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1  | INTRODUC TION

Normal uterine contractility is crucial for uterine involution (Bajcsy 
et al., 2006). A continuous activity of uterine smooth musculature is es-
sential for reduction in uterine size and discharge of lochia and plays a 
central role during the puerperal period (Abd-Elhafeez & Soliman, 2017). 

Metritis is most serious uterine disease of dairy cows in puerperal pe-
riod (Sheldon & Owens, 2017), and reported incidences in Germany 
range from 12% (n = 4,043; Venjakob et al., 2019) to > 48% (n = 144; 
Freick et al., 2017). This disorder leads to financial losses attributable to 
decreased milk yield, poor fertility and increased culling rate (Sheldon 
& Dobson, 2004). Escherichia coli (E. coli) and Trueperella pyogenes are 
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Abstract
Metritis is an important disorder in dairy cows during the early postpartum period. 
Myometrial contractility is a prerequisite for uterine involution; however, very scanty 
literature is available about the effect of metritis on this process and endocrine re-
sponsiveness. This study was aimed to evaluate the effect of inflammation on uterine 
contractility in vitro, and the inflammation was induced by incubating myometrial 
strips with lipopolysaccharides (LPS). Myometrial samples were collected from 17 
healthy Holstein Friesian cows during caesarean section. Eight longitudinal strips 
from each cow were incubated in organ baths with LPS concentrations of 0 (LPS0), 
0.1 (LPS0.1), 1 (LPS1) and 10 µg/ml (LPS10). Spontaneous contractility and contractility 
induced by increasing concentrations of oxytocin (10–10 – 10–7 mol/L) were recorded 
during nine 30-min intervals (T1 to T9). The minimum amplitude (minA), maximum 
amplitude (maxA), mean amplitude (meanA) and area under the curve (AUC) were 
calculated for each time interval. LPS had an effect (p ≤ .05) on maxA, meanA and 
AUC. In T1, myometrial strips incubated with LPS0.1 and LPS1 had higher (p ≤ .05) 
maxA, meanA and AUC than the strips incubated with LPS0. In T9 without oxytocin, 
LPS0 led to higher (p ≤ .05) maxA, meanA and AUC than LPS0.1 and LPS1. In T8 and 
T9 with oxytocin, LPS1 had lower (p ≤ .05) maxA, meanA and AUC than the other 
LPS concentrations. Interestingly, the results show that LPS has a transient positive 
effect on myometrial contractility in vitro and that this effect is dependent on LPS 
concentration and duration of incubation.
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commonly isolated from the affected cows in the first week of postpar-
tum (Kassé et al., 2016; Sheldon et al., 2009). Other microorganisms that 
belong to the phylum Bacteroidetes (like Bacteroides pyogenes, Prevotella 
melaninogenica and Porphyromonas levii) or to genus Fusobacterium have 
also been implicated in the aetiology of metritis (Bicalho et al., 2017; 
Cunha et al., 2018; Jeon & Galvão, 2018). Lochia from cows with re-
tained placenta and severe metritis contained increased amounts of 
lipopolysaccharides (LPS), known as endotoxins which originate from 
the outer membrane of Gram-negative bacteria (Dohmen et al., 2000; 
Mateus et al., 2003).

