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1 Introduction 
 

1.1 Cystic fibrosis lung disease 
Cystic fibrosis (CF) is a lethal autosomal recessive disease affecting primarily Caucasian 

populations (1). It is a multiorgan disease, but the main cause of morbidity and mortality in 

patients with CF is determined by chronic lung disease (2). CF is caused by mutations in the 

cystic fibrosis transmembrane regulator (CFTR) gene, which encodes a cyclic adenosine 

monophosphate (cAMP)-dependent chloride (Cl-) channel (1, 3, 4). CFTR is an integral 

membrane protein (1) that belongs to the ATP-binding cassette (ABC) family (sub-family C, 

member 7; ABCC7) and conserves the general architecture of the ABC family proteins, which 

consist of four canonical domains: two transmembrane domains (TMD), two cytosolic nucleotide 

binding domains (NBD) and a cytosolic regulatory (R) domain (5). The anion pore of CFTR Cl- 

channel permeates mainly Cl- ions, but also bicarbonate (HCO -) (6, 7) and its regulated by 

cAMP-dependent proteinase kinase phosphorylation (8, 9). 

1.1.1 Pathogenesis of CF lung disease 
In the lung, CFTR is expressed in epithelial cells of the airway surfaces and of submucosal 

glands (10, 11). CFTR is crucially involved in regulating the activity of other ion channels such as 

the epithelial sodium (Na+) channel, ENaC (12) and thereby maintaining airway surface liquid 

(ASL) homeostasis, which in turn is critical for efficient mucociliary clearance (MCC) (13). In the 

healthy airway epithelium, ASL is formed by two layers: an upper phase, also known as mucus 

layer and an inner phase, the periciliary liquid layer (PCL) (Figure 1A). The mucus layer is 

formed by 98% water and 3% solids (14). This 3% of solids is composed mainly of salt, lipids, 

cellular debris and the secreted mucins MUC5B and MUC5AC, which represent the two major 

macromolecular components of the airway (14, 15). The PCL is a 7 µm layer of lower viscosity 

compared to the mucus layer (14, 16, 17). 

Proper hydration of the ASL is essential to enable the coordinated beating of cilia that propel the 

mucus layer in cranial direction to remove inhaled irritants and pathogens from the lower airways 

(13). ASL hydration is tightly regulated by coordinated movement of ions coupled with water 

flow. Na+ absorption from ASL is mediated by apical ENaC channels, while Cl- secretion into the 

airway lumen involves transport via apical and basolateral channels, transporters and pumps 

(12). Cl- ions enter the cell through basolateral Na+-K+-Cl- co-transporter (NKCC1), driven by the 

electrochemical Na+ gradient generated by the basolateral Na+-K+-ATPase pump. On the apical 
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side, Cl- exits the cell predominantly via CFTR accompanied by paracellular   water flow (12). 

The alternative Cl- channels, calcium (Ca2+)-activated Cl- channel transmembrane membrane 

16A (TMEM16A; also known as anoctamin 1 [ANO1]) and solute carrier SLC26A9 Cl- channel 

may contribute to Cl- secretion in airway epithelia (18) (Figure 1A). 

In the CF airways, defective CFTR-mediated Cl- secretion in the airway epithelium generates 

both increased Na+ absorption and defective Cl- secretion (19, 20). The impaired regulation of 

epithelial ion transport in CF airways results in an increased percentage of solids (>8%) in the 

mucus layer, which represent elevated concentrations of MUC5B and MUC5AC and intracellular 

components such as DNA (14). The resultant dehydrated and hyperconcentrated mucus 

compressed the PCL impairing ciliary beating and MCC (13, 21). As a consequence of 

ineffective MCC, airway mucus obstruction leads to hypoxic necrotic cells in the airway 

epithelium, which passively release pro-inflammatory cytokines such as IL-1α triggering sterile 

neutrophilic inflammation (22–25). In the long term, the defective removal of irritants and 

pathogens from the CF lung causes persistent inflammatory response and favor chronic 

infection with bacteria (e.g Pseudomonas aeruginosa) and further induces mucus 

hypersecretion (Figure 1B). Thus, the vicious circle of increased mucin secretion, inflammation, 

and bacterial infection can further aggravate mucus stasis and plugging that characterize the CF 

airways (13), which may lead to atelectasis (26). Furthermore, the muco-inflammatory 

phenotype observed in patients with CF leads to irreversible structural lung damage that affect 

lung function (27), causing progressive organ destruction and ultimately leading to respiratory 

failure and death. 
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Figure 1. Cell models illustrating epithelial ion transport and fluid secretion in healthy and 
CF airway epithelium. (A) In the healthy airways, the epithelium is covered by the ASL, which 
is further divided into the mucus layer and the PCL. Hydration of ASL occurs by coordinate 
movement of Cl- secretion through CFTR, which is passively followed by paracellular fluid 
secretion, and ENaC-mediated Na+ absorption. To a lesser extend the epithelial Cl- channels 
TMEM16A and SLC26A9, which are expressed in mucus-producing cells and epithelial cells 
respectively, might contribute to epithelial secretion. Cl- secretion is maintained by the 
basolateral cotransporter NKCC1, Na+/K+-ATPase and K+ channels. Proper ASL hydration 
enables ciliary beating and thus, the mucus layer moves towards the oral cavity (as indicated by 
the arrows). (B) In the CF airways, the defective CFTR-mediated Cl-/fluid secretion causes the 
accumulation of dehydrated and hyperconcentrated mucus layer. In consequence, ASL is 
depleted and MCC is impaired. This muco-obstructive phenotype is further aggravated by 
increased ENaC-mediated Na+ absorption. 
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1.1.2 Novel therapeutic treatments in CF 
More than 2000 mutations of the CFTR gene have been identified 

(http://www.genet.sickkids.on.ca/), although the functional consequences of many of them are 

largely unknown. The high diversity of mutations has led to classify them into six classes (Class I 

to Class VI) according to their molecular and cellular consequences. Class I mutations result in 

the loss of CFTR protein (e.g. premature stop codon). Impaired protein processing and 

misfolding mutations are summarized as Class II, including the most common mutation, the 

deletion of a phenylalanine at position 508 (F508del) (2). Mutations resulting in defective protein 

regulation are grouped in Cass III (also known as gating mutations). Class IV contains mutations 

leading to decreased CFTR conductance. Other mutations affect mRNA splicing of the CFTR 

protein (Class V) or CFTR protein stability in the plasma membrane (Class VI) (28). These 

enormous amounts of mutations hamper the development of an effective CFTR-directed 

pharmacotherapy. However, intense ongoing research in the CF field has led to the 

development and optimization of small-molecule compounds (CFTR modulators), which are able 

to partially restore CFTR function in patients with CF carrying specific mutations (e.g. Class III 

and F508del mutation) (18, 29–32). CFTR modulators are further divided into two types: CFTR 

potentiators and CFTR correctors. The first ones are designed to increase CFTR expression at 

the cell surface, while CFTR correctors improve defective protein processing and trafficking to 

the cell surface (30). Nevertheless, the CFTR-directed therapies are mutation specific and rely 

on the biosynthesis of CFTR protein that then, can be transported and stabilized in the plasma 

membrane. This is particularly important for individuals carrying CFTR mutations that do not 

synthesize CFTR protein (Class I mutations) and therefore, they are not amenable to treatment 

with small molecule CFTR modulators. 

Patients carrying the same CFTR mutation exhibit different clinical phenotype and 

responsiveness to treatment (33–37). In addition to genetic defects, differences on clinical 

outcomes in patients with CF have been associated to environmental factors and non-CFTR 

genetic variations (38–40). In this context, mutation independent therapies that circumvent 

CFTR dysfunction such as the potential activation of alternative Cl- channels (TMEM16A and 

SLC26A9) are a promising therapeutic option (41). 

http://www.genet.sickkids.on.ca/
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1.2 The alternative Cl- channel SLC26A9 
 

1.2.1 Structure, expression and regulation of SLC26A9 
In contrast to other members of the SLC26 family, the epithelial Cl- channel SLC26A9 functions 

as an uncoupled fast transporter of Cl- (42). The tertiary structure of SLC26A9 consist of: N- 

terminal SLC26/sulphate permease transmembrane domain followed by 14 TDM and a 

cytoplasmic sulphate transporter and sulphate transporter and antisigma factor antagonist 

(STAS) domain and PDZ-binding domain at the C-terminus (42–44). The STAS and the PDZ- 

binding domains are known to play a role in membrane targeting, interaction with scaffolding 

proteins and other ion channels, such as CFTR (21, 51, 54, 55). 

SLC26A9 is expressed in several organs, but most prominently in the lung and gastrointestinal 

tract (stomach and duodenum) (46, 48, 49). In the lung, on a cellular level, SLC26A9 has been 

localized in bronchial epithelial cells (50, 51), AT1 and AT2 cells (52), and very recently, in 

neuroendocrine cells (53). In the gastrointestinal tract SLC26A9 was found in gastric epithelial 

cells (51). Lysine deficient protein kinase (WNKs) and osmotic stress conditions have been 

describe to participate in the regulation of SLC26A9 (54, 55). 

1.2.2 Role of the epithelial Cl- channel SLC26A9 in CF lung disease 
Several lines of evidence suggest a critical role of SLC26A9 in muco-obstructive lung diseases. 

Single nucleotide polymorphisms (SNPs) on the SLC26A9 gene have been correlated with a 

higher risk of developing muco-obstructive lung diseases including diffuse bronchiectasis (56) 

and childhood asthma (57). In this last study, it was also shown that the SNP in 3` untranslated 

region of the SLC26A9 gene (rs228230) reduce protein expression of SLC26A9 (57). 

Interestingly, one of the allelic forms of the SNP rs7512462 in the SLC26A9 gene also improved 

the response to CFTR-directed treatment in patients with CF carrying the class III mutation 

G551D (58). Furthermore, several genetic studies have associated SNPs in the SLC26A9 gene 

with a higher susceptibility to develop CF-associated phenotypes such as prenatal exocrine 

pancreatic damage (50, 59), CF-related diabetes (60, 61) and meconium ileus (62). 

 
Interestingly, experiments in heterologous systems have demonstrated that SLC26A9 is 

constitutively active in the airway epithelium (47, 48, 51, 63–65). Furthermore, co-expression of 

SLC26A9 and CFTR in human embryonic kidney (HEK) 293 cells detected synergetic regulation 

of cAMP-mediated Cl- secretion, suggesting a functional interaction between both channels (63). 

In vitro studies  revealed that interaction between both channels begin before reaching the 
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plasma membrane by showing that the intracellularly retained F508del-CFTR protein binds 

SLC26A9 via its PDZ domain and thereby inhibits the trafficking of SLC26A9 to the plasma 

membrane (63). This interaction is reflected in the effect of the SNP rs7512462 of the SLC26A9 

gene, on the responsiveness to CFTR potentiator ivacaftor in patients with G551D and F508del 

CFTR mutation (58). Patients carrying the G551D mutation (gating mutation) and specific allelic 

forms of the SLC26A9 gene showed better lung function when treated with CFTR potentiator 

ivacaftor. However, homozygous F508del patients (processing mutation) did not show positive 

modulation of lung function independently of the SLC26A9 genotype. Interestingly, rescue of 

F508del CFTR mutation with CFTR corrector VX-809 in primary bronchial epithelial cells showed 

improvement of lung function, suggesting that both channels are required in the plasma 

membrane to trigger the beneficial effect of SLC26A9 genotype (58). 

 
Despite the previous publications indicating that the epithelial Cl- SLC26A9 plays a role in CF 

and other muco-obstructive lung diseases, little is known about the in vivo function of SLC26A9 

at different developmental stages. The Slc26a9-deficient mouse (Slc26a9-/-) was generated by 

eliminating the exons 2 – 5, including the initiation codon (66). Initially, Slc26a9-/- mice were 

characterized based on their gastrointestinal phenotype (49, 66–70). Adult Slc26a9-/- mice 

showed alterations of gastric acid secretion regulation and reduce number of parietal cells in the 

stomach (66, 69, 71). Furthermore, SLC26A9 expression was elevated in the gastric mucosa 

when infected with Helicobacter pilori or challenged with IL-11, suggesting that SLC26A9 is 

important for gastric mucosal defense under pathophysiological conditions (29, 69, 70). To study 

the role of SLC26A9 as a modifier of intestinal CF phenotype, Slc26a9-/- mice were bred with 

Cftr-deficient mice (Cftr-/-) to generate the double mutant Slc26a9-/-/Cftr-/- mice. The experiments 

revealed that the genetic deletion of Slc26a9 increases the mortality of Cftr-/- mice, most likely 

due to intestinal obstruction (29, 49). 

 
The importance of SLC26A9 in the airway epithelium in vivo has been demonstrated in 

experiments performed in Slc26a9-/- mice treated with IL-13, as a model of allergic disease. This 

study revealed that lack of SLC26A9-mediated Cl- secretion leads to severe airway mucus 

obstruction (57), suggesting that SLC26A9-mediated Cl- secretion is critical for ASL hydration 

and thus, for efficient MCC under pathophysiological conditions (57). Nevertheless, further 

research is essential to determine the contribution of SLC26A9 in the airway epithelium in both 

health physiology and muco-obstructive lung disease at different developmental stages. 
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1.3 βENaC-Tg mice as model to study genetic modifiers of CF lung disease 
Cftr-/- mice do not develop CF-like lung disease, limiting their usefulness to study the 

pathophysiology of CF lung disease (72–76). Therefore, mice with lung specific overexpression 

of the beta subunit of ENaC (βENaC-Tg mice) were generated to phenocopy CF-like ASL 

hydration (77). The club cell secretory protein (CCSP) promoter was used to ensure the 

overexpression of βENaC only in the airways (77). βENaC-Tg mice share features of the human 

CF pulmonary disease (78, 79) and thus, provide a model to study the effect of ion transport 

dysregulation in the airway epithelium. 

