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Summary

Acute lung injury in the preterm newborns can originate from
prematurity of the lung and insufficient synthesis of pulmonary
surfactant. This situation is known as respiratory distress
syndrome (RDS).
insufficiency is related to a secondary inactivation of the

In the term neonates, the respiratory
pulmonary surfactant, for instance, by action of endotoxins in
bacterial pneumonia or by effects of aspirated meconium. The
use of experimental models of the mentioned situations provides
new information on the pathophysiology of these disorders and
offers unique possibility to test novel therapeutic approaches in
the conditions which are very similar to the clinical syndromes.
Herewith we review the advantages and limitations of the use of
experimental models of RDS and meconium aspiration syndrome
(MAS) and their value for clinics.
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Introduction

Acute lung injury (ALI) can originate from
various pulmonary and extrapulmonary reasons and occur
in all age groups. In neonates, ALI can arise from delayed
adaptation or maladaptation to extra-uterine life, existing

conditions such as surgical or congenital anomalies or
from acquired conditions such as pulmonary infections
occurring pre- or post-delivery (Gallacher et al. 2016).
The general clinical picture of ALI in the newborn
includes the respiratory distress with apnea, cyanosis,
grunting, inspiratory stridor, nasal flaring, poor feeding,
tachypnea, and retractions in the intercostal, subcostal, or
supracostal spaces (Hermansen and Lorah 2007). ALI
manifesting as the respiratory distress develops in
approximately 7 % of all infants, with the highest
incidence in the preterm babies (30 %) followed by the
post-term (20 %) and term babies (4 %) (Kumar and Bhat
1996). The incidence of the respiratory distress in the
neonates may vary according to the regional differences
in the quality of the perinatal health service and the study
design.

The respiratory distress in the neonates is most
frequently caused by transient tachypnea of the newborn
(TTN), respiratory distress syndrome (RDS), meconium
aspiration syndrome (MAS), infection (pneumonia or
sepsis), various

nonpulmonary causes (e.g. anemia,

congenital heart disease etc.), persistent pulmonary

hypertension of the newborn, or pneumothorax
(Hermansen and Lorah 2007). In the epidemiological study
conducted in India by Kumar and Bhat (1996), TTN was
found to be the commonest (43 %) cause of the respiratory
distress followed by infection (17 %), MAS (11 %), RDS
(9 %), and birth asphyxia (3 %). However, the reason for
the respiratory distress strongly depends on a gestational
age of the infant. TTN is a common condition among both
term and preterm babies, RDS was seen mostly among

preterms, and MAS among term and post-term babies
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(Kumar and Bhat 1996). For instance, in the term neonates
with gestational age of 37-41 weeks the overall incidence
of mechanically ventilated TTN was 0.72 %o, the incidence
of RDS was 0.38 %o and the incidence of MAS was
0.61 %0 (Gouyon et al 2007). On the other hand,
RDS affects one third of infants born at 28 to 34 weeks'
gestation, but occurs in less than 5 % of those born after
34 weeks' gestation (Hermansen and Lorah 2007).
Pathophysiology, clinical picture and
treatment of ALI in the newborns

Transient tachypnea of the newborn, also
known as a retained fetal lung fluid syndrome, occurs in
the term and late-preterm infants and represents about
40 % of all cases of the neonatal respiratory distress
(Kumar and Bhat 1996, Reuter et al. 2014). The largest
risk factor for TTN is a delivery by cesarean section (CS),
particularly by elective CS when mechanisms of the labor
have nor commenced (Gallacher et al. 2016). TTN
originates when the removal of the lung fluid after
delivery is delayed. Normally after birth, fluid from the
lung airspaces and airsacs is cleared. For this reason, late
in gestation and before birth the chloride and fluid-
secreting channels in the lung epithelium are reversed so
that the fluid is removed from the lungs. There are several
factors enhancing the fluid removal including the labor
fetal
contractions, arelease of fetal epinephrine in labor or
antenatal corticosteroids (Elias and O'Brodowich 2006,
Reuter et al. 2014). The clinical presentation of this

onset, a thorax compression with uterine

relatively benign condition includes tachypnea with
increased work of breathing immediately or within two
hours after the birth, with diffuse parenchymal infiltrates,
a,,wet silhouette” around the heart, or intralobar fluid
accumulation on the chest radiography. The laboratory
investigation shows mild respiratory acidosis and
hypoxemia. The signs persist for 24 to 72h. For
prevention of TTN, administration of antenatal steroids
prior to elective CS could be considered, or to avoid
elective CS prior to 38 weeks of gestation (Edwards et al.
2003). Management is supportive. Infants may require
supplemental oxygen and continuous positive airway
pressure (CPAP) to assist in maintaining alveolar
integrity and driving fluid into circulation, but usually do
not require mechanical ventilation (Reuter et al. 2014).
More severe form of the neonatal respiratory
distress is respiratory distress syndrome of the newborn,