Isometric force measurement in an organ bath is a useful tech-
nique for the in vitro evaluation of uterine contractility (Hirsbrunner 
et al., 2009). The isometric systems permit the measurement of the 
tension that develops in the sample with a constant length using a 
force transducer and an acquisition device (Fry, 2004). The advan-
tage of in vitro experiments is elimination of factors that may affect 
the results including extrinsic metabolic and hormonal states or han-
dling of the animals (Balki et al., 2012). In cattle, the in vitro model 
has been used mainly with specimens from pregnant or cycling cows. 
Myometrial samples from healthy and cycling cows (Hirsbrunner 
et al., 2002) and cows with endometritis between 2 and 12 months 
postpartum (Hirsbrunner et al., 2009) had good spontaneous activity 
with different contractility between the longitudinal and the circular 
layer of myometrium. Samples from uteri collected between 40 and 
60 days of pregnancy (Rizzo et al., 2011) and 0 – 270 days of preg-
nancy (Piccinno et al., 2016b) showed good spontaneous contractility. 
Myometrial strips collected during caesarean section on 275th day 
of gestation also had a good spontaneous contractility over 150 min 
with higher contractility values recorded for the longitudinal layer than 
for the circular layer of myometrium. After stimulation with increas-
ing doses of oxytocin (10–10–10–7 mol/L), prostaglandin F2α (PGF2α; 
10–7 – 10–4 mol/L) and calcium (2.6–20.8 mmol/l), a dose-dependent 
contractility enhancement was observed with the highest contractile 
response to oxytocin (Górriz-Martín et al., 2017). To our knowledge, 
no in vitro studies have been conducted on the effect of inflammation 
on myometrial contractility in puerperal cows. In pregnant rabbits and 
mice (Katsuki et al., 1997), and in pregnant rats (Ross et al., 2004), LPS 
were shown to increase the contractility of myometrial strips. In cy-
cling gilts treated with intrauterine E. coli suspension, the contractility 
of myometrial specimens did not differ from that of the control group 
(Jana et al., 2015).

The aim of this study was to evaluate the effect of inflammation 
on uterine contractility under in vitro conditions using myometrial 
samples from early puerperal dairy cows. The inflammation was in-
duced by incubating myometrial strips with LPS.

2  | MATERIAL S AND METHODS

2.1 | Cows, housing and feeding

Seventeen healthy, primi- and pluriparous Holstein Friesian cows 
(2.0 ± 0 [median ± mean absolute deviation, MAD] years old) in the TA
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late stages of pregnancy were housed in individual straw-bedded 
pens in the Clinic for Cattle, University of Veterinary Medicine 
Hannover, Foundation. They were fed hay ad libitum and 6 kg corn 
silage and 1 kg concentrate twice daily with free access to water 
(Table 1). The experimental design was approved by the Lower 
Saxony State Office for Consumer Protection and Food Safety (AZ 
33.19-42502-05-15A591).

2.2 | Study design

Caesarean section was carried out in healthy cows as part of an un-
dergraduate course for veterinary students when the progesterone 
(P4) concentration in serum (see point 2.3) was < 1.0 ng/ml or when 
the first stage of labour (from opening of the cervix to the entrance 
of the foetal membranes into the pelvic canal) had started. The mean 
gestation length at the time of surgery was 278.2 ± 4.3 (mean ± SD) 
days after artificial insemination. At the start of surgery, 0.3 mg clen-
buterol hydrochloride (Planipart®, Boehringer Ingelheim Vetmedica 
GmbH) was given intramuscularly for relaxation of the uterus to ena-
ble exteriorization and 300 mg meloxicam (Melosolute®, CP-Pharma 
Handelsgesellschaft mbH) was given subcutaneously for analgesia. 
Distal paravertebral anaesthesia was achieved using 100 ml of 2% 
procaine hydrochloride with epinephrine (0.025 mg/ml; Isocain ad 
us. Vet.®, Selectavet Dr. Otto Fischer GmbH). The area for the uter-
ine incision was infiltrated with 100 ml of the same anaesthetic. In 
addition, caudal epidural anaesthesia was achieved with 2% pro-
caine hydrochloride (Procasel 2%®, Selectavet Dr. Otto Fischer 
GmbH, Munich, Germany; Stöber, 1990; Newman, 2008). Left flank 
laparotomy was carried out in standing non-sedated cows. After the 
extraction of calf, a full-thickness piece of uterine wall measuring 10 
x 10 cm was excised from greater curvature of the previously gravid 
uterine horn and placed in preoxygenated (95% O2, 5% CO2), modi-
fied Krebs solution (per litre: 6.9 g NaCl, 0.35 g KCl, 0.24 g MgCl2 x 6 
H2O, 1.99 g NaHCO3, 0.16 g KH2PO4, 0.99 g dextrose, 0.368 g CaCl2 
x 2 H2O) at 37°C.

