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Abstract 

Cystic fibrosis (CF) is a hereditary disease which significantly shortens and 

complicates the patients’ lives. It is caused by mutations in a chloride channel named 

cystic fibrosis transmembrane conductance regulator (CFTR) which is responsible for 

the osmotic balance in virtually all mucus surfaces of the body. In addition to the 

deteriorating effects of the disease itself, which includes intestinal complications and 

malnutrition due to mucus plugging of the pancreatic ducts and pulmonary 

complications from mucus build-up, patients also suffer from frequent pulmonary 

infections, often with the ubiquitous opportunistic pathogen Pseudomonas 

aeruginosa. Meaningful animal models of CF are needed for the investigation of new 

treatment options and for the testing of new drugs. For ethical and economical 

reasons non-invasive methods are preferable which allow longitudinal investigations 

on the same animal without the need to sacrifice the animal. This thesis focuses on 

the establishment of the method of non-invasive head-out spirometry to monitor  

P. aeruginosa airway infection in mice. It could be shown that this method is very 

precise and experiments can be conducted with low dose inoculates which closer 

mimic the clinical situation of acquired bacterial infections. Following initial 

experiments to determine the time course of a low dose intratracheal inoculation, 

more thorough immunological investigations led to the conclusion that deterioration 

of lung function is most likely caused by edema formation around the vessels in the 

bronchi through the effects of interleukin-6 on polymorphonuclear neutrophils 

(PMNs). Subsequent investigations focused on the context of CF. A large study was 

conducted to investigate the longitudinal course of pulmonary P. aeruginosa 

infections in two CF mouse models. Special attention was paid to the impact of age 

on the outcome. Neither of the mouse models showed promise for the study of 

pulmonary issues of CF, as no differences between wild type and CF mice could be 

observed. A second non-invasive method to study pulmonary infections utilizing 

bioluminescent Pseudomonads in the in vivo imaging system (IVIS®) was also 

established. Several bioluminescent P. aeruginosa strains were constructed and are 

available for further experiments. 
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Zusammenfassung 

Mukoviszidose ist eine vererbbare Krankheit, welche durch Mutationen im 

Chloridkanal CFTR (cystic fibrosis transmembrane conductance regulator) ausgelöst 

wird. Dieser Chloridkanal ist verantwortlich für das osmotische Gleichgewicht auf 

Schleimhäuten im menschlichen Körper. Bei Fehlfunktionen aufgrund von 

Mutationen bildet sich zäher Mukus, welcher z.B. Pankreasgänge blockiert oder in 

der Lunge einen idealen Nährboden für Bakterien darstellt. Charakteristika der 

Krankheit sind deswegen Untergewicht, ausgelöst durch Mangel an 

Pankreasenzymen und häufige Lungeninfektionen. Insbesondere die Spezies 

Pseudomonas aeruginosa verursacht häufig chronische Infektionen, die mit einer 

progressiven Abnahme der Lungenfunktion einhergehen kann. Tiermodelle sind ein 

weit verbreitetes Hilfsmittel in der Grundlagenforschung. Aus ethischen und 

finanziellen Gründen sind dabei nicht-invasive Methoden ohne die Notwendigkeit die 

Tiere zu töten vorzuziehen, welche eine longitudinale Untersuchung an denselben 

Tieren ermöglichen. Im Rahmen dieser Arbeit wurde eine Methode zur nicht-

invasiven Lungenfunktionsmessung („head-out spirometry“) in Mäusen etabliert. 

Dabei wurde gezeigt, dass mit dieser Methode sehr präzise der Verlauf einer 

bakteriellen Lungeninfektion erfasst werden kann. Die Methode erlaubte niedrige 

Infektionsdosen, welche näher an der klinischen Realität liegen. Weitere 

Experimente zeigten, dass die Abnahme der Lungenfunktion vermutlich auf die 

Wirkung von Interleukin-6 auf neutrophile Granulozyten zurückzuführen ist. Die 

massive Extravasation von Granulozyten in das Lungengewebe führte zu einer 

deutlichen Verschlechterung der Lungenfunktion. Nachfolgende Experimente 

befassten sich mit bestehenden Mausmodellen für Mukoviszidose: Eine umfassende 

Studie wurde durchgeführt, um den longitudinalen Verlauf einer Lungeninfektion mit 