also called hyaline membrane disease. This situation

typically occurs in the premature neonates due to
structural and functional lung immaturity, particularly in
infants born before 28 weeks” gestation (Hermansen and
Lorah 2007). However, RDS is diagnosed in about 7 % of
infants born >37 weeks' gestation (Gallacher ef al. 2016),
as well. Due to deficiency of pulmonary surfactant the
alveolar surface tension increases what results in alveolar
atelectasis, decreased lung compliance, pulmonary
vasoconstriction, and hypoperfusion (Holme and Chetcuti
2012). Proteinaceous fluid leaking through the injured
alveolar-capillary membrane clots and forms hyaline
membranes. Surfactant deficiency appears as diffuse fine
granular infiltrates, air bronchograms and decreased lung
volumes on the chest radiography (Reuter et al. 2014).
Clinical signs include tachypnea, hypoxia, cyanosis,
grunting, nasal flaring, retractions and other signs of
respiratory distress immediately after the birth. Persistent
RDS leads to bronchopulmonary dysplasia with typical
chest radiography findings and chronic oxygen support.
For prevention of RDS, antenatal steroids are given to
mother to enhance maturation of the fetal lung and to
promote surfactant production. Mild cases of RDS
respond to supplemental oxygen and CPAP, more severe
cases require endotracheal intubation and administration
of exogenous surfactant with or without a need of
mechanical ventilation (Gallacher et al. 2016). The
course of RDS usually improves within 4 days as the
infant begins to produce an endogenous surfactant
(Reuter ef al. 2014).

Meconium  aspiration syndrome typically
occurs in the term and post-term neonates. Meconium-
stained amniotic fluid (MSAF) can be found in 10-15 %
of all deliveries, however, MAS develops in 4-5 % of
those cases (Cleary and Wiswell 1998). Normally,
meconium (or the first stools of the newborn) is
evacuated from the intestine within 2 days after the labor.
However, due to intrauterine stress (e.g. in fetal
hypoxemia) or stimulation of vagal nerve the fetus
increases a blood flow through the vitally important
organs via vasoconstriction in the splanchnic region.
Because of intestinal ischemia the meconium can pass
into the amniotic fluid. In addition, asphyxia stimulates
respiratory movements of the fetus which become
irregular and the fetus can aspirate amniotic fluid stained
with meconium. MSAF can be aspirated during first
breaths after the birth, as well. Meconium consists of
amniotic fluid, desquamed epithelial cells, dermis,
lanugo, vernix caseosa, mucus, bile acids and bile salts,

bilirubin, cholesterol, free fatty acids, gastrointestinal
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enzymes including pancreatic phospholipase A, etc.
(Cleary and Wiswell 1998, Mokra and Mokry 2010).
Many of these substances injure the lung cells and
surfactant directly (Lopez-Rodriguez et al. 2011), but
they can also induce the inflammatory response in the
lung (Lindenskov et al. 2015, Kopincova and Calkovska

2016), or generate pulmonary vasoconstriction
(Holopainen et al. 1998, Kuo and Chen 1999).
Permeability through an injured alveolar-capillary

membrane increases and lung edema is formed. Early
after aspiration, particles of inhaled meconium obstruct
the airways and increase the airway resistance. It results
to alveolar atelectasis distally from the airway occlusion,
to elevation in right-to-left pulmonary shunts and to
hypoxemia, hypercapnia, and acidosis. With movement
of meconium to periphery of the lungs, collapse of alveoli
and small airways originates due to dysfunction of
2011). This is
followed by a decrease in lung compliance (Tyler ef al.
1978),
neutrophil-mediated response (Salvesen et al. 2010,
Kopincova and Calkovska 2016), and cell death due to
apoptosis and necrosis (Vidyasagar and Zagariya 2008).

surfactant (Lopez-Rodriguez et al.

development of chemical pneumonia with

The severity of the changes depends on the volume and
concentration of aspirated meconium and a period of
exposure to meconium. Chest radiography shows
nonuniform, coarse, patchy infiltrates radiating from the
hila into the periphery with areas of atelectasis or
consolidation, or air-trapping (Cleary and Wiswell 1998,
2012).

nasopharyngeal suctioning after delivery of the head but

Swarnam et al Historically, oro- and
before delivery of the shoulders was performed in the
meconium-stained infant, however, a routine suctioning
on the perineum is no longer recommended as it did not
reduce incidence of MAS. Endotracheal suctioning is
limited to the depressed infants with low heart rate
(<100 bpm),
spontaneous respiratory effort (Bhat and Vidyasagar

poor muscle tone, and no positive

2012). Severe cases of MAS usually require oxygen
CPAP or
Further improvement can be reached with the use of

supplementation, mechanical ventilation.
exogenous surfactant and inhaled nitric oxide (NO),
while there has been no sufficient evidence for the use of
anti-inflammatory drugs including corticosteroids (Mokra
and Mokry 2010, Swarnam ef al. 2012).