2.3 | Blood sampling and analysis

Approximately 30 min before start of surgery, blood samples were 
collected from jugular vein to determine 17-β-oestradiol (E2ß) and P4 
concentrations in serum. The blood was centrifuged at 1,500 rpm 
at 4°C for 10 min. Serum was separated and stored at −20°C for 
analysis. The serum concentration of E2ß (Estradiol Coat-a-Count, 
TKE21, Siemens Medical Diagnostics) and P4 (Progesterone Coat-a-
Count, TKPG1, Siemens Medical Diagnostics) was determined using 
a coat-a-count radioimmunoassay according to the manufacturer's 
instructions. The concentration of ionized calcium in whole blood 
was determined by using capillary tubes (Care-FillTM Capillary Tubes, 
Epocal) immediately after sampling using an automated system 
(epoc® Blood Analysis System).

2.4 | Myography

Myography was done using established protocols for isometric contrac-
tility measurements of bovine myometrial specimens (Górriz-Martín 
et al., 2017; Hirsbrunner et al., 2002).The tissue samples were pinned to 
the silicon coating of dissecting dishes containing pre-oxygenized mod-
ified 37°C Krebs solution. The serosa and endometrium were carefully 
removed from the myometrium, and eight muscle strips were cut from 
the longitudinal layer of the myometrium parallel to the direction of 
the muscle fibres. Each strip measured approximately 1 x 0.3 x 0.2 cm. 
The strips were fixed with conventional sewing thread with one end 
attached by a hook to the bottom of the organ bath (Model Nr. LE 01–
086, LETICA® Scientific Instruments, PanLab s. l., Cornellà, Barcelona, 
Spain) and the other end attached to an isometric force transducer 
(TRI 201, LETICA® scientific instruments, PanLab s. l.; Figure 1). Each 
organ bath chamber contained 10 ml of Krebs solution maintained at 
37°C by a thermostat (Thermostat Unit LE 13,206, LETICA® Scientific 
Instruments, PanLab s. l.). The chambers were oxygenated with 95% 
O2 and 5% CO2 to maintain a pH of 7.3–7.4. Lipopolysaccharides of E. 
coli (O55:B5; 10 mg, Sigma-Aldrich Chemie GmbH, Munich, Germany) 
were added to 6 chambers at concentrations of 0.1 µg/ml (LPS0.1, 
n = 2), 1 µg/ml (LPS1, n = 2) and 10 µg/ml (LPS10, n = 2). The remaining 
2 chambers did not receive LPS and served as controls (LPS0). The con-
centrations of LPS used in this experiment were adopted from reports 
of other in vitro investigations (Herath et al., 2006; Katsuki et al., 1997). 
Concentrations of 0.3 to 1 µg/ml LPS were used in bovine endometrial 
cell cultures (Herath et al., 2006) and 10 µg/ml LPS was used to stimu-
late myometrial strips from mice (Katsuki et al., 1997).

The mechanical activity of each strip was amplified (PowerLab 
8/30 und Octal Bridge Amp, ADINSTRUMENTS GmbH, Spechbach, 
Germany), converted and digitally recorded (LabChart7®, 
ADINSTRUMENTS GmbH). During the first 30 min of incubation, 
the strips were allowed to equilibrate without tension. Then, 1 g 
tension was applied for 15 min, and then, an additional 1 g tension 
was added for another 15 min. The spontaneous contractility was 
subsequently recorded for 2.5 hr, which was divided into five 30-min 
periods (T1 – T5). Thereafter, one strip of each LPS concentration 
and one control strip were stimulated with oxytocin, and the remain-
ing four strips served as unstimulated controls. The concentration of 
oxytocin increased from 10–10 to 10–7 mol/L in four periods of 30 min 
(T6 – T9). For each stimulation period, 10 ml of Krebs solution with 
the corresponding concentrations of LPS and oxytocin was prepared 
beforehand and stored at 37°C until transfer in the organ bath cham-
bers. Before each new stimulation period, the previous solution was 
discarded and the organ bath was rinsed twice with Krebs solution. 
At the end of the experiment, all strips were rinsed with double-dis-
tilled water to ascertain their vitality, which was confirmed when the 
strip contracted in response to the rinse. After drying the strips with 
paper tissue, the length and weight of each strip were determined to 
calculate the cross-sectional area using the formula: area = weight/ 
(density x length). A value of 1.056 g/cm3 was used for the density of 
smooth muscle (Herlihy & Murphy, 1973).
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2.5 | Data analysis