Bioelectric studies demonstrated that basal and amiloride-sensitive currents were elevated in the 

airway epithelium of βENaC-Tg mice at the neonatal and adult stage, while the cAMP and the 

Ca2+ activated Cl- secretion remained unchanged (77). Increased airway Na+ transport causes 

ASL depletion and consequently, severe and spontaneous airway mucus plugging, impaired 

MCC, chronic airway inflammation and slowed clearance of bacterial pathogens (25). 

Longitudinal analysis of the βENaC-Tg mice revealed severe tracheal mucus plugging that is 

initiated at the neonatal stage (3 days old). In juvenile and adult βENaC-Tg mice, airway mucus 

obstruction is propagated towards the proximal and distal intrapulmonary main axial bronchi 

(25). Chronic airway inflammation in the βENaC-Tg mice is characterized by influx of 

macrophages and increase recruitment of neutrophils. Consistently, keratinocyte-derived 

chemokine (KC) and macrophage-inflammatory protein 2 (MIP-2), both neutrophils 

chemoattractant, were elevated in bronchoalveolar lavage (BAL) fluid. Transient eosinophilic 

inflammation and increase expression of Th2 markers was also detected in the βENaC-Tg mice 

(80). 

βENaC-Tg mice have been particularly useful to study the contribution of other genes (e.g. IL- 

1Ra, neutrophil elastase and matrix metalloproteinase 12, among others) to the pathogenesis of 

CF-like lung disease (22, 81–83). Crossing the βENaC-Tg mice with genetically modified mice 

that lack potential disease modifiers of CF lung disease provides information on the contribution 

of these genes to the pathogenesis of CF lung disease, how the airway epithelium is impacted 

and potential therapeutic strategies. 

1.4 Aim of the study 
Understanding the role of SLC26A9 Cl- channel in an in vivo system is pivotal to determine how 

SLC26A9 contribute to lung health and the pathophysiology of muco-obstructive lung diseases 

such as CF. Therefore, the overall aim of this study was to characterize the pulmonary 
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phenotype of the Slc26a9-/- mice in a longitudinal manner (newborn, juvenile and adult mice) by 

comparing WT and Slc26a9-/- littermates. 

The first goal of this project was to determine if and how the genetic deletion of Slc26a9 affects 

the survival of the mice by monitoring the mortality rate and phenotypic appearance of WT and 

Slc26a9-/- mice from birth up to the age of 6 weeks. To elucidate the role of SLC26A9 Cl- 

channel on lung health, morphology and airway structure histological preparations were 

analyzed in newborn, juvenile and adult WT and Slc26a9-/- mice. Lung structure of newborn WT 

and Slc26a9-/- mice was further investigated by µCT-imaging analysis. The bioelectrical 

properties of tracheas from newborn and 5-day-old WT and Slc26a9-/- mice were studied to 

evaluate the contribution of SLC26A9-mediated Cl- secretion to the transpithelial ion transport of 

the airway epithelium. Furthermore, the potential impact of the genetic deletion of Slc26a9 on 

other epithelial ion channels was also determined at a transcriptional level. To explore if and how 

the genetic deletion of Slc26a9 impacts the inflammatory phenotype of the airway epithelium, the 

relative distribution of inflammatory cells was quantified from lung homogenates of newborn 

mice and BAL of juvenile and adult WT and Slc26a9-/- mice. Additionally, levels of pro- and anti- 

inflammatory cytokines were determined from lung homogenates of newborn WT and Slc26a9-/- 

mice. To evaluate if the genetic deletion of Slc26a9 leads to airway bacterial infection, colony 

forming units (CFU) were determine from lung homogenates of newborn mice. Finally to 

determine if the genetic deletion of Slc26a9 modifies survival in the context of CF-like lung 

disease, Slc26a9-heterozygous (Slc26a9+/-) mice were intercrossed with βENaC-Tg mice to 

generate double mutant mice (βENaC-Tg/Slc26a9-/-). The mortality rate of βENaC-Tg/Slc26a9-/- 

mice and βENaC-Tg mice were compared from birth up to the age of 6 weeks. 
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2 Material and Methods 
 

2.1 Experimental animals 
All animal studies were approved by the animal welfare authority responsible for the University 

of Heidelberg (Regierungspräsidium Karlsruhe). Experimental animals were generated from 

Slc26a9+/- breeding pairs on C57BL/6J genetic background. Wild-type (WT) and Slc26a9-/- (71) 

mice were studied. βENaC-Tg mice were generated as previously described (77) and 

intercrossed with Slc26a9+/- mice to obtain βENaC-Tg/Slc26a9-/- mice. This breeding strategy 

also generated WT, Slc26a9+/-, Slc26a9-/-, βENaC-Tg and βENaC-Tg/Slc26a9+/- mice. 

All animals were genotyped from tail or ear biopsies by polymerase chain reaction (PCR) as 

previously described (71, 77). Mice were studied as newborn (within the first hours of life), at 

postnatal day 5 (5-day-old), juvenile stage (2-week-old) or adult stage (6-week-old). Mice were 

housed in a specific pathogen-free animal facility with standard 12 hours day/night light cycles at 

22°C and free access to food and water. 

2.2 Survival rates 
To determine the effects of the genetic deletion of Slc26a9 on survival, pups were monitored 

from birth up to the age of 6 weeks. Cages were checked 3 times a day during the first two 

weeks, and then, once a day until week 6. The cadavers were collected and genotyped. 

 
2.3 Phenotypic appearance, physical condition and oxygen saturation 

measurements 
The phenotype and physical conditions of the newborn mice were determined by monitoring and 

annotating the phenotypic appearance of pups as normal breathing or respiratory distress and 

non-cyanotic appearance or cyanotic appearance. Weight was also determined for each mouse. 

Oxygen saturation was determined on newborn WT and Slc26a9-/- mice at room air using a non- 

invasive pulse oximeter for laboratory animals (MouseOx Plus, STARR Life Science 

Corporation, Oakmont, Pennsylvania, USA). Arterial blood oxygen saturation, respiratory rate 

and heart rate were recorded with a thigh clip sensor. Percent oxygen saturation was measured 

after stabilization of respiratory rate and heart rate. 

2.4 Lung liquid content 
Experiments were performed in newborn WT and Slc26a9-/- mice. Lungs were dissected from 



Material and Methods 

10 

 

 

 

the heart and connective tissue and blotted with filter paper to remove excessive liquid. Lungs 

were weight to determine the wet weight. Following incubation for 48 hours at 72°C, and 

weighed again to obtain the dry weight. Results are shown as the ratio between lung wet to dry 

weight. 

 
2.5 Lung volume measurements 
For assessment of lung volume the juvenile and adult right lung lobes from juvenile and adult 

WT and Slc26a9-/- mice were inflated with 4% buffered formalin (Otto Fischar, Saarbrücken, 

Germany) at a constant pressure of 25 cm column. Once the right lung lobes were inflated, the 

tissue was submerged in formalin for 24 hours. Then, the lung volume was determined using the 

volume displacement method (84, 85) as followed: a container was filled with 2/3 of PBS, placed 

on a balance and the weight recorded (W1). Next, the fixed right lung lobes were submerged in 

the container with PBS, kept in place with a thin wire without touching the wall container or the 

bottom, and the second weight (W2) was read off. The weight of the fluid displaced by the right 

lung lobes was determined by Worgan= W2 – W1 and it is a direct indicator of the right lung lobes 

volume. 

2.6 Histology and morphometry 
 

2.6.1 Fixation, embedding and tissue sectioning 
For fixation left and right lung lobes were treated differently. Newborn, juvenile and adult left lung 

lobes were directly immersed in 4% buffered formalin immediately after dissection (Otto Fischar, 

Saarbrücken, Germany) and used to quantify airway mucus obstruction and epithelial cell 

degeneration. The right lung lobes of juvenile and adult mice (2- and 6-week-old) were inflated 

as previously described (See section 2.5), stored in 4% buffered formalin at 4°C overnight and 

used for measurements of mean linear intercepts (MLI), as an indicator of alveolar diameters. 

After 24 hours, left and right lung lobes were washed with PBS (Thermo Fisher Scientific, 

Darmstadt, Germany) and transferred to ethanol 70% (Carl Roth, Karlsruhe, Germany). The 

apical part of the lung lobes was cropped transversally, transferred to biopsy cassettes 

(Steinbrenner Laborsysteme, Wiesenbach, Germany) and dehydrated at room temperature 

according to the following protocol: 2 x 30 minutes in 96% ethanol (Carl Roth, Karlsruhe, 

Germany), 2 x 45 minutes in 100% ethanol (Carl Roth, Karlsruhe, Germany) and overnight in 

xylene (Carl Roth, Karlsruhe, Germany). 

For embedding, the specimens were immersed in paraffin (Carl Roth, Karlsruhe, Germany) and 
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vacuum was applied for two hours to assist penetration of the embedding agent, followed by one 

hour at atmospheric pressure. For correct orientation during tissue sectioning the lung lobes 

were placed in molds with the cropped surface facing downwards. Paraffin blocks were kept for 

12 to 16 hours at 4°C to harden completely. 

 
Sectioning of the lungs was performed in a microtome (Leica Microsystems, Nussloch, 

Germany). Left lung lobes were sectioned transversally at the level of the proximal and distal 

intra-pulmonary main axial airway near the hilus in sections of 5 μm or 1.5 µm thickness. Right 

lung lobes were cut to sections of 5 μm. Lung sections were deparaffinized in xylene (Carl Roth, 

Karlsruhe, Germany) and rehydrated 2 x 10 minutes in 100% ethanol (Carl Roth, Karlsruhe, 

Germany), 2 x 2 minutes in 96% ethanol (Carl Roth, Karlsruhe, Germany), 2 minutes in 70% 

ethanol (Carl Roth, Karlsruhe, Germany), and finally rinsed with double distilled water (ddH2O). 

 
2.6.2 Airway mucus content 
To study airway mucus content and determine goblet cell counts in the proximal and distal main 

axial airways, 5 µm and 1.5 µm sections were stained with Alcian blue-Periodic acid Schiffs (AB- 

PAS) staining. In brief, samples were immersed 30 minutes in Alcian blue solution containing 3% 

acetic acid (Carl Roth, Karlsruhe, Germany), 1% Alcian Blue 8GX (Sigma-Aldrich, Steimheim, 

Germany), and 1 crystal of Thymol (Sigma-Aldrich, Steinheim, Germany) for 30 minutes and 

afterwards rinsed with tap water for 2 minutes. Then, sections were stained with 0.5% periodic 

acid solution (Sigma-Aldrich, Steinheim, Germany) for 5 minutes and rinsed 3 x in ddH2O, 

followed by Schiff’s reagent (Sigma-Aldrich, Steinheim, Germany) for 15 minutes and 1 minute in 

sulfur solution containing 1% 5 M HCl (Merck, Darmstadt, Germany), 0.6% sodium metabisulfite 

(Sigma-Aldrich, Steinheim, Germany), and subsequently rinsed in tap water. Finally, AB-PAS- 

stained sections were immersed in 96% ethanol for 1 minute, 2 x 1 minute in 100% ethanol, 

cleared in xylene for 3 minutes, and mounted with permanent mounting medium (Sigma-Aldrich, 

Steinheim, Germany). Images of stained-lungs were captured with Olympus IX-71 microscope 

interfaced with a SIS Colorview I Camera Set (Olympus, Hamburg, Germany) interfaced with a 

DP73 camera (Olympus, Hamburg, Germany). For quantitative stereological assessment of 

airway mucus obstruction in the main proximal and distal airways, Cell^F analysis software 

(Olympus Soft Imaging Solutions, Münster, Germany) was used as previously described (3). 

Briefly, the length of the airway boundary, defined as the epithelial basement membrane, was 

measured using the interactive image measurement tool, and the AB-PAS positive surface area 

within the boundary was measured by phase analysis according to the automatic threshold 

settings of the software. The volume density of airway mucus, representing the volume of airway 

https://www.acronymfinder.com/Distilled-Deionized-(Water)-(DD).html
https://www.sciencedirect.com/topics/immunology-and-microbiology/fertility-factor
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mucus content per surface of the basement membrane (nl/mm2), was calculated from the 

surface area of AB-PAS positive mucus and the total basement membrane length. 

 
To quantify the AB-PAS positive staining in the terminal bronchioles open source image 

processing program ImageJ 1.52a was used. Briefly, AB-PAS-stained images were converted 

into grayscale and then, the picture was split into three colors channels. The green channel was 

selected because showed the highest contrast between background and the AB-PAS positive 

staining. The threshold was adjusted to obtain the percentage of AB-PAS positive area staining 

and normalized to the total area of the picture. 

 
2.6.3 Airway morphology and mean linear intercepts 
In order to analyze airway epithelial cell degeneration, 5 µm sections of left lung lobes from 

newborn, juvenile and adult WT and Slc26a9-/- mice were stained with hematoxylin-eosin (H&E). 

Juvenile and adult right lung lobes from WT and Slc26a9-/- mice were also stained with H&E and 

used to analyze MLI. Lung tissues were placed 3 minutes in hematoxylin (Sigma-Aldrich, 

Steimheim, Germany), rinsed with ddH2O and placed 1 minute in hydrochloric acid (HCl)/ethanol 

solution containing 50% ethanol (Carl Roth, Karlsruhe, Germany) and 1.3% 5M HCl (Merck, 

Darmstadt, Germany), and subsequently washed with tap water. Slides were transferred to the 

eosin solution containing 0.1% eosin (Carl Roth, Karlsruhe, Germany), 63% ethanol (Carl Roth, 

Karlsruhe, Germany), and 1% acetic acid (Carl Roth, Karlsruhe, Germany), for 45 seconds 

before rinsing again with ddH2O. Tissue sections were then dehydrated, and mounted with 

permanent mounting medium (Sigma-Aldrich, Steinheim, Germany), as described above. 

