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1. Introduction 

 Gross anatomy of murine and human lung  

Lungs are the principal organs composing the respiratory system in mammals. Their main function is to 

extract atmospheric oxygen and transfer it into the bloodstream. Simultaneously, a release of carbon 

dioxide also occurs. The respiratory process is driven by the thoracic musculature in mammals (Richard 

L. Drake et al., 2014). The mammalian lung can be divided into two structural components: the 

conducting tract or airway, which transports air from outside of the body to the gas-exchange side; and 

the respiratory zone, where the exchange of oxygen and carbon dioxide occurs (Kotton & Morrisey, 

2014).  

The airway consists of a principal tube which splits into smaller branches that then divide into several 

ramifications. Each division point where one airway branches into smaller airways is known as a 

generation. Despite the many similarities, there are some important differences in gross lung anatomy 

among mammals (Suarez et al., 2012) which need to be taken into account for comparative studies. Mice, 

the most common model to study lung development (Rydell-Törmänen & Johnson, 2018), also differ 

somewhat from humans in this regard. For instance, the human respiratory tree consists on average of 23 

generations, while the mouse respiratory tree only has up to 13 generations (Irvin & Bates, 2003; Suarez 

et al., 2012). The main tube, the trachea, is a cartilaginous conduct that connects the larynx to the bronchi. 

This structure is composed is made up of a number of vertically arranged and continuously open 

horseshoe-shaped rings. The trachea bifurcates into two primary bronchi at the carina, each one of which 

carries air into a lung (Amador et al., 2021; Suarez et al., 2012). Further subsequent splitting first leads 

to secondary bronchi and then into bronchioles. The bronchioles or bronchioli are smaller branches of 

the bronchial airways in the respiratory tract, which includes the terminal bronchioles. In human lungs, 

the left primary bronchus bifurcates into a secondary bronchus and separates into two lobes (upper and 

lower) at the interlobar fissures, while mice lack a physical separation through fissures, although the 

bronchus still separates into two secondary bronchi (Suarez et al., 2012). The human right primary 

bronchus also splits into three right lobes (upper, middle and lower) while the murine homologue bears 

a fourth bifurcation, the cranial lobe, separated by the interlobal fissure (Suarez et al., 2012). 

Bronchioles, unlike bronchi, contain neither cartilage or glands in their submucosa. Cartilage exists only 

in the trachea and in the proximal segment of the main bronchi. In mice, the bronchiole is the initial 

anatomic segment of the rodent acinus, making discrimination of small bronchi and bronchioli especially 

challenging in mouse lung sections (Suarez et al., 2012). In humans, terminal bronchioles end in 

respiratory bronchioles that give rise to 2–11 alveolar ducts, from which roughly six alveolar sacs 
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develop. Alveoli line the wall of alveolar sacs and represent the terminal end of the respiratory zone 

(Figure 1).  

The respiratory zone is organized in a tubular-like network that maximizes surface area. Gas exchange 

takes place across the alveolo-capillary barrier composed of several types of cells interacting with each 

other, located inside the alveolar unit (Kotton & Morrisey, 2014). This zone of the airways includes the 

respiratory bronchioles and alveoli (Horsfield et al., 1987). The distal lung parenchyma of the terminal 

bronchiole is known as the acinus, and it constitutes the functional unit of the lung where gas exchange 

occurs (Figure 1). The acinus is morphologically composed by the terminal bronchiole, alveolar duct, 

alveolar sac, and lastly by the alveolus, the terminal portion of the respiratory zone. 

Alveoli are hollow cup-shaped cavities, which inflate and retract when breathing and are found in the 

lung parenchyma where gas exchange takes place. According to Ochs et al, ~480 Million alveoli are 

present in a human lung, compared to the 2.30 Millions of an adult mouse (Knust et al., 2009; Ochs et 

al., 2004). Alveoli are characteristically thin-walled, round structures which are surrounded by 

capillaries, allowing gas exchange. The alveolar surface comprises 82.2 cm2 in an adult mouse lung 

(Knust et al., 2009), and 126 m2 in humans according to (Tomashefski & Farver, 2008). 
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Figure 1. Lower respiratory tract. The lower respiratory tract includes the trachea, bronchi, bronchioles and alveoli. In the 

lung, each bronchus divides into bronchi and continues to branch into smaller airways (bronchioles). The bronchioles end in 

the alveoli which form alveolar sacs. Image reproduced from Illustration from Anatomy & Physiology 

(https://openstax.org/books/anatomy-and-physiology). 

 

Gas exchange occurs within the alveolar walls, where gases diffuse following concentration gradients. 

The end result of the exchange is oxygen entering the bloodstream and carbon dioxide being released 

into the alveolar airspace. These gases need to cross the alveolar-capillary membrane, a thin layer of 

alveolar surfactant (which prevents the alveoli from collapsing) followed by a monolayer of epithelial 

cells, extracellular matrix and endothelial cells that compose the capillaries. In total, this membrane is 

~0.6 μm thick (Hachenberg & Rettig, 1998). In order to increase passive gas-exchange efficiency, 

bloodstream oxygen concentration should be lower than atmospheric values while the opposite is true for 

carbon dioxide.  

In mammals, the respiratory system is connected to the circulatory system, lending to a division of the 

latter into systemic and, pulmonary, and connecting the respiratory system to the four-chambered heart. 

The bloodstream carrying poorly-oxygenated blood enters the right ventricle via the right atrium, where 

it is pumped into the lungs via the pulmonary artery. This latter artery is divided into small-diameter 

vessels, reaching up to a capillary surface area of 124 cm2, and length of 1.13 km in mice (Knust et al., 

2009), and 130 cm2 and 2746 km in humans, respectively (Mühlfeld et al., 2010). The interconnected 

segments of these capillaries create loops around the connective tissue within the alveolar walls, building 

up a net that surrounds the alveolar airspaces (Willführ et al., 2015). Once the gas-exchange is performed 

by passive diffusion at the alveolar-capillary membrane, cardiac beat returns richly oxygenated blood 

from the pulmonary veins into the left atrium. This blood then passes through the left ventricle and is 

pumped out into systemic circulation via the aorta−where oxygen is used and metabolized to carbon 

dioxide (Hall & Hall, 2021). 

 Fetal and postnatal lung development 

As a highly complex organ, lung development in mammals is a complicated process usually divided into 

two time-frames: (i) early lung development, during the embryonic stage; and (ii) late lung development, 

which occurs postnatally until full lung maturity is reached. The latter is species-dependent as illustrated 

in Figure 2 (S. Wu & Savani, 2019). In general, lung development can be sequentially described in stages 

as follows: 

- Embryonic: Lung buds form from the ventral wall of the foregut resulting in lung lobar division. 

- Pseudoglandular: Major airway branching and epithelial tubes are formed.  

- Canalicular: Preparation for alveolarization through formation of bronchioles and increasing the 

number of capillaries surrounding the cuboidal epithelium.  
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- Saccular: Origination of the alveolar ducts and air sacs.  

- Alveolar: Alveoli are formed by secondary septation followed by further increase in capillary 

density. The secondary septum consists of cells growing in crest-like structures from one side of 

the alveolar primary walls (primary septum) to another, hence closing the alveolar space to form 

alveolar units. Secondary septation continues even after birth until the lung reaches its full 

maturity (Burri, 1984; Zeltner & Burri, 1987). 

 

 

 

Figure 2. Phases of human and mouse lung development. Human and mouse lung development follow the same phases — 

namely, embryonic, pseudoglandular, canalicular, saccular, and alveolar. Formation of the human lung bud occurs at 4 weeks 

of gestation, whereas mouse lung development begins at embryonic day (ED) 9. Trachea and major bronchi are formed by the 

end of the embryonic stage. The conducting airways are formed during the pseudoglandular stage up to the level of terminal 

bronchioles. Respiratory bronchioles are formed during the canalicular stage, whereas alveolar ducts are formed during the 

saccular stage. Alveolarization in humans begins at around 34 weeks and continues at least through the first few years of 

childhood. Alveolarization in mice begins at postnatal day (PD) 3 and continues for about 4 weeks (S. Wu & Savani, 2019).  

 

 Alveolarization 

Alveolization is the process by which alveoli are formed and capillary number increases after the process 

of secondary septation. Alveolarization starts at the end of the saccular stage, when the lung parenchyma 

possesses thick, immature septa that contain a double-layered capillary network (Schittny, 2017). During 

this process, new septa are lifted off from already existing immature septa and divide the existing 

airspaces. Secondary septa are formed a string of elastic fibers and collagen fibrils laid down by smooth 

muscle (Burri 1974; Lindahl et al. 1997). The additional surface area of the capillary network is most 
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likely formed by intussusceptive angiogenesis (Caduff et al. 1986). After the formation of a new septum 

is initiated, the septum rises up to its full height and the first alveoli are formed. In humans (Herring et 

al. 2014), rats (Schittny et al. 2008; Tschanz et al. 2014) and mice (Mund et al. 2008), alveolarization is 

biphasic. Classical alveolarization starts as a quick burst and reduces its speed during the switch to 

continued alveolarization. 

However, as pointed out previously, there are important differences between murine and human lungs, 

which also pertain development. Mouse models have been used to study he underlying molecular and 

cellular mechanisms of lung homeostasis and development. However, the use of mice to study lung 

development assumes the researcher’s understanding of explicit functional and physiological differences 

between the two species (Suarez et al., 2012).   

In particular, the process of alveolization in murine lungs begins postnatally from Postnatal day (P) 5 

whereas in humans, is happens during gestation, at embryonic week 36, Figure 2 (S. Wu & Savani, 2019). 

As previously described, alveolarization is the process during lung development that leads to the 

formation and maturation of the distal parts of the lung: the alveoli. Because of limited and scarce 

availability of human tissue, mouse models are extensively used to study alveolarization. On birth, the 

murine lung is still at the saccular stage (Figure 2) (Morrisey & Hogan, 2010), so postnatal mice are often 

used to model the “equivalent” lung stage in pre-term born infants. These lungs are perfectly competent 

for effective gas exchange at birth, contrasting with the situation in pre-term born human infants 

(Rodríguez-Castillo et al., 2018). 

On P7, all the septa have adopted a serrated appearance, with a large number of low ridges projecting 

into the airspaces. These ridges rise from the primary septa and define the so-called ‘secondary septa’, 

the contours of the future alveoli. Elastic fibers are typically located at the tip of the crests. The best 

accepted hypothesis behind this morphology is that the appearance of elastin and of alveolar crests are 

closely linked, an idea supported by the finding that alveolarization fails to occur in PDGF-A-deficient 

mice, where elastic fibers are not deposited properly (Lindahl et al., 1997). The sudden and massive 

appearance of alveoli in the lung parenchyma has been called ‘bulk alveolarization’. The alveolarization 

phase ends at P14 in rodents and at about 12–24 months in humans (Thurlbeck, 1982; Zeltner & Burri, 

1987). 

 

 Cellular basis of murine lung development 

Up to 41 cell types have been identified in the murine lung (Travaglini et al., 2020). These cells develop 

during the various embryonic stages, when the endoderm progressively differentiates into specialized 

cell types, with the ultimate rise of epithelial cells and further differentiated cell lines composing lung 

tissue. The timing of differentiation of each cell progenitor into a more derived cell is highly dependent 



 10 

on the cell type. This process is orchestrated by the transcription factor Nkx2-1 gene, which encodes the 

protein NK2 homeobox 1 (NKX2-1), also known as thyroid transcription factor 1 (TTF-1). This gene is 

key to fetal development of lung structures, mainly defining the timepoint when trachea and primary lung 

buds appear (Minoo et al., 1999; Morrisey & Hogan, 2010; Que et al., 2006).  

During the pseudoglandular stage, epithelial cells undergo proximal-to-distal differentiation. For 

example, ciliated and pulmonary neuroendocrine cells are first found in proximal conducting airways and 

progressively develop in distal airway regions (Rawlins et al., 2007; Sorokin et al., 1997). Initial air-

blood barriers are formed during the canalicular phase, when capillaries begin to assemble around 

airspaces. This process will culminate with the development of the acinar epithelium into the alveolar 

epithelial type I cells (AECI), and surfactant-producing type II cells (AECII) (Desai et al., 2014; 

Wongtrakool et al., 2003). Finally, basal and mucous cells emerge during further developmental stages 

(Rackley & Stripp, 2012).  

Lungs are composed of a wide diversity of cells which possess very diverse functions, such as host-

pathogen defense, establishment of the air-blood interface and regulation of alveolar surface tension (Li 

et al., 2018; Travaglini et al., 2020). Cell composition varies among different structural components of 

the lung. Airways are lined by pseudostratified columnar epithelium comprised of club, ciliated, 

pulmonary neuroendocrine cells and basal cells, interspersed by submucosal glands underneath the 

airway epithelium surface (X. Liu & Engelhardt, 2008; Van Lommel, 2001) (Figure 3). Cell composition 

at the airways mainly serves a protective role: goblet cells, a set of columnar goblet-shaped epithelial 

cells, secrete mucins in order to protect the mucous membranes; club cells are cells with short microvilli 

that secrete glycosaminoglycans to protect the bronchiole lining and are responsible for detoxifying 

harmful substances by cytochrome P450 enzymes located in their smooth endoplasmic reticulum. Club 

cells also act as stem cells, multiplying and differentiating into ciliated cells to regenerate the bronchiolar 

epithelium. Following these cell types are airway basal cells, the stem cells of the airway epithelium, 

which can differentiate to replenish all epithelial cells including ciliated cells, and secretory goblet cells 

(Atkinson et al., 2008; Rubin, 2014). Again, cell type composition varies between humans and mice. For 

instance, goblet cells are scare in mice while basal cells numbers are lower at the distal parts of the 

bronchiolar tree (Hogan et al., 2014; Rackley & Stripp, 2012; Van Lommel et al., 1998). 
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Figure 3. Anatomy of the airways. Throughout the airways, cell composition of the epithelium changes to ensure optimal 

and efficient gas exchange as well as maintenance of lung integrity and defense against potential pathogens and allergens. 

Depending on the location, the epithelium is composed of several different cell types such as ciliated cells, club cells, brush 

cells, goblet cells, airway smooth muscle cells, neuroendocrine cells, type I and type II alveolar epithelial cells, and alveolar 

macrophages. Basal cells have the potential to differentiate into several lineages and serve as stem cells (Mindt et al., 2018). 

 

As the trachea bifurcates and smaller bronchioles form, so does cell composition progressively result in 

a simple columnar epithelium, which presents higher amounts of ciliated and secretory cells. This allows 

for an efficient removal of inhaled microorganisms (Rawlins et al., 2009; Rock & Hogan, 2011). 

Additionally, pulmonary neuroendocrine cells are now present (Figure 3). These cells are in close contact 

with sensory nerve fibers reacting to stimuli and releasing bioactive substances, such as serotonin, 

calcitonin, and bombesin (Van Lommel, 2001; Van Lommel et al., 1998).  

In lung parenchyma, AECI and AECII cells comprise up to ~8 % of cells covering ~95–98 % of the 

surface area (Stone et al., 1992). These cells are found at the terminal bronchioles and alveoli. As 

illustrated in Figure 3, these are large squamous cells (~50–100 μm), whose thin (50–100 nm) 

cytoplasmic extensions form the epithelial wall of the air–blood barrier, performing gas exchange and 

ion and fluid transport (Dobbs & Johnson, 2007). Podoplanin is expressed in many cells, especially in 

alveolar epithelial cells I. In contrast, AECII are smaller (ø~10 μm), cuboidal cells which synthesize, 

secrete and recycle pulmonary surfactant, preventing alveolar collapse at low pressures and providing 
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host defense. Binding of surfactant to the surface of microbes causes microbe aggregation, thereby 

enhancing pathogen uptake and killing by alveolar macrophages (Pérez-Gil, 2008; Whitsett et al., 2010). 

Alveolar macrophages are professional phagocytes found in the pulmonary alveoli, near the 

pneumocytes, but separated from the wall. They are responsible for removing particles such as dust or 

microorganisms from the respiratory surfaces (Rubins, 2003). The alveolar macrophages are the third 

cell type in the alveolus. 