Minimum amplitude (minA), maximum amplitude (maxA), mean am-
plitude (meanA) and area under curve (AUC) were calculated indi-
vidually for each time period by LabChart7® (ADINSTRUMENTS 
GmbH). Only the last 20 min of each time period were used for anal-
ysis. For calculation of minA (g), maxA (g), meanA (g) and AUC (g * s), 
the minimum value in the measuring periods from T1 to T5 and the 
minimum values from the measuring periods T6 to T9 were used as 
zero lines in the respective time periods. The values of minA, maxA, 
meanA and AUC were adjusted with the cross-sectional area of the 
corresponding strip. The data were converted from g to mN and 
from g * s to mN * s by multiplying by 9.8 (Górriz-Martín et al., 2017).

2.6 | Statistical analysis

Statistical analysis was done using SAS V9.1 (SAS Institute Inc., Cary, 
USA). The Shapiro–Wilk test was used to test the data for normality. 

To achieve normal distributions for minA, maxA, meanA and AUC, 
the data were log10 transformed. The effects of LPS, age of the cow 
and time on contractility (minA, maxA, meanA, AUC) were analysed 
as repeated measurements with PROC MIXED separately for spon-
taneous contraction (T1–T5) and for stimulation with oxytocin (T6–
T9). LPS concentration, stimulation, and time period and interactions 
between these effects were defined as fixed effects. The cow was 
set as random effect. The paired t test (PROC MEANS) was used 
to compare the contractility parameters (minA, maxA, meanA, AUC) 
between the LPS concentrations and controls for each time period, 
between the consecutive time periods for each LPS concentration 
with and without oxytocin stimulation and between the oxytocin 
stimulated and unstimulated strips for each LPS concentration. The 
level of significance was set at p ≤ .05.

3  | RESULTS

3.1 | 17-β-oestradiol, progesterone and calcium 
concentrations

Serum concentration of E2ß and blood concentration of ionized cal-
cium were 271.6 ± 82.0 pg/ml and 1.1 ± 0.1 mmol/l (mean ± SD), 
respectively. Serum P4 was 0.7 ± 0.2 ng/ml (median ± MAD).

3.2 | Contractility

Because of some disturbances in recording of contractility due to unin-
tended manipulation of single strips in some time periods, minA, maxA, 
meanA and AUC could not be calculated for 6 of the 136 muscle strips 
during 1 of the 9 time periods (0.5%). All muscle strips maintained vital-
ity. Age of the animal had no effect on minA, maxA, meanA and AUC.

3.2.1 | Spontaneous contractility (T1 –T5)

Effect of LPS concentration
In the first 150 min, the LPS concentration had an effect (p ≤ .05) on 
maxA (Figure 2), meanA (Figure 3) and AUC (Figure 4), but no effect on 
minA (p ≥ .10). In T1, LPS0.1 generated higher (p ≤ .05) maxA (Figure 2), 
meanA (Figure 3) and AUC (Figure 4) than LPS0 and LPS10, and LPS1 
generated higher maxA (Figure 2), meanA (Figure 3) and AUC (Figure 4; 
p ≤ .05) than LPS0. In T2, LPS1 produced higher values for maxA 
(Figure 2), meanA (Figure 3) and AUC (Figure 4; p ≤ .05) than LPS10.

Effect of time
The time of incubation tended to have an effect (p = .057) on maxA. 
Overall, there were no time and LPS concentration interaction (p ≥ .10) 
for any parameter. The values generated by LPS1 decreased from T1 to 
T2 and from T2 to T3, and the values generated by LPS10 decreased 
from T1 to T2 and increased from T3 to T4 (p ≤ .05; Figure 2).

F I G U R E  1   Muscle strip, dissected out of the longitudinal layer 
of bovine myometrium, in an organ bath chamber filled with Krebs 
solution. The distal end is attached to a hook ( ), and the proximal 
end is attached to a thread fixed at a force transducer ( ). At the 
bottom of the chamber, the Krebs solution is oxygenated with 95% 
O2 and 5% CO2 ( )
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3.2.2 | Stimulated contractility (T6–T9)

Stimulation with oxytocin-induced contractions was observed in 52 
of 68 (76.5%) muscle strips.