To study airway epithelial cell degeneration, Cell^F analysis software was used for quantitative 

stereological assessment. Degenerative cells were identified by morphologic criteria (i.e., cell 

swelling with cytoplasmic vacuolization), and numeric cell densities were quantified by counting 

epithelial cells per mm of the basement membrane, as previously described (25). 

The 4 inflated-right lung lobes of the lung from juvenile and adult mice were used to measure 

distal air space enlargement by quantifying MLI. MLI was determined by dividing the sum of the 

lengths of all lines in all frames by the number of intercepts between alveolar septum and 

counting lines, as previously described (25). For each animal, 8 – 10 fields were measured in 

different lung lobes. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/fertility-factor
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2.6.4 Immunohistochemistry 
To localize the mucin MUC5B, immunohistochemistry was performed in formalin-fixed, paraffin- 

embedded 1.5 µm left lobe sections from newborn mice. The antibody rabbit-anti mouse MUC5B 

at a dilution of 1:2000 in PBS (H-300; Santa Cruz, Heidelberg, Germany) was used. 

Unstained and hydrated paraffin section were pre-treated with 3% hydrogen peroxide for 10 

minutes at room temperature and rinsed 3 x 3 minutes in PBS, followed by antigen retrieval with 

Citra plus buffer (BioGenex, San Ramon, California, USA) for 30 minutes at 97°C. Lung sections 

were incubated with a non-specific protein-blocking solution containing animal serum (Vector 

Laboratories, Burlingame, California, USA). Lung sections were incubated overnight at 4°C with 

primary antibody as indicated. Lung sections were rinsed 3 x 2 minutes in PBS and incubated 

with goat anti-rabbit IgG antibody (dilution of 1: 200 in PBS) as secondary antibody for 30 

minutes at room temperature. Immunoreactivity was visualized using Vectastain ABC HRP Kit 

(Vector Laboratories, Burlingame, California, USA), followed by 3, 3’-diaminobenzidine (DAB) 

substrate kit (Vector Laboratories, Burlingame, California, USA). After visualization of the 

reaction, the sections were counterstained with H&E (Sigma-Aldrich, Steinheim, Germany) for 5 

seconds, dehydrated, cleared and mounted as previously described. As negative control, each 

experiment included lung sections stained with secondary antibody only. 

2.7 Mouse perfusion and ex-vivo µCT scanning 
Lungs from newborn WT and Slc26a9-/- mice were perfused and fixed in situ for subsequent µCT 

imaging. Lungs were fixed by vasculature perfusion as previously described (86). To preserve 

airway mucus in its original position, the trachea was tied to preserve a residual volume of air in 

the lungs and no positive airway pressure was applied to inflate the lungs. The thoracic cavity 

was longitudinally opened and the thymus and ribs were removed to have a better access to the 

heart. The right ventricle was cannulated using a 22G cannula (Venisystems, Abbocath, UK) and 

the left atrium was cut for drainage. Lungs were perfused with pre-flush solution (1L Ringer 

solution (B Braun, Germany), 5% Dextran 70 (Roth, Germany), 5 IU/ml heparin (Ratiopharm, 

Ulm, Germany) and 0.02% lidocaine (Jenapharm, Jena, Germany) to remove coagulated blood 

from pulmonary vessels. For fixation, lungs were perfused with fixative solution (25% 

Polyethynelglycol (PEG; Roth, Karlsruhe, Germany), 10% ethanol (Roth, Karlsruhe, Germany), 

3.7% formaldehyde (AppliChem, Darmstadt, Germany) for 30 minutes at 20 cm column 

pressure. Then, lungs were removed and stained with osmium as previously described (87). 

 
Osmium-stained lungs were scanned using the SkyScan1176 (Bruker microCT, Kontich, 
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Belgium). Images were obtained without contrast agent with the following settings: 50 kV, 500 

µA source current, 0.5 mm aluminum filter, 9 µm resolution and a rotation range of 180°. 

Reconstruction and analyses of the scans were performed with NRecon programme (version: 

1.7.0.4, Burker microCT, Kontich, Belgium). Airways in the tracheobronchial tree were classified 

as previously described (88) and each airway segment was evaluated for airway occlusion, 

using a semi-quantitatively system from 0 to 2 (0= non, 1= mild and 2= severe airway occlusion). 

Researchers were blinded to the genotype and results are shown as the mean of all airway 

segments analyzed. 

 
2.8 Electrophysiological experiments 
The conventional method to study transepithelial ion transport from freshly excised tissue is the 

Ussing chamber. However, in our case the use of this technique limits the study of all newborn 

mice at a similar time point, and therefore, cultured-tracheal explants were generated to evaluate 

transepithelial ion transport. The bioelectrical properties of mice at later time points were 

investigated by performing Ussing chamber. 

2.8.1 Cultured-tracheal explants 
This protocol was modified from Hummler, E., et al (89). Tracheas were dissected from newborn 

WT and Slc26a9-/- mice, placed in petri dishes (Thermo scientific, Roskilde, Denmark) containing 

1 ml of medium (F12 Nutrient Mixture (Ham) + L-Glutamine (Gibco, Schwerte, Germany), 

supplemented with 10% FBS (Gibco, Schwerte, Germany), 5 mg/ml Penicillin/Streptomycin 

(Gibco, Schwerte, Germany), 5 mM HEPES buffer (Millipore, Darmstadt, Germany), and 

incubated at 37°C in an atmosphere of 5% CO2 and 95% O2. A mixture of 400 µl Matrigel Matrix 

high concentration (Corning, Wiesbaden, Germany) and 200 µl of cold medium was prepared 

and filled into a bottom glass petri dish (Cellvis, Mountain view, California, USA). Tissues were 

transferred into the matrigel filled petri dishes and gelation was performed according to 

manufacturer’s instructions. After solidification of the Matrigel Matrix, the tissues were covered 

with medium and incubated for 6 – 8 days. Medium was changed every second day. 

After 6 – 8 days of culture, the tracheal tissues form a cyst-like structure filled with liquid 

secreted by the airway epithelial cells (89). 15 – 30 minutes before the electrophysiological 

experiment the culture medium was replaced with Ringer solution (145 mM NaCl (Sigma-Aldrich, 

Steinheim, Germany), 0.4 mM KH2PO4 (Millipore, Darmstadt, Germany), 1.6 mM K2HPO4*3H2O 

(Millipore, Darmstadt, Germany), 5 mM glucose (Millipore, Darmstadt, Germany), 1 mM 

MgCl2*6H2O (Millipore, Darmstadt, Germany) and 1.3 mM Ca- gluconate*1H2O (Aplichem, 
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Darmstadt, Germany)). The cyst was impaled with a glass microelectrode (tip resistance 14.9 

MΩ) filled with Ringer solution and the transepithelial potential difference (Vte) was continuously 

recorded using a standardized voltmeter set-up (Figure 2). The recording electrode was 

referenced to the bath solution. Impalements were accepted if they met the following criteria: (i) 

the electrode tip was seen to penetrate the explant wall, (ii) base-line readings before and after 

impalement differed by less than 1 mV, (iii) the recording was stable for at least 2 minutes, and 

(iv) there was not a visible hole in the cyst when the microelectrode was withdrawn (90). Data 

was analyzed using Lab chart (Lab Chart7, ADInstruments Pty Ltd, 13/22 Lexington Drive, Bella 

Vista, Australia). 

 

Figure 2. Experimental set up of tracheal explant experiments. Reference electrode was 
placed in the Ringer solution and the tracheal explant was positioned under the microscope. The 
recording electrode was controlled by a digital micromanipulator and observed through the 
microscope as approached the explant wall. Negative change in Vte indicated penetration of the 
explant wall and it was continuously recorded with a standardized voltmeter set-up during the 
experiment. 

2.8.2 Ussing chamber 
Ion transport measurements across freshly excised tracheal tissues were performed in a 

continuously perfused micro-Ussing chamber (57). Tracheas from 5-day-old WT and surviving 

Slc26a9-/- mice were removed, mounted on an insert with a circular open area of 0.01 mm2 and 

placed between the two half cells of the Ussing chamber (Figure 3). Vte values were referenced 

to the basolateral side. The stabilization of the Vte and resistance (Rte) was performed under 

constant perfusion with Ringer solution at 37 °C. Rte was determined by applying short 

intermittent current pulses (ΔI = 0.5 μA) and the corresponding changes in Vte (ΔVte) and basal 
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Vte were recorded continuously during the course of the experiment. Rte and the equivalent short 

circuit current (Isc’) were calculated according to Ohm’s law (Rte = ΔVte/ΔI). 

 
To further assess transepithelial ion transport several activators and inhibitors compounds were 

used (Table 1). 

 
 

 
Figure 3. Experimental set up of Ussing chamber experiments. The airway epithelium was 
placed between the two half cells at the Ussing chamber and each side was filled with Ringer 
solution. Activators and inhibitors of ion channels or transporters were added either to the apical 
or basolateral side. Changes in Vte (mV) were continuously recorded. Intermittent current pulses 
were applied (ΔI = 0.5 μA) and Isc was calculated according to the Ohm´s law (Rte = ΔVte/ΔI). 
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Table 1. Summary of activators and inhibitors used to perform Ussing chamber 
experiments. 
Substance Effect Final 

concentration 
Side of 
application 

Supplier 

Amiloride Blocker of the epithelial Na+ 

channel, ENaC (77) 

100 µM Apical Sigma-Aldrich, 

Steinheim, 

Germany 

Forskolin Activator of adenylyl 

cyclase resulting in an 

increase of intracellular 

cAMP concentration (83) 

1 µM Apical Sigma-Aldrich, 

Steinheim, 

Germany 

3-Isobutyl-1- 
methylxanthin 
(IBMX) 

Inhibitor of cAMP and cyclic 

guanosine monophosphate 

phosphodiesterases. 

Consequently, protein 

kinase A is activated (83) 

100 µM Apical Sigma-Aldrich, 

Steinheim, 

Germany 

Uridine-5'- 
triphosphate 
(UTP) 

Activator of P2Y2 

receptor causing an 

elevation in 

intracellular Ca2+ (83) 

100 µM Apical GE Healthcare 

Life Science, 

Freiburg, 

Germany 

CFTR inhibitor 
172* 

Inhibitor of the epithelial Cl- 

channel CFTR (55) 

20 µM Apical Merck 

Millipore, 

Darmstadt, 

Germany 

GlyH101* Inhibitor of the epithelial Cl- 

channels, CFTR and 

SLC26A9 (55, 63) 

100 µM Apical Merck 

Millipore, 

Darmstadt, 

Germany 

Bumetanide Inhibitor of NKCC1 

cotransporter (83) 

100 µM Basolateral Sigma-Aldrich, 

Steinheim, 

Germany 

*Both inhibitors were used in an attempt to differentiate CFTR- and SLC26A9-mediated Cl- 

secretion. CFTR specific inhibitor, CFTRinh172, was added first and then GlyH101 was applied, 

assuming that the remaining inhibited current correspond to SLC26A9-mediated Cl- secretion. 
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2.9 Flow cytometry 
 

2.9.1 Isolation of single cells from lung homogenates for flow cytometry 
For isolation of leukocytes, lungs from newborn mice were perfused through the right ventricle of 

the heart with 2.5 ml PBS, removed, transferred to RPMI-1640 (GE Healthcare Life Science, 

Freiburg, Germany), placed in a petri dish and minced with scissors in pieces no larger than 1 or 

2 mm. Subsequently, each lung was transferred into 10 ml of PBS containing 300 U/mL 

collagenase type II (Worthington Biochemical, Lakewood, New Jersey, USA) and 0.15 mg/ml 

DNase I (Sigma-Aldrich, Steinheim, Germany), and incubated on a shaker with an orbital speed 

of 125 rpm for 30 minutes at 37°C. To obtain single cells suspension, the digested lungs were 

passed through a 100 µm filter (Sigma-Aldrich, Steinheim, Germany). The 100 µm filter was 

rinsed with 10 ml cold PBS to stop DNase reaction. Lung suspensions were centrifuged at 300 x 

g for 5 minutes at 4°C, supernatant was discarded and cells were incubated in 5 ml of red blood 

cell lysis buffer (BD Biosciences, Heidelberg, Germany) for 5 minutes at RT and sieved through 

a 40 μm filter (Sigma-Aldrich, Steinheim, Germany). Cells were resuspended in cRPMI medium 

containing RPMI-1640, 10% FBS (Thermo Fisher Scientific, Darmstadt, Germany), 0.1% 2- 

Mercaptoethanol (Thermo Fisher Scientific, Darmstadt, Germany) and 1% L-Glutamin (Thermo 

Fisher Scientific, Darmstadt, Germany). 

 
2.9.2 Flow cytometry measurements 
The cells were incubated with Fc Block (BD bioscience, Heidelberg, Germany) on ice. For 

surface staining, a master mix of the antibodies listed in Table 2 was prepared and added to the 

cell suspension and incubated for 30 minutes at 4°C (light protected). Total cell numbers and 

viability were assessed by trypan blue exclusion test (Sigma-Aldrich, Taufkirchen, Germany). 

Cells were fixed with intracellular fixation buffer to allow short term storage. Flow cytometry was 

performed with exclusion of nonviable cells and doublets by using the Multiparameter flow 

cytometry with an LSRFortessa cell analyzer (BD Biosciences, Heidelberg, Germany). Data 

were analyzed with Flow Jo software (v10; TreeStar, Ashland, Oregon, USA). 