During the saccular stage, AECI and AECII are derived from a common bipotent progenitor cell (Desai 

et al., 2014) (Figure 4). Amongst all mesenchymal cells, AECI and AECII play an especially important 

role during the saccular stage (Mižíková & Morty, 2015; Morrisey & Hogan, 2010). Mechanical forces 

and fibroblast growth factor (FGF) 10 are amongst recently-identified regulators of this differentiation 

process (Hogan, 2018; Li et al., 2018; Tang et al., 2018). After alveolarization, and in the adult lung, 

AECII acquire stem cell properties and are capable of self-renewal to replace AECI after injury 

(Barkauskas et al., 2013; Desai et al., 2014). As mentioned above, endothelial cells originate from the 

lung endoderm (Hogan, 2018; Tschanz et al., 2014; Yamamoto et al., 2007). Nonetheless, fibroblasts 

originate from the lung mesoderm (Chao et al., 2015; Hogan et al., 2014; Rinkevich et al., 2012; Ruiz-

Camp & Morty, 2015). Murine fibroblasts have been proven to be influenced by retinoic acid and to have 

an impact secondary septation (McGowan et al., 1995). In rodents, by P5, so-called secondary septa 

appear in the primary septa at sites of elastin deposition (Morrisey & Hogan, 2010; Tschanz et al., 2014). 

At the secondary crest of these still-immature secondary septa, α-smooth muscle actin (αSMA) positive 

(+) myofibroblasts appear, and the expression of the extracellular matrix (ECM) components such as 

elastin further increases. 

This secondary septation has been demonstrated to be dependent on platelet-derived growth factor 

(PDGF)-A signaling. Epithelial cells produce the ligand PDGF-A and signal via the affined receptor 

PDGF receptor (PDGFR)α, expressed by mesenchymal cells (Andrae et al., 2014; Boström et al., 1996, 

2002) and responses such as cellular growth and differentiation, critical during the embryonic 

development (Lei & Kazlauskas, 2009). 

In vivo studies have demonstrated that pulmonary PDGFRα+ cells serve as progenitor cells for lung 

myofibroblasts and a proportion of the pulmonary lipofibroblasts, present in the primary and secondary 

septa (Boström et al., 1996; Lindahl et al., 1997; McGowan et al., 2008; Ntokou et al., 2015). Expression 

of the ligands was detected in epithelial and smooth muscle cells, whereas the expression of PDGFRα 

was located to different mesenchymal cell populations (Gouveia et al., 2017), which is consistent with 

the prevailing view that epithelial-mesenchymal interactions are key mediators of lung development. 
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Figure 4. Alveolar epithelial cells during alveolarization. During the saccular stage, alveolar epithelial type I cells (AECI) and alveolar epithelial type 

II cells (AECII) are derived from a common bipotent progenitor cell. After differentiation single AECI can cover multiple alveoli during alveolarization 
and in the adult lung (Rodríguez-Castillo et al., 2018). 

 

 Using Stereology to quantify structural changes in lung development 

Stereology is the method of choice for quantitative assessment of biological objects in microscopy 

(Knudsen et al., 2021) in order to estimate geometrical parameters that characterize the composition of a 

structure using a few samples from the entire organ. Light microscopy has to rely on measurements on 

nearly two-dimensional sections from embedded tissue samples, which results in qualitative and 

quantitative changes in the appearance of the sectioned structures. As result of the sectioning process, 

one dimension is lost along with important quantitative information (Mühlfeld et al., 2015). Typical 

global parameters are 3D (volume or size), 2D (surface area), 1D (length or thickness), or 0D (number). 

These parameters can be used to characterize any lung component (Hsia et al., 2010).  

Notably, tissue embedding might alter the addressed quantification, so it is important to select the 

embedding method accordingly. Paraffin wax embedding is a widely used technique to infiltrate tissue 

samples with paraffin, which also presents great advantages when staining and solubility studies are 

expected for light microscopy. It is also the traditional standard in the field of pathology. However, it 

causes unpredictable tissue shrinkage, a significant disadvantage for proper quantification of structural 

changes (Hsia et al., 2010). Novel and updated approaches for more accurate embedding have arisen in 
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order to perform stereology. High quality results can be obtained with embedding using epoxy resins or 

glycol methacrylate (GMA). The latter has proved to be useful to support the generation of high-

resolution images, to cause less tissue shrinkage as well as involving a more convenient and time saving 

handling process (Van de Velde, 1980). According to Schneider & Ochs, shrinkage due to paraffin 

embedding may directly influence the stereological measurements on a section, since a shrunken and 

therefore smaller cell, for example, occupies a smaller area on a section leading to fewer points hitting 

the cell profile during point counting (Schneider & Ochs, 2014). This publication demonstrated that 

paraffin embedding caused shrinkage of lung tissue up to 40 % of the relative area compared with GMA 

embedding where shrinkage was reduced to roughly 3 % of the relative area (Schneider & Ochs, 2014). 

Quantitative data on lung structure are essential to stablish structure-function models for assessing the 

functional performance of the lung or to make statistically valid comparisons in experimental 

morphology, physiology or pathology (Weibel et al., 2007). The major problem in relating lung function 

measurements to morphological data is the need to assemble information on a three-dimensional structure 

from two-dimensional observations. Although data from 2D images have been widely used to describe 

pathological changes in lung structure, their relevance to physiological events occurring in 3D structures 

is limited (Brusasco & Dinh-Xuan, 2010). However, this problem can be solved by stereology, where it 

is possible to obtain valuable 3D morphometric data from 2D measurements. This method had its 

foundations laid by Buffon in 1777, who discovered the relationships between geometry and probability 

(Buffon, 1777). This opened the way for classical model-based stereology, which required an assumption 

of homogeneity of 3D structure. From a practical perspective, stereology is an assumption-free set of 

methods of unbiased sampling with geometric probes, based on a solid mathematical foundation (Weibel 

et al., 2007).  

In order to understand the structure of lung parenchyma, three parameters, amongst others, are commonly 

used in lung stereology. Surface density (SV), is used to estimate the surface of the gas exchange of the 

lung parenchyma within the containing volume in cm2/cm3. This parameter can be multiplied by the 

volume of the lung to calculate the total surface area (Hsia et al., 2010). Mean linear intercept (MLI) is 

an estimator of volume-to-surface ratio of acinar airspaces (V/S) airspace, alveoli and alveolar ducts taken 

together. It may be used as an indirect measure of air space enlargement as it measures a mean diffusion 

distance “from wall to wall” in the acinar air spaces but should at least be combined with a measure of 

total alveolar surface area. However, one has to be aware that the MLI strongly depends on inflation 

status (Pérez-Bravo et al., 2021) and the elastic properties of the lung (Mühlfeld et al., 2015).  Also, septal 

thickness or arithmetic mean thickness measures alveolar tissue volume per surface area by ratio of tissue 

volume density to alveolar surface density. More specifically, it is a measure of the diffusion resistance 
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of air–blood barrier, where the thin barrier parts are weighed more heavily in the morphometric 

estimation of lung diffusing capacity (Hsia et al., 2010). 

To this end the tool of stereology can be used to measure changes in structure during the development of 

the lung, which can be studied in different model organisms. Tschanz et al. investigated the number of 

alveoli during the process of alveolarization in rat lungs through a prolonged postnatal period, showing 

that alveolar development takes place with the major part of alveoli developing between days 4 and 21 

of rat lung development and a second phase of alveolarization between 21 and 60 days of postnatal life 

(Tschanz et al., 2014). A similar study was carried out by Pozarska et al., who also investigated 

alveolarization between postnatal day 5 until 22 after birth (Pozarska et al., 2017). In this case, the 

parameters previously described were assessed and revealed noticeable morphological change during the 

considered timespan. Finally, postnatal human alveolarization was studied for the first time by Herring 

et al. using design-based stereology (Herring et al., 2014).  

 

 Studying in vitro alveolarization 

The mouse model represents a valuable tool to analyze the process of alveolarization, since this process 

is largely postnatal in mice. Some of the advantages of in vivo alveolarization studies in mice are the 

possibility to perform cell type specific and inducible lineage tracing, cell and gene modulation, as well 

as cell ablation based on the CreERT2/loxP system (Rawlins & Perl, 2012). Differentiation processes, 

stem cell features, and morphological appearance can be analyzed in combination with high quality 

imaging approaches. However, in vivo modulation often results in early lethal phenotypes, which largely 

precludes a direct study of lung alveolarization. In vitro approaches thus represent a potentially useful 

alternative to model important pulmonary newborn and infant diseases that carry significant human 

morbidity and mortality due to impaired alveolar development (Lignelli et al., 2019; Nogee, 2017). Some 

of the most studied diseases include bronchopulmonary dysplasia (BPD), congenital pulmonary airway 

malformations, and lung hypoplasia associated with congenital diaphragmatic hernia (Bohn et al., 1987; 

Bourbon et al., 2005; Kreiger et al., 2006). So far, there is a lack of model systems that can be used to 

understand underlying mechanisms of alveolarization involved in these and other diseases. 

 

 Precision-cut Lung Slices as model of alveolarization 

Precision-cut lung slices (PCLS) are ex-vivo lung explants; three-dimensional lung tissue slices that 

contain nearly all cells that are usually found in the lung (G. Liu et al., 2019). Ex-vivo explants of many 

organs have been used for decades. Automated slicers can be used to cut thin sections (Parrish et al., 

1995). Additionally, PCLS have been obtained from a wide range of species: mice, chicken, sheep, pigs 
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and humans (Meng et al., 2015; Rosales Gerpe et al., 2018; Siminski et al., 1992; W. Wu et al., 2010). 

The PCLS technology is currently still under development. The idea of using ex vivo tissue to study organ 

metabolism and toxicology was initiated in the 1920s with studies of the liver. Nonetheless, the need to 

cut each section manually resulted in high variability and had a strong effect on organ viability (G. Liu 

et al., 2019).  During the 80s, infusion of hamster and rat lung airways with heated liquid agarose was 

used in an effort to maintain organ structure. When the agarose solidified, the inflated state of the lung 

prevented the collapse of the airways and protected the alveoli during slicing (Placke & Fisher, 1987). 

Although the main aim for tissue ex-vivo cultures was to toxicological assessment, newer applications 

soon arose. As the lung PCLS maintain the 3-dimensional (3D) architecture, this model was popularized 

to study the microenvironment of the respiratory tract (Akram et al., 2019a, 2019b; Bryson et al., 2020; 

Klouda et al., 2020). Additionally, as a large number of slices can be obtained from a single animal and 

remain stable in culture for weeks, large-scale screening of physiological and pathological responses can 

be performed (Bryson et al., 2020; Rosales Gerpe et al., 2018).  

Furthermore, ex-vivo explants have shown to be a useful tool to study organogenesis at preliminary stages 

of lung development (Pederiva et al., 2012; van Tuyl et al., 2007).  Many challenges have to be overcome 

in order to achieve a fully functional in vitro alveolarization model, since PCLS are highly limited by 

oxygen and nutrient diffusion. However, branching morphogenesis can still be evaluated using fetal 

murine lung tissue. Previous studies demonstrated that minced late-gestation fetal rat lungs can be grown 

semi-submerged in culture media, providing valuable results about the mechanisms of regulating 

surfactant production in response to hormonal stimulation. Nonetheless, the observation of alveolar 

septation was hindered by distal airspace collapse during the first 72 hours (h) in culture, and is yet to be 

demonstrated in vitro (Gross et al., 1978).  

Different approaches have been used in this context. Pieretti et al. used lungs of postnatal mice inflated 

with agarose before the generation of the PCLS in order to preserve distal airway structure (Pieretti et al., 

2014). There is evidence suggesting that this system can support secondary septation, cell proliferation 

and also allow for the identification of cell population components when postnatal mice lungs are used 

(Pieretti et al., 2014). This achievement unlocks a novel tool to identify the pathways involved in alveolar 

septation. Further new potential targets to model alveolarization could be evaluated to develop new 

therapeutic concepts for pulmonary diseases in children (Pieretti et al., 2014). 
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2. Hypothesis 

Understanding the process of alveolarization is necessary, since it is key to develop new therapeutic 

strategies for pulmonary structural diseases. Unfortunately, in vivo approaches in mice often lead to lethal 

phenotypes and there are strong ethical concerns in the way of in vivo human studies of alveolarization. 

Therefore, the development of a suitable in vitro model to study alveolarization emerges as an attractive 

and indeed necessary alternative. The present study is aimed to characterize and validate current models 

of precision cut lung slices (PCLS) in postnatal mice to identify the best possible conditions to objectively 

validate structural changes upon in vitro alveolarization using stereology. 
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3. Materials 

 Equipment 

Product Manufacturer 
Catalogue 

number 

Analytical balance VWR International VWR-F1-100G 

Biosafety cabinet, class II NuAire 1500 Series B2 

Centrifuge MiniSpin® Eppendorf 5452000018 

Centrifuge, Multifuge 3 S-R Heraeus 75004371 

Chemical fume hood Norddeutsche Laborbau ZH 1300 

Confocal Laser Scanning Microscope Carl Zeiss LSM 710 

Cooling ThermoMixer, HLC – MKR 13 
Digital Biomedical Imaging Systems 

AG 
MKR 13 

Cryotome Leica CM3050 S 

Digital Slide Scanner Hamamatsu Photonics 
NanoZoomer-XR 

C12000 

Heating plate Medax 12801 

Hotplate/Stirrer VWR 5052000000 

Histobloc  Kulzer GmbH 64708995 

Histoform Q Embedding Mould Kulzer GmbH 12025 

Incubator, Heracell vios 160i Thermo Fisher Scientific 160i 

Laminar flow hood Thermo Fisher Scientific Safe 2020 

Magnetic stirrer Heidolph Instruments 505-20000-00 

Microcentrifuge VWR 16NK / 823 

Microscope Slides Thermo Fisher Scientific J3800AMNZ 

Microtome Leica RM2255 

Microtome Blades Thermo Fisher Scientific MX35 ULTRA 

Microtome reusable Knife Leica 14021604813 

Paraffin embedding station Leica EG 1160 

PCR System, ProFlex Thermo Fisher Scientific 4484073 

pH benchtop meter, SevenCompact Duo 

S213- meter.      
 Mettler Toledo MT30130863 
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Precellys 24-Dual VWR 432-3750 

Precision Balance Merck Z676152-1EA 

Pipetboy Eppendorf 4430000018 

Pipettes, automatic: 10 µl, 300 µl and 1000 µl Eppendorf  

4861000015 

4861000031 

4861000040 

Pipettes, manual: 2,5 µl, 10 µl, 100 µl and 1 

ml 
Eppendorf 

3123000012 

3123000020 

3123000047 

3123000063 

Real-Time PCR System, QuantStudio 3 Thermo Fisher Scientific  4376357 

NanoDrop® ND-1000 Thermo Fisher Scientific  ND-ONE-W 

StepOne™ Real-Time PCR System Thermo Fisher Scientific A26337 

Stereomicroscope Leica Biosystems M50 

Surgical instruments (various) F.S.T 

15006-09 

14058-09 

15370-26 

11063-07 

11052-10 

11651-10 

Ultra Microtome Thermo Fisher Scientific MX35 

Ultraviolet transiluminator/Gel imager Intas GP-07LED 

Vacuum Tissue Processor Leica ASP200 S 

Vibratome Leica VT1200S 

Vortex mixer VWR 97043-562 

Water bath Carl Roth HAC3.1 
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 Reagents and drugs 