Effect of LPS concentration
The LPS concentration and the interaction between this and oxytocin 
stimulation had an effect (p ≤ .05) on maxA, meanA and AUC, but not 
on minA (p ≥ .10). There was a significant LPS concentration and time 

F I G U R E  2   Log10 transformed 
maximum amplitude (maxA; mean and 
SD) of contractility during five 30-min 
incubation periods (T) of longitudinal 
layer of myometrium (n = 132) in LPS 
concentrations of 0 µg/ml (LPS0), 0.1 µg/
ml (LPS0.1), 1 µg/ml (LPS1) and 10 µg/ml 
(LPS10). a,b,c: Within time periods, values 
with identical letters differ from each 
other (p ≤ .05). *: Values differ from the 
values of the previous time period for the 
same LPS concentration (p ≤ .05)

F I G U R E  3   Log10 transformed 
mean amplitude (meanA; mean and 
SD) of contractility during five 30-min 
incubation periods (T) of longitudinal 
layer of myometrium (n = 132) in LPS 
concentrations of 0 µg/ml (LPS0), 0.1 µg/
ml (LPS0.1), 1 µg/ml (LPS1) and 10 µg/ml 
(LPS10). a,b,c: Within time periods, values 
with identical letters differ from each 
other (p ≤ .05)

F I G U R E  4   Log10 transformed area 
under the curve (AUC; mean and SD) of 
contractility during five 30-min incubation 
periods (T) of longitudinal layer of 
myometrium (n = 132) incubated with LPS 
concentrations of 0 µg/ml (LPS0), 0.1 µg/
ml (LPS0.1), 1 µg/ml (LPS1) and 10 µg/ml 
(LPS10). a,b,c: Within time periods, values 
with identical letters differ from each 
other (p ≤ .05)
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interaction (p < .05) on meanA and AUC, but not on minA and maxA 
(p ≥ .10).

In the unstimulated control strips in T6, LPS10 produced smaller 
maxA (Figure 5), meanA (Figure 6) and AUC (Figure 7) than LPS1, 
and it had smaller maxA (Figure 5; p ≤ .05) than LPS0.1. In T9, LPS0 
had higher (p ≤ .05) maxA (Figure 5), meanA (Figure 6) and AUC 
(Figure 7) than LPS1 and LPS0.1, and had greater maxA (p ≤ .05) than 
LPS10 (Figure 4).

With oxytocin stimulation, LPS1 produced smaller values (p ≤ .05) 
for maxA (Figure 5) from T6 to T9 and for meanA (Figure 6) and AUC 
(Figure 7) in T8 and T9 than LPS0, LPS0.1 and LPS10. The values for 
meanA (Figure 6) and AUC (Figure 7) of LPS1 were smaller than 
the values of LPS10 in T6 and T7 (p ≤ .05). In T8, LPS0.1 had greater 
meanA and AUC (p ≤ .05) than LPS0 (Figures 6 – 7).

Effect of stimulation with oxytocin
Oxytocin stimulation had an effect (p ≤ .0001) on minA, maxA, 
meanA and AUC. The stimulated strips had greater contraction 
parameters (p ≤ .05) than control strips exposed to the same LPS 

concentrations in all time periods for all parameters with the excep-
tion of minA for LPS0.1 in T6 (p = .087; Figures 5 – 7).

Effect of time/ oxytocin concentration
The time and oxytocin concentration had an effect (p ≤ .0001) on 
minA, maxA, meanA and AUC.

In unstimulated control strips, there was a decrease in minA, 
meanA and AUC from T8 to T9 in LPS1 (p ≤ .05; Figures 6, 7).

Oxytocin caused an increase (p ≤ .05) in minA, meanA and AUC 
from T6 to T9 in controls and all LPS concentrations (Figures 6 – 7). 
MaxA increased from T6 to T7 in controls and all LPS concentrations 
from T7 to T8 in LPS0.1 and LPS1, and from T8 to T9 in LPS0, LPS1 and 
LPS10 (p ≤ .05; Figure 5).