Cells were stained for detection of neutrophils (CD45+Ly6G+CD11b+), monocytes 

(CD45+CD11c+MHCII+), eosinophils (CD45+SinglecF+CD64-) and T-cells (CD45+CD3-FSC-A). 
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Table 2. Antibody master mix for the detection of leukocytes from lung homogenates 
 

Antibody Clone Fluorophore Supplier Dilution 

CD45 30-F11 Phycoerythrin (PE)- 

CF594 

BD Bioscience, 

Heidelberg, 

Germany 

1:100 

Ly6G 
(Lymphocyte 

antigen 6 

complex locus 

G6D) 

1A-8 Peridinin- chlorophyll- 
protein complex 
(PerCP)-cyanine (Cy) 5.5 

BD Bioscience, 

Heidelberg, 

Germany 

1:50 

CD11b M1/70 Qd605 Biolegend, San 

Diego, California, 

USA 

1:100 

CD11c HL-3 Allophycocyanin (APC)- 
cyanine (Cy) Cy7 

BD Bioscience, 

Heidelberg, 

Germany 

1:200 

MHCII (Major 

histocompatibility 

complex) 

M5/114.15-2 V450 Biolegend, San 

Diego, California, 

USA 

1:400 

Siglec-F (Sialic 

acid-binding 

immunoglobulin- 

like lectin) 

E50-2440 PE BD Bioscience, 

Heidelberg, 

Germany 

1:50 

CD64 X54-5/7.1 Brilliant violet (BV) 
711 

Biolegend, San 

Diego, California, 

USA 

1:50 

CD3 17A2 Alexa flour 700 BD Bioscience, 

Heidelberg, 

Germany 

1:50 

2.10 Bronchoalveolar lavage 
The trachea of juvenile (2-week-old) and adult WT and Slc26a9-/- mice (6-week-old) was 

cannulated, the left main stem bronchus ligated and right lung lobes were lavaged twice with 

sterile PBS (Thermo Fisher Scientific, Darmstadt, Germany) containing cOmplete Protease 
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Inhibitor (Sigma-Aldrich, Steinheim, Germany) with a volume of 17.5 μl/g body weight. BAL fluid 

was centrifuged at 300 x g for 5 minutes at 4°C. The cell pellet was suspended in 50 µl PBS, 

stained with trypan blue (Sigma-Aldrich, Steinheim, Germany) and counted using a Neubauer 

chamber (Karl Hecht, Sondheim v.d. Rhön, Germany). Total cell counts per recovered BAL 

volume were calculated. Differential cell counts of BAL volume on cytospin slides were 

performed after May-Grünwald-Giemsa (Merck, Darmstadt, Germany) staining as previously 

described (25). 

2.11 Cytokine quantification 
Two different protein quantification methods were used depending on the sensitivity required to 

read the specific cytokines: KC, MIP-2, IL-1α, IL-1β, IL-13, IL-5 and tumor necrosis factor alpha 

(TNF-α). 

2.11.1 Enzyme-linked immunosorbent assay (ELISA) 
Concentrations of the neutrophils-chemoattractant KC and MIP-2 were measured in lung 

homogenates from newborn WT and Slc26a9-/- mice by ELISA test. Additionally, the 

concentrations of the pro-inflammatory cytokines IL-1α and IL-1β were also analyzed using 

ELISA test. All ELISA test were performed according to the manufacturer’s instructions using 

Quantikine® (R&D systems, Minneapolis, Minnesota, USA). Briefly, lung homogenates were 

applied to reaction chambers pre-coated with antibodies specific to the cytokine of interest, thus 

specifically immobilizing the cytokine of interest, and incubated 2 hours at room temperature. 

Subsequently, the solution in the wells was washed thoroughly and the secondary antibody 

specific for each cytokines of interest was added and incubated again for 2 hours at room 

temperature. Excessive secondary antibody was removed by repeated rinsing of the microplate 

wells and substrate solution was added immediately after. The concentration of cytokine was 

determined by colorimetric reaction catalyzed by the antibody linked enzyme. To measure the 

change in absorption, a micro plate reader (Mithras LB 940, Berthold Technologies GmbH & Co. 

KG, Bad Wildbad, Germany) set to 450 nm with wavelength correction at 540 nm was used. The 

final cytokine concentrations were derived from the standard curve determined for each assay. 

In accordance with the manufacturer’s instructions the minimal detectable limit for each of the 

cytokines analyzed was: KC (2.0 pg/ml), MIP-2 (1.5 pg/ml), IL-1α (2.5 pg/ml) and IL-1β (2.31 

pg/ml). 
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2.11.2 Cytometric bead assay (CBA) 
Concentrations of TNF-α, IL-13 and IL-5 were measured in lung homogenates from newborn 

mice by using a CBA enhanced sensitivity flex sets (minimal detectable limit: 0.2 pg/ml; BD 

bioscience, Heidelberg, Germany). CBA was performed according to the manufacturer´s 

instructions. Briefly, the samples were centrifuged at 12000 x g for 2 minutes at 4°C and the 

supernatant transferred to a new autoclaved tube. Subsequently, 50 µl of the Mouse Flex Set 

Standard dilution or the samples were added to the appropriate tubes. Following, 20 µl of the 

mixed of Capture beads (previously vortexed) was added to each tube, mixed gently and then, 

incubated for 2 hours at room temperature. 20 µl of mixed Mouse Detection Reagent was added 

to each tube, mixed gently and incubated again for 2 hours at room temperature. After 

incubation, 1 ml of Wash buffer was added and centrifuged at 200 x g for 5 minutes, the 

supernatant was aspirated from each tube and 100 µl of the Enhanced Sensitivity Detection 

Reagent was added to each tube and incubated for 1 hour at room temperature. Then, tubes 

were washed as previously described and the excess of volume was aspirated and finally, 300 

µl of Wash buffer was added to each tube and the samples were acquired on LSRFortessa flow 

cytometry (BD bioscience, Heidelberg, Germany). 

2.12 Microbiology experiments 
Lungs from newborn mice were homogenized under sterile conditions. Samples from each 

mouse were seeded on Columbia blood agar (Becton Dickinson, Heidelberg, Germany) and pre- 

reduced Schaedler agar (BioMérieux, Nürtingen, Germany) plates, incubated at 37°C, read after 

48 hours. CFU per lung were counted. 

 
2.13 RNA extraction and reverse transcription (RT) qPCR 

 
2.13.1 RNA extraction 
Lungs from newborn WT and Slc26a9-/- mice were transferred to 500 µl Trizol reagent (Thermo 

Fisher Scientific, Darmstadt, Germany) and tissue was homogenized using a tissue 

homogenizer (IKA, Staufen, Germany). Samples were left at room temperature for 20 minutes to 

disrupt cell nucleus and subsequently, 100 µl of chloroform (Sigma-Aldrich, Steinheim, 

Germany) was added. Samples were vortexed for 15 seconds, left at room temperature for 3 

minutes and immediately after centrifuged at 12.000 x g for 10 minutes at 4°C. The upper 

aqueous phase was transferred to a fresh autoclaved 2 ml tubes. Each sample was placed on 

ice and 250 µl isopropanol (Carl Roth, Karlsruhe, Germany) was added, vortexed thoroughly for 

10 seconds and incubated 10 minutes at room temperature. Incubation was followed by 
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centrifugation at 16.000 x g for 10 minutes at 4°C and supernatant was discarded. Pellet was 

washed with 1 ml of ice-cold 75% ethanol (Carl Roth, Karlsruhe, Germany) and centrifuged 

16.000 x g for 5 minutes at 4°C. Supernatant was discarded and pellets were air-dried for 30 to 

60 minutes and finally, re-suspended in nuclease-free H2O (Thermo Fisher Scientific, Darmstadt, 

Germany). RNA concentration and purity were measured by a spectrophotometer (DeNovix, 

Wilmington, Delaware, USA). 

2.13.2 RT-qPCR 
cDNA was obtained by performing RT of 2 μg of total RNA with Superscript III reverse 

transcriptase (Thermo Fisher Scientific, Darmstadt, Germany) according to manufacturer’s 

instructions. Real-time quantitative PCR was performed on an Applied Biosystems 7500 Real 

Time PCR system with TaqMan Universal PCR master mix and inventoried TaqMan gene 

expression assays (Applied Biosystems, Darmstadt, Germany) for Tmem16A 

(Mm00724407_m1), Cftr (Mm00445197_m1), sodium channel, nonvoltage-gated 1 alpha 

(Scnn1a) (Mm00803386_m1), sodium channel, nonvoltage-gated 1 beta (Scnn1b) 

(Mm00441215_m1), sodium channel, nonvoltage-gated 1 gamma (Scnn1g) (Mm00441228_m1), 

Muc5b (Mm00466391_m1) and beta actin (Actb) (Mm00607939_s1) according to 

manufacturer’s instructions (purchased all from Thermo Fisher Scientific, Darmstadt, Germany). 

Relative fold changes of target gene expression were calculated from the efficiency of the PCR 

reaction and the crossing point deviation between samples from the different genotypes in 

relation to WT controls and normalization to the expression of the housekeeping gene, Actb (25, 

91). 

2.14 Statistics 
Data were derived from at least 3 independent experiments. The results were analyzed with 

SigmaPlot version 12.5 software (Systat Software, Erkrath, Germany) and reported it as mean ± 

standard error of the mean (SEM). Survival curve was analyzed using the Kaplan Meier Log- 

rank test. Chi-square test was used for distribution analysis. Two groups comparison was 

performed with Mann-Whitney Rank Sum and for multiple group analysis two-way ANOVA was 

applied. P < 0.05 was accepted to indicate statistical significance. 
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3 Results 
 

3.1 Genetic deletion of Slc26a9 causes high mortality rate in newborn mice 
To elucidate the in vivo role of SLC26A9 Cl- channel, the Slc26a9-/- mice and WT littermate 

controls were characterized. First, the effect of the genetic deletion of Slc26a9 on survival was 

evaluated by monitoring the pups from birth up to the age of 6 weeks. All WT mice survived 

throughout the duration of this survival study (Figure 4). However, within the first hours of life 

48% mortality was observed in Slc26a9-/- mice compared to WT mice (Figure 4). After surviving 

the early neonatal period, no further survival disadvantages were detected up to the age of 6 

weeks in Slc26a9-/- mice (Figure 4). 

 
 

Figure 4. High and early mortality of newborn Slc26a9-/- mice. Survival curve of WT and 
Slc26a9-/- mice was performed by closely monitoring pups from birth up to week 6 of life. n = 107 
– 244 mice per group. **P< 0.01 compared to WT mice. 

3.2 Genetic deletion of Slc26a9 causes spontaneous lung disease in 
newborn mice 

In order to determine the cause of death of the newborn Slc26a9-/- mice, the phenotype of WT 

and Slc26a9-/- mice was investigated. If and how the genetic deletion of Slc26a9 alters airway 

mucus content and morphology in newborn mice was evaluated by µCT and histology. To 

determine the impact of the genetic deletion of Slc26a9 on fluid transport, lung liquid content as 

determine by wet/dry measurements was evaluated in newborn WT and Slc26a9-/- mice. 

Transepithelial ion transport and transcript levels of important ion channels were also 
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investigated. Furthermore, inflammatory cells and cytokines were evaluated in newborn WT and 

Slc26a9-/- mice. 
 

3.2.1 Genetic deletion of Slc26a9 produces early neonatal mortality due to deficient 
ventilation 

The weight of newborn WT and Slc26a9-/- mice was evaluated as an indicator of their physical 

condition. Both, newborn WT and Slc26a9-/- mice showed similar body weight (Figure 5A). To 

determine if the newborn Slc26a9-/- mice showed external signs of disease, an observational 

study of their phenotype was conducted. The macroscopic inspection of pups shortly after birth 

revealed that newborn WT presented regular breathing and pink skin colour (Figure 5B and 5C). 

In contrast, newborn Slc26a9-/- displayed respiratory distress as evident from chest wall 

retraction and cyanotic appearance (Figure 5B and 5C). To further characterize the phenotype of 

newborn Slc26a9-/- mice, O2 saturation levels were monitored. In comparison to newborn WT 

mice, newborn Slc26a9-/- mice exhibited significantly decreased O2 saturation levels (Figure 5D). 

 
 

Figure 5. Respiratory distress and hypoxia in newborn Slc26a9-/- mice. All measurements 
were performed within the first hours of life. (A) Summary of body weights from WT and Slc26a9- 
/- mice. n= 14 – 24 mice per group. (B) Percentage of pups developing respiratory distress 
and/or cyanotic appearance. n= 136 – 244 mice per group. (C) Arterial oxygen saturation 
measurements of WT and Slc26a9-/- mice. n= 19 – 61 mice per group. ** P < 0.01 compared to 
WT. 

Our breeding strategy also generated Slc26a9+/- mice, but none of the previously described 

observations were noted. Therefore, only WT and Slc26a9-/- mice were further investigated. 

Altogether, the data indicate that newborn Slc26a9-/- mice presented poor lung ventilation, which 

suggests that SLC26A9 is essential for normal air-breathing. 
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3.2.2 Genetic deletion of Slc26a9 is associated with airway mucus obstruction in 
newborn mice 

To investigate the cause of death of newborn Slc26a9-/- mice, we first studied airway and lung 

morphology by µCT. The experiments detected significantly elevated airway occlusion as 

determined by partial or complete opacification of the trachea and bronchi of the newborn 

Slc26a9-/- mice compared to WT mice (Figure 6A and 6B). Furthermore, the lung parenchyma of 

newborn WT mice displayed a homogenous lung texture and full aeration of the lung, while the 

newborn Slc26a9-/- lungs showed opacities in all lung lobules reflecting unventilated lung 

parenchyma i.e. atelectasis (Figure 6A). 
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Figure 6. Airway occlusion in the tracheobronchial tree of newborn Slc26a9-/- mice. (A) 
Representative lung scans from newborn WT and Slc26a9-/- mice. Lung were perfused and fixed 
in situ to preserve luminal mucus. White arrows indicate airway occlusion. Scale: 1 mm. (B) 
Summary of airway occlusion score (0= none, 1= mild, and 2= severe airway occlusion). n= 5 – 
7 mice per group. * P< 0.05 versus WT mice. 