P. aeruginosa in zwei Mausmodellen zu untersuchen, mit besonderem Fokus auf 

eine eventuelle Altersabhängigkeit. In dieser Studie konnte kein signifikanter 

Unterschied zwischen Mukoviszidose und Wildtyp Mäusen bei intratrachealer 

Inokulation festgestellt werden. Für eine zweite nicht-invasive Methode zur Analyse 

bakterieller Lungeninfektionen in Mäusen wurden bioluminescente Pseudomonaden 

generiert. Verschiedene Stämme mit starker Lumineszenz sind verfügbar und 

können in Untersuchungen z.B. mit dem „in vivo imaging system“ (IVIS®) verwendet 

werden. 
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Introduction 

1. Cystic fibrosis 

 

"Woe is the child who tastes salty from a kiss on the brow, for he is cursed, and soon 

must die"  

is a European saying from the 1700s [Littlewood 2007] which describes the 

characteristics of a hereditary disease called cystic fibrosis (CF). CF is passed on 

autosomal recessively to the offspring. It is most prevalent in the Caucasian 

population and affects males and females alike. About 1 in 2,000 newborns of 

European descent is affected [Boat et al.1989]. About 4% heterozygous carriers are 

estimated in the German population, which exhibit no signs of CF due to the 

recessive character of the disease (Please refer to Figure I-1).  

 

 

Figure I-1: Schematic of the genetic inheritance of autosomal recessive diseases. For a child to 
have CF both parents have to be carriers of the mutation (Picture source 1). 

 

Characteristics of the disease, which were for a long time used for diagnosis, are 

very salty sweat, as well as malnutrition and poor growth due to the digestive 
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problems caused by pancreatic insufficiency and intestinal obstruction. Another 

characteristic of CF are frequent pulmonary bacterial infections. Infertility in males 

and females with CF is highly common (97%) and attributed to several factors linked 

to CF. In males viable sperm is produced [Dodge 1995], but in most cases a lack of 

the vas deferens, which transports the ejaculate, requires the use of assisted 

reproductive techniques [Casals et al. 2000]. In females problems in conception arise 

due to thick cervical mucus [Gilljam et al 2000]. 

The gold standard for the diagnosis of CF is the sweat test [LeGrys et al. 2007], 

where after induced sweating the concentration of salts on the skin are measured. 

Chloride concentrations greater than 60 mmol/L are considered a clear verification of 

CF. Further diagnostic methods are nasal potential difference (NPD) measurements 

and also intestinal current measurements in rectal biopsies [Derichs et al. 2010]. The 

most definite step in establishing confirmation is via genetic testing.  

Dorothy Andersen was the first physician who connected the phenotype of the cystic 

fibrosis of the pancreas with intestinal and lung disease in 1938 [Andersen 1938]. In 

1989 the cause of the disease was identified as mutations in a chloride channel 

present in all mucus surfaces of the human, especially lung and intestine, where it 

performs important tasks in the regulation of transepithelial ion flow, which is critical 

for maintaining the proper ionic composition and volume of the airway surface fluid 

(ASL)[Gibson et al. 2003]. The channel, which is situated in the apical membrane of 

epithelial cells, was termed cystic fibrosis transmembrane conductance regulator 

(CFTR) by Riordan and coworkers [Riordan et al. 1989] and belongs to the family of 

ABC (ATP-binding cassette) transporters [Jones and George 2004].  

In humans the 1480 bp CFTR channel gene is encoded on chromosome 7 q31.2 

(Please refer to Figure I-2, [ENTREZ NP_000483.3, EC 3.6.3.49]). The most 

common mutation is deltaF508, a complete deletion of a three base pair codon for 

phenylalanine at position 508 [Welsh et al. 1993] located in exon 10 within the 

nucleotide binding domain 1 (NBD1).  
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Figure I-2: Proposed structure of the CFTR protein. The ABC transporter is responsible for the 
osmotic balance across various mucus membranes in the body. The most prevalent mutation 
deltaF508 is found in the nucleotide binding domain 1 situated prior to the regulatory (R-) 
domain, a feature unique to this ABC transporter. The deltaF508 mutation leads to improper 
folding of the channel and fast degradation (Picture source 2). No crystal structure of CFTR is 
available as of yet. 

 

The mutation of deltaF508 has been observed in about 70% of all patients worldwide. 

[Kerem et al. 1989]. The homozygous deltaF508 genotype is therefore observable in 

about half of the patient population. A non deltaF508 genotype is observable in about 

9% of all patients. This implies in return, that 91% of all patients with CF have at least 

on one allele the deltaF508 mutation, which is the rationale why a lot of effort is 

directed towards designing models and drugs against this specific mutation. 

