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Objectives: To develop a rat model of intra-amniotic inflammation, characterized by the
concentration of interleukin-6 in the amniotic fluid, induced by an ultrasound-guided
transabdominal administration of lipopolysaccharide into individual gestational sacs.

Methods: An ultrasound-guided transabdominal intra-amniotic administration of
lipopolysaccharide or phosphate-buffered saline (PBS) as control was performed in
rats on embryonic day 18. Only accessible gestational sacs with precise recording of
their positions were injected. Twenty-four hours later, individual amniotic fluid samples
were collected from the gestational sacs of laparotomized animals. The gestational sacs
were divided into four subgroups: (i) with lipopolysaccharide: injected gestational sacs
from rats undergoing lipopolysaccharide administration; (ii) without lipopolysaccharide:
non-injected gestational sacs from rats undergoing lipopolysaccharide administration; (iii)
with PBS: injected gestational sacs from rats undergoing PBS administration; and (iv)
without PBS: non-injected gestational sacs from rats undergoing PBS administration. The
concentration of interleukin-6 in individual amniotic fluid samples was assessed using
ELISA.

Results: In the group of five animals receiving lipopolysaccharide, 24 (33%) and 48 (77%)
gestational sacs were and were not injected, respectively. The amniotic fluid was obtained
from 21 (88%) injected and 46 (95%) non-injected sacs. In the control group of five animals
receiving phosphate-buffered saline, 28 (35%) and 52 (75%) gestational sacs were and
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were not injected, respectively. The amniotic fluid was obtained from 18 (64%) injected and
50 (96%) non-injected sacs. No labor occurred, and only one fetal death was observed in a
gestational sac injected with lipopolysaccharide. Differences in concentrations of
interleukin-6 in the amniotic fluid were found among the subgroups of the gestational
sacs (with lipopolysaccharide: median 762 pg/ml; without lipopolysaccharide: median
35.6 pg/ml; with PBS: median 35.6 pg/ml; and without PBS: median 35.6 pg/ml; p <
0.0001). Concentrations of interleukin-6 in the amniotic fluid from the gestational sacs with
lipopolysaccharide were significantly higher than those in the three remaining subgroups
(p < 0.0001). No differences in concentrations of interleukin-6 in the amniotic fluid were
identified between the three remaining subgroups.

Conclusion: The ultrasound-guided transabdominal intra-amniotic administration of
lipopolysaccharide with a subsequent collection and analysis of amniotic fluid samples
is feasible in rats. The intra-amniotic administration of lipopolysaccharide led to the
development of intra-amniotic inflammation without leading to fetal mortality or
induction of labor.

Keywords: animal model, preterm birth, preterm delivery, lipopolysaccharide, minimally invasive, amniocentesis

INTRODUCTION

Spontaneous preterm delivery accounts for approximately 8% of
all live births worldwide and is the leading cause of perinatal
mortality and morbidity (Blencowe et al., 2012; Walani, 2020). It
represents one of the “great obstetrical syndromes,” resulting
from a multifactorial etiology and complex pathogenesis
(Romero et al., 2014a). Intra-amniotic inflammation plays a
crucial role in the pathogenesis of preterm delivery and is
characterized by the elevation in various inflammatory
mediators in the amniotic fluid (Romero et al., 2007). This
intra-amniotic complication may be identified in up to 40% of
pregnancies with spontaneous preterm delivery (Romero et al.,
2014c; Musilova et al., 2015; Kacerovsky et al., 2021; Stranik et al.,
2021). Based on the triggering stimulus, two different clinical
phenotypes of intra-amniotic inflammation can be distinguished:
(i) intra-amniotic infection and (ii) sterile intra-amniotic
inflammation when microorganisms and/or their nucleic acids
are present or absent in the amniotic fluid, respectively (Romero
et al., 2014c; Stranik et al., 2021). Regardless of the nature of intra-
amniotic inflammation, its presence remains a serious clinical
issue because of its association with adverse pregnancy and
neonatal outcomes (Soucy-Giguere et al., 2018).