The obstruction of the tracheobronchial tree of the newborn Slc26a9-/- mice may indicate the 

presence of airway mucus plugging as has been shown in previous reports of βENaC-Tg mice 
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(92). Evaluation of AB-PAS stained-lung sections of newborn Slc26a9-/- mice confirmed severe 

airway mucus plugging in the lumen of the trachea, main axial airways and terminal bronchioles 

(Figure 7, 8 and 9) compared to newborn WT mice. 

Whereas the trachea of WT mice showed low levels of AB-PAS positive signal (Figure 7A and 

7B), the AB-PAS positive signal of newborn Slc26a9-/- mice is strongly located in the lumen, 

although some of the mucus seems to be still attached to the airway epithelium (Figure 7A and 

7B). The number of goblet cells accounting for mucus producing cells did not differ in the 

epithelium of the newborn Slc26a9-/- mice versus newborn WT (Figure 7C). 

 

 
Figure 7. Severe mucus obstruction in the trachea of newborn Slc26a9-/- mice. (A) 
Representative images of AB-PAS stained-tracheas from newborn WT and Slc26a9-/- mice. 
Scale: 0.5 mm. (B) Quantification of total mucus content and (C) goblet cell counts in the trachea 
of newborn WT and Slc26a9-/- mice. n= 12 – 15 mice per group. ** P< 0.01 compared to WT 
mice. 

Similarly to the observations in the trachea, main axial airways and terminal bronchioles of WT 

mice did not displayed detectable airway mucus obstruction by AB-PAS positive staining. Main 

axial airways (Figure 8A and 8B) and terminal bronchioles (Figure 9) of newborn Slc26a9-/- mice 

showed increased AB-PAS stained-material in the airway lumen compared to newborn WT mice. 

Further, the number of goblet cells did not change in the main axial airways of newborn Slc26a9- 
/- mice versus newborn WT mice (Figure 8C). Altogether, these results illustrate severe airway 

mucus obstruction in the newborn Slc26a9-/- mice. 
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Figure 8. Severe mucus obstruction in the main axial airways of newborn Slc26a9-/- mice. 
(A) Representative images of AB-PAS stained-lungs from newborn WT and Slc26a9-/- mice. 
Scale: 20 µm. (B) Quantification of total mucus content and (C) goblet cell counts of newborn 
WT and Slc26a9-/- mice. n= 32 – 37 mice per group. ** P< 0.01 versus WT mice. 
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Figure 9. Severe mucus obstruction in the terminal bronchioles of newborn Slc26a9-/- 
mice. (A) Representative images of AB-PAS stained-lungs from newborn WT and Slc26a9-/- 
mice. Scale: 20 µm. (B) Quantification of total mucus content in the terminal bronchioles of 
newborn WT and Slc26a9-/- mice. n= 7 – 11 mice per group. ** P< 0.01 versus WT mice. 

To test whether the airway mucus obstruction observed in the newborn Slc26a9-/- mice is 

accompanied by increased levels of mucin expression, real time RT-PCR and 

immunohistochemistry experiments were performed to determine Muc5b/MUC5B, one of the 

major macromolecular components of airway mucus. Muc5b mRNA expression was significantly 

elevated in lung homogenates from newborn Slc26a9-/- mice compared to WT mice (Figure 

10A). 

 

 

Figure 10. Elevated Muc5b transcript levels in newborn Slc26a9-/- mice compared to WT 
mice. Transcript levels of Muc5b whole lung homogenates of newborn WT and Slc26a9-/- mice. 
n=15 – 17 mice per group. *P< 0.05 and **P< 0.01 compared to WT mice. 
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Immunohistochemical experiments showed very low levels of MUC5B protein signal in the lung 

of newborn WT mice (Figures 11 and 12). In newborn Slc26a9-/- mice, MUC5B protein signal 

was strongly detected in the lumen of main axial airways and terminal bronchioles compared to 

WT mice (Figure 11). Furthermore, MUC5B signal correlates with AB-PAS positive staining in 

newborn Slc26a9-/- mice (Figure 8, 9 and 11). Negative controls of MUC5B did not exhibit any 

positive signal, confirming specific detection of MUC5B protein. Overall, the data demonstrate 

that lack of Slc26a9 generates airway mucus obstruction throughout the whole respiratory tract 

and that MUC5B contributes to the early mucus plugging of the newborn Slc26a9-/- mice. 
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Figure 11. MUC5B protein expression is increased in mucus-obstructed airways of 
newborn Slc26a9-/- mice compared to WT mice. Representative images of MUC5B 
immunohistochemistry of main axial airways and terminal bronchioles from newborn WT and 
Slc26a9-/- mice. Negative controls that lack the primary antibody were included (second and 
fourth row). Scale: 20 µm. n= 3 – 5 mice per group. 
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3.2.3 Lack of Slc26a9 changes ion transport in the airway epithelium of newborn mice 
The dynamics of the airway ion transport change depending on the functional requirements of 

each developmental stage of the lung (93). In the newborn mice, the absorption of fetal lung 

liquid is particularly relevant to stablish efficient air-breathing adaptation (89, 93). To test if and 

how the absence of Slc26a9 modifies fetal lung liquid content, wet/dry weight lung 

measurements were performed in newborn WT and Slc26a9-/- mice. No differences were 

detected when both genotypes were compared (Figure 12). 

 
 

Figure 12. Genetic deletion of Slc26a9 has no effect on lung liquid clearance in newborn 
mice. Wet to dry weight lung measurements of newborn WT and Slc26a9-/- mice. n= 7 – 22 mice 
per group. 

The Vte was compared between WT and Slc26a9-/- cultured-tracheal explants from newborn 

mice. After the stabilization period with the recording electrode in Ringer solution, tracheal cysts 

were impaled. A successful impalement was determined as a strong and stable negative Vte as 

observed in Figure 13A. The results displayed significantly lower Vte in Slc26a9-/- versus WT 

cultured-tracheal explants under baseline conditions (Figure 13). 
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Figure 13. Changes in transepithelial ion transport in cultured-tracheal explants of 
newborn Slc26a9-/- mice compared to WT cultured-tracheal explants. (A) Representative 
recordings of Vte in cultured-tracheal explants from newborn WT and Slc26a9-/- mice. Arrow 
indicates the impalement of the explant. (B) Quantification of Vte for both genotypes. n= 5 – 8 
mice per group. * P< 0.05 versus WT mice. 

To investigate the mRNA levels of important players of the transepithelial ion transport such as 

the cAMP-activated Cl- channel Cftr, Ca2+-activated Cl- channel Tmem16a and the subunits of 

the epithelial Na+ channel ENaC (Scnn1a, Scnn1b and Scnn1g) in the airways, real time RT- 

PCR was performed in lung homogenates of newborn WT and Slc26a9-/- mice. Transcript levels 

of Cftr and Tmem16a did not differ between newborn WT and Slc26a9-/- mice (Figure 14A and 

14B). mRNA levels of Scnn1a and Scnn1g subunits of ENaC were also unchanged when 

newborn WT and Slc26a9-/- mice were compared, whereas transcript levels of the Scnn1b 

subunit were 1.6-fold decreased in newborn Slc26a9-/- mice versus WT mice (Figure 14C-14E). 
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Figure 14. Transcript levels of Cftr, Tmem16a and subunits of Scnn1 in lung homogenates 
of newborn WT and Slc26a9-/- mice. (A) Transcript levels of Cftr, (B) Tmem16a, (C) Scnn1a, 
(D) Scnn1b and (E) Scnn1g in lung homogenates of newborn WT and Slc26a9-/- mice. n= 16 – 
19 mice per group. *P< 0.05 compared to WT mice. 

Collectively, the data demonstrate that SLC26A9 is constitutively active under baseline 

conditions in the early neonatal airway epithelium and suggest that SLC26A9-mediated Cl- 

secretion is pivotal for airway mucus clearance at birth. 

3.2.4 Airway mucus obstruction of the newborn Slc26a9-/- mice is associated with 
hypoxic epithelial cell degeneration and inflammation in absence of detectable 
lung infection 

To investigate if the muco-obstructive phenotype of newborn Slc26a9-/- mice leads to epithelial 

cell degeneration, resembling patients with CF and βENaC-Tg mice, the epithelial morphology of 

newborn WT and Slc26a9-/- mice was evaluated. An elevated number of degenerative epithelial 

cells were detected in the airway epithelium of newborn Slc26a9-/- mice compared to WT mice 

(Figure 15). 
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Figure 135. Increased epithelial cell degeneration in newborn Slc26a9-/- mice compared to 
WT mice. (A) Representative images of airway epithelium of newborn WT and Slc26a9-/- mice. 
The inserts represent a higher magnification of the same pictures. The black arrows depict 
degenerative epithelial cells. Scale: 20 µm and 10 µm. (B) Quantification of degenerative cells 
as determined from the number of degenerative epithelial cells per mm2 of the basement 
membrane in newborn WT and Slc26a9-/- mice. 6 – 8 mice per group. *P<0.05 versus WT mice. 

Hypoxic cells undergoing necrosis release inflammatory cytokines such as IL-1α, which triggers 

a transcriptional cascade that includes mucus hypersecretion and enhanced neutrophilic 

inflammation (22, 24). In order to compare the inflammatory phenotype between newborn WT 

and Slc26a9-/- mice, pro- and anti- inflammatory cytokines were studied in lung homogenates. 

Consistent with previous findings, the pro-inflammatory cytokine IL1α was elevated by 11-fold in 

lung homogenates of newborn Slc26a9-/- mice compared to newborn WT mice (Figure 16A). In 

addition, IL-1β and TNF-α were significantly increased in newborn Slc26a9-/- mice versus WT 

mice (Figure 16B and 16E). Furthermore, the levels of the neutrophil chemo-attractants, MIP-2 

and KC were also augmented in newborn Slc26a9-/- mice compared to WT mice (Figure 16C 

and 16D). Conversely, levels of Th-2 cytokines IL-13 and IL-5 showed no differences when both 

genotypes were compared (Figure 16F and 16G). 
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Figure 16. Increased levels of pro-inflammatory cytokines in newborn Slc26a9-/- mice 
compared to WT mice. Expression of (A) IL1-α, (B) IL-1β, neutrophil chemoattractants (C) MIP- 
2 and (D) KC, Th-1 cytokines (E) TNF-α, Th-2 cytokines (F) IL-13 and (G) IL-5 in lung 
homogenates of newborn WT and Slc26a9-/- mice. 5 – 8 mice per group. *P< 0.05 and **P< 0.01 
compared to WT mice. 

To further analyze the inflammatory phenotype of the newborn Slc26a9-/- mice, the contribution 

of inflammatory cells was investigated. In agreement with previous publications (22)   and with 

the chemokines results (Figure 17), a higher percentage of neutrophils were displayed in 

newborn Slc26a9-/- mice compared to WT mice (Figure 17A). The percentage of monocytes, 

eosinophils and T cells remained unchanged when both genotypes were compared in newborn 

mice (Figure 17B-17D). 
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Figure 17. Neutrophilic airway inflammation in newborn Slc26a9-/- mice. Percentages of (A) 
neutrophils (CD45+, Ly6G+ and CD11b+), (B) monocytes (CD45+, CD11c-, MHCII+), (C) 
eosinophils (CD45+, SiglecF+, CD64-) and (D) T cells (CD45+, CD3+, FSC-A) were determined in 
lung homogenates of newborn WT and Slc26a9-/- mice. 6 – 11 mice per group. *P< 0.01 
compared to WT mice. 

Finally, to test whether the inflammatory phenotype observed in newborn Slc26a9-/- mice is 

associated with airway infection, lung homogenates were cultured on agar plates to assess for 

the growth of bacteria. No bacterial infection was detected by counting CFU in newborn WT or 

Slc26a9-/- mice (Figure 18). 
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Figure18. Cultures of lung homogenates for detection of bacterial infection in newborn 
WT and Slc26a9-/- mice. CFU counts of lung homogenates after 48 hours of culture in newborn 
WT and Slc26a9-/- mice. 5 – 8 mice per group. 

 
 

3.3 Developmental role of the SLC26A9 Cl- channel in the lung 
In the previous section a pivotal role of SLC26A9-mediated Cl- secretion in newborn mice was 

demonstrated (See section 3.2.1), but if and how the absence of SLC26A9 affects the lung 

phenotype during postnatal development is not known. To investigate the postnatal development 

of the muco-obstructive and inflammatory phenotype observed at birth, longitudinal studies of 

WT and surviving Slc26a9-/- mice were performed. Experiments were performed at the juvenile 

stage, when postnatal alveologenesis (the final step of lung maturation) is taking place and in 

adult mice, when lung maturity has been reached (94–96). The bioelectrical properties of WT 

and surviving Slc26a9-/- tracheas were evaluated by performing Ussing chamber experiments in 

5-day-old mice. Furthermore, juvenile and adult mice (2- and 6-week-old) were analyzed for 

mucus obstruction and structural lung damage by histology and the relative distribution of 

inflammatory cell was determined from BAL samples. 
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3.3.1 SLC26A9-mediated Cl- secretion is not essential for transepithelial ion transport at 
postnatal day 5 

Functional studies were performed in native tracheal tissue to evaluate the bioelectrical 

properties of 5 day-old WT and surviving Slc26a9-/- mice. Basal bioelectrical properties (Vte and 

Rte), amiloride-sensitive Isc, cAMP-induced Isc, UTP-induced Isc, CFTRinh172-sensitive Isc, 

GlyH101-sensitive Isc and bumetanide-sensitive Isc were compared between WT and surviving 

Slc26a9-/- mice in freshly excised tracheal tissue. These experiments demonstrated that basal 

Vte and Rte were no different in WT versus surviving Slc26a9-/- mice (Figure 19A, 19B and 19C). 

