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Contribution to the publications 

1.1 Contribution to Research paper I 

Next to providing a critical analysis and revising the manuscript, my primary contribu-

tion as a shared second co-author of the first publication included the implementation 

and analysis of immuno-histochemical experiments with paraffin-embedded lungs. Ac-

cording to the advice by one reviewer of the revision process, the first set of paraffin-

embedded lung sections, which had been treated with paraformaldehyde (PFA) for 

fixation, had to be reevaluated. Already analyzed and new additional tissue samples 

for each time point had to be processed and evaluated again. This preparation included 

perfusion and inflation of lungs with 2,5% (m/v) glutaraldehyde in phosphate-buffered 

saline (PBS), processing for paraffin embedding, sectioning, mounting on glass slides 

and staining with Masson Goldner trichrome dye. Mean chord lengths (MCL) were an-

alyzed in tissue sections by design-based stereology using an Olympus BX51 light 

microscope equipped with the new Computer Assisted Stereological Toolbox (new-

CAST, Visiopharm) at the Helmholtz Institute lab of Dr. Ali Önder Yildirim. In this setup, 

mice with (wild type, WT) and without (TRPV4-/-, KO) functional TRPV4 channels were 

compared in three age groups: young (4-6 weeks of age), middle-aged (28-30 weeks 

of age) and old (47-52 weeks of age) mice of both sexes (see figure 6 of this publica-

tion). Elevated mean chord length values in old TRPV4-/- mice compared to same 

aged WT mice as well as representative images confirmed the development of emphy-

sema-like changes due to ongoing growth and repair processes in accordance with 

previous gathered data of altered lung function in adult TRPV4-/- mice. 

1.2 Contribution to Research paper II 

I conducted the experimental setup, data acquisition and analysis as well as contrib-

uted to the first draft of the manuscript and the revision as the first author of the publi-

cation. Specifically, the setup for toxicant induced pulmonary edema formation in the 

isolated, perfused and ventilated murine lung (IPVML) system had to be established. 

While the development of ischemia-reperfusion (IR)-induced pulmonary edema quan-

tified in the first publication relied upon a stop of perfusion for a certain amount of time 

a new experimental protocol and construction for the controlled addition of toxicants or 

solvents to the perfusion had to be established for the toxicant-induced edema setup. 

A robust positive control for edema formation by short-time pH drops was implemented 

and a dose-response relationship was confirmed after analysis of different parameters 

of the IPVML setup and wet-to-dry weight ratios. 
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(-) Englerin A was chosen as a drug to be tested and dissolved in a Novartis approved 

standard solution for all in-life preclinical evaluations. It had to be demonstrated that 

both the Novartis standard solution itself did not increase the risk of pulmonary edema 

formation in the IPVML setup and that (-) Englerin A, as a substance, was active in the 

chosen concentrations in the perfusion solution. To confirm biological activity of the 

selected concentrations of (-) Englerin A in the IPVML setup Ca2+ imaging experiments 

with HEK293T cells transfected with a TRPC4β1 cDNA in a pIRES2 plasmid containing 

an eGFP cDNA under the control of the internal ribosome entry site (IRES) and mock 

transfected control cells were performed. Results showed a completely preserved bio-

logical activity of the chosen concentrations of (-) Englerin A in perfusion solutions after 

one hour of perfusion in the IPVML.  

Moreover, a protocol for the permeation of fluorescein isothiocyanate (FITC)-coupled 

dextran particles was established in ex vivo lungs. Perfused lungs were cut into cryo-

sections and analyzed using both a confocal microscope and a fluorescence slide 

scanner. With this protocol a dose-response relation between tissue permeation and 

short-time pH drop was demonstrated and compared to perfusion with (-) Englerin A, 

which did not show a significant increase for incorporation of FITC-dextran particles 

similar to the solution-only perfused mouse lungs. In a final step, data analysis was 

performed using a self-written script in R and graphs were prepared using GraphPad 

Prism 9. 
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2. Introduction  

2.1 Cells and Functions of the Respiratory System 

The respiratory system is one of the few organs in the human body, next to the skin, 

that is in permanent contact with the environment. Xenobiotics and pathogens are in 

close proximity to the huge volume of the respiratory system, with one of the narrowest 

borders found in organisms and most permeable epithelial barrier of the human body 