Product Manufacturer Catalogue number 

4',6-Diamidino-2-Phenylindole (DAPI) Thermo Fisher Scientific D3571 

Acetone Carl Roth CP40.2 

AccuStartTM II Mouse Genotyping Kit Quantabio 733-2587 

Agar Sigma-Aldrich 05039 

Agarose Ultra-Quality Carl Roth 2267 

Agarose Low Gelling Temperatur Merck A9414 

Alexa fluor 488 secondary antibody Thermo Fisher Scientific A21121 

Anti-Goat IgG Sigma-Aldrich MFCD00162340 

Bovine Serum Albumin Merck A3059 

Cacodylic acid·Na-salt·3H2O Serv 15540.03 

Click-iT EdU Cell Proliferation Thermo Fisher Scientific C10337 

Cell Proliferation Kit I (MTT)  Merck  11465007001 

Ceramic beads Bertin GmbH CK14 

Citric acid monohydrate Sigma 5949-29-1 

DMEM/F12 Thermo fisher Scientific  11320033 

dNTP Mix (10 mM) Promega U1511 

Distilled water (dH2O) Thermo Fisher Scientific 10977023 

Elastica staining Morphisto 18553 

Ethanol ≥99.8  % Carl Roth K928.3 

Ethidium bromide solution 1  % (10 

mg/ml) 
Promega  H5041 

Fluoromount W Serva 21634 

Glutaraldehyde 50  % solution in water 

10 x 5 ml 
Serva 23116.02 

Goat serum Sigma G9023 

Hardener II Kulzer 66040437 

Hematoxylin & Eosin staining Morphisto 12156 

HEPES solution1 M, pH 7.0-7.6 Merck H0887 
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Hydrochloric acid (HCl) Merck 100317 

Hydrocortisone Merck H4001 

Isopropanol Carl Roth  T910.1 

Insulin-Transferrin-Selenium (100x) GIBCO 41400045 

L-Ascorbic acid Merck A4403 

M199, Earle's Salts GIBCO 11150059 

Magnesium chloride (25 nM) Promega A351H 

Magnesium chloride (50 nM) Bio-Rad 1708872 

miRNeasy Mini kit Qiagen, Germany 217004 

M-MLV Reverse Transcriptase Thermo Fisher Scientific 28025-021 

Nuclease-free water Thermo Fisher Scientific AM9930 

Osmium tetroxide Carl Roth 8371.3 

Paraffin, Paraplast Leica 39601095 

Paraformaldehyde Merck P6148 

Penicillin - Streptomycin for cell culture 

(10.000 U/mL) 
Thermo Fisher Scientific 15140122 

Pertex mounting medium WVR LEIC811 

Phosphate buffered saline (1x and 10x) Merck 
D8537 

D1408 

Platinum SYBR Green qPCR 

SuperMix-UDG 
Thermo Fisher Scientific, USA 11733046 

Podoplanin antibody R&D Systems AF3244 

Random Hexamers (50 µM) Thermo Fisher Scientific, USA N8080127 

REDTaqReadyMix Sigma R2523 

Retinoic acid Merck R2625 

Silica Gel Carl Roth, Germany P077.1 

Sodium hydroxide (NaOH) Carl Roth H290-H314i 

Technovit 7100 Kulzer 64709003 

Technovit Universal Liquid Kulzer 66022678 

Technovit 3040 Kulzer 64708806 

Tris(hydroxymethyl)aminomethane 

(TRIS)-EDTA 
Carl Roth 4855.2 
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Triton x 100 Merck T8787 

TWEEN 20 Merck 655204 

Type 1 rat tail collagen BD Biosciences 354236 

Uranyl Acetate Serva 77870.02 

Water for injection Thermo Fisher Scientific A12873-01 

Xylol Carl Roth 3791.1 

 

 Primers for genotyping and qPCR 

 

Gene Forward (5’- 3’) Reverse (5’- 3’) 

R26 mTmG mice CTCTGCTGCCTCCTGGCTTCT CGAGGCGGATCACAAGCAATA 

CAGP mTmG mice CTCTGCTGCCTCCTGGCTTCT TCAATGGGCGGGGGTCGTT 

oIMR7801-WT CCCTTGTGGTCATGCCAAAC GCTTTTGCCTCCATTACACTGG 

oIMR7919-Mut_PDGFRα-GFP 

mice 
CCCTTGTGGTCATGCCAAAC ACGAAGTTATTAGGTCCCTCGAC 

ACTA2 CTGACAGAGGCACCACTGAA CATCTCCAGAGTCCAGCACA 

COL1A1 AGACATGTTCAGCTTTGTGGAC GCAGCTGACTTCAGGGATG 

MKI67 ACCGTGGAGTAGTTTATCTGGG TGTTTCCAGTCCGCTTACTTCT 

PDPN CACCTCAGCAACCTCAGAC ACAGGGCAAGTTGGAAGC 

PDGFR GTCGTTGACCTGCAGTGGA CCAGCATGGTGATACCTTTGT 

SFTPC ACCCTGTGTGGAGAGCTACCA TTGCGGAGGGTCTTTCC 

VIM CCAACCTTTTCTTCCCTGAA TGAGTGGGTGTCAACCAGAG 

 

Abbreviations: mTmG: Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J; PDGFRα-GFP: B6.129S4-

PDGFRαtm1.1(EGFP)Sor/J; R26: Rosa26; WT: wildtype. 
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 Consumables 

Product Manufacturer Catalogue Number 

Cover slides Carl Roth H878.2 

Embedding cassetes Rotilabo, Carl Roth K113.1 

Filter pipette tips: 10 µl, 100 µl, 200 µl, 300 µl, 

1 ml 
Greiner bio-one 

771261 

737261 

737258 

738261 

738255 

750255 

Histobloc for Histoform S & Q Morphisto 11282 

iSpacer one well, 0.25 mm deep SunJin Lab IS213 

Microcentrifuge tubes: 0.5, 1.5 and 2 ml Eppendorf 

0030121023 

0030120086 

0030120094 

Pasteur pipette, 3.5 ml Sarstedt 86.1171.001 

Petri dishes Carl Roth N221.2 

Safety Cannula, 26G, 24G and 22 G, Vasofix B. Braun Melsungen 

260091 

4269071S-01 

4268091S-01 

Suture Thread SMI, Belgium 4015X 

SuperFrost Ultra Plus Adhesion slides Thermofisher Scientific 11976299 

Syringes 1 ml B. Brtaun Melsungen 9166017V 

Technovit Histoform Q Morphisto 15068 

Test tubes: 15 ml and 50 ml Thermo Fisher Scientific 
339650 

339652 
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 Software  

Name Company 

Fiji  NIH, USA 

GraphPad Prism v8.3 GraphPad Software, USA 

Microsoft Office  Microsoft, USA 

NDP Hamamatsu Photonics, Japan 

StepOne Plus software v2.3 Thermo Fisher Scientific, USA 

Visiopharm’s newCAST Visiopharm A/S, Denmark  

ZEN 3.1 Zeiss, Germany 
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4. Methods 

 Experimental mice 

Mice were maintained on a 12:12 h dark-light photoperiod cycle and provided with food and water ad 

libitum. Pups of post-natal days (P) 3, 4, 7, 8, 12 and 14 from different lines (4.1.1. and 4.1.2) were 

euthanized by pentobarbital overdose (500 mg/kg) administered by intraperitoneal injection.  

 Wild-type mice 

Unless noted otherwise, wildtype-C57BL/6J mice were employed for organ harvesting. Mice were 

regularly ordered from the company Charles River Laboratories, USA, and Janvier Labs, France.  

 Transgenic mice 

Lung tissue of dead Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (mTmG) mice was harvested and analyzed 

by confocal laser scanning microscopy (CLSM) in order to quantify lung structure. This mouse line 

expresses red fluorochome membrane tandemTomato (mtdTomato) in all cell membranes from the 

Rosa26 gene locus. A second reporter gene for green fluorescent protein (GFP) is separated by a stop 

codon in line with the mtdTomato and loxP sequences are flanked by part of the dTomato sequence and 

the stop codon. After crossing this line with Cre-mediated recombination, the stop codon was removed, 

resulting in GFP expression in lieu of mtdTomato. This fluorescent protein, expressed in all lung cellular 

membranes at the parenchyma, allowed fora morphometric visualization by confocal microscopy. The 

mouse line we have just described was purchased at The Jackson Laboratory company with the stock ID: 

007576 (Muzumdar et al., 2007).   

Additionally, B6.129S4-PDGFRαtm1.1(EGFP)Sor/J (PDGFRαGFP) mice were used to analyze the presence 

of PDGFRα positive cells in PCLS. These mice express the h2B-eGFP fusion protein (knock-in) under 

the endogenous PDGFRα promoter. This allows the precise expression pattern of the gene to be 

visualized at the respective development time-point. This mouse line was obtained from The Jackson 

Laboratory stock ID: 007669 (Hamilton et al., 2003). 

4.3.1. Genotyping transgenic mice  

Standard PCR and subsequent DNA electrophoresis were performed to verify the genotype of the loci of 

interest in transgenic mice. DNA was extracted from a piece of tail tissue from P3–P14 mice using the 

AccuStartTM II Mouse Genotyping Kit following the manufacturer’s protocol. The specific PCR master 

mix and cycling parameters are listed in Tables 1 and 2, respectively. The PCR products were 

subsequently loaded in agarose gels (1–1.5 % [w/v]), containing ethidium bromide (0.2 μg/ml) and run 

in an electrophoresis chamber to resolve the amplified DNA fragments. DNA bands were visualized and 

documented with a transilluminator.  
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Table 1. Master mix for genotyping of transgenic mice. 

Components Volume per well (l) 

mTmG 

ddH2O 5.5 

2X KAPA2G Mix 12.5 

Forward primer (10 M) 1.25  

Reverse primer (10 M) 1.25  

DMSO 2 

DNA 2 

Total 25 

PDGFR-GFP 

ddH2O 9.25 

REDTaqReadyMix 9.25 

Forward primer (10 M) 0.25 

Reverse primer (10 M) 0.25 

DNA 1 

Total 20.25 

Abbreviations: mTmG: Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J; PDGFRα-GFP: B6.129S4-

PDGFRαtm1.1(EGFP)Sor/J;  

 

 

Table 2. Cycling parameters used for genotyping of transgenic mice. 

Mouse line Reaction Temperature Time 

mTmG 

Denaturation 95 °C 3 min 

Denaturation 

  36 × 

95 °C 20 s 

Annealing 62 °C 60 s 

Extension 72 °C 50 s 

Final Extension 72 °C 5 s 

Storage 4 °C ∞ 

Mouse line Reaction Temperature Time 

PDGFR-GFP 

Denaturation  

30 × 

94 °C 15 s 

Annealing 55 °C 15 s 

Extension 72 °C 30 s 

Denaturation  
  36 × 

94 °C 30 s 

Annealing 65 °C 60 s 
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Extension 72 °C 60 s 

Final Extension 72 °C 2 m 

Storage 4 °C ∞ 

Abbreviations: m, minutues: mTmG: Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J; PDGFRα-

GFP: B6.129S4-PDGFRαtm1.1(EGFP)Sor/J; s, seconds.  

 

 Tissue processing 

4.4.1.  Preparation of lung organ culture 

Animals for organ harvest were first euthanized as previously described (P3) and the chest was opened 

via sternotomy, whereby the left atrium and right ventricle were incised. Pulmonary vessels were 

perfused with phosphate-buffered saline (PBS) maintaining a cannula (26G) through the right ventricle 

to flush erythrocytes out of the lung to the left atrium. Then, the lungs were inflated intratracheally with 

the 26G-cannula using DMEM cell culture medium supplemented with 1 % penicillin–streptomycin (PS). 

Finally, the cannula was fixed and knotted to the trachea and closed with a cap. Lungs were then removed 

from the thorax, and heart and thymus were discarded. Lungs were inflated to increase the pressure up to 

5 times per day and were incubated in a Petri dish with the above culture medium, which was changed 

daily.  

4.4.2. Preparation of the Precision Cut Lung Slices 

Mice were euthanized according to 4.1. The chest was opened via sternotomy and left atrium and right 

ventricle were incised. For comparison purposes, three different PCLS Protocols (PCLS_P) were 

followed. 

4.4.3. Preparation of 200-µm-thick P3 and P7 PCLS (PCLS_P 1) 

The first protocol was kindly provided by Prof. Dr. Saverio Bellusci’s laboratory for Lung Matrix 

Remodeling in Giessen (Germany). For this protocol P3, P7 and P14 animals were used. Pulmonary 

vessels were perfused with PBS through the right ventricle to flush erythrocytes out of the lung to the left 

atrium (maintaining a 26G cannula for P3, a 24G cannula for P7 and, a 22G cannula for P14). Lungs 

were next inflated intratracheally using the appropriated age-specific cannula at 20 cm H2O pressure with 

1 % low-melting-point agarose prepared with DMEM/F12 for 10 minutes. Finally, the trachea was ligated 

to prevent leakage, lungs were harvested and were incubated in ice-cold medium until vibratome slicing 

could be performed.  
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4.4.4. Preparation of 300-µm-thick P3 PCLS (PCLS_P 2) 

The second protocol followed Akram et al. with minor modifications (Akram et al., 2019a). Also, P3, P7 

and P14 animals were used without perfusion. Lungs were harvested and filled via trachea with 1.5 % 

low-melting-point agarose prepared with 1× HBSS/HEPES Buffer for 10 minutes using an age-

dependent quantity: 0.2 ml for P3, 0.27 ml for P7 and, 0.35 for P14.  

4.4.5. Preparation of 1,000-µm-thick P4 PCLS (PCLS_P 3) 

The third protocol followed Pieretti et al. (Pieretti et al., 2014).This protocol included P4, P8 and P12 

animals and  pulmonary vessels were perfused with 0.1M Sodium citrate at 15 cm H2O pressure for 15 

min. Lungs were harvested and filled via trachea using 20 cm H2O pressure for 10 minutes with 0.4 % 

low-melting-point agarose prepared with culture medium M199 using an age-dependent quantity. 

4.4.6. PCLS culture 

Once lungs were harvested and prepared for slicing, separated lobes were embedded into agarose (5 %) 

blocks for vibratome sectioning. All procedures followed the same culture proceeding, with exception of 

the medium used in each case: for the method described in the PCLS_P 1 supplemented (1 % PS and 0.1 

% amphotericin B) DMEM/F12 medium was used; while the methods described in the PCLS_P 2 and 

PCLS_P 3 used a collagen matrix with supplement (1x Insulin/Transferrin/Selenium; 2 mg/ml of ascorbic 

acid; 1 mg/ml of retinoic acid; and, 0.1 mg/ml of hydrocortisone) serum-free M199 media with 1 mg/ml 

Tail Rat Collagen I to attached PCLS to the well. Supplemented (1x Insulin/Transferrin/Selenium; 2 

mg/ml of ascorbic acid; 1 mg/ml of retinoic acid; and, 0.1 mg/ml of hydrocortisone) M199 media without 

Tail Rat Collagen I was used for incubation. 

In all scenarios, PCLS were incubated at 37ºC for 2 h and washed twice with the warm medium described 

in each protocol in order to remove the agarose from the tissue. Then, slices were cultured at 37ºC in 

presence of 5 % CO2 for different time points depending on the protocol: 24h and 72h for the 200-µm-

thick P3 and P7 PCLS; 72h for 300-µm-thick P3 and, 96h for the 1,000-µm-thick P4 PCLS. 

Once the expected culture time was reached, PCLS were fixed with paraformaldehyde (PFA) at 4 % and 

glutaraldehyde at 0.1 % during 24h previous embedding them in paraffin (4.4.9) or glycol-methacrylate 

(GMA) (4.4.10). 

4.4.7. Proliferation assay 

Cell proliferation was measured with 5-Ethinyl-2′-deoxyuridin (EdU) for organ and PCLS cultures. This 

compound is a thymidine analogue which is incorporated into the DNA of dividing cells. EdU is used to 

assay DNA synthesis in cell culture and labels cells in embryonic, postnatal and adult animals which 
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have undergone DNA synthesis (Chehrehasa et al., 2009). The assay was carried out following the 

manufacturers’ protocol with a few modifications. From a 10 mM EdU/ DMSO (w/v) stock solution, a 

final concentration of 20 l EdU per ml of cell culture medium was prepared. This master solution was 

always prewarmed before adding 1ml of this solution to 1 ml of culture medium, keeping a final 

concentration of 10 l of EdU per ml of medium. Lungs or PCLS in EdU-medium solution were cultured 

for 24h. Subsequently, the EdU-medium was removed and 1 % PFA (w/v) was added in order to fix the 

tissue, which was incubated overnight at 4ºC. The fixative solution was then removed by washing the 

PCLS twice with 3 % BSA in 1x PBS (w/v). Visualization of the EdU in tissue was preceded by a 

permeabilization step performed with 1 % Triton X-100 in PBS (v/v) at room temperature (RT) for 30 

minutes (min). Once the permeabilization solution had been removed by washing the tissue twice with 3 

% BSA in PBS 1X (w/v) a cocktail solution was added (listed in Table 3) and incubation for 2h at RT 

was carried out. Finally, PCLS were washed with 1x PBS and mounted on slides with Fluoromount W 

using properly-sized spacers. Every section was analyzed using a confocal laser scanning microscope. 

