minA if they originated 

from cows with lower blood levels of P4. Concerning the immunohistochemical 
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analysis, PR and ERα were localized in the nuclei of the uterine cells, OTR in 

cytoplasm and FPR in both locations. PR was only detected in both compact and 

reticulated stroma (CS and RS, respectively) and in myometrium (MYO). Cells from 

the surface epithelium (SE), CS, RS, glands (G), vessel wall (VW) and MYO were 

ERα, OTR and FPR-positive in different proportions (ERα, FPR) or intensities (FPR, 

OTR). The myometrial expression of ERα, PR, OTR and FPR mRNA transcripts was 

16.7 ± 0.4, 9.1 ± 0.8, 16.0 ± 0.7, and 14.2 ± 0.7 ∆Cq for group 1, and 22.9 ± 0.7, 

31.6 ± 0.6, 24.6 ± 0.9, and 27.3 ± 1.9 ∆Cq for group 2, respectively. In both groups, 

the subgroup E2ß high there were differences and tendencies of higher intensity 

values of cytoplasm stain in VW (group1: P≤0.05; group 2: P=0.09) for OTR, and the 

PR mRNA expression was numerically enhanced (Group 1: P=0.06; Group 2: 

P=0.09) compared to E2ß low. Additionally, in group 1 there was a tendency for 

higher ERα mRNA expression (P=0.08) compared to E2ß low.  

In summary, the longitudinal and the circular muscle layer of the bovine uterus 

around parturition have to be considered as two different entities, because of their 

distinctive behavior in the organ bath. Moreover, the levels of P4 and E2ß might be 

determinant for the regulation of the contractile activity before and after calving, but 

seem to influence the uterine layers differently. Further investigations on receptor 

expression with respect to uterine layer are needed, to elucidate the extent of the 

influence of the hormonal background on the regulation of the uterine contractility. 
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7 Zusammenfassung  

 

Lara Górriz Martín 

 

" In vitro Studie über die Kontraktilität des Myometriums bei  Milchkühen vor der 

Abkalbung und nach einer LPS Infusion post partum. Einfluss des 

Progesteron- und Östradiol-17 ββββ Blutspiegels" 

Ziele der vorliegenden Arbeit waren es, die Uteruskontraktilität in vitro und die 

Expression der Oxytocin (OTR), Prostaglandin F (FPR), Progesteron (PR) und 

Östrogen α (ERα)-Rezeptoren in der Uteruswand des Rindes während der späten 

Gravidität bzw. postpartum zu untersuchen. Ein weiteres Ziel war es zu überprüfen, 

ob die systemischen Progesteron-(P4) und 17ß-Östradiol-(E2ß) Konzentrationen 

einen Einfluss auf die Kontraktilität bzw. auf die Rezeptorexpression haben. Hierzu 

wurden 24 Holstein Friesian Kühe verwendet und in 2 Gruppen unterteilt. Die erste 

Gruppe beinhaltete 12 gesunde Tiere um Tag 275 der Trächtigkeit. Die zweite 

Gruppe umfasste 12 Tiere postpartum, deren Nachgeburt spontan innerhalb von 12 

Stunden nach dem Kalben ausgetrieben wurde. Nach dem Nachgeburtsabgang 

wurden 5 pg/mL LPS verdünnt in 1 L 0,9% NaCl isotonischer Lösung bei 37°C 

transzervikal in die Gebärmutter infundiert. Eine Blutprobeentnahme erfolgte vor der 

Gewebegewinnung aus der Vena jugularis, um die Konzentrationen von P4, E2ß, 

PGF2α-Metabolit (PGFM) und ionisiertem Kalzium zu untersuchen. Das 

interkarunkuläre Gewebe wurde durch Kaiserschnitt (Gruppe 1) bzw. nach 

Euthanasie und Entnahme des Uterus (Gruppe 2) aus der großen Kurvatur des 

ehemals tragenden Horns reseziert. Die Gewebe wurden in Krebs-Lösung (KS) bei 

37°C für die Kontraktilitätsversuche, in Formalin f ür die immunhistochemischen 

Versuche, und in flüssigem Stickstoff für die RT-PCR eingebracht. Vier Streifen aus 

den zirkulären und 4 aus den longitudinalen Schichten des Myometriums wurden 

präpariert, in einem Organbad gefüllt mit KS bei 37°C eingespannt und mit 95% O 2 

und 5% CO2 perfundiert. Die spontane kontraktile Aktivität wurde nach einstündiger 