[1]. The whole system can be divided into the upper, conducting airways and the lower, 

respiratory airways. The conducting airways consist of the nasal cavity, pharynx, lar-

ynx, trachea and upper bronchi. Following the bifurcation of the trachea into the two 

primary bronchi, they continue to branch forming first lobar, then segmental bronchi, 

bronchioles, and finally terminal bronchioles [2]. The terminal bronchioles mark the 

transition from conducting into respiratory airways, with respiratory bronchioles leading 

into the alveolar duct and alveolar sac, where the main gas exchange takes place. In 

the conducting airways, the pseudostratified epithelium of mucus producing goblet 

cells and ciliated cells is responsible for mucociliary clearance as a first mechanism of 

defense. Club cells produce surfactant proteins with antimicrobial properties, whereas 

basal cells act as progenitor cells in the process of repair and replacement. In more 

distal parts of the bronchi, the pulmonary epithelium flattens and grows thinner with the 

amount of ciliated cells decreasing, while numbers of club cells are increasing. Finally, 

the epithelial membrane of respiratory bronchioles and alveoli consists predominantly 

of pneumocytes [2, 3]. 

In the respiratory airways, there are two types of pneumocytes: the long, stretched and 

squamous Alveolar Type 1 (AT1) cells and the cubical shaped Alveolar Type 2 (AT2) 

cells, which build up the delicate pulmonary membrane that facilitates gas exchange 

in close proximity to endothelial cells of the alveolar capillaries. Because of their flat 

shape, AT1 cells compose up to 95-98% of the alveolar surface, but are far outnum-

bered by AT2 cells, which make up more than 60% of the cell count [4, 5]. The approx-

imated diameter of just 2 - 0,2 µm of alveolar-epithelial membranes is the main reason 

for the efficient gas exchange, but on the flipside makes it one of, if not the most vul-

nerable, spots in the human organism. AT1 cells are highly water permeable and, 

therefore, are central for ion transport and fluid homeostasis with the help of water 

conducting aquaporin 5 (AQP-5) channels, which are the only isoform found in alveolar 

cells [6, 7]. Next to playing a role in ion transport and fluid homeostasis, AT2 cells act 

as progenitor cells in repair and renewal processes in the lung. They not only produce 

and secrete surfactant proteins, mainly surfactant protein C (SP-C), but also are re-

sponsible for recycling and storage.  

SP-C, as other isoforms (A, B & D), is essential for various processes in the respiratory 

system. SP-C from AT2 cells notably reduces surface tension in the alveoli and, there-

fore, the pulmonary compliance, a value for the ability to stretch and expand [3]. Sur-

factants, in general, are essential to prevent alveolar collapse and help to restore al-

ready collapsed alveoli. A defect in surfactant production can lead to a breakdown of 

alveolar structure and emphysema-like structures resulting, if not treated properly, in a 
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complete loss of breathing capacity [8, 9]. In addition, SP-A and SP-D are secreted by 

club cells in the upper airways and have antimicrobial properties as well [10]. In addi-

tion to pneumocytes, the alveolar space is populated by alveolar macrophages as well. 

The phagocytic macrophages are essential for the immune response and clearing of 

the lung from harmful particles and microorganisms impairing the gas exchange. 

Even before the outbreak of the COVID-19, pandemic diseases of the respiratory sys-

tem were among the three major causes of death around the globe in 2019 [11]. The 

development of edema is a common comorbidity for most pulmonary diseases like 

chronic obstructive pulmonary disease (COPD), infections of the lower respiratory 

tract, acute lung injury (ALI) or the acute respiratory distress syndrome (ARDS). In 

particular, the mortality in patients suffering from severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) infection is driven by pulmonary edema formation [12]. 

The development of acute pulmonary edema is a medical emergency and life threat-

ening condition [13], and will be described in more details in the following chapter. 