The other reason for respiratory insufficiency in
neonates is pneumonia. An infection could be of bacterial
origin (usually caused by

group B streptococci,

Staphylococcus aureus, Streptococcus pneumoniae, and

gram-negative enteric rods), or more rarely of viral, fungal,
spirochetal, or protozoan origin. Infants may acquire the
pneumonia transplacentally, via infected amniotic fluid,
via colonization at the time of birth, or nosocomially
(Reuter et al. 2014, Gallacher et al. 2016). Clinical picture
can have various manifestations including signs of
respiratory distress and temperature instability. In bacterial
pneumonia, the respiratory distress occurs hours to days
after delivery as the infection takes time to develop. Chest
radiography shows diffuse bilateral infiltrates with or
without pleural effusions (Hermansen and Lorah 2007,
Edwards et al. 2013). The neonatal pneumonia is a part of
a generalized sepsis illness, therefore obtaining blood and
cerebrospinal fluid cultures and initiating broad-spectrum
antibiotic therapy is recommended for any symptomatic
infant (Oh 2013). Regardless of the causal microorganism,
infants require a supportive care and many of them need
supplemental oxygen, CPAP or mechanical ventilation
(Reuter et al. 2014).

Rationale for the use of animal models

Existing gaps in  understanding  the

pathophysiology of the mentioned disorders and
unsatisfactory response to some treatments in the
subgroups of patients force the researchers to look for
unknown interactions between the pathomechanisms and
for testing of novel therapies. Animal models provide
a valuable bridge between the patients and the laboratory.
Since clinical studies bring fundamental descriptive
information about the onset and evolution of the
pathophysiological and inflammatory changes in the lung,
hypotheses about mechanisms of the injury have been
difficult to test in humans but can be easily tested in the
of ALI

mechanisms and consequences of ALI/ARDS in humans

animals. Animal models reproduce the
including the clinical, physiological, biological and
pathological changes (Matute-Bello ef al. 2008).

Although the criteria for ALI are well defined in
humans (ARDS Definition Task Force 2012), these
cannot be directly translated to experimental animals.
From this reason, an Official American Thoracic Society
Workshop concluded that the fundamental features of
experimental ALI include:

- histological evidence of the tissue injury, such as
accumulation of neutrophils in the alveolar and
interstitial space, formation of hyaline membranes,
presence of proteinaceous debris in the alveoli,

thickening of the alveolar wall, evidence of
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hemorrhage, atelectasis etc.

- alteration of the alveolar-capillary membrane proven
by increased extravascular lung water content,
elevated concentration of total protein or of high
molecular weight proteins (e.g. albumin, IgM) in the
BAL fluid, increased lung wet/dry weight ratio etc.

- presence of the inflammatory response, such as
increased absolute number of neutrophils in the
bronchoalveolar lavage (BAL) fluid, elevated lung

(MPO)

concentrations of proinflammatory cytokines in the

myeloperoxidase activity,  increased

lung tissue or BAL fluid, increase in procoagulatory

activity, levels of complement factors and matrix
metalloproteinases,  expression of  adhesion
molecules etc.

- evidence of the physiological dysfunction, such as
hypoxemia with arterial partial pressure of oxygen
(PaO,) <60 mmHg (or 8 kPa), ratio of PaO, and
fraction of inspired oxygen (FiO,) <200 mmHg (or
26.7 kPa), or oxygen saturation of hemoglobin
(Sp0,) <90 %, increased alveolar-arterial oxygen

[(A2)DO,],

minute ventilation or respiratory rate (Matute-Bello

etal 2011).

To determine if the lung injury of a sufficient

Workshop

recommended that at least three of the four ,,main

difference increased  spontaneous

extent has occurred in animals, the
features™ of ALI should be identified and preferably, one
or two additional measurements to confirm the results.
However, not all of the measurements listed should be

performed in every study (Matute-Bello et al. 2011).