Animal models represent an important tool in the research on
intra-amniotic inflammatory complications in spontaneous
preterm births (Nielsen et al., 2016). Compared with human
studies, they provide an opportunity for a broad range of study
designs, enabling deep and comprehensive insights into the
pathogenesis of intra-amniotic inflammatory complications
and their association with spontaneous preterm delivery
(Spencer et al., 2021). The development of an animal model of
intra-amniotic inflammation provides various routes for the
administration of triggering agents leading to an intra-
amniotic inflammatory response (Elovitz and Mrinalini, 2004).
The possible routes of application involve two main approaches:

(i) systemic, mainly intraperitoneal application, which is far from
a real clinical scenario, and (ii) localized, including vaginal,
intracervical, intrauterine, and intra- or extra-amniotic routes
(Elovitz and Mrinalini, 2004; Stranik et al., 2020). The intra-
amniotic administration of a triggering agent is an ideal approach
for the development of a well-defined, local, and intra-amniotic
inflammatory response, with the opportunity to study intra-
amniotic inflammatory complications and precisely mimic
different specific clinical scenarios.

Rodents, particularly mice and rats, are the most frequently
used experimental animals to study spontaneous preterm delivery
and intra-amniotic inflammatory complications (Nielsen et al.,
2016). In these small animals, the administration of triggering
agents via the intra-amniotic route requires an invasive approach,
i.e., laparotomy to access the uterus (Rounioja et al., 2003; Gisslen
et al., 2019; Stranik et al., 2020). However, the surgical nature of
such an approach is associated with additional stressful stimuli
for the animals, particularly for control groups, which might
affect the results of the experiment (Rinaldi et al., 2015). To
reduce these adverse effects and potential bias, a non-invasive
ultrasound-guided transabdominal intra-amniotic
administration of triggering agents was introduced by
Gomez–Lopez et al. in 2016 for mice (Gomez-Lopez et al.,
2016). Unfortunately, the limited amount of amniotic fluid in
the gestational sac of mice leads to the use of pooled amniotic
fluid from various gestational sacs and prevents the use of
individual amniotic fluid samples from a particular gestational
sac (Garcia-Flores et al., 2018; Brown et al., 2019;Motomura et al.,
2020; Shynlova et al., 2021). This shortcoming can be overcome
by using larger animals, such as rats, which have higher volumes
of amniotic fluid. In addition, rats are more resistant to labor
induction following the administration of an inflammatory agent
into the gestational sac (Cookson et al., 2018; Dedja et al., 2018).
This prerequisite makes this animal ideal to thoroughly study the
intrauterine effects and consequences of intra-amniotic
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inflammatory complications on the fetus, placenta, and fetal
membranes. Collectively, these results suggest that rats are an
optimal animal model of intra-amniotic inflammatory
complications. However, a rat model based on a non-invasive
ultrasound-guided transabdominal intra-amniotic
administration of a triggering agent has yet to be developed.

Therefore, the main aim of this study was to establish a rat
model of intra-amniotic inflammation, characterized by the
concentration of interleukin (IL)-6 in the amniotic fluid,
induced by an ultrasound-guided transabdominal
administration of Escherichia coli (E. coli) lipopolysaccharide
(LPS) into individual gestational sacs.

MATERIALS AND METHODS

Animals
Pregnant Wistar rats were purchased from Velaz (Prague,
Czechia) and housed in the vivarium of the Faculty of
Medicine at Hradec Kralove under standard conditions (12 h
light/dark cycles, a steady temperature of 22 ± 2°C, a relative air
humidity of 50 ± 10%, and water and pellets ad libitum).
Embryonic day (E) 1 was defined as the morning when
vaginal plug formation occurred. All procedures were
performed in accordance with the Act on the Protection of
Animals against Cruelty, Act No. 246/1992 Coll., with the
approval of the Animal Welfare Committee of the Faculty of
Medicine in Hradec Kralove, Charles University and Czech
Ministry of Education, Youth and Sports (No. 41058/2016-
MZE-17214).