The amiloride-sensitive Isc was normal when WT and surviving Slc26a9-/- mice were compared 

(Figure 19A and 19D). Elevation of intracellular cAMP and Ca2+ levels by addition of 

IBMX/forskolin and UTP, respectively, did not alter cAMP-induced Isc and UTP-induced Isc in the 

trachea of WT and surviving Slc26a9-/- mice (Figure 19A, 19E and 19F). WT and surviving 

Slc26a9-/- mice did not differ on CFTRinh172-sensitive Isc and GlyH101-sensitive Isc accounting 

for CFTR and SLC26A9-mediated Cl- secretion, respectively (Figure 19A, 19G and 19H). Finally, 

bumetanide-sensitive Isc, which reflects the inhibition of the basolateral NKCC1 co-transporter 

and thus, blocking the favorable driving force for the movement of Cl- towards the apical surface, 

remain unchanged in surviving Slc26a9-/- versus WT mice (Figure 19A and 19I). Taking together, 

SLC26A9-mediated Cl- secretion is not essential for lung health at the postnatal day 5. 
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Figure 19. Unchanged epithelial ion transport in the trachea of 5-day-old surviving 
Slc26a9-/- mice compared to WT mice. (A) Representative Ussing chamber recordings of 
freshly excised tracheal tissue at postnatal day 5 of WT and surviving Slc26a9-/-. Crtl: control or 
equilibration period, Fsk: forskoline and Bumet: bumetanide. Quantification of (B) basal Vte, (C) 
basal Rte, (D) amiloride-sensitive Isc, (E) cAMP-induced Isc, (F) UTP-induced Isc, (G) 
CFTRinh172-sensitive Isc, (H) GlyH101-sensitive Isc and (I) bumetanide-sensitive Isc in freshly 
excised trachea from WT and surviving Slc26a9-/- mice. n= 8 – 17 mice per group. 
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3.3.2  Effects of genetic deletion of Slc26a9 on mucus airway obstruction in juvenile and 
adult mice 

In order to determine how the absence of Slc26a9 affects lung development over the time and 

whether the surviving Slc26a9-/- mice exhibit a muco-obstructive phenotype similar to newborn 

mice (See section 3.2), longitudinal morphometric studies were performed at the juvenile and 

adult ages (2 and 6 weeks of age). Juvenile WT mice did not display detectable AB-PAS positive 

signal (Figure 20A, first column). However, AB-PAS lung stained-sections of surviving Slc26a9-/- 

mice showed high levels of variation within the group at the juvenile and adult stage: ~30% of 

surviving Slc26a9-/- mice displayed slight airway mucus obstruction and goblet cells (Figure 20A, 

second column), while the remaining 70% did not exhibit detectable AB-PAS positive material or 

goblet cells (Figure 20A, third column). Consistently, the quantification of AB-PAS lung stained- 

sections showed a trend towards increase in surviving juvenile and adult Slc26a9-/- mice 

compared to WT mice (Figure 20B). The number of goblet cells did not differ between genotypes 

within the same age group, but at the juvenile stage an upward tendency is observed (Figure 

20C). Interestingly, goblet cell counts of surviving adult Slc26a9-/- mice are diminished compared 

to the same genotype at the juvenile stage (Figure 20C). 
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Figure 20. Airway mucus content in surviving juvenile and adult Slc26a9-/- mice. (A) 
Representative AB-PAS images of juvenile (2-week-old) and adult (6-week-old) WT and 
Slc26a9-/- mice. Inserts depict a higher magnification of the airway epithelium. Scale: 60 µm and 
20 µm. n= 5 – 10 mice per group. (B) Quantification of total mucus content and (C) goblet cell 
counts of juvenile (2-week-old) and adult (6-week-old) WT and Slc26a9-/- mice. n= 5 – 10 mice 
per group. # P< 0.01 compared to the same genotype at the juvenile stage. 
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3.3.3 Effects of genetic deletion of Slc26a9 on airway morphology and lung structure in 
juvenile and adult mice 

Because severe lung damage occurs early and persist throughout life of patients with CF and in 

the mouse model of CF-like lung disease, βENaC-Tg mice (86, 102), quantitative longitudinal 

studies of structural lung damage were performed as parameters of alveolar diameter in the lung 

of juvenile and adult WT and surviving Slc26a9-/- mice. Histological sections showed that 

alveolar size and architecture were unchanged in surviving Slc26a9-/- mice versus WT mice at 

both time points analyzed (Figure 21A and 21B). Morphometric quantification of distal airspace 

enlargement by measuring the MLI indicated similar distances of alveolar walls in juvenile and 

adult WT and surviving Slc26a9-/- mice (Figure 21A and 21B). Similarly, lung volumes did not 

differ between WT and surviving Slc26a9-/- at any of the time points analyzed (Figure 21C). 

Altogether, the data demonstrate that lack of Slc26a9 does not cause spontaneous structural 

lung damage under physiological conditions at the juvenile and adult stage of life. 
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Figure 21. Absence of structural lung damage in surviving juvenile and adult Slc26a9-/- 
mice. (A) Representative lung morphology pictures of juvenile (2-week-old) and adult (6-week- 
old) WT and surviving Slc26a9-/- mice. Scale: 100 µm. (B) MLI and (C) lung volume in juvenile (2-
week-old) and adult (6-week-old) WT and surviving Slc26a9-/- mice. n= 3 – 24 mice per group. 

3.3.4 Resolution of inflammation in surviving juvenile and adult Slc26a9-/- mice 
To assess whether the surviving Slc26a9-/- mice exhibit an inflammatory phenotype (as observed 

in the newborn mice; see section 3.1.4), the number of degenerative cells in the airway 

epithelium and differential counts of inflammatory cells were analyzed in juvenile and adult WT 

and surviving Slc26a9-/- mice. The quantification of airway epithelial cell degeneration showed 
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similar abundance between juvenile and adult WT and surviving Slc26a9-/- mice at both time 

points analyzed (Figure 22). 

 
 

 
 

Figure 22. Unchanged number of degenerative cells in surviving juvenile and adult 
Slc26a9-/- mice compared to WT mice. (A) Representative airway morphology pictures of 
juvenile (2-week-old) and adult (6-week-old) WT and surviving Slc26a9-/- mice. Scale: 100 µm. 
(B) Quantification of necrotic cells count of juvenile (2-week-old) and adult (6-week-old) WT and 
surviving Slc26a9-/- mice. n= 5 – 10 mice per group. 

To evaluate the role of Slc26a9 on airway inflammation in a longitudinal manner, BAL from WT 

and surviving Slc26a9-/- mice were analyzed and the absolute and relative counts of 

inflammatory cell types were determined. Total cells, macrophages and neutrophils were 

significantly increased at the juvenile and adult stage in the lungs of surviving Slc26a9-/- mice 

compared to WT mice (Figure 23A, 23B and 23C). Interestingly, the number of neutrophils of 
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surviving adult Slc26a9-/- mice was significantly reduced compared to the same genotype at the 

juvenile stage (Figure 23C). Lymphocytes and eosinophils did not differ at the tested time points 

between WT and surviving Slc26a9-/- mice (Figure 23D and 23E). 

 
 
 

 
Figure 23. Airway inflammation detected in BAL of surviving juvenile and adult Slc26a9-/- 
mice. BAL cell counts from juvenile (2-week-old) and adult (6-week-old) WT and surviving 
Slc26a9-/- mice: (A) total cells, (B) macrophages, (C) neutrophils, (D) lymphocytes and (E) 
eosinophils. n= 8 – 22 mice per group. **P<0.01 compared to WT mice at the same age and # 
P< 0.01 compared to the same genotype at juvenile stage. 

3.4  Genetic deletion of Slc26a9 decreases survival of βENaC-Tg mice with 
CF-like lung disease 

To assess the role of SLC26A9 as a modifier of mortality in the context of muco-obstructive lung 

disease in vivo, Slc26a9+/- mice were intercrossed with βENaC-Tg mice. The survival of WT, 

Slc26a9+/-, Slc26a9-/-, βENaC-Tg, βENaC-Tg/Slc26a9+/- and βENaC-Tg/Slc26a9-/- mice were 
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monitored from birth up to the age of 6 weeks. At birth, all genotypes were represented 

according to the Mendelian ratios (Figure 24A), suggesting that all mice survive the intrauterine 

period. All WT animals survive from birth up to the age of 6 week-old (Figure 24B). Consistently 

with previous findings (see section 3.1) newborn Slc26a9-/- presented an increased mortality ~ 

50% soon after birth compared to WT mice (Figure 24B). Slc26a9+/- mice did not differ from WT 

mice (Figure 24B). ~25% of βENaC-Tg mice die in the first two weeks of life (Figure 24B), which 

is known from previous publications (25, 77) and a similar trend is observed for the βENaC- 

Tg/Slc26a9+/- (Figure 24B). The overall mortality observed in the βENaC-Tg/Slc26a9-/- mice 

group was of ~80% and significantly lower compared to all other genotypes (Figure 24B). In the 

βENaC-Tg/Slc26a9-/- mice, mortality began in the early neonatal period and persist until the 

second week of life (Figure 24B). 

 
 

 
Figure 24. Increased neonatal mortality was detected in βENaC-Tg/Slc26a9-/- mice. (A) 
Mendelian distribution after birth and (B) survival curve of WT, Slc26a9+/-, Slc26a9-/-, βENaC-Tg, 
βENaC-Tg/Slc26a9+/- and βENaC-Tg/Slc26a9-/- mice. The survival curve was performed by 
following newborn mice from birth up to the age of 6 weeks. n = 21 – 88 mice per group. ** P< 
0.01 compared to WT mice, ~ P< 0.01 compared to βENaC-Tg and βENaC-Tg/Slc26a9+/- mice 
and # P< 0.05 compared to Slc26a9-/- mice. 
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4 Discussion 
The epithelial Cl- channel SLC26A9 is one of the most promising modifiers and therapeutic 

candidates to compensate the impaired CFTR-mediated Cl- secretion in patients with CF (34, 

46, 48, 58, 59, 63). However, the relevance of the epithelial Cl- channel SLC26A9 under 

physiological conditions is not fully understood. Here, the Slc26a9-/- mouse was characterized at 

different developmental stages (newborn, juvenile and adult) to investigate how SLC26A9 

contributes to lung health. Moreover, it was determined how the genetic deletion of Slc26a9 

modifies mortality in the context of CF-like lung disease by evaluating survival of the βENaC- 

Tg/Slc26a9-/- mice. 

4.1 Role of the epithelial Cl- channel SLC26A9 in the early neonatal lung 
 

4.1.1 SLC26A9-mediated Cl- secretion is constitutively active in the airways after birth 
In order to ensure an efficient transition from the uterine life to the air-breathing environment, the 

lung epithelium of the neonatal lung undergoes critical changes of the fluid transport phenotype 

from a secretory to an absorptive epithelium, which reflect the functional requirements at 

different developmental stages (93, 97). It is well known that reabsorption of fetal lung liquid is 

driven by ENaC, being the α subunit a critical component (89), but the complex regulation of the 

ion transport at birth is not fully understood. Hence, the role of SLC26A9 Cl- channel during early 

neonatal adaptation was assessed. The impact of the genetic deletion of Slc26a9 on vital 

functions of the newborn lung such as lung liquid content (wet/dry measurements) was 

evaluated. Cultured-tracheal explants from newborn mice and freshly excised tracheas from 5- 

day-old mice were studied to determine the contribution of SLC26A9 Cl- channel to the 

transepithelial ion transport. The expression of other important ion channels (Cftr, Tmem16a, 

Scnn1a, Scnn1b and Scnn1g) was also investigated. 

Defective fetal lung liquid absorption results in respiratory distress and early death in the alpha- 

ENaC-deficient (αENaC-/-) mice soon after birth. Furthermore, a characteristic waterlogged 

appearance of the lung has been observed when fetal lung liquid absorption fails (89). The 

absence of the distinctive waterlogged appearance and changes in fetal lung fluid content in 

newborn Slc26a9-/- lungs as determined by wet/dry measurements (Figure 12), suggests that the 

genetic deletion of Slc26a9 does not alter the re-absorption of fetal lung liquid. 

Previous studies in heterologous systems have shown that SLC26A9 is constitutively active 

when inserted in the plasma membrane (46, 48, 63). In this  line, the lower transepithelial 
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potential difference detected in cultured-tracheal explants from newborn Slc26a9-/- mice 

compared to cultured-tracheal explants from WT mice (Figure 13) suggests that SLC26A9 is 

constitutively active in the airway epithelium under physiological conditions during the early 

neonatal period. This study shows, for the first time, the in vivo contribution of SLC26A9 Cl- 

channel to the transepithelial ion transport of the airway epithelium under baseline conditions 

(Figure 13) and suggest that SLC26A9-mediated Cl- secretion is essential to adapt to postnatal 

air-breathing conditions. 

In the airway epithelium, fluid secretion and absorption is tightly regulated by coordinate 

movement of ions to maintain ASL height and consequently, proper MCC (98). The complex 

interplay of epithelial ion channels may include mutual influence on plasma membrane trafficking 

(47) or transcription. Here, the transcript levels of the main contributors to fluid homeostasis 

(Cftr, Tmem16a, Scnn1a, Scnn1b and Scnn1g) in the airway epithelium of newborn mice were 

studied (99) to determine if the genetic deletion of Slc26a9 modifies their expression. The results 

revealed normal levels of Cftr and Tmem16a in the lung of newborn Slc26a9-/- mice compared to 

newborn WT mice (Figure 14), suggesting that neither of them is up-regulated to compensate 

the absence of Slc26a9, even under conditions of a pro-inflammatory phenotype (100). Further, 

the lack of mutual compensation of TMEM16A and CFTR has been observed in βENaC-Tg mice 

(45). The mRNA levels of the βENaC subunit in the lung of Slc26a9-/- mice (Figure 14) were 

significantly lower compared to WT mice. Decreased expression of ENaC subunits have been 

associated with a switch to a pro-secretory mechanism in presence of inflammatory cytokines 

such as TNF-α and IL-1β (Figure 16B and 16E) (100, 102–104). This may suggest that reduced 

levels of the β subunit act as a compensatory mechanism in the lungs of newborn Slc26a9-/- 

mice in order to counterbalance the airway surface dehydration due to the absence of the 

SLC26A9- mediated Cl- secretion. 