4  | DISCUSSION

This in vitro study investigated the effect of LPS on uterine contrac-
tility in cows. The inflammation was induced by incubating strips of 

F I G U R E  5   Log10 transformed 
maximum amplitude (maxA; mean and 
SD) of contractility during four 30-min 
incubation periods (T) of longitudinal layer 
of myometrium in LPS concentrations of 
0 µg/ml (LPS0), 0.1 µg/ml (LPS0.1), 1 µg/
ml (LPS1) and 10 µg/ml (LPS10) without 
(A) and with (B) increasing concentrations 
(conc., 10–10 – 10–7 mol/L) of oxytocin. 
a,b,c: Within time periods, values with 
identical letters differ from each other 
(p ≤ .05). *: Values differ from the values 
of the previous time period within LPS 
concentrations (p ≤ .05). ᵒ: Within time 
periods, values differ between stimulated 
and unstimulated strips for a given LPS 
concentration (p ≤ .05)
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the longitudinal myometrium in medium containing LPS. Myometrial 
tissue was collected from healthy cows during caesarean section, 
which was carried out during first stage of labour before rupture of 
the foetal membranes. For the purpose of this study, the myometrial 
tissue was considered to reflect the peripartum period, and there-
fore, the measurements can only provide insight into inflammatory 
events in the very early puerperal stage.

The blood levels of P4, E2ß and calcium were in agreement with 
findings of other studies of peripartum cows (Dobson & Dean, 1974; 
Matsas et al., 1992; Seyrek-Intas et al., 2013; Stabenfeldt et al., 1970). 
Low P4 concentrations were consistent with a reported decrease to less 
than 1.0 ng/ml in the last 24 hr before parturition (Matsas et al., 1992; 
Stabenfeldt et al., 1970). However, a P4 concentration of less than 
1.0 ng/ml was one of the criteria for caesarean section. In late-stage 
pregnancy, the E2ß concentration increases precipitously but then 
decreases slightly immediately before labour (Dobson & Dean, 1974; 
Hoffmann et al., 1973). The E2ß level of 271.6 ± 82.0 pg/ml measured 
in the present study was slightly lower than concentrations of 300 pg/
ml (Dobson & Dean, 1974) or 450 pg/ml (Robertson, 1974) reported 
in other investigations. This difference could have been the result of 

different sampling times and methodological variations. The ionized 
calcium concentration of 1.1 ± 0.1 mmol/l was in agreement with 
reports in the literature (Kronqvist et al., 2011; Moore et al., 2000; 
Seyrek-Intas et al., 2013). Overall, there was little variation in hormonal 
blood levels, and therefore, the cows were considered to represent a 
homogenous group. A hormonal effect on the contractility measure-
ments can largely be ruled out.

Because of limited numbers of organ bath chambers, only one of 
the two muscle layers could be used in this investigation. The deci-
sion was made in favour of the longitudinal layer, since in a previous 
study longitudinal strips collected during caesarean section showed 
higher contractility than circular ones (Górriz-Martín et al., 2017). 
Clenbuterol administration at the start of surgery could have af-
fected spontaneously and stimulated contractility because the β2 
sympathomimetic tocolytic effect lasts for a few hours (Putnam 
et al., 1985). Tocolytic drugs are commonly used during caesarean 
section because they facilitate manipulation and exteriorization of 
the uterus. Even though clenbuterol had the potential to interfere 
with our experimental protocol, we chose not to forego this treat-
ment because the surgeries were conducted as part of student 