General limitations of the animal models

Animal models can reliably reproduce the acute
damage to the epithelial and endothelial barriers and the
acute inflammatory response in the lung. If the injury
should evolve over time, i.e. if the animals are supported
for prolonged periods, the information from such models
has a high value for transfer to clinical practice.
Nevertheless, human lungs can be affected by the
mechanisms involved in the primary illness (e.g. sepsis)
and/or they can be affected by therapeutical modalities
used for supportive care (e.g. mechanical ventilation).
Furthermore, the course of the clinical syndrome is
influenced by hereditary factors, susceptibility to the
triggering ~ agents,  concomitant  diseases  etc.
(Matute-Bello ef al. 2008).

Other factors which can limit the value of the

results obtained from the animal models are the
differences between the species. There are several unique
characteristics of animal species, i.e. species differences
in an innate immune response (differences in Toll-like
receptors, in a mononuclear phagocyte system, in
a production of nitric oxide, in chemokines and
chemokine receptors) and differences in an animal size
which should be considered in animal modeling (Matute-

Bello et al. 2008).

Animal models of neonatal ALI

Considering  pulmonary  surfactant, the
respiratory distress in the neonates occurs from two main
reasons: 1) from primary deterioration of surfactant, such
as surfactant depletion due to its insufficient production
in immature neonates or due to production of

incompletely  functioning  surfactant in  several
genetically-conditioned surfactant disorders, and 2) from
secondary deterioration of normally produced and
functioning surfactant caused by inactivation by any
inhibitor (e.g. by aspirated meconium, leaking plasma
proteins, oxidants, gastric content etc.) (Calkovska et al.
2013). In the

representing each of these situations has been introduced.

following subsections, one model

Model of surfactant depletion induced by
repetitive saline lung lavage (model of RDS)

The model of surfactant depletion is standardly
performed in anesthetized animals (rabbits, pigs, dogs,
sheep etc.) after a short period of stabilization
(e.g. 15min) during which the animal is oxygen-
ventilated. Then, the measurement of initial values of the
respiratory parameters is done and blood samples are
taken for determination of the blood gases. Model of
surfactant depletion is induced by instillation of warmed
(37-39 °C) isotonic saline of the volume 10-30 ml/kg
through the endotracheal cannula what is followed by its
immediate suctioning. This procedure is repeated until
atarget hypoxemia, e.g. 200 mmHg (or 26.7 kPa) or
300 mmHg (or 40 kPa), is reached whereas the period of
restoration lasting several minutes between the individual
lavages should be left. When the target hypoxemia is
measured in two control measurements (e.g. 5 min and
15 min) after the lavage, the model is considered to be
with
administration of any pharmacological therapy or with

prepared and the experiment continues

use of any mode of artificial ventilation (Rotta et al.
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2001, Calkovska et al. 2005, Ronchi et al. 2011, Ronchi
et al. 2012, Fioretto et al. 2012, Kosutova et al. 2016a,
Kosutova et al. 2016b, Mokra et al. 2016). To prepare
alavage model with stable deterioration of the lung
functions, a low dose of detergent, e.g. Tween 80, can be
added into the lavage fluid to further inactivate the lung
surfactant (Musch et al. 2004), or the lung lavage can be
done by diluted detergent, e.g. Triton X100 diluted in
saline (Otahal et al. 2016).

Saline lung lavage removes a significant portion
of surfactant what results into increase of the alveolar
surface tension and impairment of the alveolar host
defense (Matute-Bello et al. 2008, Wang et al. 2008).
Lung lavage enhances alveolar collapse and increases the
likelihood of mechanical injury to the alveolar walls
during repetitive opening and closure in ventilation. In
our recent experiments, lung lavage with saline at a dose
of 30 ml/kg
compliance of about 30-35 % compared to initial values

repeated 6-12 times decreased lung
and increased intrapulmonary shunting as shown by
higher lung venous shunt and A-a gradient (Kosutova et
al. 2016a, Mokra et al. 2016). These changes caused
a profound hypoxemia expressed as decreased PaO,,
Pa0,/FiO, (or PF ratio), SpO, and increased oxygenation
index, and hypercapnia and acidemia. Deterioration in the
gas exchange after induction of ALI was presented also in
other studies (Rotta et al. 2001, Vangerow et al. 2001,
Calkovska et al. 2005, Ronchi et al. 2011, Ronchi et al.
2012, Bang et al. 2012). Respiratory distress which
occurs after repetitive saline lung lavage requires a use of
higher ventilatory pressures to supply a sufficient gas
exchange in the injured animals (Calkovska et al. 2005,
Mokra et al. 2016, Kosutova et al. 2016a).