Äquilibrierungsphase und über 2,5 Std. (unterteilt in 5 Zeitperioden (T) von 30 min) 

gemessen. Anschließend wurde jeder Streifen mit zunehmenden Konzentrationen 
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von Oxytocin (Oxy), einem natürlichen Analogon von PGF2α (PGF), Calciumchlorid 

(Ca) oder mit KS (Cont) stimuliert und deren kontraktile Antworten aufgenommen. 

Die Parameter Fläche unter der Kurve (AUC), mittlere Amplitude (MA), maximale 

Amplitude (maxA), minimale Amplitude (minA), Anstieg der Basisilinie (BR) und 

Frequenz (FR) wurden für jeden T berechnet (letzte 20 Min.). Retrospektiv wurden 

die Tiere anhand der Konzentrationen der Steroidhormone in Untergruppen 

geordnet. Dies führte zu den folgenden Untergruppen in Gruppe 1: E2ß high: E2ß>400 

pg/mL, na=7; und E2ß low: E2ß<400 pg/mL, na=5. Die 4 Tiere mit den höchsten 

(P4>5,2 ng/mL) und den niedrigsten (P4<3,5 ng/mL) P4
-Konzentrationen wurden als 

P4 high und P4 low bezeichnet. Ähnliche Kriterien wurden für die Tiere der Gruppe 2 

verwendet. Für die Untergruppen bezogen auf die E2ß-Konzentration, wurden Werte 

von über 100 bzw. unter 60 pg/mL betrachtet, was in 2 Untergruppen bezeichnet E2ß 

high (E2ß>100 pg/mL, na=4) und E2ß low (E2ß<60 pg/mL; na=4) resultierte. Tiere mit 

P4>0,43 ng/mL und P4<0,31 ng/mL wurden in P4 high (na=4) und im P4 low (na=4) 

unterteilt. 

Die Blutkonzentrationen von P4, E2ß, PGFM und ionisiertem Kalzium betrugen 

durchschnittlich 4,0 ± 1,7 ng/mL, 482,3 ± 63,7 pg/mL, 125,3 ± 63,7 pg/mL und 

0,8 ± 0,3 mmol/L für Gruppe 1 und 0,4 ± 0,1 ng/mL, 87,6 ± 39,5 pg/mL, 

2154,1 ± 886,0 pg/mL bzw. 0,9 ± 0,1 mmol/L für Gruppe 2. In der Gruppe 1 

erreichten die longitudinalen Muskelschichten höhere (P≤0,05) AUC, MA, maxA, und 

FR Werte als die zirkulären Muskelschichten. In der Gruppe 2 erreichten die 

zirkulären Muskelschichten höhere Medianwerte für BR (P≤0,05), und während T5 

für BR (P≤0,05), minA (P≤0,05), maxA (P≤0,05), AUC (P=0,8) und MA (P=0,8). Die 

Stimulation mit Oxy verursachte in allen Fällen höhere kontraktile Werte (P≤0,05) als 

PGF, Ca und Cont (Oxy>PGF>Ca, Cont). Die longitudinalen Muskelschichten der 

Gruppe 1 zeigten nach der Stimulation mit Oxy und PGF numerisch höhere Werte 

als die zirkulären. In Gruppe 2 erreichten die zirkulären Muskelschichten jedoch 

numerisch höheren Werte nach der Verabreichung von Oxy. Die Stimulation mit PGF 

und Ca führte zu numerisch niedrigeren kontraktilen Werten im Vergleich zu den 

longitudinalen Muskelschichten. Die longitudinalen Muskelschichten von ante partum 

Tieren mit höheren Konzentrationen an E2ß in vivo wiesen mehr spontane kontraktile 



 

 133 

ZUSAMMENFASSUNG 

Aktivität auf als longitudinalen Muskelschichten aus Tieren mit niedrigeren 

Konzentrationen von E2ß. Allerdings erscheinen die Longitudinalstreifen von 

postpartalen Tiere mit geringeren E2ß Blutkonzentrationen mehr kontraktil zu sein. 