 

Table 3. Cocktail solution for EdU detection 

Component Concentration stock solution Final concentration 

Tris-HCl (10 mM, pH 8.5) 143 mM 100 mM 

Alexa Fluor 488 Azide 20 M 10 M 

Copper II sulfate pentahydrate 20 mM 1 mM 

Sodium ascorbate 500 mM 100 mM 

DAPI 14.3 mM 2 M 

 

4.4.8. MTT assay 

In 1980, MTT dye was first reported as an indirect measure of cell number (Mosmann, 1983). The basis 

of the assay is to expose cells in the exponential phase of growth to a cytotoxic drug or condition. Living 

cells are able to metabolize MTT dye. Surviving cell numbers are then determined indirectly by MTT 

dye reduction. The MTT dye is a yellow water-soluble tetrazolium dye that is reduced to a purple 

formazan product that is insoluble in aqueous solutions (Y. Liu et al., 1997). The amount of MTT-

formazan produced can be determined by absorbance measurement. For this assay, 200-µm-thick P3 and 

P7 PCLS were plated in 12-well plates and cultured during 24h and 72h. Our procedure followed the 

manufacturer’s protocol. MTT labelling reagent was added to PCLS culture medium and PCLS were 

incubated in a humidified atmosphere at 37ºC, 5 % CO2 for 4h. Next, a solubilization solution was added 
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to disrupt the tissue, after which the plates were cultured overnight at the above mentioned humidified 

atmosphere. Absorbance was measured at 550 nm. 

4.4.9. Paraffin tissue processing 

Samples were sliced into thin sections in order to be prepared for examination by light microscope. Lung 

tissue PCLS were first dehydrated using a Leica ASP200S tissue processor, and next embedded with 

Leica EG1160 and Leica EG1150C in paraffin blocks. Then, lung tissues were sectioned into 4-μm-to 5-

μm sections using a Leica RM2255 microtome and allowed to dry at RT. Deparaffinization of the slides 

step was carried out by heating at 59 °C for 60 min. 

4.4.10. Glycol-methacrylate tissue processing 

Samples were prepared for embedding in Glycol methacrylate by performing four washing steps of 5 min 

each with 0.1 M sodium cacodylate buffer prior 2 h treatment with 1 % (w/v) osmium tetroxide (OsO4) 

dissolved in 0.1 M sodium cacodylate buffer. Subsequently, lung tissues were once again washed four 

times (5 min each) with 0.1 M sodium cacodylate buffer followed by a 4-times distilled water (ddH2O) 

washing step. Lung tissues were then treated overnight with half-saturated uranyl acetate buffer. Four 

washing steps with ddH2O were applied, followed by a series of washings with increasingly concentrated 

acetone [70 % (v/v) twice for 1 hour; 90 % (v/v) twice for 1 hour; 100 % (v/v) once for one hour]. After 

dehydration, samples were maintained overnight in a 1:1 mixture of 100 % (v/v) acetone and Technovit 

7100-Hardener I. Then, samples were transferred to Technovit-Hardener I solution for 24h followed by 

5 min incubation with Technovit 7100-Hardener I-Hardener II under continuous rotation. Lung tissues 

were subsequently transferred to Histoform Q molds while still submerged on Technovit 7100-Hardener 

I-Hardener II mixture, which was allowed to polymerize for at least 48h. A final step using Technovit 

3040 mixed with Technovit universal liquid (3:1) was used to fix the Histoblock adapters to the GMA 

tissue blocks. Blocks were then removed from the molds and stored at RT before sectioning. Finally, 

GMA blocks were sectioned in 2-μm sections with a reusable d-profile steel microtome knife. Single 

sections were obtained every 20 μm for a total of 4 sections per lung (i.e.: sections 1, 11, 21 and 31). 

Upon collection of the tissue, slides were left to dry at 65 °C. 

 

 Staining of lung tissue for stereological analysis 

4.5.1.  Elastica staining  

Elastica staining was performed according to previous publication (Pieretti et al., 2014). Slides were 

washed twice 5 min in Xylol, followed by a 2 min step of series of progressively reduced ethanol 

concentration [96 % (v/v), 80 % (v/v), and 70 % (v/v)], subsequently submerged for 15 min in Resorsin-
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Fuchsin solution. Lung tissues were next washed for 1 min in tap water before counter-stained with 

Weigert hematoxylin for 5 min. Tissue was subsequently washed for 15 min in tap water, followed by 5 

sec in 1 % hydrochloric acid/70 % alcohol (v/v), and 5 sec in ddH2O. Next, Van Gieson solution was 

used in order to stain collagen and the cellular cytoplasm. Once staining was carried out, tissue was once 

again progressively dehydrated [twice submerged for 2 min in 96 % (v/v) ethanol, once for 2 min in 2-

propanol 99.8 % (v/v) ethanol and twice for 5 min in Xylol] and mounted with Pertex. Images were 

generated by using the Nanozoomer at bright field.  

4.5.2.  Hematoxylin and Eosin staining  

Slides were twice washed in Xylol for 5 min, followed by 4 min steps of reduced ethanol concentration 

[96 % (v/v), 80 % (v/v), 70 % (v/v), and 60 % (v/v) ethanol] followed by a 2 min ddH2O washing step. 

Lung tissues were next stained with Mayer Hematoxylin solution during 5 min followed by a 5-min tap 

water washing step. Following, 5 min submersion step in aqueous Eosin 1 % (v/v) and 5 min washing 

step in tap water were performed. Finally, tissues were dehydrated [twice submerged for 2 min in 96 % 

(v/v) ethanol, once submerged for 2 min in 2-propanol 99.8 % (v/v) ethanol and twice submerged for 5 

min in Xylol] and mounted with Pertex. Images were generated by using the Nanozoomer at bright field.  

4.5.3. Richardson´s staining  

Sections were incubated with Richardson’s stain for 30 sec at 65 °C and were serially washed in cold, 

hot, and double-ddH2O water. Finally, sections were fixed in Roti®-Histol and allowed to dry before 

imaging. 

4.5.4. Morphometrical measurements in stereology 

Stereological analysis was performed using the Visiopharm® NewCast computer-assisted stereology 

system. SV was measured by counting line intersections within the parenchyma of the lungs (Madurga 

et al., 2014). To this end, SV was calculated using the following formula: SV = 2 × (ΣI) / (lp × ΣP), where 

“I” indicate number of counted intersection; “lp” is the length (μm) of the line between two points; and, 

“P” refers to counted reference points inside parenchyma. Then, MLI was calculated according to the 

next formulae (Hsia et al., 2010). From surface density, the MLI can be calculated using the formula MLI 

= 4V(alv/lung) / S, where V(alv/lung) refers to volume of alveolar air space. Also, septal wall thickness 

(τ) can be estimated: τ(sep)[μm] = 2V(sep/lung) / S, where V(sep/lung) is the volume of septa in the 

parenchyma. Finally, to ensure precision of measurements, the coefficient of error (CE), the coefficient 

of variation (CV) and the ratio between squared (CE2/CV2) were measured for each parameter.  
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 Gene expression analysis 

4.6.1.  Total RNA isolation and cDNA preparation  

Total RNA was isolated from P3, P7 and P14 mouse lungs and PCLS using the miRNeasy Mini kit 

following manufacturers protocol. Tissue was placed into a 2 ml tube containing ceramic beads and 

homogenized using a Precellys 24-Dual. Total RNA was then resuspended in 30 µl nuclease-free water 

and concentration was determined using a NanoDrop One Microvolume UV-Vis Spectrophotometer.  

Subsequently, cDNA was prepared using 800 ng/µl RNA. Master mix using the reagents listed in Table 

5 were used in order to prepare a final volume of 40 µl. Real time polymerase chain reaction (qPCR) was 

carried out using Platinum SYBR Green qPCR SuperMix-UDG to analyze changes in gene expression 

for mRNA. The qPCR was assessed in the StepOne Real-Time PCR System and cycling conditions are 

reported in Table 5 for the genes listed (3.3). For qPCR analysis, ΔCt were assessed as mean Ct (reference 

gene) – Ct (gene of interest), where the Polr2a gene was used as reference genes for mRNA. Primer pairs were 

designed intron-spanning and were validated prior experimental design.  

 

Table 4. Master mix used to prepare cDNA for gene expression analysis. 

Component 1 sample (µl) 

Nuclease-free H2O 1 

GeneAmp 10× PCR Buffer 4 

Magnesium chloride solution (25 mM) 8 

dNTP Mix (10 mM) 2 

Random Hexamers (50 µM) 2 

RNase Inhibitor (20 U/µl) 1 

M-MLV Reverse Transcriptase (50 U) 2 

RNA (1000 ng/µl) 20 

 Total 40 

dNTP, Deoxynucleotide Triphosphates; M-MLV, Moloney Murine Leukemia Virus. 
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Table 5. Cycling conditions used for qPCR gene expression. 

Step Reaction  Temperature  Time  

1 Denaturation  95 °C 5 min 

2 Denaturation  

40× 

95 °C 5 s 

3 Annealing 59 °C 5 s 

4 Extension 72 °C 30 s 

5 Final Extension 72 °C 5 min 

6 Melting Curve Analysis  30 min 

7 Storage 4 °C ∞ 

 

 Imunostaining in histological sections 

4.7.1.  Podoplanin immunostaining 

Slides were heated at 60 °C for 1 h to melt paraffin. Once dewaxed, rehydration was started by 3-times 

immersion in Xylol, 10 min each. Slides underwent reduced ethanol concentration series [twice in 100 

% (v/v) ethanol 5 min; one in 96 % (v/v) ethanol 5 min; once in 70 % (v/v) ethanol 5 min]. Then, sections 

were washed for 5 min in PBS in light and boiled citrate buffer for 20 min [0.21 % (m/v) citric acid 

monohydrate, 0.05 % Tween 20 (v/v) pH 6]. After cooling down, slides were washed for 5 min in PBS 

and sections were blocked with 5 % (m/v) BSA for 1 h. Following, an additional PBS-washing step for 5 

min was carried out prior overnight incubation with Podoplanin primary antibody (1:100; goat serum). 

Subsequently, a PBS washing step for 5 min was carried out prior slides were incubated with Alexa-488 

secondary antibody (1 h at RT). A final washing step (5 min in PBS) was carried out prior staining using 

DAPI (1:5,000 in PBS, 5 min). Slides were mounted with Fluormount and covered with a cover glass. 

Images were taken using a confocal laser scanning microscope and analyzed using the ZEN 3.1 software. 

 Image processing, analysis and figure preparation  

4.8.1. Generation of digital images 

Images from brightfield whole-slide scans were captured with the NDPIview2 software (Hammatsu 

Photonics K.K., Hamamatsu City, Japan). FIJI/ImageJ and Zen software were used to perform 

adjustments of brightness and contrast to epifluorescent and confocal images as well as for generating 

3D renderings and projections of Z-stacks. Graphs were prepared with the software GraphPad Prism. 
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4.8.2. Automated proliferation counting from tissue sections 

Z-stack sections files from PCLS imaging were analyzed using FIJI/imageJ software and following the 

automated cell counting protocol stablished (Shihan et al., 2021). The Z-stack of 50 to 100 m range files 

were obtained by confocal laser scanning microscop with a 25X objective, pinhole of 1 UA and an 

internal of 1m. Then, area of the total and proliferating cells was obtained from FIJI and calculated as 

percentage of cell in proliferation using the next formula: 

𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒋𝒆 𝒐𝒇 𝒑𝒓𝒐𝒍𝒊𝒇𝒆𝒓𝒂𝒕𝒊𝒏𝒈 𝒄𝒆𝒍𝒍𝒔 =
𝑷𝒆𝒓𝒄𝒆𝒏𝒂𝒋𝒆 𝒐𝒇 𝑬𝒅𝑼 𝒑𝒐𝒔𝒊𝒕𝒊𝒗𝒆 𝒄𝒆𝒍𝒍𝒔

𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒋𝒆 𝒐𝒇 𝑫𝑨𝑷𝑰 𝒑𝒐𝒔𝒊𝒕𝒊𝒗𝒆 𝒄𝒆𝒍𝒍𝒔
∗ 𝟏𝟎𝟎 

4.8.3. Analysis of lung structure and estimation of structural parameters of the lung 

Quantitative assessment of lung structure was performed using design-based stereology, following the 

recommendations emitted by the American Thoracic Society and the European Respiratory Society on 

the matter Hsia et al., 2010. The Visiopharm newCAST software was used for stereological analyses of 

scans. 

 Statistics 

Statistical analyses were performed using Prism v8.3. software. Unless noted otherwise, data are 

presented as mean ± SD. Differences were evaluated with t-test (unpaired, unless noted otherwise) for 

comparisons between two groups. Differences between more than two groups were evaluated by one-

way ANOVA with Tukey’s post hoc test.  P values lower than 0.05 were considered to be statistically 

significant. 
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5. Results 

The present study aims to characterize murine PCLS during the postnatal period of alveolarization. Cell 

type specific marker expression, viability and proliferation were assessed together with a characterization 

of lung architecture using different types of stereological approaches. 

 Establishment of two different in vitro tissue systems: entire lung versus PCLS  

As a first step, two different in vitro culture systems were compared: entire lung vs. PCLS culture. The 

first approach, involving a complete organ in culture, was carried out in order to avoid tissue disruption, 

thus allowing the lung to undergo normal development (Figure 5). The second approach using PCLS was 

included because of easier handling and because PCLS were already established.  

Agarose solution was used to maintain structure in both scenarios, and a liquid medium was used to 

culture the tissues. Complete lungs and 200-μm thick PCLS were obtained from mice and subsequently 

cultured for 24h or 72h. In both cases, cell proliferation addressed after the first 24h. 2.2 % proliferation 

was observed in the entire lung culture, whereas 2.3 % proliferation was observed in PCLS. After 72h in 

culture, 0.21 % cell proliferation was observed in the entire lung while cell proliferation in PCLS 

remained stable (2.5 %) when compared to the same culture at the 24h mark (Figure 5).  
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Figure 5. Cell proliferation of entire lung culture vs PCLS culture. Cell proliferation in P3 murine entire lungs 

and 200-μm thick P3 PCLS was determined after 24 and 72h in culture (n = 3 per time point). EdU: Alexa Fluor 

488 (green). Nucleus: DAPI (blue). Scale bar: 50 µm. 

 

To study alveolarization in vitro, a system stable enough to be evaluated for at least 72h is necessary in 

order to recognize structural changes, a requisite that is generally not met by the entire lung culture. In 

contrast, the PCLS approach offered promising results, so that this approach was selected to continue 

analyzing alveolarization in vitro. 
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 Assessment of short-term cultivated murine PCLS 

5.2.1.  PCLS proliferation and viability 

Following previous results, PCLS were chosen as the optimal tool for this project. Evaluation of 

proliferation as a feature of maintenance of cellular integrity after short-term (up to 72h) cultivation of 

murine lung PCLS was the next step. PCLS were obtained from P3 and P7 mice and cultured for 24h or 

72h. Proliferating EdU-stained cells were notably visible in both 200-μm thick P3 and P7 PCLS after 24h 

and 72h in culture (Figure 6). In order to address differences between different conditions, cells were 

counted and analyzed for each of the above-mentioned conditions (Figure 6 B–E). Notably, significant 

differences were obtained between the different time-points for both P3 and P7 PCLS (Figure 6 B–D).  