2.2 Lung Damages 

Acute pulmonary edema formation is defined as sudden fluid accumulation in the lung, 

a life-threatening condition and medical emergency. Edema formation is the result of 

a failed mechanism of removal of fluid invading the pulmonary interstitium and alveoli 

[14]. In a regular healthy lung, the homeostasis between blood flow and breathing pat-

tern is tightly regulated to provide a sufficient gas exchange. Under normal conditions, 

fluids from the capillaries can be transferred to the interstitium through gaps between 

the endothelial cells, but are restricted from entering the alveolar space due to very 

tight junctions of the epithelial barrier. Even if fluids enter the alveolar space, they can 

be removed by simultaneous active transport of ions into the interstitium by 

Figure 1: The respiratory system. Cellular composition and organization of conducting & respiratory 

airways, summary of the different cell types (right). See text for further details. Modified after [2]. 
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Na+/K+ - ATPases and fluids by aquaporins followed by lymphatic drainage. In a sim-

plified approach, acute pulmonary edema can be classified as either cardiogenic or 

non-cardiogenic edema [15]. 

  

2.2.1 Cardiogenic edema 

During classic cardiogenic edema formation, increased hydrostatic pressure leads to 

an increased fluid filtration at the endothelial barrier between the vasculature and the 

pulmonary interstitium. If this increase can not be compensated by an increase in lym-

phatic drainage, the alveolar space is flooded by a bulk flow. Because proteins are 

filtered by the still intact endothelial barrier, the edema fluid stays protein-poor [16]. 

This type of edema formation usually is a result of left-sided heart failure, a condition 

in which the muscle of the left ventricle is weakened and fails to deliver oxygen rich 

blood from the lung to the vital organs of the body. Common causes include heart 

related diseases such as myocardial infarctions, coronary artery disease and cardio-

myopathy. As a result, a congestion of fluids in the pulmonary circulation occurs [17, 

18]. 

  

  

Figure 2: Pulmonary edema formation. Physiological differences in the formation of cardiogenic (left) & 

non-cardiogenic (right) edema. See text for further details. Modified after [15]. 
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2.2.2 Non-Cardiogenic Edema 

In contrast to cardiogenic edema, non-cardiogenic edema is caused by an increase in 

permeability of the endothelial and/or epithelial barrier. In both cases, alveoli are filled 

with edema fluid at a normal hydrostatic pressure. Increased permeability at the endo-

thelial barrier causes an increase of fluid transported to the alveolar interstitium. If not 

cleared by increased lymphatic drainage, this fluid transport leads to alveolar flooding 

by increased permeability of the epithelial barrier. In contrast to cardiogenic edema 

formation, the fluid now contains more protein due to missing filtration by the endothe-

lial barrier. The transport of ions and water is impaired, resulting in reduced clearance. 

The amount of fluid and severity of the edema formation depends on one or both bar-

riers and the degree of injury. In ALI/ARDS patients, severe inflammatory processes 

increase the permeability due to damage in alveolar epithelial cells and reduced vas-

cular endothelial barrier function. Infiltration and activation of neutrophils exacerbates 

lung injuries. Initial wound repair processes involve fibrotic and neovascular processes 

and often overlap with the acute edema phase. Usually, mechanical ventilation is the 

first intervention. However, recent studies, particularly with focus on the treatment of 

COVID-19 patients, demonstrated that ventilation itself not only aggravates but initiates 

lung injuries (ventilator-induced lung injury (VILI)) [19, 20]. Once edema fluids fill the 

alveolar space, the effect of surfactants is impaired and surface tension increases. 

Sudden flooding of the interstitium and the resulting increase in pressure on the epi-

thelial membrane can result in lesions and mechanical injuries. The disruption of the 

epithelial barrier is associated with pulmonary capillary stress failure and acute lung 

injuries, followed up by inflammation. 

2.2.3 Risk factors 

Certain comorbidities such as hypertension, diabetes and smoking favor edema for-

mation [17]. Smoking is a major cause in the development of COPD and pulmonary 

emphysema, a common morbidity characterized by the destruction of alveolar struc-

ture and resulting in enlarged air-filled spaces in the lower lung. The amount of de-

struction correlates with the expansion of alveoli and is measured in mean alveolar 

width or mean chord length (MCL). The outcome of an excessive expansion of emphy-

sema is a reduced alveolar surface and impaired gas exchange, as well as an in-

creased risk for alveolar collapse. Additionally, patients suffering from COPD and em-

physema are prone to an increased edema formation. A potential amplifying effect be-

tween pulmonary emphysema and idiopathic fibrosis (IPF) for diseases like combined 

pulmonary fibrosis and emphysema (CPFE) is in discussion [21, 22]. 