Vor dem Abkalben wiesen beide Typen von Streifen höhere Werte von AUC, MA, 

und maxA auf, wenn die in vivo P4-Konzentration höher war. Nach dem Kalben 

zeigten hingegen longitudinale und circuläre Streifen höhere werte von minA, wenn 

sie von Kühen mit niedrigeren P4-Blutspiegel entstammten. Bezüglich der 

immunhistochemischen Analyse wurden PR und ER in den Kernen der uterinen 

Zellen, OTR im Zytoplasma und FPR in beiden Örtlichkeiten lokalisiert. PR wurde nur 

im kompaken und retikulären Stroma (CS und RS) und im Myometrium (MYO) 

nachgewiesen. Kerne von Oberflächenepithel (SE), CS, RS, Drüsenepithel (G), 

Gefäßwand (VW) und MYO zeigten das Vorhandensein von unterschiedlichen 

Anteilen von ERα und FPR in unterschiedlichen Mengen, und von OTR in 

unterschiedlichen Intensitäten. Die myometriale Expression von ERα-, PR-, OTR- 

und FPR-mRNA-Transkripten betrug 16,7 ± 0,4, 9,1 ± 0,8, 16,03 ± 0,7 und 

14,2 ± 0,7 ∆Cq für Gruppe 1 und 22,9 ± 0,7, 31,6 ± 0,6, 24,6 ± 0,9 und 

27,3 ± 1,9 ∆Cq für Gruppe 2. In beiden Gruppen erreichte die Untergruppe E2ß high 

höhere Intensitäten der zytoplasmatischen Färbung für OTR in VW (Gruppe 1: 

P≤0,05; Gruppe 2: P=0,09) und tendenziell höhere (Gruppe 1: P=0,06; Gruppe 2: 

P=0,09) Anzahl von PR-mRNA-Transkripten im Vergleich zu E2ß low. Zusätzlich war 

ERα-mRNA-Expression in Gruppe 1 tendenziell höher (P=0,08) im Vergleich zu E2ß 

low. 

Zusammengefasst müssen die longitudinalen und die zirkulären Muskelschichten 

des bovinen Uterus um die Geburt aufgrund ihres unterschiedlichen Verhaltens im 

Organbad als zwei verschiedene Einheiten betrachtet werden. Außerdem könnten 

die Blutkonzentrationen von P4 und E2ß vor und nach der Geburt einen Einfluss auf 

die Regulierung der kontraktilen Aktivität haben. Jedoch beeinflussen sie die uterinen 

Schichten unterschiedlich. Weitere Untersuchungen, in der die Rezeptorexpression 

in Bezug zu der uterinen Schicht berücksichtigt wird, sind notwendig, um das 

Ausmaß des Einflusses des hormonellen Hintergrundes auf die Regulierung des 

Uteruskontraktilität aufzuklären. 
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9 Annex 

 

9.1 Calculation of BR, minA, AUC, maxA, MA, and FR 

 

The parameters AUC, MA, minA, and maxA were calculated through a macro 

designed by G. Hirsbrunner und Ch. Keller (Clinic for Ruminants, University of Berne, 

Switzerland) using LabChart7® (ADINSTRUMENTS GmbH, Spechbach, Germany). 

The parameters BR and FR were calculated manually. 

 

Calculation of BR (g): This parameter was calculated in the 20 min time period by 

substracting the final baseline (b in Fig. 36) from initial baseline (a in Fig. 36), namely 

BR in T1=b-a. Note that BR may also have negative values. That is the case of BR in 

T2, where the initial baseline (c´ in Fig. 36) is higher than the final baseline (d in Fig. 

36). This was particularly often if a contraction started during the first 10 min of one 

time period (grey areas in Fig. 36), which had to be deleted for the analysis. 