The deltaF508 mutation results in a premature degradation of the protein due to 

improper folding. The absence of CFTR strongly affects the osmotic balance in 

basically all mucous membranes in the body resulting in thick sticky mucus. The 

hampered ciliary clearance of the sticky mucus in the lungs as well as the pancreatic 

insufficiency caused by mucus plugging of the pancreatic ducts are the main causes 

for the phenotype of CF. Only very few predominant mutations such as deltaF508 

were described, which is underlined by the fact that subsequent investigations have 

so far discovered more than 1700 mutations [Internet resources 1]. Of those only 22 

mutations have been identified with a frequency of at least 0.1% of known alleles 

[Bobadilla et al. 2002][de Araújo et al. 2005]. They can be classified into six 
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categories - from category I, where no CFTR reaches the apical membrane due to 

defective CFTR production to category VI, where unstable CFTR protein is observed. 

Each of these categories corresponds to a different disease severity [Lommatzsch et 

al. 2009]. 

 

Table I-1 Classification of CF mutations 

Classification Description 

I Defective CFTR production 

II Ineffective CFTR processing 

III Impaired CFTR Cl- regulation 

IV Altered CFTR channel conduction 

V Abnormal CFTR level 

VI Unstable CFTR protein 

 

Although CF is a classical monogenic disease, several disease modifier loci have 

been discovered in twin and sibling studies [Stanke et al. 2006][Kumar et al. 2008]. In 

these studies twins with discordant disease phenotypes were investigated and 

several risk haplotypes were discovered, for example in the sodium channel ENac 

and in the TNFRSF1 (Tumor necrosis factor receptor superfamily 1) of the immune 

system.  

In 1962 the average life expectancy of patients with CF was 10 years. Nowadays due 

to several medical advancements the median life expectancy of patients with CF has 

increased to 37.4 years in 2009 [Internet resources 2]. This is especially due to 

enzymatic substitution therapy which ameliorates the impaired secretion of 

pancreatic enzymes and in return causes better absorption of nutrients and less 

malnutrition [Borowitz et al. 2002][Matel et al. 2009]. Antibiotics help to suppress the 

recurrent bacterial infections of the lung [Pai and Nahata 2001]. Novel inhalational 

devices and physiotherapy help to reduce the mucus build-up in the lungs and 

enable a better quality of life [van der Schans et al. 2000]. In this context hypertonic 

saline solution proved very effective to liquefy the mucus, thus easing clearance 

[Kuver and Lee 2006]. Finally, the possibility for lung transplantation for end-stage 

disease helped to increase the survival rate [Morton and Glanville 2009]. 
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Apart from complications resulting from the basic defect itself, patients suffering from 

CF are also at a higher risk for pulmonary infections as the sticky mucus is an 

adequate breeding ground for bacteria and fungi [Matsui et al 2006]. A multitude of 

pathogens, including Staphylococcus aureus, Haemophilus influenzae, 

Stenotrophomonas maltophilia, nontuberculous Mycobacteria, and Aspergillus 

fumigatus have been shown to colonize the airways of patients with CF [Davies and 

Bilton 2009][Steinkamp et al. 2005][Lipuma 2010]. 

In this regard CF patients will ultimately in their lifetime acquire infections with the 

ubiquitous opportunistic pathogen Pseudomonas aeruginosa, which may lead to 

deterioration of lung function depending on the acquired strain [Tümmler et al. 

2004][Saiman 2004].  

Higher risk and pronounced mortality result from an infection with either of two 

members of the Burkholderia cepacia complex (BCC) [Mahenthiralingam et al. 2005]. 

Chronic carriers of either Burkholderia cenocepacia or Burkholderia multivorans are 

at high risk to develop the cepacia syndrome – a condition which is mostly fatal and 

characterized by endotoxic shock and multi-organ failure [Tablan et al. 

1987][Courtney et al. 2004]. 

So far medical advancements are still targeting the symptoms of the disease; a 

correction of the basic defect is not within reach. Gene transfer, using various 

methods from liposome carriers to retroviruses have proved to be inefficient until now 

[Tate and Elborn 2005][Joseph et al. 2001][Griesenbach et al. 2006].  