2.3 TRP Channels 

For the development of pulmonary edema, ion channels in the plasma membranes, 

like the non-selective transient receptor potential (TRP) channels, are also of outmost 

importance. These channels may act as sensors for different physical and chemical 

stimuli and are also involved in the progression of pulmonary disease like COPD, 

asthma, pulmonary fibrosis and edema [23-26]. If triggered by toxicants, these chan-

nels could increase microvascular permeability in the lung and increase the risk for 

edema formation [27]. Recently, TRP channels were even proposed as potential target 

for the treatment of COVID-19 associated diseases and the prevention of side effects 
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of other drugs [12, 28, 29]. The superfamily of transient receptor potential (TRP) chan-

nels in mammals consists of 28 mostly nonselective cation channels with major per-

meability for Na+, Ca2+ and Mg2+ ions. These TRP channels, which can be divided into 

6 families, are located in the plasma membrane of almost every tissue and play a major 

role in signaling cascades for Ca2+ homeostasis [30, 31]. TRP channels share a com-

mon segment of six transmembrane domains with a pore-forming region between the 

fifth and sixth domain as well as intracellular amino- (N) and carboxy (C)-terminal do-

mains, which vary between the subgroups in both length and structure. The so-called 

TRP-box, found only in the C-terminal region of TRPC , TRPV and TRPM channels, is 

one of the highest conserved regions in the TRP channel superfamily [32] and may 

play a role in membrane localization and opening of the channel [33, 34]. Another com-

mon structure for TRP channels are ankyrin-repeat-domains (ANKs) at the N-terminus 

found in members of the TRPC, TRPV and TRPA channel families, with the highest 

number of 14 ANKs in the TRPA1 channel. These repeats are involved in protein-

protein interaction, may help in the formation of functional tetrameric channels at the 

plasma membrane and could potentially bind small molecules [35, 36]. 

2.3.1 Vanilloid TRP (TRPV) Channels and TRPV4 

The vanilloid subfamily of TRP channels (TRPV) was first discovered in 1997 as target 

receptor for capsaicin, an irritant alkaloid metabolite found in chili peppers that provides 

the sensation of heat and pain when ingested, inhaled or just in case of skin contact 

[37]. Unique characteristics of TRPV channels are up to six N-terminal ankyrin-repeat 

domains followed by a phosphoinositide binding domain (PBD) important for plasma 

membrane localization, a C-terminal calmodulin-binding domain (CaM), and a PDZ-

binding-like motif [38]. Since the first discovery of TRPV1 described in 2020, the sub-

group of TRPV channels has grown to six members in total, subdivided into two groups. 

TRPV1-4 are non-selective cation channels whereas TRPV5 & 6 are selective for Ca2+ 

with important functions in the Ca2+ homeostasis of the intestine and kidneys [39].  

TRPV4 is expressed almost ubiquitously in the body including in many cells of the 

respiratory system. Expression has been confirmed in tracheal [40] and bronchial cells 

[41] of the upper respiratory tract and in epithelial and endothelial cells of the alveolar 

tract [42, 43], as well as in various immune cells [44, 45]. The functional TRPV4 chan-

nels consist of four channels forming a homotetrameric complex, with increased per-

meability for Ca2+ and Mg 2+ ions compared to Na+ ions [46]. TRPV4 is thermosensitive 

and can be activated by shear stress, changes in osmolality and pressure [38]. Be-

cause of their extensive expression in the respiratory system and versatile mecha-

nisms of activation, TRPV4 channels are involved simultaneously in both defensive 

and harmful mechanisms. In tracheal epithelial cells, TRPV4 is suggested to be ex-

pressed predominantly in cilia regulating ciliary beat frequencies (CBF). As a translator 

of physiological stimuli into cellular signals, TRPV4 plays a key role in mucociliary 

clearance and host defense [47]. Recently, Scheraga et al. demonstrated a protecting 

effect of TRPV4 in macrophages against bacterial pneumonia [48].  

The expression of TRPV4 in pulmonary endothelial cells makes it particularly interest-

ing as a potential target in the development of pulmonary edema. TRPV4 channels are 

involved in endothelial transcytosis, the active transport of cellular compounds across 
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a membrane, through the interior of cells [49]. In combination with its role as a mech-

anosensor, TRPV4 plays a central role in endothelial permeability and barrier structure. 