 

Calculation of minA (g): This parameter is the smallest data point of the examined 

time interval. The first step for the calculation of minA consisted of the localization of 

the absolute minimal point (absolute minA, E in Fig. 36) of the recording curve (blue 

line in Fig. 36) within a channel during T1-T5 for the spontaneous part of the 

experiment, or during T6-T9 for the stimulated one. In Fig. 36, only the first two time 

periods are depicted (T1 and T2), but if it is supposed that E is the absolute minA 

during T1-T5 (dashed line in Fig.36), then minA in T1 = A (Fig. 36), and minA in T2 = 

E (Fig. 36) = 0. Note that the value 0 calculated by the program does not necessarily 

agree with the 0 value of the Y axis. The absolute minA during T1-T5 is independent 

of the absolute minA of T6-T9. 
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Calculation of AUC (g•s): This parameter is the integral of the selected interval 

(20 min), calculated as the sum of the data points multiplied by the sample interval. In 

Fig. 36 is depicted as a brown area under the recording curve. 

 

Calculation of maxA (g): This parameter represents the largest data point attained by 

the recording waveform within the examined time interval (20 min). In Fig. 36, maxA 

in T1 is shown by B, and in T2 by C. 

 

Calculation of MA (g): This variable is the mean of all the data points in the examined 

time interval. In Fig. 36 is represented by D. 

 

Calculation of FR (contractions/20 min): This variable was calculated by counting the 

number of contractions during a time period of 20 min. In T1, FR=0, whereas in T2, 

even if it is an incomplete tonic contraction, FR = 1. Note that although in T1 (Fig. 36) 

there are no contractions, it is possible to determine the contractile activity using BR, 

MA, minA, maxA, and AUC. 
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Figure 36: Calculation of the variables necessary for the analysis of the contractile 
activity in myometrium represented by the recording curve (blue line). Two time 
periods (T1 and T2) are depicted in this image. Baseline rise (BR) = (b – a) in T1, 
and BR in T2 = (d - c´). Minimal Amplitude (minA) is represented by A and E 
(absolute minA) in T1 and in T2, respectively. The dashed line represents the 
absolute minA in the two time periods shown. Maximal amplitude (maxA) is shown by 
B and C in T1 and in T2, respectively. D represents the mean amplitude (MA). The 
brown surface under the recording curve is the area under the curve (AUC). The 
frequency (FR) in T1 equals 0, and in T2 is 1. The grey areas represent the parts of 
the data that were excluded from the analysis (first 10 min of every time period). 
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9.2 Effect of rinsing the control strips 

 

To test the hypothesis if the rinsing (group 1: not rinsed; group 2: rinsed) of the 

control strips before the beginning of a new stimulatory time period had an effect on 

the contractility, the statistic was performed in two steps using two different sources 

of data. Firstly, the rinsing effect was tested using the data from the 4 stimulatory 

time periods together (T6-T9). Secondly, the effect of rinsing was examined within 

every time period (T6, T7, T8 and T9). In both cases, groups 1 and 2 were compared 

with the Wilcoxon´s Two Sample Test (PROC NPAR1WAY).  

 

Results 

Considering the data of the 4 stimulatory periods together (T6-T9), there were 

significant differences between the contractile activity of the control strips between 

group 1 (not rinsed) and group 2 (rinsed) for the circular layer for minA with higher 

values for group 2 (rinsed; P=0.05; group 1: 40.71 ± 39.56 mN; group 2: 

78.1 ± 51.73 mN), and for the longitudinal layer for AUC with higher values for group 

1 (not rinsed; P=0.01; group 1: 271.1 ± 161.54 N.s; group 2: 137.9 ± 67.04 N.s), MA 

with higher values for group 1 (not rinsed; P=0.01; group 1: 225.96 ± 134.56 mN; 

group 2: 114.92 ± 55.8691 mN), maxA with higher values for group 1 (not rinsed; 

group 1: 319.86 ± 253.89 mN; group 2: 153.91 ± 81.46 mN; P<0.05), and FR 

(group 1: 0.0 ± 0.0 contractions/20 min; group 2: 0.0 ± 0.0 contractions/20 min).  