In the last years several new classes of drugs entered clinical trials which aimed to 

correct the basic defect of CF. These classes of drugs can be divided into 

potentiators (which increase the amount of properly folded residual CFTR [van Goor 

et al. 2009]) and correctors (which aim to increase the amount of CFTR by correcting 

intracellular trafficking). Very promising phase III clinical trials imply that these drugs 

will enter the market soon and help significantly to improve the patients’ lives [Jones 

and Helm 2009]. 
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2. Animal models 

For the testing of new treatment options and for a better understanding of the 

disease mechanisms animal models of CF are a useful tool. In addition to cell culture 

models, animal models of CF had been developed in mice, ferrets, and pigs 

[Kukavica-Ibrulj and Levesque 2008][Welsh et al. 2009][Meyerholz et al. 2010]. As 

there is no known natural occurrence of CF in animals all CF models have to be 

genetically engineered. Although this allows the generation of specific mutations 

which are also predominant in humans (like the deltaF508 mutation), a great obstacle 

which is common among these is the lack of proper resemblance. In most cases only 

parts of the characteristics of human CF were observed, e.g. only the intestinal 

phenotype but no lung pathology [Grubb and Boucher 1999]. In addition 

comparability to the human situation is hampered by the fact that e.g. the most 

common mutation in humans deltaF508 showed a less pronounced phenotype in 

mice, due to small sequence variations in the murine CFTR homologue [Ostedgaard 

et al. 2007].  

However, due to the advantages of mouse models in terms of availability, cost and 

reproducibility mice are still a widely used model organism and therefore the focus of 

this study. In mice the CFTR channel homologue is located on chromosome 6 and 

encodes for a 1476aa protein [ENTREZ, NP_066388.1, EC 3.6.3.49] with about 78% 

similarity to human CFTR on the DNA level [Yorifuji et al. 1991].  

Several mouse models of CF have been created by partial or complete knock-down 

of the CFTR channel [Stotland et al. 2000]. Two of those (CftrTgH(neoim)Hgu  [Dorin et al. 

1992] and Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J [Zhou et al. 1994]) are available in the 

central animal laboratory of Hannover Medical School and will be described in more 

detail in part III of this thesis.  

 

3. Pseudomonas aeruginosa 

P. aeruginosa is a polar-flagellated gram-negative bacterium belonging to the genus 

Pseudomonas of the group of γ-proteobacteria [Olsen et al. 1994]. P. aeruginosa is 

ubiquitous and has been isolated from a multitude of environments ranging from soil 

over water (salt and fresh) to plants and animals world-wide. It is well known and 

studied for its ability to utilize a variety of compounds as a nutrient source. 
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Consequently the bacterium is adept at colonizing every available niche, even 

strongly polluted sites [Stanier et al. 1966][Kaszab et al. 2010]. For humans, 

especially in immunocompromised patients, P. aeruginosa plays an important role as 

an opportunistic pathogen [Morrison and Wenzel 1984][Emori and Gaynes 1993]. It is 

one of the most important nosocomially acquired pathogens and a constant threat for 

patients with burn or other wounds, patients that require catheterization or are on 

ventilators [Diekema et al. 1999]. In CF P. aeruginosa is the cause for long lasting 

bronchopneumonia with possible episodes of exacerbation, which eventually might 

lead to deterioration in lung function that warrants full lung transplantation [Govan 

and Nelson 1992][Tümmler et al. 1997]. This is especially due to its ability to 

withstand antibiotic pressure and host immune responses for a very long time (years) 

through genetic adaptations [Smith et al. 2006]. In the lungs of CF patients  

P. aeruginosa was shown to have adapted to a more sessile lifestyle by e.g. 

eventually losing their flagella [Kresse et al. 2003]. Cause for the pathogenicity of  

P. aeruginosa is its arsenal of virulence factors and its ability to execute them in 

concert with other members of the same species due to its ability to employ quorum 

sensing. Biofilm communities of P. aeruginosa with virtually complete resistance to 

antibiotics will be formed if the level of secreted autoinducers (e.g. N-acyl 

homoserine lactones, AHL) reaches a certain threshold corresponding to the density 

of bacteria. Biofilm communities of P. aeruginosa are extremely difficult to eradicate 

as antibiotics cannot penetrate to the bacteria on the inside of the community. 