Interestingly, Ussing chamber experiments of the trachea at postnatal day 5 did not detect 

differences between WT and surviving Slc26a9-/- mice either in transepithelial potential 

difference or short-circuit current (Figure 19). This last observation is supported by bioelectrical 

experiments performed in native tracheal and bronchial tissue from adult Slc26a9-/- mice (8 – 20 

weeks of life), where no contribution of SLC26A9 to airway Cl- secretion was reported in the 

airway epithelium under physiological conditions (57). Altogether, the electrophysiological 

studies (Figure 13 and 19) presented here, in combination with previous bioelectrical 

experiments on murine tissue suggest an age-dependent regulation of SLC26A9 activity with a 

crucial role at the early postnatal adaptation of pulmonary tissue. 
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4.1.2 Lack of SLC26A9-mediated Cl- secretion is associated with airway mucus 
obstruction and inflammation in newborn mice 

In the healthy lung, the airway mucus layer lining the epithelium acts as a protective barrier 

against irritants, allergens and pathogens (105). Ion channels contribute to airway mucus 

homeostasis by maintaining a balance between fluid secretion and absorption. However, 

excessive mucin secretion and/or accumulation due to defective transepithelial ion transport 

leads to airway mucus plugging and consequently, to limited airflow (20, 77, 105–109). To 

investigate the consequences of the lack of SLC26A9-mediated Cl- secretion, survival, airway 

mucus content, lung morphology and inflammatory phenotype were analyzed in newborn WT 

and Slc26a9-/- mice. 

In the newborn Slc26a9-/- mice, the absence of SLC26A9-mediated Cl- secretion caused severe 

airway mucus plugging throughout the respiratory tract (Figures 7, 8, 9 and 10). Airway mucus 

plugging in newborn Slc26a9-/- mice was associated with distinctive signs of respiratory distress 

such as irregular breathing, gasping, cyanosis and wall chest retraction (Figure 5). All these 

symptoms that have been previously described in mouse models of early neonatal lung disease 

(89, 110, 111). Impaired ventilation in newborn Slc26a9-/- mice was confirmed by decreased O2 

levels (Figure 5) and observations of atelectasis in the lung (Figure 6). Similar observations have 

been documented in patients with CF and chronic obstructive pulmonary disease (COPD), 

where mucus plugging and loss of gas exchange can restricts normal ventilation (112). This 

muco-obstructive lung phenotype of Slc26a9-/- mice resulted in significantly increased mortality 

within 30 minutes of life (Figure 4). This result might be explained by the absence of efficient 

MCC as a consequence of defective SLC26A9-mediated Cl- secretion at birth and thus, in 

absence of SLC26A9 the lung fails to efficiently adapt to the new air-breathing conditions. 

In the developing lung, mucins are expressed from an early embryonic stage in the forming 

bronchioles and alveolar saccules (113). At the time of birth and continuously through life in non- 

disease conditions, MUC5B is abundantly expressed in the lung of mice and humans (113, 114). 

It has been suggested that MUC5B is essential to maintain MCC (113, 115). However, the up- 

regulation of MUC5B is associated with the pathogenesis of muco-obstructive lung diseases, 

such as CF, chronic bronchitis and COPD (25, 116–118). In agreement with these publications, 

increased mRNA and protein levels of Muc5b/MUC5B were highly detected in newborn Slc26a9- 
/- mice (Figures 10 and 11). Overall, the data demonstrate that MUC5B contributes to mucus 

plugging in the lung of newborn Slc26a9-/- mice. These data is in line with previous publications 
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showing that MUC5B strongly contributes to airway mucus plugging in a model of muco- 

obstructive lung disease, the βENaC-Tg mice (119, 120). 

The data in this work demonstrates that Slc26a9-/- mice develop spontaneous muco-obstructive 

lung disease at the early neonatal stage associated with up-regulation of MUC5B expression. 

However, how SLC26A9 contributes to the regulation of mucins in the airway epithelium of 

neonatal mice remains unknown. Previous studies have determined that severe hypoxic 

environment generated by airway mucus obstruction leads to airway epithelial necrosis and an 

inflammatory phenotype, activating a transcriptional cascade that induces mucin biosynthesis 

(15, 22–24). This muco-inflammatory phenotype has been documented in patients with CF (79, 

92, 121, 122), and in the βENaC-Tg mice (22). The bioelectric studies, histological analysis, O2 

measurements and evidence of atelectasis in the lung of newborn Slc26a9-/- mice (Figure 5 – 9 

and Figure 13), suggests that a similar mechanism may be taking place in the lung of newborn 

Slc26a9-/- mice. Similarly to observations in βENaC-Tg mice (22, 25, 77, 83), the results 

presented here showed that the hypoxic environment generated by mucus plugging in newborn 

Slc26a9-/- mice triggers epithelial cell degeneration (Figure 15), release of pro-inflammatory 

cytokines (Figure 16A-16D) and mild neutrophilic inflammation in the lung (Figure 17A). It was 

previously reported that the pro-inflammatory cytokine, IL-1α triggers hypoxia-driven 

inflammation leading to neutrophilic inflammation and mucin hypersecretion (22, 23). IL-1α acts 

as a danger-associated molecular pattern molecule and in the context of cellular hypoxia can be 

released through two mechanisms: passively from degenerative cells (Figure 15) and actively 

through the activation of the inflammasome, Nod-like receptor protein 3 (NLRP3) via reactive 

oxygen species (ROS) (22, 23, 123). The inflammasome NLRP3 is also responsible for IL-1β 

secretion, which in turn further increase the secretion of IL-1α (124, 125). In this study, the 

production of ROS and expression of NLRP3 were not measured. However, since the lack of 

SLC26A9-mediated Cl- secretion generates airway mucus obstruction (Figures 7, 8 and 9), a 

state of oxygen-deprivation (Figures 5 and 6) and elevated levels of IL-1α and IL-1β (Figure 16A 

and 16B) in the lung of Slc26a9-/- mice shortly before death, it may be that this pathway is 

activated. Moreover, a hypoxic environment activates macrophages that further induce IL-1β 

and TNF-α (Figure 16E and Figure 25) (126, 127). IL-1α and IL-1β are known to activate IL1-R 

under hypoxic conditions to induce mucin biosynthesis via SAM pointed domain-containing Ets 

(SPDEF) transcription factor and the endoplasmic reticulum to nucleus signaling 2 (ERN2) (15, 

128, 129) (Figure 25). In this line, a previous report has shown that SPDEF regulates baseline 

MUC5B expression in the respiratory epithelium. Therefore, it might be interesting to study the 
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expression of SPDEF in the context of muco-obstructive lung disease in newborn Slc26a9-/- mice 

(130). Furthermore, the defective mucus hydration due to the absence of SLC26A9-mediated Cl- 

secretion (Figure 13) further aggravates the muco-obstructive phenotype observed in newborn 

Slc26a9-/- mice (Figure 25), in agreement with observations in other muco-obstructive lung 

diseases (15). 
 

Figure 25. Schematic overview of how the absence of SLC26A9-mediated Cl- secretion 
impacts the airway epithelium in newborn mice. Poor airway surface hydration due to the 
absence of SLC26A9-mediated Cl- secretion causes airway mucus plugging in the lung of 
newborn Slc26a9-/- mice. Hypoxia-driven inflammation via IL-1α is generated and IL-1β further 
increase levels of IL-1α. Activated macrophages undergoing hypoxia also induce IL-1β and TNF- 
α secretion. IL-1α and IL-1β activate IL-1R generating a transcriptional cascade that induces 
airway mucin biosynthesis. IL-1α is responsible for neutrophilic inflammation and the release of 
neutrophil chemoattractant, MIP-2 and KC. 

Airway infection is the main cause of airway inflammation in patients with CF (131). However, 

early signs of inflammation are observed in asymptomatic infants with CF without airway 

bacterial colonization (79) and in βENaC-Tg mice housed in a pathogen-free environment (132). 

Secretion of IL-1α activates a transcriptional cascade that results in neutrophil-mediated 

inflammation (Figure 17D, 17E) in a sterile environment (Figure 18) (22). The absence of lung 
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infection in newborn Slc26a9-/- mice (Figure 19) supports the notion that mucus plugging can 

trigger airway inflammation in the absence of bacteria (22). 

4.2 Resolution of airway mucus obstruction and inflammation in surviving 
Slc26a9-/- mice 

Once the Slc26a9-/- mice survive the neonatal stage, no further mortality is observed up to the 

age of 6 weeks (Figure 4). Therefore, surviving Slc26a9-/- mice were studied to determine if and 

how the early muco-inflammatory phenotype changes over time. The pulmonary phenotype of 

WT and Slc26a9-/- mice was examined at the juvenile and adult stage of life (2- and 6-week-old, 

respectively). Similarly, to the analysis of newborn mice, airway mucus content, lung morphology 

and inflammatory phenotype were evaluated in juvenile and adult mice. 

Neutrophilic inflammation persists in surviving Slc26a9-/- mice at the juvenile stage (Figure 23). 

Interestingly, when the inflammatory cells of surviving Slc26a9-/- mice at juvenile and adult stage 

were compared, neutrophils were reduced by 80% in the adult stage compared to the juvenile 

phase (Figure 23). This result together with the observation that only 30% of the surviving 

Slc26a9-/- mice presented moderate levels of airway mucus obstruction (Figure 20) might 

suggest that surviving Slc26a9-/- mice slowly resolve the initial muco-inflammatory phenotype 

observed in newborn mice. These findings are supported by a previous study showing that the 

absence of SLC26A9-mediated Cl- secretion has not impact on airway mucus content in adult 

mice (57). This question could be further addressed by measuring the inflammation levels in 

mice of more advanced ages to determine if there is an improvement compared to earlier 

endpoints. 

The resolution of the inflammatory phenotype in surviving Slc26a9-/- mice might be related to the 

amiloration of airway mucus obstruction. As discussed above (see section 4.1.2) airway mucus 

obstruction has been associated with high levels of inflammation. In this line, at week 6 of age 

when the airway mucus plugging is resolved in Slc26a9-/- mice, neutrophilic inflammation is 30- 

fold lower compared to βENaC-Tg mice at the same age, which displayed a chronic airway 

mucus obstruction (25). These reduce levels of inflammation compared to other models of muco-

obstructive lung disease such as βENaC-Tg mice might helped to explained the absence of 

structural lung damage in surviving Slc26a9-/- mice (Figure 21), suggesting that low levels of 

inflammation are insufficient to cause alveolar damage. 
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Based on the histological, immunological and bioelectrical findings, it was hypothesized that 

under physiological conditions SLC26A9-mediated Cl- secretion is essential for airway mucus 

hydration in newborn mice, but dispensable at later stages. This is supported by the increased 

mortality restricted to newborn Slc26a9-/- mice (Figure 4) and lack of muco-obstructive 

phenotype in surviving juvenile and adult Slc26a9-/- mice (Figures 20) (57). Whether this age- 

dependent pulmonary phenotype of the Slc26a9-/- mice reflect changes on the ion transport 

pathways through different stages of lung development (from the perinatal lung to adulthood) 

remains unknown and further research is necessary. This question might be addressed by 

studying the transcripts and protein levels of Slc26a9/SLC26A9 in a longitudinal manner. 

However, the identification of the specific mechanism regulating SLC26A9 and its signaling 

pathways might be more difficult to prove. Previous reports have suggested a regulation via 

WNK kinases (54, 55). Our data indicates that SLC26A9 function is vital to maintain airway 

mucus hydration at the critical period of air-breathing adaptation, therefore oxygen sensing 

regulation might also be possible. Unraveling the molecular mechanisms associated to 

SLC26A9 regulation under physiological and pathophysiological conditions may lead to a better 

understanding of SLC26A9 function and its potential therapeutic applications in the context of 

CF and other muco-obstructive lung diseases. 

4.3 Role of the epithelial Cl- channel SLC26A9 as a modifier of muco- 
obstructive lung diseases 

Lung disease severity in patients with CF has hereditability of 0.54 to 0.8 due to non-CF genetic 

modifiers (133, 134). SLC26A9 has been discussed as one of the genetic modifiers that 

contribute to phenotype variation in CF (135). In previous publications, different genetic variants 

of SLC26A9 gene have been associated with higher risk of developing CF-related diabetes, 

prenatal exocrine pancreatic damage, meconium ileus and muco-obstructive lung diseases such 

as asthma, diffuse bronchiectasis and CF (50, 56–61, 136). Therefore, it was investigated if the 

genetic deletion of Slc26a9 modifies the severity of mortality of CF-like lung disease in vivo to 

test its role as a genetic modifier in CF. 

The experiments revealed that genetic deletion of Slc26a9 increases the mortality rate of 

βENaC-Tg mice by ~40% (Figure 24). Such a strong impact of a Cl- channel on the 

pathogenesis of CF-like lung disease has been previously demonstrated by the absence of 

CFTR function in the βENaC-Tg mice (83). The βENaC-Tg/Cftr-/- mice revealed elevated 

neonatal airway mucus obstruction, epithelial cell degeneration and increase mortality compared 

to single-transgenic βENaC-Tg mice (83). It might be speculated that the absence of Slc26a9-/- 
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also aggravates the severity of early mucus obstruction in βENaC-Tg mice, thus explaining the 

elevated mortality of the βENaC-Tg/Slc26a9-/- mice. It would be interesting to study the 

pulmonary phenotype in newborn mice to determine if the augmented mortality of βENaC- 

Tg/Slc26a9-/- is due to an exacerbated airway mucus plugging. Furthermore, investigating the 

time course of the pulmonary phenotype of βENaC-Tg/Slc26a9-/- mice (e.g. mucus content, 

inflammation and structural lung damage) in a developmental manner may help to elucidate the 

role of Slc26a9 in a chronic muco-inflammatory environment that resembles CF lung disease. 