 
When considering every stimulatory time period (T) separated, there were significant 

differences in the circular layers BR in T9 with higher values attained by the group 1 

(not rinsed; P=0.03; Fig. 37). 
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Figure 37: Baseline rise for the circular muscle layers used as controls during 4 time 
periods (T) of 20 min each of groups 1 (not rinsed) and 2 (rinsed). The box-plots 
show the median values, 95th,75th; 25th, and 5th percentiles. 

*: Different values between groups 1 (not rinsed) and 2 (rinsed) (P≤0.05) 

 

For the longitudinal layer, there was a difference in BR (P=0.03; Fig. 38) during T8, 

and a difference in tendency for AUC (P=0.05; Fig 39) during the same time period. 

Group 2 (rinsed) attained during T8 higher median values for BR than group 1 (not 

rinsed; Fig. 38). However, for AUC during T8, group 1 (not rinsed) attained higher 

median values (Fig. 39). 
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Figure 38: Baseline rise for the longitudinal muscle layers used as controls during 4 
time periods (T) of 20 min each of groups 1 (not rinsed) and 2 (rinsed). The box-plots 
show the median values, 95th,75th; 25th, and 5th percentiles. 

*: Different values between groups 1 (not rinsed) and 2 (rinsed) (P≤0.05) 
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Figure 39: Area under the curve (AUC) for the longitudinal muscle layers used as 
controls during 4 time periods (T) of 20 min each of groups 1 (not rinsed) and 2 
(rinsed). The box-plots show the median values, 95th,75th; 25th, and 5th percentiles. 

(*): Tendency for the values between groups 1 (not rinsed) and 2 (rinsed) 

(0.05<P≤0.10) 

 



 

 166 

ANNEX 

Conclusion 

The analysis using all time periods together (T6-T9) allows a more general assertion 

because it considers the whole data, but the data are considered independent (two 

different measurements from the same strip are dependent because the only source 

of variation between them is the time difference between one measurement and the 

next one), when they are not. The second method of analysis only takes into 

consideration the measurements of one time period. This avoids the use of 

dependent data, which is more appropriated for the used test, but reduces the 

effective data to a quarter, and the effect of flushing might not be detected. Indeed, 

only two variables (BR and AUC) appeared to be influenced by the rinsing effect if 

the time periods were taken separately, whereas if the whole data were used, four 

variables (minA, AUC, MA, and maxA) were significantly different between groups. 

The variables related to the contractile active force (AUC, MA, and maxA) seem to be 

posetively affected by the lack of rinsing of the control strips. However, this is only 

true for the longitudinal layer. Only during T9, BR was higher if the longitudinal layers 

were flushed. However, we consider this finding as a random effect, because only 

the median values of T6 paralleled this result. In T7 and T8, the lack of flushing 

produced higher values for BR. Similarly, the findings of the circular layer do not point 

to a constant effect of rinsing. If one considers all the time periods together, the 

circular muscle layers attained higher minA values if flushed, but if taken separately, 

the lack of rinsing yields higher BR values.  

 

At this point it is necessary to highlight, that both groups differed in the reproductive 

status (group 1: late-pregnant cows; group 2: cows infused transcervically with LPS 

after placenta expulsion), being this a possible source for the differences found. 

 

Due to all above mentioned, we advise to plan very carefully the experiments dealing 

with stimulatory or inhibitory agents in the organ bath. In particular if the longitudinal 

layer is used, because according to our data, its flushing can lead to induction of 

contractile activity. It has to be taken into consideration, that the response of the 

tissue can be the manifestation of several factors acting together, among them the 
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response to the solution of incubation, and not exclusively the effect of the testing 

substance. 