In our studies, the lavage procedure triggered
neutrophil migration into the alveoli as indicated by
significantly higher total count of cells and by higher
percentage of neutrophils in the BAL fluid 4 h after
induction of ALI in comparison to healthy controls
(Kosutova et al. 2016a, Kosutova et al. 2016b, Mokra et
al. 2016) (Fig.1). Migration of polymorphonuclears
(PMN), particularly of neutrophils, into the lung is
associated with decrease of their count in the peripheral
blood (Mokra et al. 2016). Comparable results were
reported in a similar model of ALI (Noda er al. 2003,
Waragai et al. 2007, Menk et al. 2015) and also in
patients with ARDS (Nakos et al. 1998) in an early phase
of the disorder. Our experiments showed increased
concentrations of pro-inflammatory cytokines IL-1(,
IL-6, IL-8 (Kosutova et al. 2016a, Kosutova ef al. 2016b,

Mokra et al. 2016), and TNF-a (Mokra ef al. 2016) in the
lung tissue of animals with lavage-induced ALI compared
to healthy controls. Elevated levels of cytokines in the
lung within several hours after induction of ALI were
previously demonstrated by other authors (Noda et al.
2003, Waragai et al. 2007, Menk et al. 2015), too.
Cytokines IL-1p, IL-8 and TNF-a significantly increased
their concentrations also in the plasma (Mokra et al.
2016) (Fig. 2). These cytokines have been considered for
sensitive biomarkers of ALI also in pediatric and adult
patients with ARDS (Bhargava and Wendt 2012, Mokra
and Kosutova 2015, Orwoll and Sapru 2016). In the
premature neonates, changes in cytokines were associated
with an increased risk of chronic lung disease (Huang et
al. 2000, Speer 2003, An et al. 2004). In addition to
cytokines, increased expression of inducible nitric oxide
synthase (iNOS) mRNA in the lung tissue, higher
concentration of nitrites/nitrates in the plasma and
slightly ~elevated concentrations of thiobarbituric
acid-reactive substances (TBARS) were detected, as well
(Kosutova et al. 2016b). The on-going inflammation,
oxidative stress and other factors (Lang et al. 2002) led to
injury of epithelial cells as proven by higher
concentrations of endogenous secretory receptor for
advanced glycation end-products (esRAGE), a marker od
epithelial injury (Uchida et al. 2006), and also to injury of
endothelial cells, as shown by increased sphingosine-1-
phosphate receptor 3 (S1PR3), a marker of epithelial
injury (Singleton et al. 2006), in the lung tissue of ALI
animals compared to healthy controls (Kosutova et al.
2016b, Mokra et al. 2016). The last two mentioned
substances and many other biochemical biomarkers are of
importance for a prognosis prediction in pediatric and
adult patients with ALI (Sun et al. 2012, Orwoll and
Sapru 2016), as well.

In histological investigation, alveolar collapse
changing with overdistended regions and peribronchial
described.

membrane becomes thickened with destruction and

edema have been Alveolar-capillary
desquamation of epithelial and endothelial cells, necrosis
of alveolar type I cells, and injury to basement membrane
(Imai et al. 2001). In our studies, significantly higher
occurrence of atelectasis and PMN infiltration and
slightly higher occurrence of hemorrhagia and
emphysema resulted in higher value of total lung injury
score (Mokra et al. 2016, Kosutova et al. 2016a). Similar
histopathological changes early after induction of ALI
were observed also by others (Ronchi et al. 2011,

Kamiyama ef al. 2014). Additional injury to the lung is
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mediated through increased apoptosis of epithelial cells
(Galani et al. 2010). In our experiments, increased
apoptotic index of epithelial cells detected by TUNEL
methods serving for in situ labeling of DNA strand
breaks (Kosutova et al. 2016a, Kosutova et al. 2016b,
Mokra et al. 2016), higher concentration of caspase-3,
an enzyme responsible for execution of cell death, in the
lung tissue measured by ELISA methods (Kosutova et al.
2016b, Mokra et al. 2016) and increased in situ activity
of caspase-3 visualized by immunohistochemical
methods (Mokra et al. 2016, Kosutova et al. 2016a) have
suggested detectable apoptotic changes already 4 h after
the insult. These findings are in agreement with the
literature sources. DNA damage in the lung tissue
determined by a comet assay was observed 4 h after
lavage-induced ALI in rabbits (Ronchi ez al. 2012). In an
early phase of ARDS in adults and infants, decreased

size, condensation of chromatin, and DNA fragmentation
in pneumocytes were demonstrated (Bardales et al. 1996,
Bem et al. 2007). Elevated markers of apoptosis
including TUNEL-labeled DNA
caspase-3 were also found in the lung tissue from patients
who died from ALI/ARDS (Albertine et al. 2002). On the
other hand, apoptosis of neutrophils in ALI is delayed

strand breaks and

what causes their longer persistence at a site of injury and
further deterioration of the tissue (Galani er al. 2010).
The above mentioned mechanisms contributed to
adamage to alveolar-capillary lining as shown by
increased protein concentration in the BAL fluid (Mokra
et al. 2016) and accumulation of the liquid in the lung
tissue indicated by higher value of lung wet-dry ratio
compared to healthy controls (Kosutova et al. 2016a,