The genetic deletion of Slc26a9 also modifies survival of Cftr-/- mice by increasing mortality in 

newborn mice (49). Interestingly, most of the double mutants (Slc26a9-/-/Cftr-/- mice), 

disappeared before the weaning period, when the litter was still with their mothers and therefore, 

it was not possible to determine their cause of death. However, it was suggested that intestinal 

obstruction or a combination of both, airway and intestinal obstruction was responsible of the 

early death of Slc26a9-/-/Cftr-/- mice (49). It would be interesting to investigate whether the 

additional loss of Slc26a9 in Cftr-/- mice worsens lung disease compared to defects observed in 

the models alone and therefore, helps to explain the high levels of mortality of Slc26a9-/-/Cftr-/- 

mice. 

4.4 Genetic deletion of Slc26a9 does not generate a model of CF-like lung 
disease 

A comparison of findings in the Slc26a9 and the above mentioned model of CF-like lung 

disease, βENaC-Tg mouse are displayed in table 3. Both mouse models, the Slc26a9-/- and the 

βENaC-Tg mice, displayed spontaneous muco-obstructive lung disease with a similar mortality 

rate (Table 3). However, important and distinctive differences can be noted: (i) Slc26a9-/- mice 

presented an acute muco-obstructive phenotype shortly after birth, while βENaC-Tg mice 

showed a chronic airway mucus plugging that evolves over the first days of life and does not 

resolve by itself, (ii) the mucus in Slc26a9-/- mice was observed throughout the whole respiratory 

tree (trachea, main axial airways and terminal bronchioles), whereas mucus plugging in βENaC- 

Tg mice slowly progress from the trachea to the main axial proximal and distal airways and (iii) 

neutrophilic inflammation strongly decreased over time in Slc26a9-/- mice, while is chronic in 

βENaC-Tg mice. The pulmonary phenotype of patients with CF is also presented for comparison 

with CF lung disease. Altogether, this table shows that Slc26a9-/- mice does not represent a 

mouse model of CF lung disease, because they lack the chronicity and slow progression that 

characterize CF lung disease. 
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Table 3. Pulmonary phenotypes of Slc26a9-/- mice, βENaC-Tg mice and patients with CF 
 

 Slc26a9-/- mice βENaC-Tg mice Patients with CF 

Genetic 
defect 

Deletion of exons 2 – 5 

of Slc26a9 gene (66) 

βENaC overexpression 

(77) 

CFTR mutations (28) 

Disease 
mortality 

48% of pulmonary 

mortality within 30 

minutes of life 

50% of pulmonary 

mortality within the first 2 

weeks of life (25, 77) 

90% of pulmonary 

mortality in early 

adulthood (80) 

Ion transport Reduced basal Increased ENaC- Increased ENaC- 

defect transepithelial potential mediated Na+ absorption mediated Na+ 
 difference (77, 83) absorption (13, 137) 
 Reduced upregulation  Deficient cAMP- 
 of Cl- secretion in type Normal cAMP-dependent dependent Cl− 
 2 inflammation (57) Cl− secretion (77, 83) secretion (13, 138) 

Onset of Acute phenotype. Chronic phenotype. Chronic phenotype. 

pulmonary Restrictive to the Starts at day 3 of life and Starts at early 

disease neonatal stage persist up to adulthood childhood and persist 
  (25) over time (79, 139, 140) 

Airway 
mucus 
obstruction 

Mucus plugging 

No goblet metaplasia 

Mucus plugging 

Goblet cell metaplasia 

(25) 

Mucus plugging 

Goblet cell metaplasia 

(79, 139) 

Localization Whole respiratory tree, Starts in the trachea and Whole respiratory tree 

of airway including trachea, main extends to the main axial (79, 139) 

mucus axial airways and proximal and distal  

plugging terminal bronchioles airways over time (25)  

Airway Neutrophilic Chronic neutrophilic Chronic neutrophilic 

inflammation inflammation, but inflammation inflammation (141) 
 decrease over time Transient eosinophilia  

  (25)  

Airway No spontaneous Low level of spontaneous Chronic bacterial 

infection infection infection with infection 
  environmental and (Pseudomonas 
  oropharyngeal species (81) aeruginosa and other 
   pathogens) (141, 142) 



Discussion 

58 

 

 

 
The distinctive features displayed by newborn Slc26a9-/- mice: acute onset of the disease, 

respiratory distress, cyanotic appearance, reduced O2 saturation and atelectasis of the lung 

(Figures 4 and 5) seem to resemble the pathophysiological symptoms of respiratory distress 

syndrome (RSD) in full-term babies (143–145). The first manifestations of RSD in full-term 

babies occur between 10 minutes to 12 hours after birth (146), while the first symptoms of 

diseases in the Slc26a9-/- mice appeared within 30 minutes of life (Figure 4). Multiple factors 

contribute to the development of RSD in full-term babies (severe birth asphyxia, meconium 

aspiration, cesarean section, among others) (147, 148). However, if and how the SLC26A9 Cl- 

channel contributes or act as a modifier of RSD it is completely unknown and beyond the scope 

of this project. 

4.5 Conclusions 
Taken together, the results presented here indicate that the epithelial Cl- channel SLC26A9 

contributes to lung health in newborn mice, but is not essential at the juvenile and adult stages of 

life. Newborn Slc26a9-/- mice revealed acute respiratory distress, which is characterized by 

severe airway mucus obstruction, hypoxia and neonatal death. Furthermore, the pulmonary 

phenotype of newborn Slc26a9-/- mice is fostered by reduced transepithelial ion transport and 

sterile inflammation. The data demonstrate that SLC26A9-mediated Cl- secretion is critical to 

maintain mucus homeostasis in newborn mice, suggesting a critical role in the period of air- 

breathing adaptation. At the juvenile and adult stages, surviving Slc26a9-/- mice showed clear 

signs of resolution of the muco-inflammatory phenotype as demonstrated by reduced airway 

mucus content and inflammatory cells over time. Additionally, the observation that Slc26a9 acts 

as a modifier of CF-like lung disease in βENaC-Tg mice, suggests that ASL dehydration and 

consequently, airway mucus dehydration is aggravated in the βENaC-Tg/Slc26a9-/- mice in the 

context of CF-like lung disease. 

 
In summary, our findings shed light on how SLC26A9 impacts the airway epithelial function in a 

developmental manner and offers first insights of its role in the context of CF-like lung disease, 

supporting a crucial role of SLC26A9 in muco-obstructive lung diseases such as CF and its 

potential benefit as therapeutic target in patients with CF. 
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5 Summary 
 

5.1 Summary 
The alternative chloride channel SLC26A9, member of the SoLute Carrier 26 family, has been 

genetically involved in the pathogenesis of airway mucus obstruction in CF, allergic disease and 

diffuse non-CF bronchiectasis, supporting a potential role of SLC26A9 as a modifier in muco- 

obstructive lung diseases. Furthermore, in vivo experiments in a mouse model of Th2-driven 

airway disease revealed that SLC26A9-mediated chloride secretion is critical to prevent airway 

mucus obstruction, supporting the potential contribution of SLC26A9 to airway surface hydration 

in the airway epithelium. These findings support SLC26A9 as a promising therapeutic target in 

CF to potentially bypass the impaired CFTR-mediated chloride secretion. Nevertheless, the in 

vivo role of SLC26A9 under physiological conditions remains unclear. Hence, in this work, the 

function of SLC26A9 was investigated in a developmental manner (newborn, juvenile and adult 

stage) by characterizing the pulmonary phenotype of Slc26a9-/- mice. Furthermore, we evaluated 

how the genetic deletion of Slc26a9 changes the mortality rate of βENaC-Tg mice, which is a 

mouse model of CF-like lung disease. 

Newborn Slc26a9-/- mice displayed severe acute respiratory distress due to muco-inflammatory 

phenotype leading to significant mortality. The mucus plugging of the newborn Slc26a9-/- mice 

was extended throughout the whole respiratory tree. The experiments also demonstrated that 

airway mucus plugging limits ventilation in newborn Slc26a9-/- mice and trigger neutrophil- 

mediated inflammation probably via epithelial hypoxic necrosis releasing IL-1α. Interestingly, this 

muco-obstructive phenotype was not observed at the juvenile and adult stage. However, 

neutrophilic inflammation persists up to adulthood in the lungs of surviving Slc26a9-/- mice, but 

trends to decrease over time, suggesting that surviving Slc26a9-/- mice resolve the initial muco- 

inflammatory phenotype. By monitoring the double mutant βENaC-Tg/Slc26a9-/- mice and 

littermate controls, it was determined that the deletion of Slc26a9 increases the mortality of 

βENaC-Tg mice. 

In summary, the data demonstrate for the first time that SLC26A9-mediated Cl-/fluid secretion is 

particularly relevant for lung health at birth. These findings suggest a critical role of SLC26A9 to 

maintain airway surface hydration and mucus clearance at the air-breathing adaptation period. 

The longitudinal characterization of the Slc26a9-/- mice revealed an age-dependent resolution of 

the initial muco-inflammatory phenotype. However, the implications of this airway disease 
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resolution process on the pathogenesis of muco-obstructive lung diseases, including CF is not 

yet clear. Furthermore, the modification of survival in βENaC-Tg/Slc26a9-/- mice, implicates that 

Slc26a9 might impact the lung phenotype in a pathophysiological context. Finally, unravelling the 

understanding of SLC26A9 function in the pathogenesis of muco-obstructive lung diseases may 

lead to improve non-CFTR directed therapies for patients with CF. 

5.2 Zusammenfassung 
Der alternative Cl- Kanal SLC26A9, Mitglied der SoLute Carrier 26 Proteinfamilie, wird als 

wichtiger genetischer Modulator in der Pathogenese der muko-obstruktiven Lungenerkrankung 

wie Mukoviszidose (CF), allergischen Erkrankungen und diffusen Non-CF-Bronchiektasien 

diskutiert. In-vivo-Experimente an einem Mausmodell mit induzierter Th2-Inflammationbelegen, 

dass SLC26A9 die SLC26A9-vermittelte Chloridsekretion entscheidend ist, um eine Obstruktion 

des Atemwegsschleims zu verhindern, was den möglichen Beitrag von SLC26A9 zur 

Oberflächenhydratation der Atemwege im Atemwegsepithel unterstützt. Diese Ergebnisse 

unterstreichen das Potenzial von SLC26A9 als vielversprechende therapeutische Zielstruktur 

und Krankheits“modifikator“, um die durch eine Mutation von CFTR verringerte Cl- Leitfähigkeit 

auszugleichen und den Mukustransport in Patienten mit CF und auch möglicherweise anderen 

muko-obstruktiven Lungenerkrankungen zu verbessern. Dennoch ist die Rolle von SLC26A9 

unter physiologischen Bedingungen in vivo wenig verstanden. Deshalb wurde in dieser Arbeit 

die Funktion von SLC26A9 longitudinal untersucht, indem der pulmonale Phänotyp von Slc26a9- 
/- Mäusen charakterisiert wurde. Darüber hinaus wurde evaluiert, inwiefern die genetische 

Deletion von Slc26a9 die Mortalität vom βENaC-Tg Mäusen, die eine CF- ähnliche 

Lungenerkrankung aufweisen, beeinflusst. 

 
Neugeborene Slc26a9-/- Mäuse wiesen aufgrund des muko-entzündlichen Phänotyps eine 

schwere akute Atemnot auf, die zu einer signifikanten Mortalität führte. Das Muko-obstruktion in 

den neugeborenen Slc26a9-/- Mäusen war in der gesamten Lunge. Die Experimente zeigten 

auch, dass die Muko-obstruktion die Ventilation bei neugeborenen Slc26a9-/- Mäusen 

einschränkt und eine durch Neutrophile-vermittelte Entzündung auslöst, etwa über eine 

epitheliale hypoxische Nekrose, die IL-1α freisetzt. Interessanterweise wurde dieser muko- 

obstruktive Phänotyp im Jugend- und Erwachsenenstadium nicht beobachtet. Die neutrophile 

Entzündung bleibt jedoch in der Lunge überlebender Slc26a9-/- Mäuse bis zum 

Erwachsenenalter bestehen. Die Entzündungsparameter nehmen jedoch im Laufe der 

Entwicklung ab, was darauf hindeutet, dass überlebende Slc26a9-/- Mäuse den anfänglichen 
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muko-entzündlichen Phänotyp überwinden. Das Monitoring der doppelmutanten βENaC- 

Tg/Slc26a9-/- Mäuse- ergab, dass die Deletion von Slc26a9 die Mortalität von βENaC-Tg- 

Mäusen signifikant erhöht. 

 
Zusammenfassend zeigen die Daten erstmals, dass die SLC26A9-vermittelte Cl-/sekretion für 

die Lungengesundheit bei der Geburt besonders relevant ist. Diese Ergebnisse legen nahe, 

dass SLC26A9 eine entscheidende Rolle bei der Aufrechterhaltung der Flüssigkeitszufuhr auf 

der Atemwegsoberfläche und der mukoziliäre Clearance bei der Anpassung an die Atmung 

spielt. Die longitudinale Charakterisierung der Slc26a9-/- Mäuse ergab eine altersabhängige 

Auflösung des initialen muko-inflammatorischen Phänotyps. Die Auswirkungen dieses 

Auflösungsprozesses für Atemwegserkrankungen auf die Pathogenese von mukoobstruktiven 

Lungenerkrankungen, einschließlich CF, sind jedoch noch nicht klar. Weiterhin deuten die 

Ergebnisse daraufhin, dass die Deletion von SLC26A9 im CF-Mausmodell die Mortalität weiter 

erhöht und SLC26A9 damit im pathogenetischen Kontext von mukoobstruktiven 

Lungenerkrankungen relevant ist. Schließlich könnte die Aufklärung der Funktion von SLC26A9 

bei der Pathogenese von mukoobstruktiven Lungenerkrankungen zu einer Verbesserung der 

nicht-CFTR-gerichteten Therapien für Patienten mit CF führen. 
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