 

9.3 Formation of the subgroups 

 

To test the hypothesis if the steroid background prior to the tissue collection had an 

influence on the contractile activity, the animals of both groups were distributed in 

four subgroups (Tab. 25 and 27). The criterion to incorporate the animals in this part 

of the study was that their blood concentration of E2β (to be included in E2β high or 

E2β low) or P4 (to be included in P4 high or P4 low) increased the differences in the 

blood concentrations between the minimal value of subgroup high and the maximum 

value of subgroup low. Therefore, animals whose E2β or P4 concentrations decreased 

these differences, and thus interfered the possible interpretation of the effect of the 

steroid background, were discarded from this part of the study (values of E2β or P4 

not coloured in Tab. 25 and 26.) The animals whose values of E2β or P4 fit the 

criterion were included in the analysis and the used values are coloured in Tab. 25 

(group 1) and 26 (group 2). For group 1, the resulting difference between the minimal 

value of E2β high and the maximal value of E2β low was 45.5 pg/mL. The difference 

between the minimal value of P4 high and the maximal value of P4 low was 

1.8 ng/mL. For group 2, the resulting difference between the minimal value of E2β 

high and the maximal value of E2β low was 48.9 pg/mL. The difference between the 

minimal value of P4 high and the maximal value of P4 low was 0.16 ng/mL. 

Furthermore, after the subgroups formation, these were statistically compared, being 

all different (group 1: E2β high vs. E2β low: P=0.004; P4 high vs. P4 low: P=0.005; 

group2: E2β high vs. E2β low: P=0.004; P4 high vs. P4 low: P=0.0003). 
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Table 25: Individual blood concentrations of E2β and P4 of the animals of group 1. 

Group 1 
Animal  E2β (pg/mL) P4 (ng/mL) 

 1 326.2 3.4 
2 366.9 6.1 
3 254.6 4.2 
4 440.5 6.0 E2β high (E2β>400 pg/mL; n=7) 
5 545.4 2.0 E2β low (E2β<400 pg/mL; n=5) 
6 933.3 0.6 
7 72.4 6.0 P4 high (P4>5.1 ng/mL; n=4) 
8 993.4 5.2 P4 low (P4<3.5 ng/mL; n=4) 
9 806.8 3.9 

10 450.3 4.0 
11 186.5 2.6 
12 412.1 4.1 

 

Table 26: Individual blood concentrations of E2β and P4 of the animals of group 2. 

Group 2 
Animal Estrog Prog 

 1 55.5 0.19 
2 32.9 0.18 
3 59.7 0.44 
4 44.3 0.19 E2β high (E2β>100 pg/mL; n=4) 
5 78.7 0.30 E2β low (E2β<60 pg/mL; n=4) 
6 78.7 0.34 
7 83.9 0.31 P4 high (P4>0.43 ng/mL; n=4) 
8 108.6 0.53 P4 low (P4<0.31 ng/mL; n=4) 
9 85.6 0.38 

10 112.9 0.34 
11 163.7 0.50 
12 146.4 0.56 
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9.4 Neutral buffered formalin 

 

For the elaboration of 2 L of neutral buffered formalin, 3.48 g NaHPO4 and 6.5 g 

Na2HPO4 were mixed ad 1000 mL of bi-distilled water (pH=7.0). Subsequently, 

100 mL of 37% formaldehyde were added to 900 mL of phosphate-buffered saline 

(PBS), and incorporated in the phosphats solution. 

 

9.5 Modified Krebs solution (per liter) 

 

Table 27:  Composition of the Krebs’ solution. 

Compound Amount 
NaCl 6.9 g 
KCl 0.35 g 
MgCl2x6H2O 0.24 g 
NaHCO3 1.99 g 
KH2PO4 0.16 g 
Dextrose 0.99 g 
CaCl2x2H2O 0.368 g 
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9.6 Rinsing solutions 

 

9.6.1 Phosphate-buffered saline (PBS) 

 

Phosphate-buffered saline (PBS) was used to rinse the sections after determined 

treatments of the immunohistochemistry. For the preparation of 5 l of PBS, 40 g 

sodium chloride and 7.8 g sodium hydrogen phosphate were mixed in distilled water. 

Subsequently, the pH was adjusted to 7.2 with NaOH. 

 

 

9.6.2 Tris-buffered saline (TBS) 

 

Tris-buffered saline (TBS) was used to rinse the sections after determined treatments 

of the immunohistochemistry. For the preparation of a ten-fold concentrated stock 

solution 90 g of sodium chloride and 60.55 g of Tris-base (trishydroxylmethylamino-

methane, TRIS-base (AppliChem, Darmstadt, Germany)) were added to 1 L distilled 

water and pH adjusted to 7.6 with hydrochloric acid. Prior to use, was diluted 1:10 

with distilled water. 