Mokra et al. 2016) (Fig. 3).
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A _ _ Fig. 2. Concentrations of tumor
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Data from our experiments and from studies of
other authors show that the model of surfactant depletion
by repetitive saline lung lavage simulates to a sufficient
extent the situation in the premature neonates with
surfactant deficiency and lung injury. Although in these
model young-to-adult animals, particularly rabbits are
commonly used, the model is generally accepted for this
purpose and different kinds of therapies have been tested
using these models. Even there are several advantages of
the use of older than neonatal animals. The body weight,
diameter of the airways, and lung compliance of rabbits
or piglets are very close to those in the neonates what

allows to realize artificial ventilation with comparable
values of ventilatory parameters to those in neonates.
Therefore, this
an optimum possibility for testing of different ventilation
strategies (Matute-Bello et al. 2008). In addition, the
researchers can obtain blood samples of a sufficient
experiment  for

model has been considered for

volume repetitively during the
measurement of the blood gases and other parameters
which express an effectiveness of the used ventilation or
other therapy. On the other hand, use of older animals
than neonatal pups in this model might reduce a direct

transfer of the results into the clinics.
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Model of meconium aspiration syndrome
induced by intratracheal instillation of
meconium (model of MAS)

Model of MAS is usually elicited in anesthetized
animals by intratracheal instillation of a suspension of
meconium. The meconium is taken from diapers of
healthy neonates, is pooled and lyophilized in very low
temperatures by a lyophilizator. Lyophilized meconium
powder is then suspended in a pre-heated saline (37 °C,
0.9 % NaCl) to a required concentration. According to the
animal species and design of experiment, various
combinations of meconium concentrations and dose
volumes can be used. The meconium concentration of
25 mg/ml which represents about 10 % of the original
concentration of meconium makes a model of MAS with
accentuated alveolar component of the syndrome with
predominant surfactant dysfunction and inflammation
(Sun et al. 1994, Mokra et al. 2007, Mikolka et al. 2013,
Mokra et al. 2015, Li et al. 2015). On the other hand,
instillation of 20 or 25 % concentrations of meconium

%

Fig. 3. Total protein content in the
BAL fluid (A) and wet-dry lung weight
ratio (B) in rabbits with a model of
RDS induced by repetitive saline lung
lavage (RDS group) and in healthy
controls to RDS (C-RDS group), and of
rabbits with a model of MAS induced
by intratracheal meconium instillation
(MAS group) and in healthy controls
to MAS (C-MAS group). Statistical
differences between groups: for RDS
vs. C-RDS " P<0.001; for MAS vs.
C-MAS ##pP<0.01, #*##P<0.001.

generates the model with accentuation of the airway
obstruction (Holopainen et al. 1999, Hummler et al.
2001, Robinson and Roberts 2002, Shekerdemian et al.
2004). Before administration, meconium suspension can
be filtered through gauze or a blotting paper to separate
large meconium particles, or can be administered as non-
filtered. The later possibility resembles better the
situation of meconium aspiration in the neonates;
however, it is associated with increase in PaCO, because
of significant airway obstruction by meconium particles
(Tyler et al. 1978). Various animal species have been
utilized for creation of the MAS model: piglets (Kuo and
Chen 1999, Aaltonen et al. 2005, Castellheim et al. 2005,
Colvero et al. 2008), rabbits (Krause ef al. 1998, Lam et
al. 2000, Vidyasagar and Zagariya 2008, Zagariya et al.
2010), rats (Calkovska et al. 1999, Turhan et al. 2012), or
rarely lambs (Rey-Santano et a/. 2011) and mice (Khan et
al. 2002a).

The intratracheal instillation of meconium in
rabbits in our studies caused a decrease in dynamic lung