However, when in vitro PCLS from P3 and P7 after 24h were compared, no significant changes were 

found (Figure 6 C). In contrast, a significantly higher cell count was obtained in P3 after 72h when 

compared with P7 after 72h (Figure 6 D). P values are listed in Supplementary Tables S1. 
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Figure 6. Quantification of cell proliferation in PCLS. Cell proliferation assay was carried out in PCLS from 

P3 and P7 mice after 24 and 72h in culture (n = 9 per time point). (A) EdU was labeled with Alexa Fluor 488 
(green), nucleus with DAPI (blue). (B-E) Quantification of cell proliferation was automatedly counted by FIJI 

using a cell counting protocol stablished by Shihan et al. 2021. Comparations were performed between PCLS 
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from P3 (B) and P7 (C) mice after 24h and 72h in culture, as well as between P3 and P7 PCLS at 24h (D) and 

72h (E) in culture. Student's t-test was performed for each condition and P < 0.05 was considered statistically 

significant. Different letters indicate significant effect. Scale bar: 50 µm 

 

Next, cell viability was analyzed using the same experimental design as for proliferation. Optical 

density (OD) was significantly lower in P3 PCLS after 24h than after 72h in culture. Lung cells 

remained viable for up to 72h in culture (Figure 7 A). A similar pattern was observed for PCLS 

obtained from P7 mice; PCLS remained viable for up to 72h (Figure 7 B). In both scenarios, a slight 

nonsignificant decrease in cell viability was detected after 72h. P values are listed in Supplementary 

Tables S2. 

 

  
Figure 7. Viability assay performed in PCLS. Viability of PCLS from P3 (A) and P7 (B) mice was determined 

by MTT assay at 4, 24, and 72h in culture. Optical density (OD) was measured at a wavelength of 550 nm (n = 12 

per experiment). One-way ANOVA with post hoc Tukey test was used and P < 0.05 was considered statistically 

significant. Different letters indicate significant effect. 
 

 

  In vitro PCLS stereological quantification  

Subsequently, visualization and quantification of possible lung remodeling was addressed. Previous 

results indicated that cells within PCLS are actively proliferating and growing. Whether these processes 

were resulting in noticeable changes in lung structure was the subject of our next analysis. To optimize 

a quantification of change in lung structure, three approaches were considered: PCLS_P 1, 2 and 3. 

5.3.1. Stereology of PCLS using confocal laser scanning images. 

The first approach included confocal laser scanning imaging of mTmG mice following the experimental 

design of sections 5.2, with a slight modification: the addition of an end control at P14. Apparently PCLS 

from P3 and P7 mice did not morphologically develop when cultured for 24h (Figure 8 A). In contrast, 

after 72h in culture, morphological similarities to end controls were observed between in vitro P7 PCLS 
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after 72h and P14 control, and, in vitro P3 PCLS after 72h and P7 control. However, in order to confirm 

and quantify this outcome, PCLS were next analyzed by stereology. 

 

 

Figure 8. Confocal laser scanning imaging and stereological analysis of mTmG PCLS. (A) Representative images 

of in vivo P3, P7 and P14 PCLS as morphology control and PCLS from P3 and P7 mice after 24 and 72h in culture. 

Cells from mTmG mice expressed tdTomato fluorescent protein (red) and nuclei were labeled by DAPI (blue). Scale 

bar: 50 µm. (B-G) Stereological quantification of obtained images were analyzed using Visioparhm software. Surface 

density (B, E), mean linear intercept (C, F) and septal thickness (D, G). A comparation between P3 and P7 (B-D) in 

vivo with P3 PCLS in vitro after 24h and 72h in culture. Comparison between P7 and P14 (E-G) in vivo with P7 PCLS 

in vitro 24h and 72h (n = 3 per experiment). One-way ANOVA with post hoc Tukey test was used and P < 0.05 was 

considered statistically significant. Different letters indicate significant effect. 
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Following, stereology counting was performed as illustrated in Figure 8 B–G. In this latter scenario, 

surface density showed results for P3 control and P7 control, being P7 the highest value. P3 PCLS after 

24h and 72h showed similar result to P3 control (Figure 8 B). Similarly, P7 control and P14 control 

showed significantly differences, being P14 the highest value. In vitro P7 PCLS presented similar values 

as P7 control for surface density as illustrated in Figure 8 E. On the one hand, MLI showed significant 

values between both in vivo PCLS, but in vitro PCLS showing similar values when compared with P3 

PCLS controls. On other and, P7 and P14 PCLS controls, as well as in vitro P7 PCLS presented similar 

MLI as illustrated in Figure 8 C, F. Finally, Septal thickness was analyzed and showed P3 PCLS controls 

not significantly higher than P7 PCLS control but in vitro P3 PCLS after 24h showed a significant 

increased septal thickness compared with P7 PCLS controls, and as illustrated in Figure 8 D. Septal 

thickness in vivo PCLS from P7 mice was significantly increased compared with the end P14 control, but 

both controls presented smaller values compared with in vitro PCLS (Figure 8 G). All measured values 

are listed in Supplementary Tables S3 and S4. 

Nonetheless, due to the background and noise produced at the deepest images when using the Z-stack 

method obtained by confocal imaging, combined with lack of alveolarization observed after these 

previous experiments, next steps were carried out in order to develop a different quantification approach. 

This was addressed in order to study any possible change in structure in PCLS. 

5.3.2. Stereology of PCLS using paraffin sections   

A second approach to analyze structural changes in PCLS was based on stereology using paraffin 

embedded sections  respectively (Akram et al., 2019a; Pieretti et al., 2014). In vitro 300-µm-thick PCLS 

of P3 mice were evaluated after 72h in culture and 1,000-µm-thick PCLS from P4 mice were cultured 

for 96h.  

Representative images of in vivo control lungs for both experimental designs, showed that alveolar size 

was negatively correlated with the age of the animal for both experiments (Figure 9 A and 10 A). For the 

first experiment, P3, P7 and P14 controls presented a positively-correlated increased surface density 

according age of the animal (Figures 9 B). However, in vitro PCLS showed significantly lesser values 

than controls. The second measured parameter MLI, presented significantly decreasing values for older 

animals, but in vitro PCLS presented a different pattern, P3 PCLS cultured for 72h presented similar 

values than P7 control (Figure 9 C). Next, septal thickness presented a notably increased septal thickness 

in PCLS in vitro compared with all in vivo controls. 
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Figure 9. Stereological analysis of 300-µm-thick PCLS in paraffin. (A) Light microscopic imaging from P3, 

P7 and P14 in vivo control PCLS were compared with 300-µm- thick P3 PCLS after 72h in culture. (B –D) Four 

4-μm slices with 20-μm space between them were stained with H&E. Three representative images were obtained 

from each group and quantification was performed using Visioparhm software. (B) Surface density, (C) mean 

linear intercept and (D) septal thickness were analyzed in vitro P3 PCLS cultured for 72h and compared with P3, 

P7 and P14 in vivo controls PCLS (n = 5 per experiment). One-way ANOVA with post hoc Tukey test was used 

and P < 0.05 was considered statistically significant. Scale bar: 100 µm. Different letters indicate significant effect. 
 

 

Next, second protocol mentioned in section 4.2.5 (PCLS_P3) was carry out. Similar tendency was found 

for surface density in vivo controls P4, P8 and P12 showed positively-correlated increased surface density 

with the age of the animal but significantly lesser value for in vitro PCLS (Figure 10 B). Completely 

different MLI results were obtained. In vivo controls presented similar tendency as the MLI of previous 

results, but P4 in vitro PCLS after 96h in culture showed the highest value (Figure 10 C). Finally, septal 

thickness showed increased value in PCLS in vitro compared with all in vivo controls (Figure 10 C). All 

measured values are listed in Supplementary Tables S5 and S6. 
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Figure 10. Stereological analysis of 1,000-µm thick PCLS in paraffin. Light microscopic imaging from P4, P8 

and P12 control PCLS were compared with 1,000-µm- thick P3 PCLS after 72h in culture. (B –D) Four 4-μm 

slices with 20-μm space between them were stained with elastica staining. Three representative images were 

obtained from each group and quantification was performed using Visioparhm software. (B) Surface density, (C) 

mean linear intercept and (D) septal thickness were analyzed in vitro P4 PCLS cultured for 96h and compared with 

P4, P8 and P12 in vivo controls PCLS (n = 5 per experiment). One-way ANOVA with post hoc Tukey test was 

used and P < 0.05 was considered statistically significant. Scale bar: 100 µm. Different letters indicate significant 

effect. 

 

As similar approaches were carried out from both experimental settings, the outcomes were compared. 

This was achieved in order to evaluate whether using both experimental settings resulting the same level 

of accuracy. Represented in Figure 11 A, 300-µm-thick PCLS showed thicker septa than 1,000-µm-thick 

PLCS and both showed possible differences in the size of the alveoli. These finding were in agreement 

with results obtained using stereology quantification. In Figure 11 B, both differently cultured PCLS 

maintained the same surface density, however a higher MLI was shown in 1,000-µm-thick PCLS (Figure 

11 C) whereas septa showed to be thicker at 300-µm-thick PCLS compared to 1000-µm-thick PCLS 

(Figure 11 D). All compared values are listed in Supplementary Tables S7 and S8. 
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Figure 11. Comparison between in vitro 300-µm- and 1,000-µm-thick PCLS embedded in paraffin. (A) 

Display of three representative images of 300-µm-thick and 1,000-µm-thick PCLS. (B – D) Four 4-μm slices with 

20-μm space between them, were stained with elastica staining. Quantification was performed using Visioparhm 

software. (B) Surface density, (C) mean linear intercept and (D) septal thickness were analyzed to compare in vitro 

PCLS (n = 5 per experiment). Student's t-test was used and P < 0.05 was considered statistically significant. Scale 

bar: 100 µm.  

 

5.3.3. Stereology of PCLS embedded in glycol methacrylate  

Stereology of 300-µm-thick PCLS from P3 mice cultured for 72h using GMA embedding was carried 

out using in vivo P3, P7 and P14 control PCLS. Representative images of in vivo control PCLS 

demonstrated a decrease in size of alveoli towards P14 (Figure 12 A). Surface density increased in in 

vivo control PCLS from P3 to P14. In contrast, surface density of 300-µm-thick P3 PCLS cultured for 

72h decreased compared with in vivo PCLS (Figure 12 B). Values of MLI in vivo PCLS controls 

decreased from P3 to P7. However, MLI of 300-µm-thick P3 PCLS cultured for 72h decreased compared 

with P3 in vivo PCLS, showing similar value that in vivo P7 PCLS (Figure 12C). Septal thickness of 

GMA embedded in vitro control PCLS decreased from P3 to P14, but in vitro 300-µm-thick PCLS of P3 

mice cultured for 72h demonstrated a strong increase in septal thickness when compared with in vivo 

PCLS controls (Figure 12 D). All measured values are listed in Supplementary Table S7. 
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Figure 12. Stereological analysis of 300-µm-thick PCLS embedded in GMA. (A) Light microscopic imaging 

from P3, P7 and P14 in vivo control PCLS were compared with 300-µm- thick P3 PCLS after 72h in culture. (B –

D) Four 4-μm slices with 20 μm space between them, were stained with Richardson’s staining. Quantification was 

performed using Visioparhm software. (B) Surface density, (C) mean linear intercept and (D) septal thickness (n 

= 5 per experiment). One-way ANOVA with post hoc Tukey test was used and P < 0.05 was considered statistically 

significant. Scale bar: 100 µm. Different letters indicate significant effect. 

 

Subsequently, the second experiment using GMA embedding included 1,000-µm-thick P4 cultured for 

96h PCLS. Experimental design was carried out according to experimental setting used for paraffin 

embedded sections. In vivo grown PCLS controls were taken at P4, P8 and P12. Representative images 

demonstrated a decrease in size of develop from P4 to P12. In vitro grown 1,000-µm-thick P4 PCLS 

cultured for 96h demonstrated larger alveoli (Figure 13 A). Surface density values of in vivo control 

PCLS increased from P4 to P12, but surface density of in vitro P4 PCLS cultured for 96h showed 

decreased values compared with the in vivo controls (Figure 13 B). The second parameter, MLI, presented 

values of in vivo controls decreased from P4 to P12, but in vitro 1,000-µm-thick P4 PCLS cultured for 

96h showed the highest value (Figure 13 C). Septal thickness of in vivo control PCLS showed statistically 

significance for control P14 when compared with P4 and P8 control. Septal wall thickness of in vitro 
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PCLS showed similar value as P4 and P8 control PCLS (Figure 13 D). All measured values are listed in 

Supplementary Table S8. 

 

 
Figure 13. Stereological analysis of 1000µm thickness PCLS embedded in GMA. (A) Light microscopic 

imaging from P4, P8 and P12 control PCLS were compared with P4 PCLS after 96h in culture. 4 slices of 2μm 

and a deep space of 20 μm between them were stained with Richardson´s staining. Three representative images 

were obtained of each group. B-D. Quantification of stereological parameters were performed using Visioparhm 

software. Surface density (B), Mean linear intercept (C) and Septal thickness (D). (n = 5 per experiment); P < 0.05 

determined by one-way ANOVA with post hoc Tukeytest. Scale bar: 100 µm. Different letters indicate significant 

effect. 

  

 

In vitro 300-µm-thick P3 PCLS and 1,000-µm-thick P4 PCLS GMA-embedded were compared to 

analyze the differences between both approaches. As illustrated in Figure 14 A, differences in the 

structure were displayed at the representative images. Surface density did not differ between the two 

analyzed conditions (Figure 11 B). Mean linear intercept was significantly higher for 1,000-µm-thick P4 

PCLS cultured for 96h compared to 300-µm-thick P3 PCLS cultured for 72h (Figure 14 C). Septal 

thickness decreased for P3 PCLS cultured for 72h compared with P4 PCLS cultured for 96h (Figure 14 

D). All compared values are listed in Supplementary Tables S9 and S10. 
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Figure 14. Comparison between in vitro P3 PCLS 300-µm- and 1,000-µm-thick P4 PCLS embedded in GMA. 

(A) Three representative images of 300-µm-thick P3 and 1,000-µm-thick P4 PCLS. (B – D) Four 4-μm slices with 

20-μm space in between were stained with Richardson’s staining. Quantification was performed using Visioparhm 

software. (B) Surface density, (C) mean linear intercept (D) septal thickness (n = 5 per experiment). Student's t-

test was used and P < 0.05 was considered statistically significant. Scale bar: 100 µm.  

 

5.3.4. Comparation of stereological quantifications using paraffin and GMA embedded tissue 

In order to study variations between both techniques using paraffin or GMA respectively, stereological 

parameters acquired in both techniques were compared.  

Surface density decreased significantly in most of the GMA embedded samples when compared to 

paraffin embedded samples significantly except for 1,000-µm-thick P4 PCLS after 96h in culture and 

control P14 (Figure 15 A). The second parameter, MLI, presented increased values of the GMA 

embedded samples compared to paraffin embedded samples, being significant for in vitro P3 PCLS after 

72h in culture and P4 PCLS after 96h in culture, followed by in vivo P3 and P4 controls and, finally, P12 

and P14 controls. Nonetheless, for this parameter control groups P7 and P8 did not differed statistically 

(Figure 15 B). The third and last parameter, septal thickness, showed significantly increased values in 

GMA embedded in vitro P3 PCLS after 72h and in vivo P3 and P4 controls. Remaining groups presented 

similar results for both embedding techniques (Figure 15 C).  

 

C 

D 
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Figure 15. Comparison of stereological parameters using paraffin- and GMA-embedded PCLS from 

different aged mice. (A – C) Four 4-μm slices with 20-μm space in between, were stained and scanned. Paraffin 

embedded (grey bar) GMA embedded (white bar). Quantification was performed using Visioparhm software. (A) 

Surface density, (B) mean linear intercept and (C) septal thickness (n = 5 per experiment). Student's t-test was used 

and P < 0.05 was considered statistically significant. 

 

 Quantification of gene expression in postnatal PCLS 

After evaluating the results obtained with the previously mentioned quantification, the performance of 

300-µm-thick P3 PCLS cultured for 72h was chosen as the most suitable model to study alveolarization. 

Gene expression of genes impacting on alveolarization was analyzed in postnatal murine PCLS.  