 

9.7 Buffers for antigen unmasking 

 

9.7.1 Citrat buffer pH 6 

 

Eighteen mL stock solution A (21 g citric acid ad 1000 mL distilled water) mixed with 

82 mL stock solution B (29.41 g sodium-citrate ad 1000 mL distilled water) in 1000 

mL distilled water; pH 6.0. 
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9.7.2 TEC-buffer 

 

For the preparation of a ten-fold concentrated stock solution, 2.5 g TRIS-base 

(AppliChem, Darmstadt, Germany), 5.0 g ethylenediaminetetraacetic acid buffer 

(EDTA) and 3.2 g Tris-sodium citrate were dissolved in distilled water, the pH was 

adjusted to 7.8 and filled with distilled water to complete 1 L. Prior to use, the former 

stock solution was diluted 1:10 with distilled water. 

 

9.7.3 Ethylenediaminetetraacetic acid (EDTA) buffer 

 

TRIS-base (AppliChem, Darmstadt, Germany; 1.21 g) and EDTA (0.372 g) were 

dissolved in 1000 mL distilled water and the pH adjusted to 9.0. 

 

9.8 Hematoxylin-Eosin staining 

 

Slides were dewaxed by xylene and dehydrated by a graded series of alcohol and 

then rinsed in distilled water (Tab. 28). 

 

Table 28: Protocol for the hematoxylin-eosin staining (dewaxing and rehydratation). 

Procedure  Reagent  Durati on 
Dewaxing Xylene I 10 min 
 Xylene II 10 min 
Rehydration  Isopropanol 2 min 
 96% Ethanol 2 min 
 80% Ethanol 2 min 
 70% Ethanol 2 min 
 

 

After rehydration, the slides were incubated for 8 min in Delafield’s hemalaun. 

Subsequently, they were shortly dipped into 0.1% HCl (in 96% ethanol) and then 

rinsed for 15 min with running tap water. The following eosin staining was performed 

during 5 min in 250 mL of a solution containing 1% eosin in 96% ethanol and 3-4 
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drops of acetic acid. The slides were dehydrated, as described below (Tab. 29), and 

mounted with Eukitt. 

 

Table 29: Protocol for the hematoxylin-eosin staining (dehydratation). 

Procedure Reagent Duration 
Dehydration  80% Ethanol 2 min 
 96% Ethanol 2 min 
 Isopropanol 2 min 
 Xylene I 5 min 
 Xylene II 5 min 
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9.9 Immunohistochemical protocols 

 

9.9.1 Estrogen receptor α (ERα) 

 

The antibody used was the monoclonal estrogen receptor alpha antibody (MAB-443) 
from Affinity Millipore. The protocol is shown in Tab. 30. 

 

Table 30:  Protocol for the immunohistochemical staining of the Estrogen receptor α 
(ERα) 

Duration Reagents/Treatment 
3 x 10 min  Xylene 
2 x 5 min 100 % alcohol 
2 x 5 min 96 % alcohol 
2 x 5 min 70 % alcohol 
2 x 5 min  Distilled wate 
 Preheating of TEC buffer at 96-99°C 
30 min Antigen unmasking in TEC buffer, water bath 
20 min  Cool down in TEC buffer 
10 min  2 % H2O2 in Distilled water 
5 min Rinse in TBS 
20 min Incubation with normal horse serum 
10 min Incubation with free protein serum 
Over night  Incubation with first antibody 1:200 in FPS 
 5 min  Rinse in TBS 
20 min  Incubation with second antibody 
5 min  Rinse in TBS 
3,5 min Incubation with DAB  
1 x 5 min Rinse in TBS 
15 min Rinse with tap water 
20 seconds 70% Alcohol 
20 seconds 96% Alcohol 
2 min 100% alcohol 
2 x 5 min Xylene 
  Mounting with Eukitt  
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9.9.2 Progesterone receptor (PR) 

 

The antibody used was the monoclonal progesterone receptor antibody (MA 1-410) 
from Affinity BioReagents Inc., Golden, CA. The protocol is shown in Tab. 31. 