Activation of TRPV4 has been linked to increased pulmonary vascular permeability 

and Ca2+ influx-mediated barrier failure [50].   

However, it is still elusive whether only TRPV4 mediated Ca2+ influx or a resulting ac-

tivation of voltage gated Ca2+ channels triggers these effects [51]. Experiments with 

TRPV4 deficient mice suggest a direct effect of TRPV4 in endothelial cells on barrier 

function, as these mice were protected from ALI after acid installation [52]. The inhibi-

tion of TRPV4 channels was proven to be an effective treatment for chemically induced 

acute lung injuries. Mice after inhalation or intratracheal administration of toxic gasses, 

like chlorine and acidic compounds, suffer from hyperreactive airways as well as pul-

monary and systemic inflammation usually followed by acute lung injury and edema 

formation. These symptoms are reduced for both mice with a TRPV4 deficiency and 

mice treated with TRPV4 antagonist following the exposure [53, 54]. In the treatment 

of lung injuries after inhalation of phosgene, a highly reactive and toxic gas used as 

chemical warfare agent in world war I, TRPV4 inhibition is suggested to reduce edema 

formation and improve survival rates [55].Other possible roles of TRPV4 channels in 

lung epithelial cells, however, are still elusive. 

2.3.2 Classical TRP (TRPC) Channels and TRPC4 

The family of canonical transient receptor potential channels (TRPC) consists of 

seven members which can be further divided into three structural homologous sub-

groups TRPC1/TRPC4/TRPC5, TRPC3/TRPC5/TRPC7 and TRPC2. All these chan-

nels are non-selective cation channels with 3-4 N-terminal ankyrin-repeats, coiled-coil 

domains as well as a calmodulin and IP3-receptor binding (CIRB) domain. All members 

of the TRPC family may form functional tetrameric channels except for TRPC1, which 

may act more as a channel regulator than an ion channel itself [56, 57]. All TRPC 

channels are activated by ligand-bound receptors, which stimulate phospholipase C 

Figure 3: The TRP channel superfamily. Members of the mammalian TRP channel superfamily (left) 

and schematic presentation of the TRPV4 channel (right). Phosphoinositide Binding Domain (PBD); 

Ankyrin-repeat domain (ANK); TRP-box domain (TRP); PDZ-binding-like motif (PDZ); Calmodu-

lin-binding domain (CaM).See text for further details. Modified after [31] and [38]. 
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(PLC) to produce diacylglycerol (DAG). TRPC channels are expressed in many differ-

ent organs in the body, primarily in cells of the central nervous system, and act as 

sensors for temperature, pain and other stimuli [58]. Activation of heteromeric 

TRPC4/TRPC1 channels was demonstrated to have cytotoxic effects in synovial sar-

coma cells and inhibit tumor growth, which makes the channels interesting as targets 

for potential anti-cancer drugs [59]. For (-) Englerin A, an anticancer drug candidate 

with a high potential against kidney cancer, its activation of TRPC4/5 would not only 

induce a cytotoxic effect in cancer cells but also an increase in vascular permeability 

and a potential risk for pulmonary edema formation [27, 60]. The investigation of this 

effect is complicated, however, by the inadequacies of existing in vivo toxicology mod-

els [61]. 

2.4 Experimental Models in Lung Disease and Toxicity 

As outlined above, the role of TRP channels in the (patho-) physiology of the lung is of 

particular interest. Suitable in vivo and in vitro models are needed to dissect their roles 

in lung disease and toxicity and to identify them as potential therapeutic targets. As 

every in vivo, ex vivo and in vitro lung model has its own advantages and disad-

vantages, there is not a single experimental system suitable for answering all ques-

tions. This chapter contains an overview and description of the available models. 

Since the invention of animal testing in the 19th century, the advantages and disad-

vantages for animal experimentation in the evaluation of new drugs have been dis-

cussed extensively. As animal experiments are still essential in the evaluation of phys-

iological processes, therapeutic monitoring, drug delivery and safety, research on ad-

verse health effects on animals has significantly improved their welfare. Russel and 

Burch published “The Principle of Human Experimental Technique” in 1959 and estab-

lished the 3R principles (replacement, reduction, refinement) for animal testing. They 

propose, in brief, if animal testing can not be replaced by state-of-the-art in vitro cellular 

experiments, remaining animal numbers must be reduced and conditions for animal 

testing need to be refined. Two dimensional (2D) in vitro (primary) cell culture models 

and ex vivo 3D cell culture models  are continuously becoming more developed and 

refined, and may partly replace animal experiments in the near future. With a focus on 

the pharmacology and toxicology of the lung, different novel approaches will be dis-

cussed in the following paragraphs. 