Markers for mesenchymal cells were first analyzed. In vivo P3 PCLS control showed downregulation of 

the platelet-derived growth factor receptor α (PDGFR) compared with in vivo P7 and P14. In contrast, 

in vitro P3 PCLS after 72h in culture showed upregulation of this gene compared to in vivo PCLS controls 

(Figure 16 A). Next, the expression of Alpha-smooth muscle actin gene (ACTA2) was analyzed. For this 
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gene, P14 control PCLS showed downregulation compared with the remaining groups, but  in vitro  P3 

PCLS after 72h in culture presented similar expression of this gene compared with P3 and P7 controls 

PCLS (Figure 16 B). The mesenchymal gene encoding the protein Collagen type I, alpha 1 also known 

as COL1A1 showed a significant upregulation in in vivo PCLS groups compared with in vitro P3 PCLS 

after 72h in culture (Figure 16 C). The gene VIM (encoding the protein Vimentin) showed upregulation 

in P3 control PCLS compared with P7 and P14 controls PCLS.  For the studied in vitro P3 PCLS after 

72h in cultured no significant differences were found to P3 nor P7 (Figure 16 D). 

 

Figure 16. Mesenchymal gene marker expression in cultured P3 PCLS and in vivo control PCLS. Gene 

expression of 300-µm-thick P3 PCLS cultured for 72h and P3, P7 and P14 in vivo PCLS. (A) PDGFR, (B) 

ACTA2, (C) COL1A1 (D) VIM by real-time qPCR. Values are expressed as mean ± Standard Deviation (SD); n 

= 3. Student's t-test was used and P < 0.05 was considered statistically significant. Different letters indicate 

significant effect. 

 

Then, markers for epithelial cells were next analyzed. Podoplanin (PDPN gene) demonstrated a 

downregulation in P7 control PCLS compared with P3 and P14 controls PCLS. In contrast, in vitro P3 

PCLS after 72h in culture showed upregulation of PDPN compared with in vivo controls PCLS (Figure 

17 A). The marker Surfactant-associated protein C (SFTPC gene) was downregulated in P3 control PCLS 

compared with P7 and P14 control PCLS, but upregulated compared with in vitro P3 PCLS after 72h in 

culture (Figure 17 B). The proliferation marker protein Ki-67 (MKI67 gene) was analyzed next. 

Expression did not differ from values in control PCLS (Figure 17 D). 
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Figure 17. Expression of epithelial and one marker for proliferation in murine P3 cultured PCLS and in 

vivo control PCLS. Gene expression of 300-µm-thick P3 PCLS cultured for 72h and P3, P7 and P14 in vivo 
control PCLS. (A) PDPN, (B) SFTPC (C) MKI67 by real-time qPCR. Values are expressed as mean ± Standard 

Deviation (SD); n = 3. Student's t-test was used and P < 0.05 was considered statistically significant. Different 

letters indicate significant effect. 

  

 Visualization of overexpressed marker by confocal imaging 

To corroborate the increment of the cell markers PDPN and PDGFRα, in the postnatal PCLS, 

visualization of immunostaining and a reporter mouse line were used. A staining assay with anti- PDPN 

antibody was performed to visualize AECI in the surface of the alveolar septum. Changes in AECI 

abundance in the alveolar surface of PCLS were observed (Figure 18 top). Reporter mouse line 

PDGFRαGFP was used to observe PDGFRα + cells in lung tissue from P3 and P7 in vivo PCLS and P3 

in vitro PCLS. An increase in cellular abundance for PDGFR positive cells was observed for in vitro 

PCLS of postnatal mice (Figure 18 bottom). A higher cellular abundance of PDGFR positive cells was 

detected in cultured PCLS compared with the parenchyma of in vivo PCLS.  Negative control for the 

PDPN staining is illustrated in Figure S 1. 

 

A B 

C 
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Figure 18. Visualization of Podoplanin and Platelet-derived growth factor receptor  in murine postnatal 

P3 PCLS cultured for 72h and in vivo control P3 and P7 PCLS. (A – C) Immunostaining for Podoplanin (green) 

DAPI (blue). (D – F) Visualization of green fluorescence protein (GFP, green) DAPI (blue) in PDGFR-GFP 

transgenic mice. Scale bar: 50 µm. 
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6. Discussion 

 

The present work aimed to validate in vitro cultured PCLS of postnatal mice as a tool to study the process 

of alveolarization. To achieve this aim, PCLS of postnatal wildtype and transgenic postnatal mice were 

cultured in vitro. PCLS of in vivo grown postnatal lungs served as a control. Cellular functions such as 

proliferation and viability were investigated to characterize the PCLS. In vitro PCLS from postnatal mice 

presented abundant cell proliferation compared with the culture of the complete lung. Structural changes 

in PCLS upon cultivation were assessed using different stereological approaches. Proliferation could be 

detected in PCLS upon cultivation and cells in PCLS were viable after 72h in culture (Bryson et al., 2020; 

Hirn et al., 2014; Neuhaus et al., 2017). These results are in line with previously published data. To the 

author’s knowledge, only one other study exists to date that addresses postnatal lung morphological 

development (Pozarska et al., 2017).  The use of confocal laser scanning as a source of high-resolution 

images is a reliable method to quantify structural changes, although the methodology is not without its 

difficulties, since noise produced at the deepest images when using the Z-stack method obtained by 

confocal imaging can sometimes obscure results and make image interpretation more difficult. Hence, 

modifications to the already available protocol had to be made in order to quantify relevant stereological 

parameters (Appuhn et al., 2021; Hoang et al., 2018; Pérez-Bravo et al., 2021). Different protocols of 

previous studies by Akram et al. and Pieretti et al. were followed in order to identify the most reasonable 

experimental setting to study alveolarization (Akram et al., 2019a; Pieretti et al., 2014). A comparison 

between paraffin and GMA embedded samples showed that different embedding procedures could 

significantly alter stereological parameters of PCLS. A significant effect was observed in the structure of 

in vitro postnatal PCLS when compared with the control, using both paraffin and GMA approaches, 

respectively, hence indicating a different developmental process being undergone by the cultured PCLS. 

Cell population addressment showed an expression of both epithelial and mesenchymal markers, 

suggesting that a change in lung structure might be occurring. Taken together, it seems clear that PCLS 

are a useful tool to study cellular function, but the use of PCLS to study structural changes of 

alveolarization is not recommended. 

Recent studies have shown that culture systems including airway epithelial cells grown as 2D or 3D 

monolayers allow a differentiated air liquid interface (ALI), where it is possible to culture goblet, club 

and basal cells, thus allowing us to have a closer look at the in vitro lung remodeling process (Bérubé et 

al., 2010; Bhowmick & Gappa-Fahlenkamp, 2016; Hirn et al., 2014). These trans-well systems allow the 

development of a polarized epithelium simulating a natural environment that includes “respiratory 

surfaces” (Balharry et al., 2008; Huang et al., 2013). Although these systems themselves offer a step 

towards in vitro lung culture itself, the lack of air-liquid flow that would otherwise be experienced at the 
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epithelial and endothelial levels in an in vivo setting mean that a full replicate of the in vivo lung system 

is still far from achieved.  

The development a more accurate approach using a simpler format was thus needed. Ideally, PCLS 

compromise a simple tool with a complex intact structure and cellular composition, offering the 

possibility to investigate multiple regions of the lung (G. Liu et al., 2019). Explants can be cultured from 

a wide range of donors that can also include healthy and diseased organs. These explants contain all cell 

types found in the tissue of interest, including any changes of the extracellular matrix associated with the 

disease of research interest (G. Liu et al., 2019). Therefore, the environment in which PCLS grow has 

been a matter of intense study. Recreating in vivo conditions was not an easy task and culture medium 

had to be optimized and supplemented with essential nutrients, such as amino acids, glucose, salts, 

vitamins, and other nutrients (Arora, 2013), enabling the PCLS to remain viable for up to 14 days 

(Temann et al., 2017). PCLS were cultured in two different media. This change in protocol was motivated 

by the lack of alveolarization using DMEM/F12 media to culture PCLS and confocal laser scanning 

microscope imaging. The implication of media composition was not studied into anymore depth, but 

significantly different results were obtained when supplemented M199 medium and light microscope 

imaging were used as highlighted in Material and Methods section 4.4.6., which might have provided a 

richer environment for a wider range of some of the cells present in the PCLS. Hence, culture conditions 

used in the present study, such as addition of vitamin C as antioxidant or hydrocortisone as a growth and 

proliferation modulator, might have promoted the growth of some cellular populations, such as 

fibroblasts (Chepda et al., 2001; Rosner & Cristofalo, 1979). Also, the implications on the variability of 

results of using different nutrient concentrations has not yet been studied in detail, but it might have had 

an impact on the slicing and further culture of PCLS, since these variations can change tissue 

conformation. Future approaches might in be in order to address whether a different agarose 

concentration might alter the outcome of our manipulations.  

The present study aimed to analyze proliferation and viability of the murine postnatal PCLS. Cell 

proliferation assays are highly important to validate work in experimental settings such a as testing 

cytotoxicity and drug reagent or analyzing the effect of growth factors on cell activity. DNA synthesis 

assays have received more attention since they have been shown to be the most accurate method to detect 

cell proliferation (Romar et al., 2016; Salic & Mitchison, 2008). In the present work, a DNA synthesis 

assay involving EdU was chosen to analyze PCLS proliferation. Results showed an increase in cell 

proliferation in postnatal PCLS, after 24h and 72h in culture, showing better results for the P3 PCLS 

cultured for 72h (5.2.1). Previous studies demonstrated a decrease in proliferation in culture after 72h 

(Hirn et al., 2014). The latter work was performed in adult rats, where proliferation is expected to be 

lower than in postnatal mice. Another approach, based on the use of Ki67-antibody staining as a marker 
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for proliferation, was used by Akram et al. in postnatal mice PCLS, showing approximately 20 % of 

positive cells after 24h in culture. In the present work, up to 2 % of proliferating cells were measured 

after 24h of culture (Akram et al., 2019a). The difference in cellular proliferation when compared with 

Akram et al. might trace back to the fact that EdU labels cells in the S-phase (Buck et al., 2008) and 

Ki67-antibody is a nuclear protein associated with cellular proliferation during all active phases of the 

cell cycle (Bruno & Darzynkiewicz, 1992). However, we found evidence confirming clear cell 

proliferation of murine PCLS for up to 72h of culture. 

To combine cell proliferation with viability, an MTT assay was also performed. In this study, the MTT 

assay was applied at two different postnatal time points, showing decreased cell viability after 24h and 

72h in culture compared with the control. When these results were compared with previous studies, 

viability of cultured PCLS showed decreased viability with increasing length of time in culture (Akram 

et al., 2019a; Bryson et al., 2020; Lambermont et al., 2014). This variability is mainly due to the use of 

different animal models for PCLS, such as rats (Martin et al., 1996), guinea pigs (Ressmeyer et al., 2006), 

or humans (Wohlsen et al., 2003); as well as different techniques to measure cell viability. While some 

authors used the MTT assay (Akram et al., 2019;Lambermont et al., 2014), others used resazurin-based 

solutions, such as AlamarBlue (Bryson et al., 2020) or enzymatic reactions such as Lactase 

Deshydrogenase Activity (Hirn et al., 2014). However, when all results are taken into account, the 

emergingpattern is in agreement with the results presented in this study. We thus conclude that the results 

obtained show that PCLS cultured for 72h are most recommended for the purpose of observing some 

lung remodeling, cellular viability and proliferation (Akram et al., 2019; Lambermont et al., 2014). 

The need to use an accurate morphological quantification method to understand lung remodeling has 

been widely highlighted (Mühlfeld et al., 2015). Because structural quantification is considered the “gold 

standard” in evaluating experimental intervention, it is imperative that these quantitative methods 

accurately allow meaningful analysis of results, remain efficient and precise within reasonable efforts, 

provide the basis for adequate statistical power and can be standardized to facilitate comparisons among 

experimental groups and even among different studies (Hsia et al., 2010).  For these reasons, different 

stereological approaches were applied in the present study in order to meet optimal quantitative standards. 

So far, only few studies have used stereology in murine PCLS. As highlighted previously, Akram et al. 

described morphological mechanisms of alveolarization and Pieretti et al. designed and tested an in vitro 

PCLS culture model that showed PCLS with ongoing secondary septation, cell proliferation, and cell 

population (Akram et al., 2019a; Pieretti et al., 2014). Additionally, there are only few data demonstrating 

stereological analyzes in postnatal mice (Pozarska et al., 2017). The latter study also demonstrated 

stereology using confocal laser scanning microscopy. This imaging technique offers a high optical 

resolution (Jonkman & Brown, 2015). Previous studies demonstrated quantification of total cell number 
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in lung sections and stereological parameters using CLSM (Jansing et al., 2018). This stereology 

approach was applied to quantify stereological parameters in PCLS prepared based on known protocols 

for culturing PCLS of postnatal mice (PCLS_P 1, 2 and 3).  

The first parameter studied was surface density. This parameter represents the area of gas exchange in a 

volume, given per cm-1. In a lung undergoing natural alveolization, this parameter is expected to present 

age-related increase since new alveoli are forming and gas exchange area increasing (Hsia et al., 2010). 

Stereology using CLSM imaging technique showed similar values in in vitro P3 PCLS compared with 

P3 controls, in contrast to lesser values obtained for both paraffin- and GMA-embedded in vitro P3 and 

P4 PCLS samples (Figures 8 B, 9 B, 10B, 12 B and 13B). This outcome, is in contrast with data performed 

by Pieretti et al. (Pieretti et al., 2014). Increased surface density of P4 PCLS after 96h in the culture 

compared with control PCLS was demonstrated (Pieretti et al., 2014). Since surface density was not 

showed in the study of Akram et al. this data could not be compared (Akram et al., 2019a). The second 

parameter, MLI, gives a of volume to surface ratio of acinar air space and alveoli (Hsia et al., 2010). In 

contrast to surface density, a negative correlation between age and this parameter is presented in healthy 

animals (Hsia et al., 2010). This is due to the development and formation of new alveoli which leads to 

a decrease average size of alveoli and increase in surface of the lung. Also, for this parameter stereology 

using CLSM imaging values measured in P3 PCLS cultured for 72h were not decreasing compared to P3 

in vivo control PCLS. However, a different scenario was presented for results obtained from 300-µm-

thick PCLS. In this latter scenario, the 300-µm-thick P3 PCLS cultured for 72h showed a decreased MLI 

value compared with values of in vivo P3 control PCLS, being similar to the value obtained for P7 in vivo 

control PCLS, which might indicate a possible structural development, close to what occurs in in vivo 

mice. These results are also in agreement with Akram et al. (Akram et al., 2019). In contrast, 1,000-µm-

thick P4 PCLS cultured for 96h showed increased values for MLI in comparison with in vivo P4 control 

PCLS, indicating a possible arrest of the alveolization. The third parameter, septal thickness is the 

aerometric mean of thickness or air-blood barrier in alveoli (Hsia et al., 2010). This parameter has been 

demonstrated to follow a negative correlation between age and this parameter during in vivo 

alveolarization (Pozarska et al. 2017). This pattern was clearly present among in vivo control PCLS while 

an increase in septum thickness was clearly seen in stereologies from CLSM images and GMA embedded 

tissue, but not from paraffin embedded tissue stereology. In contrast, Pieretti et al. demonstrated in 1,000-

µm-thick P4 PCLS cultured for 96h a decreased value of septal thickness. According to these data, 

structural changes of alveolization can occur in postnatal cultured PCLS (Pieretti et al., 2014). 

Differences obtained in the present study compared to previous studies requires further and more case-

specific experiments to better understand differential outcomes (Akram et al., 2019a; Pieretti et al., 2014). 
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Similar age-related patterns of stereological parameters were obtained in paraffin and GMA embedded 

samples. However, differences could also be detected using the same experimental design. GMA is a 

water and ethanol miscible plastic resin, which is favorable for the use of light microscopy, in contrast to 

paraffin embedding (Schneider & Ochs., 2014). For example, GMA improves histological, 

morphometrical, and immunohistochemical evaluations, mainly due to the accurate assessment of 

cytological details (Chiarini-Garcia et al., 2011).  Additional evidences showed that paraffin embedding 

might produce shrink of the tissue. Shrinkage of tissue is caused by tissue dehydration (Schneider & 

Ochs., 2014). This phenomenon was also present during the present study. In vivo control PCLS, as well 

as cultured PCLS, analyzed at different postnatal time-points were compared using paraffin and GMA 

embedded samples. Stereological parameters of samples embedded in paraffin differed significantly from 

values obtained from GMA embedded samples. These results might suggest that GMA embedding could 

lead to more accurate results related to stereological parameters in cultured PCLS. Stereological 

parameters of in vivo control PCLS of the present study are in agreement with previous data (Pozarska et 

al., 2017).  