 

Table 31:  Protocol for the immunohistochemical staining of the progesterone 
receptor (PR). 

Duration Reagents/Treatment 
2 x 10 min  Xylene 
2 min Absolute  alcohol 
2 min Isopropanolol 

30 min 80 % alcohol + 30% H2O2 (196 mL + 4 mL) 
2 min 70 % alcohol 
3 x 5 min  Rinse in PBS  
 Preheating of EDTA buffer at 96-99°C  
20 min Antigen unmasking in EDTA- Puffer, water bath 
20 min  Cool down of EDTA buffer 
3 x 5 min  Rinse in PBS 
20 min Incubation with normal goat serum 

Over night  
Incubation with first antibody 1:200 + 1.5 % BSA 
dilution in PBS 

3 x 5 Min  Rinse in PBS 
30 min  Incubation with second antibody 
3 x 5 Min  Rinse in PBS 
5 min Incubation with DAB  
1 x 5 min Rinse in PBS 
15 seconds Nuclear staining with hematoxylin 
15 min Blueing with tap water 
2 min 70% alcohol 
2 min 80 % alcohol 
2 min Absolute alcohol 
2 min  Isopropanol 
2 x 5 min Xylene 
  Mounting with Eukitt  
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ANNEX 

9.9.3 Oxytocin receptor (OTR) 

 

The antibody used was the polyclonal oxytocin receptor antibody (LS- A244) from 
LifeSpan Biosciences, Inc. The protocol is shown in Tab. 32. 

 

Table 32:  Protocol for the immunohistochemical staining of the oxytocin receptor 
(OTR). 

Duration Reagents/Treatment 
2 x 10 min  Xylene 
2 min Absolute  alcohol 

30 min 80 % alcohol + 30% H2O2 (196 mL + 4 mL) 
2 min 70 % alcohol 
3 x 5 min  Rinse in TBS pH 7,6 
 Preheating of citrate buffer at 96-99°C 
20 min Antigen unmasking in citrat buffer, water bath 
20 min  Cool down in citrat buffer 
3 x 5 Min  Rinse in TBS 
15 min Tween (0,1 %) in TBS 
3 x 5 min  Rinse in TBS 
20 min Incubation with normal goat serum 

Over night  
incubation with first antibody 1:200 + 1.5 % BSA dilution 
in TBS 

3 x 5 min  Rinse in TBS 
30 min  Incubation with second antibody 
3 x 5 min  Rinse in TBS 
5 min Incubation with DAB  
1 x 5 min Rinse inTBS 
10 min Rinse with tap water 
2 min 70% alcohol 
2 min 80 % alcohol 
2 min Absolute Alcohol 
2 min  Isopropanol 
2 x 5 min Xylene 
  Mounting with Eukitt  
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ANNEX 

9.9.4 Prostaglandin F2α receptor (FPR) 

 

The antibody used was the Polyclonal PGF2α receptor antibody from Cayman 

chemical company, Cat # 101802 (Tab. 33). 

Table 33:  Protocol for the immunohistochemical staining of the prostaglandin F2α 
receptor (FPR). 
 

Duration  Reagents/Treatment  
2 x 10 min Xylene 
2 min Absolute  alcohol 
30 min 80 % alcohol + 30% H2O2 (196 mL + 4 mL) 
2 min 70 % alcohol 
3 x 5 min Rinse in PBS pH 7.2 
 Preheating of citrate buffer at 96-99°C 
20 min Antigen retrieval in citrate buffer, water bath 
20 min Cool down in citrate puffer 
3 x 5 min Rinse in PBS 
20 min Incubation with normal goat serum 
Over night Incubation with first antibody 1:1000 + 1.5 % BSA 

dilution in PBS 
3 x 5 min Rinse in PBS 
30 min Incubation with second antibody 
3 x 5 min Rinse in PBS 
5 min Incubation with DAB  
1 x 5 min Rinse in PBS 
10 min Rinse with tap water 
2 min 70% Alcohol 
2 min 80 % Alcohol 
2 min Absolute Alcohol 
2 min Isopropanol 
2 x 5 min Xylene 
 Mounting with Eukitt  
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