2.4.1 In Vivo Models 

One possible approach in mimicking the human pulmonary system is using closely 

related in vivo animal models as substitutes. In a report by the German Federal Ministry 

of Food and Agriculture (BMEL), the amount of animals used in Germany for scientific 

purposes is estimated at about 2,8 million, of which about 2,1 million have been used 

in animal experiments in 2019. Since the use of human and non-human primates in 

drug testing is banned for ethical reasons, small animals with high reproductive rates 

are the first choice. Murine animals make up the largest portion of experimental organ-

isms, followed by fish [62].  

As far as comparability with clinical trials on human subjects is concerned, in vivo ani-

mal models are heavily favored over existing cellular models. With a focus on lung 
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toxicology, so far no cellular setup manages to imitate the structure and complex inter-

actions of the heart and lung, endothelial and epithelial barrier, breathing and blood 

flow. Breeding patterns and gene silencing techniques enable the comparison of dif-

ferent genotypes in development, phenotypic expression and response to toxicants in 

both acute and chronic interactions.  

On the downside, the use of animals always brings a high variability of different species 

into account. Next to intra- and interspecies variability, the conditions in which the an-

imals are kept, differences in the experimental procedure as well as the type of appli-

cation of drugs is of utmost importance. If injected intraperitoneally (ip) or intravenously 

(iv), uneven distribution of an experimental compound can be problematic, especially 

if the alveolar space is targeted. Injection into the nasal cavities might overcome this 

problem, but induces even more stress in the animal, which can alter behavior and 

might affect metabolism [63]. Stress in animals causes a difference in heart rate and 

breathing pattern that can alter the exposure of the animal and therefore the final con-

centration that reaches the lung. One way to overcome these issues is to employ a 

special breathing chamber that allows ventilated exposure of animals to modified mix-

tures of air, toxic gasses or dusts. 

2.4.2 In Vitro Models 

In vitro model systems rely on primary cells, dissected from treated or modified indi-

viduals, or immortalized cell lines cultured outside their usual biological environment 

on standardized cell culture dishes. These models are essential for initial drug evalua-

tion, dose-response relationships and the molecular mechanism and physiological ef-

fects of exposure to target substances. They stand out with a straightforward approach 

and reduction of interactions compared to organs or multicellular organisms. In vitro 

models can be used for in depth studies of biochemical functions and for obtaining 

initial data about the pharmacology and toxicology of a drug. Despite this reduction, 

data obtained in in vitro models are versatile; data acquisition is highly standardized 

and provides the opportunity for high-throughput screenings [64]. In lung toxicology, 

regular 2D cell culture monolayers of respiratory epithelial cells are used for first hand 

cytotoxicity testing, growth, viability and differentiation assays. Especially the differen-

tiation of pulmonary pneumocytes under different conditions, their viability and molec-

ular signaling after exposure to toxicants can be studied in these setups. The co-culti-

vation of different cell types reduces some restrictions of conventional monolayer mod-

els. Epithelial cells grown in air liquid interface (ALI) cultures differentiate into functional 

epithelial tissue. Progenitor cells grown in 3D cell culture models can differentiate and 

organize into organoids.  

In a next step, these miniaturized organs can be grown on microchips equipped with 

microfluidic systems for more precise and lifelike supply of water and nutrients [65]. 

Microfluidic systems are devices containing small (10-100 µm in diameter) channels to 

manipulate and process small (µl-nl) amounts of liquids [66, 67]. In a first attempt com-

bining in vitro cell culture with microfluidic system, Huh et al. in 2010 grew endothelial 

and epithelial cells on both sides of a porous and flexible poly(dimethylsiloxane) 

(PDMS) membrane [48]. Air-liquid interface cell culture, which can easily manipulated 

by mechanical forces on the air side, can be combined with nutrient exchange, by a 
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dynamic flow through the microfluidic system on the other side, to create the first alve-

olar-capillary surrogate. Nowadays, lung-on-a-chip models are utilized in lung toxicol-

ogy [68, 69], asthma [70] and to investigate a better strategy and dosage for chemo-

therapy [71]. Co-culturing of cell types in combination with a microfluidic system may 

be able to mimic different types of human organs. 