Stereology is one of the methods elected to quantify structure changes of the lung during different 

conditions (Appuhn et al., 2021; Hoang et al., 2018). Also, studies on in vivo postnatal mouse lungs were 

published (Appuhn et al., 2021; Dzhuraev et al., 2019; Hoang et al., 2018; Pérez-Bravo et al., 2021), but 

only few covers different time points of lung development (Appuhn et al., 2021; Pozarska et al., 2017). 

Different parameters are established to quantify morphology of lung parenchyma. Analyses of non-

volume parameters to lung volume parameters as surface area, airspace volume or septal volume (surface 

density, MLI or septal thickness multiply by volume of the lung) was discarded due to possible shrinkage 

of in vitro PCLS as it is published in other explant tissue (Dewyse et al., 2021), as well as, the shrinkage 

of paraffin embedding, or the loss of slices during the process. For this reason, only non-volume 

dependent parameters were measured. Alveolar density was also not analyzed because a maximum 

thickness of 3 m as dissector heights is needed for mouse tissue (Ochs, 2006), being impossible 

following the morphometrical protocols used of 4-m- to 5-m-thick paraffin PCLS sections (Akram et 

al., 2019a; Pieretti et al., 2014).  

Surface density is used to estimate the absolute surface areas of alveoli, which is also linked to the 

calculation of MLI and septal thickness. MLI is the mean length of line segments on random test line 

spanning the airspace between intersections of the line with the alveolar surface. Basically, it is an 

estimator of volume-to-surface ratio of alveoli (Tomkeieff, 1945). Note that MLI and surface density are 

nearly the same, with one exception: MLI relates to airspaces, whereas surface density includes the 

volume of interalveolar septal tissue (Hsia et al., 2010). In fibrotic lungs and in previous results, this 

difference can be significant; the correct measurement of MLI must exclude the volume occupied by the 
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septa. Septal thickness is the arithmetic mean thickness of air–blood barrier measures alveolar tissue 

volume per surface area by point and intersection counting (Hsia et al., 2010). These parameters are 

important to understand the following discussion and comparison between different embedding and 

imaging techniques used in stereology. However, stereology is perfectly suited to be combined with 3D 

imaging techniques, such as confocal laser scanning microscopy.  

Data demonstrated in the present study have shown that a developmental process was undergoing in in 

vitro cultured PCLS, however, excluding the formation of novel alveoli. In healthy P4 mice, secondary 

septa appear with higher presence of elastin deposition with an increase of αSMA+ myofibroblasts, 

among others (Morrisey & Hogan, 2010; Tschanz et al., 2014). As an indirect measurement of this 

ongoing process in PCLS, RNA expression of mesenchymal cell markers was analyzed. Results 

demonstrated upregulation of PDGFR expression in cultured PCLS this was confirmed by CLSM 

imaging of cellular abundance. Mesenchymal gene makers (ACTA2 or VIM) did not differ from P7 in 

vivo control PCLS to cultured PCLS, which might imply that fibroblast population in cultured PCLS was 

active like during alveolarization as previously published (Branchfield et al., 2016; Pieretti et al., 2014; 

Morrisey & Hogan, 2010). The downregulation of COL1A1 in cultured PCLS might indicate cellular 

dysfunction similar to chronically diseased lungs with bronchopulmonary dysplasia (Mižíková et al., 

2015). 

Epithelial cell composition during alveolization in terminal bronchioles and alveoli is mostly composed 

by AECI and AECII, covering up to 98 % of the surface area (Stone et al., 1992). For this reason, RNA 

expression of expected alveolar epithelial cells was carried out in cultured PCLS. Downregulation of 

SFTPC and upregulation of PDPN was demonstrated. These results suggest that lack of mechanical 

forces might impact on the production of surfactant proteins produced by the AECII (Torday & Rehan, 

2002).  Therefore, the cellular population of AECII might be decreasing. Also, the self-renewal capacity 

of AECII to replace AECI after injury (Desai et al., 2014), could explain upregulation of Podoplain, 

confirmed by CLSM imaging of cellular abundance. When these results were compared with the protein 

expression of Pro-Surfactant C and Aquaporin-5, markers for AECII and AECI, in previous studies 

(Pieretti et al., 2014), a different scenario was shown. It was demonstrated that Pro-Surfactant C protein 

expression and staining stayed stable in cultured PCLS while Aquaporin-5 increased. Results might 

suggested that protein abundance is under more complex genetic control than mRNA abundance (Brion 

et al., 2020). Finally, Ki67 showed similar expression for in vivo control PCLS and in vitro cultured 

PCLS and remained in accordance with previous published data (Akram et al., 2019a; Pieretti et al., 

2014). However, measuring protein expression in the presented study would have been favorable in order 

to better compare generated and previously published data (Akram et al., 2019a; Pieretti et al., 2014). 
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To study features of progressive and chronic lung diseases, such as, chronic obstructive pulmonary 

disease (COPD) a progressive inflammatory disease of the airways and idiopathic pulmonary fibrosis 

(IPF), a chronic and progressive interstitial fibrosis, human and murine cultured PCLS have been shown 

to be useful (Rosales Gerpe et al., 2018). For example, PCLS from smoke-exposed mice showed 

increased expression of chemokines when stimulated with a viral mimic or influenza A virus (Bauer et 

al., 2010). In an ex vivo human PCLS model markers of early fibrosis where upregulated when PCLS 

were expose to a combination of profibrotic growth factors and signaling molecules such as TGF-β1, 

TNF-α, platelet-derived growth factor-AB, and lysophosphatidic acid (G. Liu et al., 2019). Hence PCLS 

represented a useful tool to study early-stage IPF and evaluate novel therapies using different treatments 

(Alsafadi et al., 2017). In terms of cellular composition, PCLS keep a close structural organization to the 

in vivo situation (Bai et al., 2016; Kretschmer et al., 2013). In principle, PCLS can provide the opportunity 

to correlate cell functions within organ physiology, as demonstrated by complex responses of PCLS to 

modulation (Temann et al., 2017). As previously mentioned, PCLS have been used as a model to perform 

toxicological studies, but also to evaluate different lung diseases (Alsafadi et al., 2017; Van Dijk et al., 

2016). In asthma studies, comparison between PCLS from healthy and diseased lungs demonstrates an 

altered response in bronchoconstriction and hyperresponsiveness in PCLS. These responses are similar 

to those seen in patients and various animal models, suggesting a physiological mimicking in PCLS 

(Martin et al., 1996; Ressmeyer et al., 2006). Also, PCLS have been used to study innate responses to 

viral challenge. Use of the PCLS system has allowed a better understanding of which cells are infected 

in the healthy lung as compared with in vitro air liquid interface cell cultures (Goris et al., 2009). Other 

studies demonstrated that PCLS have been used to monitor effect of LPS on innate immune response, 

testing the effect of various immunomodulators on innate signaling (Seehase et al., 2012). During the 

present study, stereological parameters of 300-µm-thick P3 PCLS cultured for 72h have shown to mimic 

the structural changes expected for IPF because of a decreased surface density and an increased septal 

thickness (Schneider & Ochs, 2014). Also, stereological parameters of 1,000-µm-thick P4 PCLS cultured 

96h might recreate as well features of IPF due to an increase in septal thickness (Mühlfeld & Ochs, 2013). 

Taken together the present study contributes to a better understanding of advantages and disadvantages 

of different visualization and embedding techniques using PCLS for different purposes. Accordingly, 

none of the studied approaches proved to be suitable to study structural changes of alveolarization. 

However, PCLS proved to be viable up to 72h and acceptable of proliferation and this can be used to 

study cellular functions. Due to the structural changes upon culture, diseases such as COPD or fibrosis 

can be mimicked in PCLS. Then, PCLS might represent a suitable tool to study features of pulmonary 

structural diseases (Jin et al., 2012).   
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Conclusion 

 

In summary, the present study demonstrated convincing evidence that murine postnatal lung PCLS in 

culture mice represent a useful tool to study cellular functions up to 72h. Data collected suggest that 

PCLS can be used to study features of pulmonary diseases. 

Stereological analyses demonstrate that alveolar septation, a key process of alveolization, did not take 

place in cultured PCLS. However, results from in vitro cultured PCLS suggested that fibroblasts might 

represent an active cell type in cultured PCLS. Additional modulation strategies could prove this 

hypothesis. Future studies on how PCLS can be used to mimic IPF or emphysema will be useful. Finally, 

the usage of human lung PCLS might contribute to translational medicine. Currently, conflicting 

outcomes between different studies, as discussed in the present study, lead to controversial conclusion. 

The present study aimed to contribute to a better understanding of the usage of different PCLS models. 

Finally, usage of GMA embedding of lung tissue has been identified in the present study to be most 

suitable to perform stereological analyses. Nevertheless, future identification of favorable medium 

composition and agarose concentration between rodent and human lung PCLS will support the use of 

novel approaches to study features of pulmonary structural diseases.  

Figure 19. Alveolar structure and cell population during in vitro culture of PCLS. In vivo, lungs undergo alveolization. 

New alveoli are formed during the end of the saccular stage (P3) and further developed during the alveolar stage (P7). Alveoli 

are mainly composed by AECI and AECII combined with interstitial cells such as, myofibroblasts. However, in vitro PCLS 

did not show alveolarization, but an increase in AECI marker expression and decrease in AECII marker expression. Notably, 

interstitial cell marker expression increased. Figure composed by Bio Render.  
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A 

Acinar epithelium into the alveolar epithelial type I 

cells: (AECI)  

Actin beta: (ACTB) 

Air liquid interface: (ALI) 

Alpha-smooth muscle actin: (ACTA2) 

Ch 

Chronic obstructive pulmonary disease: (COPD) 
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Coefficient of error: (CE) 

Coefficient of variation: (CV) 

Confocal laser scanning microscopy (CLSM) 
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Embryonic day: (E) 

Epithelial-to-mesenchymal transition: (EMT) 

Extracellular matrix: (ECM) 

F 

Fibroblast growth factor: (FGF) 

G 

Glycol methacrylate: (GMA) 

Green fluorescent protein: (GFP) 

H 

Hematoxylin and eosin: (H&E) 

Hours: (h) 

I 

Idiopathic pulmonary fibrosis: (IPF) 

M 

Mean Linear Intercept: (MLI) 

Membrane tandemTomato: (mtdTomato) 

Minutes: (min) 
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Optical Density: (OD) 

Osmium tetroxide: (OsO4) 
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Paraformaldehyde: (PFA)  

Penicillin streptomycin: (PS) 

Phosphate-buffered saline: PBS 

Platelet-derived growth factor receptor α: (PDGFR 

α) 

Polymerase chain reaction: (qPCR) 

Post-natal day: (P) 

Precision Cut Lung Slice imaging: (PCLSi) 

Precision-cut lung slices: (PCLS) 

R 

Room temperature: (RT) 

S 

Seconds: (sec) 

Surface density: (SV) 

Surfactant-producing type II cells: (AECII) 
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Thyroid transcription factor 1: (TTF-1) 

Tris(hydroxymethyl)aminomethane: (TRIS) 

V 

Vimentin: (VIM) 

Α 

α-Smooth muscle actin: (αSMA)+ 
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β-Actin promoter: (ACTB)
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12.  Summary 

 

Precision-cut lung slices (PCLS) are ex-vivo lung explants, three-dimensional lung tissue slices, that 

contain nearly all cells that are usually found in the lung. As lung PCLS maintains the 3-dimensional 

(3D) architecture, this model was popularized as a model of the microenvironment of the respiratory 

tract. Different approaches have been performed and suggested that alveolarization, cell proliferation and 

differentiation take place in cultured PCLS from postnatal mice. 

The present study aimed to validate the in vitro system of cultured postnatal PCLS as a tool to study 

alveolarization using stereological approaches. In vitro cultured PCLS from mice presented abundant cell 

proliferation compared to the culture of the entire lung. Analyzing an organ with a heterogeneous 

structure such as the lung, requires a reliable method of quantification such as stereology. A comparison 

between paraffin and Glycol methacrylate embedding techniques using stereology demonstrated that 

sample processing and different embedding methodology significantly altered morphological parameters 

of PCLS.  

Analyses of cellular marker expression demonstrated expression of both epithelial and mesenchymal 

markers, demonstrating cells are functional. During the present study, P3 PCLS cultured for 72h and 300-

µm-thick PCLS have showed an increase in septum thickness, mimicking structural composition of IPF. 

Also, 1,000-µm-thick P4 PCLS culture for 96h demonstrated the same pattern. Taken together, the 

present study contributed to a better understanding of different visualization and embedding techniques 

used in stereology in postnatal cultured PCLS.  

Evidence was given, that alveolarization could not be detected in cultured postnatal PCLS. However, the 

system could be used to study cellular functions such proliferation and marker expression upon 

modulation. 

 

 

  



 80 

13.  Zusammenfassung 

 

Precision Cut Lung Slices (PCLS) sind ex-vivo dreidimensionale (3D) Lungengewebeschnitte, die 

nahezu alle Zellarten enthalten, die normalerweise in der Lunge vorkommen. Daher wurde dieses Modell 

als Modell für die Mikroumgebung der Atemwege vierfach genutzt in verschiedenen Ansätzen wurde 

gezeigt, dass während der Alveolarisierung, Zellproliferation und Differenzierung in kultivierten PCLS 

von postnatalen Mäusen stattfindet. 

Ziel der vorliegenden Arbeit war es, dass in-vitro-PCLS-System als Werkzeug zur Analyse der 

Alveolarisierung in der Lunge von postnatalen Mäusen zu validieren. Kultivierung von in-vitro-PCLS 

von postnatalen Mäusen zeigte im Vergleich zur Kultivierung der gesamten Lunge eine verstärkte 

Zellproliferation. Analyse von Organen mit einer heterogenen Struktur, wie der Lunge bedarf einer 

zuverlässigen Quantifizierungsmethode. Ein Vergleich zwischen Paraffin und Glycol Methacrylate 

eingebetteten Schnitten analysiert mittels Stereologie zeigte, dass die Handhabung der Proben und die 

Art der Einbettung die morphologischen Parameter der PCLS signifikant verändern konnte.  

Analyse der zellspezifischen Gene Expression zeigte eine Expression sowohl epithelialer als auch 

mesenchymaler Marker, was darauf hindeutet, dass diese Zellarten in Kultur aktiv sein können. Die 

vorliegende Arbeit zeigte, dass P3 PCLS kultiviert für 72h, eine vermeinte  Septumdicke zeigten, ähnlich 

wie bei fibrotischen Prozessen der Lunge. Gleiches war zu beobachten bei P4 PCLS kultiviert für 96h. 

Zusammenfassend trägt die vorliegende Arbeit zu einem besseren Verständnis verschiedener 

Visualisierungs- und Einbettungsmethoden im Rahmen stereologischier Analysen in postnatalen PCLS 

bei.  

Es wurde gezeigt, dass der Prozess der Alveolisierung in kultivierten postnatalen PCLS nicht stattfindet. 

Dennoch wurde gezeigt, dass das System genutzt werden kann, um zelluläre Funktionen wie Proliferation 

oder Expression Zelltyp spezifischer Gene unter Modulation zu Analysieren. 
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14.  Appendix  

 

 

 

 
Figure S 1. Control stainings for the Podoplanin stainings in Figure 19. Control staining images were taken from samples 

incubated with isotype control antibodies as a replacement for primary anti-podoplanin antibody (green). DAPI (blue) staining 

was employed to visualize the nuclei of all cells present in the section. 

 
Table S 1. P values obtained from Student’s T-test for the quantification of cell proliferation in PCLS. 