F I G U R E  6   Log10 transformed 
mean amplitude (meanA; mean and 
SD) of contractility during four 30-min 
incubation periods (T) of longitudinal layer 
of myometrium in LPS concentrations of 
0 µg/ml (LPS0), 0.1 µg/ml (LPS0.1), 1 µg/
ml (LPS1) and 10 µg/ml (LPS10) without 
(A) and with (B) increasing concentration 
(10–10 – 10–7 mol/L) of oxytocin. a,b,c,d: 
Within time periods, values with identical 
letters differ from each other (p ≤ .05). 
*: Values differ from the values of the 
previous time period for the same LPS 
concentration (p ≤ .05). ᵒ: Within time 
periods, values differ between stimulated 
and unstimulated strips for a given LPS 
concentration (p ≤ .05)
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training. The half-life of clenbuterol in plasma after cumulative oral 
application can be up to 57 hr (Smith, 1998). The period between 
clenbuterol treatment and the start of measurements in the present 
study remained between 3 and 5 hr, and thus, an effect on contrac-
tility could not be excluded. The use of clenbuterol must be taken 
into consideration when assessing myometrial contractility. The non-
steroidal anti-inflammatory drug meloxicam could have influenced 
contractility as well. Meloxicam is selective for cyclooxygenase-2 
(Vane & Botting, 2012) and reduces the synthesis of PGF2α (Erdem 
& Guzeloglu, 2010; Olagaray et al., 2020). In myometrial strips from 
non-pregnant cows, meloxicam (1 x 10–7 – 7 x 10–4 Mol) had a to-
colytic effect in vitro (Das et al., 2012). With a half-life of 16.1 hr 
after subcutaneous application (0.5 mg/kg; Meléndez et al., 2018), 
an effect on the contractility parameter is to assume. The local an-
aesthetic procaine hydrochloride, and particularly the epinephrine, 
may also have had an inhibitory effect on myometrial contractility; 
procaine hydrochloride decreases the contractility of smooth mus-
cle by blocking voltage-dependent ion channels. Lidocaine added 
to an organ bath was shown to decrease the contractility enhance-
ment of bovine myometrial strips affected by xylazine (Piccinno 

et al.,2016a). However, the systemic absorption of local anaesthetics 
is delayed when they contain a vasoconstrictor such as epinephrine 
(Rioja Garcia, 2015) but an adverse effect on myometrial contrac-
tility cannot be ruled out. However, comparison of different LPS 
concentrations was intra-individual, and therefore, we can assume 
that all myometrial strips from a given cow were subject to the same 
conditions.

The LPS concentration had a significant effect on maxA, meanA 
and AUC, especially in the first two time periods, during which LPS0.1 
and LPS1 caused greater contractility than LPS0 and LPS10. This shows 
that LPS at a concentration comparable to that in lochia of cows with 
mild metritis (with mucopurulent to purulent lochia; 0.004 – 1.94 x 104 
EU/ml) cause a brief increase in uterine contractility in vitro, whereas 
concentrations comparable to that of cows with severe metritis (with 
foetid sanguine-purulent lochia; 2.96 x 102–7.24 x 104 EU/ml) have no 
effect (Mateus et al., 2003). It must be remembered that the present 
study represents a model that used LPS from E. coli to simulate metri-
tis, but other microorganisms including T. pyogenes, Bacteroidetes and 
Fusobacteria can also be involved in the aetiology of metritis (Bicalho 
et al., 2017; Sheldon et al., 2009).

F I G U R E  7   Log10 transformed area 
under the curve (AUC; mean and SD) 
of contractility during four 30-min 
incubation periods (T) of longitudinal layer 
of myometrium in LPS concentrations of 
0 µg/ml (LPS0), 0.1 µg/ml (LPS0.1), 1 µg/
ml (LPS1) and 10 µg/ml (LPS10) without 
(A) and with (B) increasing concentrations 
(10–10–10–7 mol/L) of oxytocin. a,b,c,d: 
Within time periods, values with 
identical letters differ from each other 
(p ≤ .05). *: Values differ from the values 
of the previous time period within LPS 
concentrations (p ≤ .05). ᵒ: Within time 
periods, values differ between stimulated 
and unstimulated strips for a given LPS 
concentration (p ≤ .05)
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A contractile effect of LPS was also shown in pregnant mice and 
rats (Katsuki et al., 1997; Mackler et al., 2003; Ross et al., 2004). The 
underlying mechanism of the contractile effect of LPS is not known. In 
pregnant mice, the contractile effect of LPS on longitudinal myometrial 
strips was suppressed by a cyclooxygenase inhibitor, which suggested 
the involvement of prostaglandins (Mackler et al., 2003). On the other 
hand, a cyclooxygenase-2-inhibitor did not block the contractile effect 
of LPS (50 µg) on longitudinal myometrial strips from pregnant rats 
that had received the endotoxin by intrauterine injections two days 
earlier (Ross et al., 2004). The authors of that study observed an in-
creased calcium influx into the myometrial cells and inhibition of the 
Na+-K+-ATPase in the plasma membrane, which led to the hypothesis 
that the contractile effect of LPS on uterus is generated by L-type cal-
cium channels and Na+-K+-ATPase (Ross et al., 2004). Another possi-
ble explanation is the involvement of TLR-4, which occurs in bovine 
endometrium (Herath et al., 2006) and forms a high-affinity complex 
with LPS (Schumann et al., 1990). This stimulates a signalling cascade 
resulting in production of pro-inflammatory cytokines and chemokines 
(Akira et al., 2006). In muscle specimens obtained from women during 
caesarean section, TLR-4 was involved in the contractile effect of LPS, 
and the effect of LPS could be inhibited by a TLR-4 antagonist using 
the collagen gel contraction assay (Hutchinson et al., 2014). LPS also 
led to an increase in myosin light-chain phosphorylation in myometrial 
cells (Hutchinson et al., 2014).