compliance of around 45% (Mokra et al. 2007,
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Calkovska et al. 2008, Mikolka et al. 2013, Mokra et al.
2015) and of more than 50 % in the studies by other
authors (Robinson and Roberts 2002, Li et al. 2015).
Serious decline in the lung compliance after meconium
instillation was observed also in other animal species
(Wiswell et al. 1994, Cochrane et al. 1998, Castellheim et
al. 2005, Zagariya et al. 2010, Rey-Santano et al. 2011,
Renesme et al. 2013). Furthermore, administration of
meconium significantly increased right-to-left pulmonary
shunts, probably due to sustained perfusion of alveoli
behind the meconium-obstructed bronchioles (Tyler ef al.
1978, Holopainen et al. 1998). Intrapulmonary shunts
elevated from <10 % before meconium to 40 % or more
early after meconium instillation (Krause et al. 1998,
Mokra et al. 2007, Calkovska et al. 2008, Mikolka et al.
2013). Changes in the lung compliance and shunting
resulted into rapid and persistent decrease in PaO, and
worsening in other parameters of oxygenation, such as PF
ratio, OI, SpO, etc. (Cochrane et al. 1998, Robinson and
Roberts 2002, Tollegfsrud et al. 2002, Lindenskov et al.
2005, Castellheim et al. 2005, Mokra et al. 2007, Colvero
et al. 2008, Calkovska et al. 2008, Rey-Santano et al.
2011, Turhan et al. 2012, Renesme et al. 2013, Mikolka
et al. 2013, Kopincova et al. 2014, Li et al. 2015). Due to
significant obstruction of the airways by meconium,
higher values of PaCO, accompanied by lower arterial
pH have been detected (Robinson and Roberts 2002,
Aaltonen et al. 2005, Lindenskov et al. 2005, Mokra et
al. 2007, Colvero et al. 2008, Rey-Santano et al. 2011,
Renesme et al. 2013, Kopincova et al. 2014, Li et al.
2015), as well. Deterioration in the gas exchange
increases requirement for ventilation, as indicated by
higher values of mean airway pressure after meconium
instillation compared to values before meconium (Mokra
et al. 2007, Calkovska et al. 2008, Tollgfsrud et al. 2002,
Robinson and Roberts 2002, Renesme et al. 2013,
Mikolka et al. 2013, Li et al. 2015).

In our

studies, instillation of meconium

significantly increased total number of cells and

percentage of neutrophils, and slightly increased
a percentage of eosinophils in the BAL fluid 5 h after
meconium instillation compared to healthy controls
(Mokry et al. 2006, Mokra et al. 2007, Kopincova et al.
2014, Mokra et al. 2015, Mikolka et al. 2016a, Mikolka
et al. 2016b) (Fig. 1). Similar results were observed also
by other authors (Khan ez al. 2002a, Li et al. 2015). The
presence of meconium triggers an activation of various
(cytokines,

arachidonic acid metabolites, reactive oxygen species

inflammatory  systems complement,

(ROS), NO, transcription factors etc.) in the lung what
generates a complex pro-inflammatory appearance
(Lindenskov et al. 2015). In the meconium-instilled
animals, increased concentrations of pro-inflammatory
cytokines (TNF-qa, IL-1B, IL-8 etc.) in the lung tissue,
BAL fluid or in the plasma were detected (Lindenskov e?
al. 2005, Castellheim et al. 2005, Vidyasagar and
Zagariya 2008, Zagariya et al. 2010, Turhan et al. 2012,
Mikolka et al. 2013, Kopincova et al. 2014, Li et al.
2015, Mikolka et al. 2016b) (Fig.2). The mentioned
results are consistent with clinical findings (Cayabyab et
al. 2007, Okazaki et al. 2008).

Meconium is a potent activator of a complement
which is likely associated with systemic inflammatory
response and oxidative burst (Castellheim et al. 2005).
Furthermore, exposure to meconium enhances production
of NO and its derivatives (Fontanilla et al. 2008), and
triggers a significant oxidative stress leading to
peroxidation of lipids (demonstrated by TBARS) and
proteins (expressed by 3-nitrotyrosine, dityrosine, lysine-
lipid peroxidation products etc.) in the lung (Mokra et al.
2007, Mokra et al. 2015, Mikolka et al. 2016a, Mikolka
et al. 2016b) and increases the oxidation markers also in
the plasma (Kopincova et al. 2014, Mokra et al. 2015,
Mikolka et al. 2016a).
meconium instillation was demonstrated also by Li et al.
(2015) who found higher levels of malondialdehyde
(MDA) in the BAL fluid and higher MPO activity in the
lung tissue compared to controls. These results are