Ultrasound-Guided Intra-Amniotic
Administration of LPS
The intra-amniotic administration was performed on E18. Dams
were sedated by the inhalation of 5% isoflurane (Isoflurin,
Vetpharma AH, S.L., Barcelona, Spain) with oxygen at 2 L/min
in the induction chamber. Anesthesia was maintained with
1.5–2.0% isoflurane and oxygen at 2 L/min. The animals were
positioned and fixed on a heating pad from the Vevo Imaging
Station (FUJIFILM VisualSonics Inc., Toronto, ON, Canada).
The body temperature was maintained at 37 ± 1°C and measured
using a rectal thermometer (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada). The heart rate and respiratory rate
were monitored using electrodes embedded in the heating pad.
Fur was removed using a depilatory cream. The ultrasound
transducer MX400 (Vevo 3100; FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada) was placed in a mechanical holder and
stabilized at a position that displayed the target gestational sac.

Under ultrasound guidance, the intra-amniotic administration
of 10 µg of E. coli LPS (serotype O55:B5, Sigma-Aldrich, Prague,
Czechia) in 100 µL of phosphate-buffered saline (PBS) was
performed using a 27 G × 40 mm needle (B. Braun
Melsungen, Germany) with an Omnican® 50 syringe (B.
Braun, Melsungen, Germany) stabilized in a mechanical
holder. The control animals were injected with 100 µL of PBS.
Only the accessible gestational sacs with precise recordings of

their positions were manipulated (Figure 1). Following the
procedure, the animals were kept under a heat lamp for
recovery and then returned to their cages.

The gestational sacs were divided into four subgroups based
on selective intra-amniotic administration: (i) gestational sacs
with LPS: injected gestational sacs from rats undergoing LPS
administration; (ii) gestational sacs without LPS: non-injected
gestational sacs from rats undergoing LPS administration; (iii)
gestational sacs with PBS: injected gestational sacs from rats
undergoing PBS administration; and (iv) gestational sacs
without PBS: non-injected gestational sacs from rats
undergoing PBS administration.

Amniotic Fluid Collection
Twenty-four hours after the intra-amniotic administration, on
E19, the animals were anesthetized and prepared for an
ultrasound examination in the same manner as for the intra-
amniotic administration. The position of the gestational sac and
vitality of the pups were assessed using the ultrasound transducer
MX250S (15–30 MHz). The uterine horns were exposed using a
midline abdominal incision. Before any manipulation of the
uterine horns, the injected sacs were identified with respect to
the localization recorded a day before administration. After
identification, both the uterine horns were removed from the
abdominal cavity. Using a sterile 30 G × 13 mm needle (B. Braun
Melsungen, Germany), the amniotic fluid was aspirated from all
sacs and stored in polypropylene tubes at –70°C until analysis
(Figure 1). The placentas, membranes, and fetal tissues were
harvested, snap-frozen in liquid nitrogen, and stored at –70°C for
further analyses. The animals were sacrificed via exsanguination
under anesthesia.

Assessment of Amniotic Fluid IL-6
Concentrations of IL-6 in the amniotic fluid samples were
assessed using the Rat IL-6 Quantikine ELISA Kit (R&D
Systems Inc., Minneapolis, MN, United States) according to
the manufacturer’s instructions. The sensitivity of the kit was
36 pg/ml, and the inter-assay and intra-assay coefficients were
<9% and <10%, respectively. The absorbance was measured at
450 nm using a Multiskan RC ELISA reader (Thermo Fisher
Scientific, Waltham, MA, United States).

Statistical Analyses
The normality of the data was tested using the Anderson–Darling
test. The concentrations of IL-6 in the amniotic fluid were not
normally distributed, therefore, nonparametric Kruskal–Wallis
or Mann–Whitney U tests were used for analyses. All p values
were determined using two-tailed tests, and all statistical analyses
were performed using GraphPad Prism v8 for Mac OS X
(GraphPad Software, San Diego, CA, United States).

RESULTS

Animal Characteristics
In total, ten rats were included in the study, of which
five received LPS and five were administered PBS only.
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In the group of animals receiving LPS (n = 5), from a
total number of 72 gestational sacs, 24 (33%) and 48
(77%) were and were not injected with LPS, respectively.
In the group of animals receiving PBS only, from a
total number of 80 gestational sacs, 28 (35%) and 52
(75%) were and were not injected with PBS, respectively
(Figure 2).

Parturition Initiation
Labor did not occur in any dam within 24 h following
administration.