Of note, only the two lower concentrations of LPS (0.1 and 1 µg/
ml) had a contractile effect, whereas the highest concentration 
(10 µg/ml) did not. This means that the LPS effect is not dose-depen-
dent and does not reach a plateau as seen in common dose-effect 
models. A similar observation was made when bovine fallopian tube 
cells stimulated with increasing concentrations of LPS had opposite 
immune responses; 0.01 µg/ml LPS caused a pro-inflammatory re-
sponse, whereas 0.1 µg/ml LPS induced an anti-inflammatory reac-
tion in the cells (Kowsar et al., 2013). In contrast, the prostaglandin 
synthesis of bovine endometrial cells increased in a dose-dependent 
manner when stimulated by increasing LPS concentrations (0.1 up to 
3 µg/ml; Herath et al., 2006).

In contrast to the results in the first time periods, the unstim-
ulated muscle strips of LPS0 had higher values than the other LPS 
concentrations in T9. This apparent decrease in contractile activity 
as a result of LPS stimulation seems to reflect a reversal of the LPS 
effect. It should be taken into consideration that this could be a ran-
dom effect and that investigations over a longer period of time are 
necessary to clarify this.

Oxytocin had a dose-dependent positive effect on uterine con-
tractility as reported previously in rats (Balki et al., 2012) and cows 
(Górriz-Martín et al., 2017), and there was also an LPS concentration 
and oxytocin interaction. Together with oxytocin, LPS1 caused a de-
crease in the contractility parameters compared with other LPS con-
centrations and controls, and in T8, LPS0.1 had a mild positive effect 
when combined with oxytocin. Thus, the effect of oxytocin on myo-
metrial contractility appears to be modulated by LPS concentration. 
The increase in uterine contractility caused by oxytocin accompa-
nied by a low LPS concentration was in agreement with observations 

in pregnant rats (Okawa et al., 2001; Ross et al., 2004). Myometrial 
strips procured from rats that had been injected intraperitoneally 
with an LPS suspension (1.5 mg/kg) had higher oxytocin sensitiv-
ity than rats treated with saline. This LPS-induced increase could be 
abolished by a cyclooxygenase-2 inhibitor, which suggested the in-
volvement of prostaglandins (Okawa et al., 2001; Ross et al., 2004). 
In contrast, LPS (10 µg/ml) added to an organ bath had no effect 
on the oxytocin-dependent increase in contractility of myometrial 
strips collected from pregnant mice (Mackler et al., 2003).

In conclusion, the results of this study suggest that the contrac-
tility of the longitudinal layer of the myometrium from peripartum 
cows is affected by LPS in vitro and the effect is dependent on con-
centration and duration of incubation. Lower concentrations (0.1 
and 1 µg/ml) of LPS result in a short-term increase in contractility 
of the longitudinal layer of the myometrium, whereas a high con-
centration of LPS (10 µg/ml) has no effect. The LPS effect is also 
modulated by oxytocin with a decreased contractility for the middle 
LPS concentration (1 µg/ml). The effects of a wider range of LPS con-
centrations and particularly the long-term effects on uterine motility 
should be investigated in further in vitro studies, as well as the un-
derlying mechanisms of these effects.
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