 

Comparsion between time-points P values 

P3+24h vs. P3+72h <0.0001 

P7+24h vs. P7+72h <0.0001 

P3+24h vs. P7+24h 0.6808 

P3+72h vs. P7+72h <0.0001 

 
Table S 2. P values obtained from Student’s T-test for the quantification of cell viability in PCLS. 

Comparsion between time-points 
P values 

Mock vs. P3 <0.0001 

Mock vs. P3+24h <0.0001 

Mock vs. P3+72h 0.0002 

P3 vs. P3+24h <0.0001 

P3 vs. P3+72h <0.0001 

P3+24h vs. P3+72h 0.2689 

DAPI 

D
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P
I 

 I
g
G

 

Goat IgG Merge 
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Mock vs. P7 <0.0001 

Mock vs. P7+24h <0.0001 

Mock vs. P7+72h 0.0005 

P7 vs. P7+24h 0.6198 

P7 vs. P7+72h <0.0001 

P7+24h vs. P7+72h 0.0022 
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Abbreviations: CE, coefficient of error; CV, coefficient of variation; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, surface density; τ, arithmetic 

mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. One-way ANOVA with Tukey’s post hoc analysis was used to determine P 

values. 
 

 

 
 

Abbreviations: CE, coefficient of error; CV, coefficient of variation; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, surface density; τ, arithmetic 

mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. One-way ANOVA with Tukey’s post hoc analysis was used to determine P 

values 

 
P3 P3+24h P3+72h P7 

mean ± S.D. mean ± S.D. P3 mean ± S.D. P3 P3+24h mean ± S.D. P3 P3+24h P3+72h 

SV [cm-1] 321.36 ± 39.77 313.25 ± 23.42 

0.9992 

355.15 ± 45.68 

0.5499 

0.5057 493.32 ± 58.58 

<0.0001 <0.0001 <0.0001 
CE CV CE2/CV2 0.055 0.124 0.200 0.033 0.075 0.200 0.058 0.129 0.200  0.053 0.119 0.200 

τ (sep) [µm] 24.33 ± 3.24 28.32 ± 2.89 

0.2375 

24.91 ± 5.04 

0.9917 

0.3987 19.76 ± 3.467 

0.0932 0.001 0.063 
CE CV CE2/CV2 0.059 0.133 0.200 0.046 0.102 0.200 0.090 0.202 0.200  0.090 0.202 0.200 

MLI [µm] 73.93 ± 15.65 69.54 ± 6.06 

0.5414 

64.33 ± 10.40 

0.1407 

0.8256 42.48 ± 4.79 

<0.0001 0.0003 0.0032 
CE CV CE2/CV2 0.059 0.133 0.200 0.046 0.102 0.200 0.090 0.202 0.200  0.078 0.175 0.200 

Table S 3. Structural parameters of in vivo and in vitro PCLS of mTmG P3 and P7 mice using confocal imaging.  

Table S 4. Structural parameters of in vivo and in vitro PCLS from mTmG P7 and P14 mice using confocal imaging  

 
P7 P7+24h P7+72h P14 

mean ± S.D. mean ± S.D. P3 mean ± S.D. P3 P3+24h mean ± S.D. P3 P3+24h P3+72h 

SV [cm-1] 493.32 ± 58.58 429.61 ± 273.46 
0.3251 

460.24 ± 106.16 
0.8421 0.8723 

703.46 ± 563.95 
<0.0001 <0.0001 <0.0001 

CE CV CE2/CV2 0.053 0.119 0.200 0.076 0.171 0.200 0.103 0.231 0.200 0.041 0.091 0.200 

τ (sep) [µm] 19.76 ± 3.467 27.04 ± 2.91 
0.0038 

24.62 ± 5.59 
0.0939 0.6775 

11.69 ± 2.10 
0.0008 <0.0001 <0.0001 

CE CV CE2/CV2 0.090 0.202 0.200 0.048 0.108 0.200 0.101 0.227 0.200 0.080 0.180 0.200 

MLI [µm] 42.48 ± 4.79 41.23 ± 7.62 
0.9856 

41.70 ± 11.90 
0.997 0.9995 

33.86 ± 2.44 
0.0866 0.2407 0,2327 

CE CV CE2/CV2 0.078 0.175 0.200 0.083 0.185 0.200 0.128 0.285 0.200 0.032 0.072 0.200 
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Table S 5. Structural parameters of in vivo and in vitro 300-µm-thick PCLS in embedded in paraffin. 

 

 
P3 P3+72h P7 P14 

mean ± S.D. mean ± S.D. P3 mean ± S.D. P3 P3+72h mean ± S.D. P3 P3+72h P7 

SV [cm-1] 630.31 ± 18.78 522.88 ± 76.17 
0.0074 

713.65 ± 16.40 
0.0412 <0.0001 

910.94 ± 38.67 
<0.0001 <0.0001 <0.0001 

CE CV CE2/CV2 0.013 0.030 0.200 0.065 0.146 0.200 0.010 0.023 0.200 0.019 0.042 0.200 

τ (sep) [µm] 8.75 ± 0.94 21.71 ± 4.19 
<0.0001 

8.91 ± 1.39 
0.9995 <0.0001 

6.416 ± 0.977 
0.9998 <0.0001 0.9976 

CE CV CE2/CV2 0.048 0.107 0.200 0.086 0.193 0.200 0.070 0.156 0.200 0.036 0.081 0.200 

MLI [µm] 46.01 ± 2.06 34.40 ± 4.04 
<0.0001 

38.26± 1.93 
0.0009 0.1172 

26.70 ± 1.22 
<0.0001 0.001 <0.0001 

CE CV CE2/CV2 0.020 0.045 0.200 0.052 0.117 0.200 0.023 0.050 0.200 0.020 0.046 0.200 

Abbreviations: CE, coefficient of error; CV, coefficient of variation; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, surface density; τ, arithmetic 

mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. One-way ANOVA with Tukey’s post hoc analysis was used to determine P 

values 

 

 

 

Table S 6. Structural parameters of in vivo and in vitro 1,000-µm-thick PCLS in embedded in paraffin 

 
P4 P4+96h P8 P12 

mean ± S.D. mean ± S.D. P4 mean ± S.D. P4 P4+96h mean ± S.D. P4 P4+96h P8 

SV [cm-1] 645.31 ± 30.62 501.63 ± 57.38 
<0.0001 

713.11 ± 17.75 
0.034 <0.0001 

879.44 ± 19.51 
<0.0001 <0.0001 <0.0001 

CE CV CE2/CV2 0.021 0.047 0.200 0.051 0.114 0.200 0.011 0.025 0.200 0.010 0.022 0.200 

τ (sep) [µm] 7.84 ± 1.12 15.15 ± 2.16 
<0.0001 

8.48 ± 0.99 
0.6824 <0.0001 

7.73 ± 4.04 
0.9994 <0.0001 0.6121 

CE CV CE2/CV2 0.064 0.143 0.200 0.064 0.142 0.200 0.052 0.116 0.200 0.233 0.522 0.200 

MLI [µm] 46.44 ± 3.59 50.19 ± 7.72 
0.5421 

39.00 ± 1.23 
0.0493 0.0032 

30.03 ± 1.64 
0.0001 <0.0001 0.0329 

CE CV CE2/CV2 0.035 0.077 0.200 0.069 0.154 0.200 0.014 0.032 0.200 0.024 0.055 0.200 

Abbreviations: CE, coefficient of error; CV, coefficient of variation; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, surface density; τ, arithmetic 

mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. One-way ANOVA with Tukey’s post hoc analysis was used to determine P 

values 

 
 
 
 



 85 

 
 

Table S 7. Structural parameters of in vivo and in vitro 300-µm-thick PCLS in embedded in GMA. 

 

 
P3 P3+72h P7 P14 

mean ± S.D. mean ± S.D. P3 mean ± S.D. P3 P3+72h mean ± S.D. P3 P3+72h P7 

SV [cm-1] 470.01 ± 19.43 364.53 ± 35.60 
0.0018 

605.37 ± 39.39 
0.0001 <0.0001 

851.10 ± 47.71 
<0.0001 <0.0001 <0.0001 

CE CV CE2/CV2 0.018 0.041 0.200 0.044 0.098 0.200 0.029 0.065 0.200 0.025 0.056 0.200 

τ (sep) [µm] 16.14 ± 0.89 32.16. ± 5.24 
<0.0001 

11.27 ± 1.43 
0.0664 <0.0001 

6.49 ± 1.42 
0.0003 <0.0001 0.0733 

CE CV CE2/CV2 0.025 0.055 0.200 0.073 0.163 0.200 0.057 0.127 0.200 0.098 0.219 0.200 

MLI [µm] 52.94 ± 3.13 46.23 ± 3.59 
0.0125 

43.78 ± 13.05 
0.0009 0.5762 

34.14 ± 1.88 
<0.0001 <0.0001 0.0005 

CE CV CE2/CV2 0.026 0.059 0.200 0.035 0.078 0.200 0.031 0.070 0.200 0.025 0.055 0.200 

Abbreviations: CE. coefficient of error; CV, coefficient of variation; GMA, Glycidyl methacrylate; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, 

surface density; τ, arithmetic mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. One-way ANOVA with Tukey’s post hoc 

analysis was used to determine P values 

 

Table S 8. Structural parameters of in vivo and in vitro 1,000-µm-thick PCLS in embedded in GMA 

 

 
P4 P4+96h P8 P12 

mean ± S.D. mean ± S.D. P4 mean ± S.D. P4 P4+96h mean ± S.D. P4 P4+72h P8 

SV [cm-1] 491.21 ± 12.89 440.59 ± 29.97 
0.017 

602.99 ± 26.63 
<0.0001 <0.0001 

732.57 ± 20.81 
<0.0001 <0.0001 <0.0001 

CE CV CE2/CV2 0.012 0.026 0.200 0.030 0.068 0.200 0.020 0.044 0.200 0.013 0.028 0.200 

τ (sep) [µm] 13.24 ± 1.11 13.15 ± 1.75 
0.878 

11.54 ± 1.86 
0.5121 0.0026 

9.19 ± 3.59 
0.1791 0.0006 0.0449 

CE CV CE2/CV2 0.038 0.084 0.200 0.056 0.125 0.200 0.072 0.161 0.200 0.175 0.391 0.200 

MLI [µm] 54.99 ± 1.81 63.27 ± 73.47 
0.0005 

42.32 ± 2.19 
<0.0001 <0.0001 

36.27 ± 2.05 
<0.0001 <0.0001 0.0054 

CE CV CE2/CV2 0.015 0.033 0.200 0.025 0.055 0.200 0.023 0.052 0.200 0.025 0.057 0,200 

Abbreviations: CE. coefficient of error; CV, coefficient of variation; GMA, Glycidyl methacrylate; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, 

surface density; τ, arithmetic mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. One-way ANOVA with Tukey’s post hoc 

analysis was used to determine P values 
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Table S 9. Compared structural parameters between 300- µm- and 1,000-µm-thick in vitro PCLS in embedded in paraffin. 

 

 
P3+72h P4+96h 

mean ± S.D. mean ± S.D. P3+72h 

SV [cm-1] 522.88 ± 76.17 501.63 ± 57.38 
0.6317 

CE CV CE2/CV2 0.065 0.146 0.200 0.051 0.114 0.200 

τ (sep) [µm] 21.71 ± 4.19 15.15 ± 2.16 
0.0145 

CE CV CE2/CV2 0.086 0.193 0.200 0.064 0.142 0.200 

MLI [µm] 34.40 ± 4.04 50.19 ± 7.72 
0.0037 

CE CV CE2/CV2 0.052 0.117 0.200 0.069 0.154 0.200 

Abbreviations: CE. coefficient of error; CV, coefficient of variation; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, surface density; τ, arithmetic 

mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. Students’ t-test analysis was used to determine P values 

 

 

 

Table S 10. Compared structural parameters between 300- µm- and 1,000-µm-thick in vitro PCLS in embedded in GMA 

 

 
P3+72h P4+96h 

mean ± S.D. mean ± S.D. P3+72h 

SV [cm-1] 364.53 ± 35.60 440.59 ± 29.97 
0.0064 

CE CV CE2/CV2 0.044 0.098 0.200 0.030 0.068 0.200 

τ (sep) [µm] 32.16. ± 5.24 13.15 ± 1.75 
<0.0001 

CE CV CE2/CV2 0.073 0.163 0.200 0.056 0.125 0.200 

MLI [µm] 46.23 ± 3.59 50.19 ± 7.72 
<0.0001 

CE CV CE2/CV2 0.035 0.078 0.200 0.025 0.055 0.200 

Abbreviations: CE. coefficient of error; CV, coefficient of variation; GMA, Glycidyl methacrylate; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, 

surface density; τ, arithmetic mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. Students’ t-test analysis was used to determine 

P values 
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Table S 11. Compared structural parameters between GMA- and paraffin-embedded in vivo and in vitro PCLS. 

 

 

SV [cm-1] τ (sep) [µm] MLI [µm] 

Paraffin GMA 
P value 

Paraffin GMA 
P value 

Paraffin GMA 
P value 

mean ± S.D. mean ± S.D. mean ± S.D. mean ± S.D. mean ± S.D. mean ± S.D. 

P3 630.31 ± 18.78 470.01 ± 19.43 <0.0001 8.75 ± 0.94 16.14 ± 0.89 <0.0001 46.01 ± 2.06 52.94 ± 3.13 0.0084 

P3+72h 522.88 ± 76.17 364.53 ± 35.60 <0.0001 21.71 ± 4.19 32.16. ± 5.24 <0.0001 34.40 ± 4.04 46.23 ± 3.59 <0.0001 

P4 645.31 ± 30.62 491.21 ± 12.89 <0.0001 7.84 ± 1.12 13.24 ± 1.11 0.0009 46.44 ± 3.59 54.99 ± 1.81 0.0006 

P4+96h 501.63 ± 57.38 440.59 ± 29.97 0.0697 15.15 ± 2.16 13.15 ± 1.75 >0.9999 50.19 ± 7.72 63.27 ± 73.47 <0.0001 

P7 713.65 ± 16.40 605.37 ± 39.39 <0.0001 8.91 ± 1.39 11.27 ± 1.43 0.6243 38.26± 1.93 43.78 ± 13.05 0.0623 

P8 713.11 ± 17.75 602.99 ± 26.63 <0.0001 8.48 ± 0.99 11.54 ± 1.86 0.1662 39.00 ± 1.23 42.32 ± 2.19 0.3237 

P12 879.44 ± 19.51 732.57 ± 20.81 <0.0001 7.73 ± 4.04 9.19 ± 3.59 >0.9999 30.03 ± 1.64 36.27 ± 2.05 0.0234 

P14 910.94 ± 38.67 851.10 ± 47.71 0.0799 6.416 ± 0.977 6.49 ± 1.42 0.861 26.70 ± 1.22 34.14 ± 1.88 0.0037 

Abbreviations: CE. coefficient of error; CV, coefficient of variation; GMA, Glycidyl methacrylate; h, hours in medium culture; P, Post-natal day; MLI, mean linear intercept; SV, 

surface density; τ, arithmetic mean septal thickness; Values are presented as mean ± S.D., standard deviation. N = 5 lungs per group. Students’ t-test analysis was used to determine 

P values. 

 

 

 

N = 5 lungs per group. Students’ t-test analysis was used to determine P values. 

  
PDGFR𝜶 ACTA2 COL1A1 VIM PDPN STFPC MKI67 

P3 vs. P3+72h <0.0001 0.1314 <0.0001 0.8727 0.0275 <0.0001 0.9898 

P3 vs. P7 <0.0001 0.8475 0.4328 0.0271 0.0114 <0.0001 0.5148 

P3 vs. P14 <0.0001 0.7279 0.9958 0.0032 0.9448 <0.0001 0.7141 

P3+72h vs. P7 <0.0001 0.381 <0.0001 0.078 0.0002 <0.0001 0.3675 

P3+72h vs. P14 0.0002 0.0302 <0.0001 0.008 0.0131 <0.0001 0.5467 

P7 vs. P14 0.2402 0.3156 0.5477 0.3976 0.0237 0.1401 0.9829 

Table S 12. Compared values for measured mesenchymal, epithelial and proliferation gene expressed markers in PCL 
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