Fetal Mortality
One intrauterine fetal death was observed in the subgroup of the
gestational sacs with LPS, and the mortality rate of this subgroup was

FIGURE 1 | Graphic illustration of the experimental design. IL: interleukin.

FIGURE 2 | Schema of the flow through the animal experiment. AF, amniotic fluid; LPS, lipopolysaccharide; and PBS, phosphate-buffered saline.
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4% (1/28). No amniotic fluid was received from the gestational sac
owing to anhydramnios. All fetuses from the other subgroups survived.

Amniotic Fluid Collection
In the group of animals receiving LPS, an amniotic fluid volume
sufficient for analysis was obtained from 21 (88%) gestational sacs
injected with LPS and from 46 (95%) gestational sacs without LPS
(Figure 2). In the PBS group, an amniotic fluid volume sufficient
for analysis was obtained from 18 (64%) gestational sacs injected
with PBS and 50 (96%) gestational sacs without PBS (Figure 2).

Concentration of IL-6 in the Amniotic Fluid
After Intra-Amniotic LPS Administration
Differences in the concentration of IL-6 in the amniotic fluid were
found among the subgroups of the gestational sacs (gestational
sacs with LPS: median 762 pg/ml; IQR 340.8–1,093 pg/ml;
gestational sacs without LPS: median 35.6 pg/ml, IQR
35.6–46.63 pg/ml; gestational sacs with PBS: median 35.6 pg/
ml, IQR 35.6–45.38 pg/ml; and gestational sacs without PBS:
median 35.6 pg/ml, IQR 35.6–35.6 pg/ml; p ≤ 0.0001; Figure 3).

The concentrations of IL-6 in the amniotic fluid samples
obtained from the gestational sacs with LPS were higher than
those in the amniotic fluid samples obtained from gestational sacs
without LPS and those with or without PBS (Table 1). No
differences in the concentrations of IL-6 in the amniotic fluid
were identified between the gestational sacs without LPS and
those with or without PBS (Table 1).

DISCUSSION

The principal findings of this study were as follows: i) the
ultrasound-guided transabdominal intra-amniotic administration
of an agent was a feasible procedure in rats, ii) the ultrasound-
guided transabdominal intra-amniotic administration of 10 µg of
E. coli LPS serotype O55:B5 did not induce labor within 24 h after
administration in rats, iii) fetal mortality associated with the
ultrasound-guided transabdominal intra-amniotic administration
of 10 µg of E. coli LPS serotype O55:B5 was at 4%, iv) the
collection of individual amniotic fluid samples from the
gestational sacs was feasible, v) the ultrasound-guided

transabdominal intra-amniotic administration of 10 µg of E. coli
LPS serotype O55:B5 in rats led to elevated concentrations of IL-6 in
the amniotic fluid only in the injected gestational sacs, and vi) there
were no elevations in IL-6 concentrations in the amniotic fluid of
gestational sacs not injected with LPS.

In small laboratory animals, the administration of a triggering
agent under ultrasound guidance has become possible owing to
the advent of high-frequency ultrasound devices designed
specifically for small animals (Greco et al., 2013; Galaz et al.,
2020). Ultrasound-guided procedures have been used to induce
intra-amniotic inflammation in mice (Gomez-Lopez et al., 2016;
Gomez-Lopez et al., 2018; Faro et al., 2019; Gomez-Lopez et al.,
2019; Motomura et al., 2020). The first use of ultrasound guidance
for transabdominal injections was reported by Rinaldi et al.
(2015), but this approach was used for intrauterine extra-
amniotic administration. Ultrasound-guided transabdominal
intra-amniotic administration in mice has become the
standard method for the research group of Gomez–Lopez
(Gomez-Lopez et al., 2016; Gomez-Lopez et al., 2016; Gomez-
Lopez et al., 2018; Faro et al., 2019; Gomez-Lopez et al., 2019;
Motomura et al., 2020). The present absence of the use of an
ultrasound-guided transabdominal intra-amniotic
administration of a triggering agent in rats may be owing to
multiple reasons, nevertheless, the thicker rat skin impeding
needle passage through the abdominal wall might play a
substantive role. This obstacle might be resolved by slowly
puncturing the skin to allow the tip of the needle to
spontaneously slide through the skin, abdominal and uterine
walls, and membranes of the gestational sac.