Yet, one main disadvantage of cell culture systems is a questionable extrapolation from 

cultured cells to the complete organism. Lung-on-a-chip models have to be designed 

specifically for the experimental setup, and current materials are still far from replacing 

the natural endothelial-epithelial barrier in both morphology and toxicological potential 

[72]. 

2.4.3 The Isolated, Perfused and Ventilated Murine Lung (IPVML) Model 

The concept of studying the physiology and biochemistry of the lung ex vivo was de-

veloped in the 1970s. Initial, less sophisticated approaches were limited to the use of 

rat lungs for perfusion and drug metabolism studies. Conversion of compounds after 

perfusion through the lung, arterial pressure and weight could be monitored as well as 

alterations in tissue histology and the formation of edema. Until the early 1990s, these 

systems usually relied on a positive pressure ventilation and did not include the evalu-

ation of gas exchange and lung breathing mechanics [73].  

Uhlig and Wollin in cooperation with Hugo Sachs Electronics where the first to describe 

a setup for ventilating rat lungs with negative pressure and simultaneous monitoring of 

the lung weight [74]. Ventilating lungs with a negative pressure is not only less harmful 

and less prone to unintended edema formation, but is also closer to the in vivo situation 

with the possibility to add deep inhalations as hyperinflations to preserve elasticity and 

extensibility in the ex vivo setup. Nowadays, advances in the setup allow the use of 

much smaller mouse lungs from genetically modified animals [75, 76]. Modern soft-

ware and components pave the way for more precise and robust data acquisition and 

processing. 

  

Figure 4: The Isolated Perfused and Ventilated Murine Lung (IPVML) model. Total view of the IPVML 

model used in this thesis (left). Example picture of a successful preparation with cannulas installed in 

the trachea, the pulmonary artery and the left ventricle (upper right). Dissected heart & lung in the 

artificial thorax, perfused with electrolyte solution. 
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Compared to the animal models described above, the isolated perfused and ventilated 

murine lung (IPVML) system has its unique advantages. As in common in vivo rodent 

models, lung and heart are utilized as a physiological unit. The intact perfusion and 

ventilation ex vivo inside an artificial thorax mimics the complex mechanism of breath-

ing in a living organism with the advantage of a constant setup for all experiments. 

Breathing pattern, depth of inhalation and volume as well as the arterial pressure can 

be manipulated. Another great advantage of the IPVML is the complete control of the 

perfusion solution. Temperature, pH and flow rate can be adjusted according to the 

experimental setup. As the remaining blood is flushed out of the system, the risk of 

blood clots and unintended edema formation is reduced drastically. Moreover, acute 

effects of drugs or toxicants can be measured in the lung without the first pass effect 

of the liver and degradation by enzymes in the blood. Unlike in living animals, hyper-

ventilation and stress reactions after in vivo application of drugs or animal handling are 

not observed in this system.  

The sensitive but robust setup also produces no stress and pain due to multiple drug 

applications, and is therefore an important refinement according to the 3R ethical 

guidelines of animal experimentation. Moreover, its use in analyzing pulmonary func-

tions of TRP channels has already been demonstrated [77, 78].  

2.5 Goals of this Thesis 

Ion channels and, in particular, TRP channels play a central role in many different pro-

cesses in the lung. The impact of different TRP channels (TRPV4 and TRPC4) in pul-

monary disease and lung toxicology needs to be elucidated. Furthermore, the IPVML 

model as a suitable system for detecting acute lung toxicology of drugs should be eval-

uated in the present thesis.  

The following questions ought to be answered: 

(1) Do TRPV4-deficient mice develop morphological changes in lung structure with 

age and how are they quantified? 

(2) Does activation of TRPC4 channels by the potential cytostatic drug candidate 

(-) Englerin A induce changes in the lung endothelium and is the IPVML the right 

system to detect any acute damages? 

Along these lines, both questions were answered in the following two publications with 

myself as co-author and first author. 
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