Intensive oxidation after

consistent with studies performed on neonates where
increased levels of cord blood plasma MDA, a marker of
lipid peroxidation, and 8-hydroxy-2-deoxyguanosine
(8-OH-dG), a marker of oxidative DNA damage, were
found in the full-term and late-preterm neonates born
through MSAF (Bandyopadhyay et al. 2017). Besides
changes in the lung and plasma, evidence of oxidative
injury was found also in the brain (Aaltonen et al. 2005).
Other deleterious effects are associated with activation of
the arachidonic-acid pathway. Higher phospholipase A,
activity detected in the meconium and meconium-
instilled lung suggests that meconium itself is a source of
this enzyme and that its presence in the lung contributes
to inflammation, surfactant dysfunction and cell apoptosis
(Holopainen et al. 1999, Vidyasagar and Zagariya 2008).
In addition, increased expression of cyclooxygenase-2
(COX-2) in the lung, and elevated prostaglandin E, in the
BAL fluid and in the plasma were found in meconium-
instilled animals (Kytola et al. 2003, Li et al. 2015), and
enhanced release of thromboxane A, (TXA;) in the
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airway epithelial cells (Khan et al 2002b). The
vasoconstriction effect of hypoxemia, meconium bile
and TXA, on the
pulmonary vasculature is further emphasized by higher
production of endothelin-1 (Kuo and Chen 1999).

Increased reactivity of tracheal and lung tissue strips to

acids, cytokines, leukotrienes,

bronchoconstriction mediators demonstrated in the
meconium-instilled animals (Mokra et al. 2007, Mokry et
al. 2006) can predispose to long-term respiratory

sequelae such as wheezing and exercise-induced
bronchospasm in infants who had overcome MAS
(Véazquez Nava et al. 20006).

The complex action of the mentioned factors
damages the alveolar-capillary membrane and increases
a leak of proteinaceous liquid into the lung as expressed
by higher protein content in the BAL fluid or tracheal
aspirate (Wiswell et al. 1994, Zagariya et al. 2010,
Turhan et al. 2012, Li et al. 2015) and higher wet-dry
lung weight ratio (Mokra et al. 2007, Li et al. 2015,
Mokra et al. 2015, Mikolka et al. 2016b) (Fig. 3). Hand
in hand with injury to alveolar cells the deterioration in
synthesis and function of pulmonary surfactant can be
detected. Exposure to meconium caused a decrease in
total phospholipid phosphorus levels in airway fluid
samples (Wiswell et al. 1994, Lindenskov et al. 2005)
and an increase in the surface tension of the tracheal
aspirate (Wiswell et al. 1994, Cochrane et al. 1998). In
our study, measurement by a capillary surfactometer
showed a worsening in the surface properties of
surfactant in BAL fluid of the meconium-instilled
animals compared to values from the healthy controls
(Mokra et al. 2013). Several hours after meconium
instillation, lungs macroscopically exhibit a marked
atelectasis, with dark red, non-expanded areas in at least
80 % of the lung and small rims of expanded lung existed
in the apical regions, presumably due to a failure of the
meconium to reach these areas. Histological investigation
shows large areas of atelectasis, dense infiltration of
edema and inflammatory cells, primarily PMN, together
with alveolar hemorrhage and thickening of the alveolar
wall (Wiswell et al. 1994, Cochrane et al. 1998, Lam et
al. 2000, Renesme et al. 2013, Li et al 2015). In
addition, meconium causes an early apoptosis of the lung
cells, as previously demonstrated by various detection
methods (Holopainen et al. 1999, Vidyasagar and
Zagariya 2008, Zagariya et al. 2010).

As presented in this subsection, animal models
of MAS have significantly contributed to elucidation of

the pathomechanisms of the syndrome. In addition, these
models have been used for pre-clinical testing of various
therapeutical approaches. Of course, use of neonatal
animals immediately after the labor is of advantage in
elaboration of the MAS models. Such models simulate
the aspiration of meconium on the background of
postnatal changes of the lung from liquid-filled to
air-filled organ (Sun et al. 1993). However, due to
technical and ethical difficulties associated with this
procedure, several days up to several-weeks-old animals
have been often used instead of neonatal animals. On the
other hand, piglets and young-to-adult rabbits have
similar diameter of the airways and similar body weights
(i.e. 2-4 kg) to those in the neonates. From this reason,
adult
(particularly piglets and rabbits) can be advantageous if

utilization of several-weeks-old or animals
various modes of artificial ventilation are performed
(Wiswell et al. 1994, Renesme et al. 2013, Mikusiakova
et al. 2015) or if treatments are intratracheally delivered
(exogenous surfactant, inhaled NO, corticosteroids etc.)
(Lam et al. 2000, Shekerdemian et al. 2004, Mokra et al.
2007, Colvero et al. 2008, Calkovska et al. 2008,
Mikolka et al. 2013).

Conclusions

Several types of animal models can be used to
simulate the pathological changes in the acutely injured
lungs of the neonates. However, no single animal model
reproduces all the characteristics of ALI in humans, and
most of the existing animal models are relevant for only
limited aspects of ALI in humans. In spite of these
limitations, animal models represent a valuable tool for
better understanding the pathophysiology of acute
respiratory distress in the neonates and provide
an excellent pre-clinical background for searching the

novel therapeutical strategies.
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