There is evidence that the intra-amniotic administration of
LPS to mice causes preterm delivery in most animals (Garcia-
Flores et al., 2018; Gomez-Lopez et al., 2018; Faro et al., 2019). In
our study, the dams did not deliver within 24 h after the intra-
amniotic administration of LPS despite the development of an
intra-amniotic inflammation, characterized by the elevation in
IL-6 concentrations in the amniotic fluid. This was in line with
other rat studies, in which the intra-amniotic administration of
LPS via laparotomy did not induce delivery (Cookson et al., 2018;
Dedja et al., 2018). The fact that the rat animal model of intra-
amniotic inflammation was not associated with the risk of labor
induction within 24 h is important from a research standpoint
because it provides an opportunity to collect various body fluids

TABLE 1 | Comparisons of interleukin-6 concentrations in the amniotic fluid from individual gestational sacs after an ultrasound-guided transabdominal intra-amniotic
administration of either lipopolysaccharide or phosphate-buffered saline in rats.

Administration of
lipopolysaccharide (LPS)

Administration of phosphate-buffered
saline (PBS)

Gestational
sacs with LPS

Gestational
sacs without LPS

Gestational
sacs with PBS

Gestational
sacs without PBS

Administration of LPS Gestational sacs with LPS x p < 0.0001 p < 0.0001 p < 0.0001
Gestational sac without LPS p < 0.0001 x p = 1.00 p = 0.61

Administration of PBS Gestational sac with PBS p < 0.0001 p = 1.00 x p = 1.00
Gestational sac without PBS p < 0.0001 p = 0.61 p = 1.00 x

Comparisons were performed using a nonparametric Mann–Whitney U test.
Statistically significant results are marked in bold.
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and tissues from gestational sacs after their exposure to intra-
amniotic inflammation. This approach mimics human clinical
scenarios (Musilova et al., 2018; Kacerovsky et al., 2020b).

The preservation of the vitality of the fetus after a triggering
agent administration represents an important key feature of the
animal model of local intra-amniotic inflammation, mimicking
the clinical scenario of human pregnancy complicated by intra-
amniotic inflammation (Musilova et al., 2015). The presence of a

vital fetus allows the possibility of studying the consequences of
intra-amniotic inflammation on the fetus in utero, for example,
via ultrasonography or other diagnostic methods. The intra-
amniotic administration of LPS in mice models is related to a
significantly high mortality rate, however, such a phenomenon
has not been reported in rat studies (Cookson et al., 2018; Gomez-
Lopez et al., 2018; Jantzie et al., 2018; Faro et al., 2019). Fetal
mortality in mice due to LPS administration is dependent on the

FIGURE 3 | Concentrations of IL-6 in the amniotic fluid from individual gestational sacs of rats after an ultrasound-guided transabdominal intra-amniotic
administration of either lipopolysaccharide or phosphate-buffered saline. LPS, lipopolysaccharide; PBS, phosphate-buffered saline; and IL, interleukin.
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dose and type of LPS (Migale et al., 2015), however, based on the
rare occurrence of fetal mortality after the intra-amniotic
administration of LPS in rats, this animal model seems to be
less sensitive to this complication. These observations are in
agreement with those of our study, where only one
intrauterine fetal death occurred among 28 fetuses from the
gestational sacs with intra-amniotic inflammation (injected
with LPS). This intrauterine demise might be considered a
direct consequence of intra-amniotic inflammation, however,
the fetal trauma associated with the gestational sac puncture,
as a cause of death, cannot be completely excluded.

In human clinical practice, intra-amniotic inflammation is
identified based on the assessment of various inflammatory
markers (such as IL-6, matrix metalloproteinase 8, or glucose)
in the sampled amniotic fluid (Nien et al., 2006; Kacerovsky
et al., 2014; Kacerovsky et al., 2020a; Oh et al., 2020).
Therefore, it is of utmost relevance to have individual
amniotic fluid samples available from animal models to
study changes in amniotic fluid composition under various
research scenarios. Thus far, the analysis of pooled samples has
been preferred owing to the low volume of the amniotic fluid
obtained from the gestational sacs in small laboratory animals
(Awad et al., 2011; Garcia-Flores et al., 2018; Simoes et al.,
2018; Motomura et al., 2020). In this study, individual
amniotic fluid samples from rats were analyzed. The
amount of amniotic fluid obtained from gestational sacs was
sufficient to assess IL-6 using a commercially available ELISA
kit in a standard manner. Regardless of the limited amount of
amniotic fluid obtained from each gestational sac, we believe
that this amount would be sufficient for running most
antibody-based assays, however, it might restrict the
spectrum or number of analytes that can be assessed. It is
worth mentioning that intra-amniotic administration/
injection is prone to the reduction of the amniotic fluid
volume owing to i) a possible leakage of the amniotic fluid
from the gestational sac through the site of fetal membrane
perforation and ii) an alteration of the amniotic fluid
production by the fetal membranes owing to the
development of an intra-amniotic inflammatory response.

LPS, a component of the cell wall of Gram-negative bacteria,
has been a typical triggering agent that has been inducing
inflammation in animal models for decades (Kemp et al.,
2010). In clinical scenarios, Gram-negative bacteria are not the
most common microorganisms causing intra-amniotic
complications (Musilova et al., 2015; Musilova et al., 2017).
However, the strong potential of LPS to trigger a severe intra-
amniotic inflammatory response leading to the development of
intra-amniotic inflammation was the reason for using this
triggering agent in the development of this animal model.
Systemic LPS administration to pregnant rats was followed by
the production of IL-6, IL-1β, and the tumor necrosis factor-α in
the amniotic fluid (Urakubo et al., 2001; Beloosesky et al., 2006;
Awad et al., 2011). However, no studies have assessed the levels of
inflammatory mediators in the amniotic fluid following intra-
amniotic administration in rats. In our study, the intra-amniotic
injection of 10 µg of E. coli LPS serotype O55:B5 per gestational
sac triggered a marked elevation in the IL-6 concentration in the

amniotic fluid. This elevation was observed only in gestational
sacs injected with LPS, whereas no changes in the concentrations
of IL-6 were identified in the non-injected gestational sacs from
the same dam 24 h after LPS administration. The concurrent
presence of injected and non-injected gestational sacs in one
uterus offers a scenario clinically relevant tomultiple pregnancies,
as the presence of intra-amniotic inflammation associated with
spontaneous preterm delivery in twins may be observed in only
one of them (Oh et al., 2019).

This study has several strengths. First, a minimally invasive
approach for the intra-amniotic administration of LPS was used.
Second, the intensity of the intra-amniotic inflammatory
response in individual gestational sacs was determined via the
analysis of selected inflammatory mediators in the amniotic fluid.
The individual analysis of amniotic fluid samples after the
selective intra-amniotic administration of various triggering
agents provides the opportunity to study differences in the
intensities of intra-amniotic inflammatory responses not only
between various dams but also between injected and non-injected
gestational sacs originating from one dam.

Nevertheless, the study has some limitations. First, only one
dose of LPS was used. We used an already proven dose of
10 μg E. coli LPS serotype O55:B5 that induces fetal lung
inflammatory injury and does not lead to preterm delivery
(Cookson et al., 2018). Second, only one 24-h interval from
LPS administration to amniotic fluid sampling was used. The
absence of other time intervals did not allow us to describe the
temporal relationship between intra-amniotic administration of
triggering agents and the development of intra-amniotic
inflammatory response. Third, only one thoroughly selected
inflammatory mediator was used to determine the intensity of
intra-amniotic inflammation. Nevertheless, IL-6 is considered the
gold standard marker in the identification of intra-amniotic
inflammation, superior to classical markers such as glucose,
lactate, and white blood cell counts and is not inferior to
modern proteomic markers (Romero et al., 1993a; Romero
et al., 1993b; Romero et al., 2014b).

In conclusion, the ultrasound-guided transabdominal intra-
amniotic administration of LPS with subsequent collection and
analysis of amniotic fluid samples was feasible in rats. The intra-
amniotic administration of LPS led to the development of intra-
amniotic inflammation without fetal mortality or induction
of labor.
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