 

4. Pseudomonas aeruginosa infection in the CF lung 

The lung with its surface area of about 70m2 is constantly exposed to a wide range of 

microorganisms. Several mechanisms exist in the healthy lung to counteract 

infections. In addition to mechanical filtering of the air in the nasal airway mucus on 

the epithelial surface of the lungs traps microorganism and ciliary clearance 

constantly takes place. Furthermore respiratory epithelial cells as well as resident 

alveolar macrophages form a strong line of defense of the immune system, actively 

involved in the secretion of antimicrobial compounds as well as cytokines and 

chemokines [Gerritsen 2000]. In the CF lung starting from a very young age bacterial 

infections are very common, as the mechanisms for ciliary clearance are hampered. 

Due to the defect of the CFTR chloride channel an osmotic imbalance occurs, which 
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leads to a lower airway surface liquid and consequently to sticky mucus, which 

cannot be transported upwards by ciliary beating. This is commonly referred to as the 

now widely accepted “low volume ASL hypothesis” [Matsui et al. 1998][Boucher 

2007]. The mucus is a good breeding ground for all kinds of microbial pathogens. 

Chronic infection with P. aeruginosa occurs early in the life of the CF patient. The 

impact of the immune system will lead to constant inflammation of the lungs. 

Released DNA from apoptotic cells will further solidify the mucus and serve as 

attachment site for bacterial adhesion and cell debris will serve as nutrients for 

bacteria. Moreover inflammation will be increased further, leading to a vicious cycle.  

A mechanism for an age-dependent increased susceptibility to infection and 

inflammation has been proposed by Teichgräber and coworkers [Teichgräber et al. 

2008]. They state that ceramide will accumulate in the respiratory airways due to an 

imbalance in the action of acid sphingomyelinase (Asm) cleavage of sphingomyelin 

to ceramide and acid ceramidase consumption of ceramide, resulting in higher levels 

of ceramide, caused by a pH shift in the several compartments of the endosomal 

pathways due to the defect of the CFTR channel. Increased ceramide would lead to 

an accumulation of immune stimulatory cells and an increased secretion of pro-

inflammatory cytokines, including IL-1 and CXCL1/KC. While the presence of 

increased ceramide levels in the lungs is accepted in the literature, the reason for it is 

disputed as subsequent studies could not find evidence for a pH shift in lysosomes 

[Haggie and Verkman 2009].  

The chronic infection with P. aeruginosa can no longer be eradicated by antibiotics 

due to the formation of biofilm communities and genetic adaptations. This underlines 

the necessity for meaningful models to investigate new treatment strategies in the 

clinical setting. 

 

5. Spirometric methods - an overview 

Classically, P. aeruginosa infection models in mice are performed with rather high 

infectious doses, which are not only unphysiological but also lethal for the animals, 

thus requiring large study cohorts [DiGiandomenico et al. 2004][Manafi et al. 2009]. 

In addition classical read-out parameters (e.g. BAL fluid), can only be obtained by 

euthanizing the animals, also warranting large study cohorts. Consequently, there is 



Introduction 

 

I-9 

a need for new models with low-dose inoculates and the possibility to asses 

parameters longitudinally. Spirometry is a method, which allows the longitudinal 

assessment of lung function on the same animal without the need for killing an 

animal, thus effectively reducing the required study cohort size.  

As mice are still the most widespread animal model several spirometric devices for 

mice had been developed, which can be distinguished into three general types of 

construction (please refer to Figure I-3). On the one hand of the spectrum are 

invasive measurements, first described by Martin and coworkers [Martin et al. 1988]. 

For this mice need to be anaesthetized and a catheter is inserted into the trachea for 

measurement of lung function, while a second catheter is inserted in the esophagus 

to measure the pressure [Brown et al. 1999]. These measurements are known for 

superior accuracy and the ability to measure parameters like compliance and 

resistance of the airways, which are especially important in asthma research [Martin 

et al. 1988]. The disadvantage of this method are the high technical and handling 

difficulty combined with the fact that usually only a limited amount of mice can be 

investigated at the same time, thus any inter-individual differences cannot be easily 

assessed. In addition, due to the anesthesia, high stress and slight injury to the mice 

these measurements cannot be repeated in short intervals, which explains why this 

method has not been used for the investigation of time course experiments, like 

acute bacterial lung infections. 

On the other side of the spectrum are whole-body plethysmography measurements. 

For this mice move unrestrained in a vessel, where sensors on the vessel obtain lung 

function data. As handling is very easy and the technical equipment is manageable, 

these measurements allow larger cohorts of mice to be measured without stress or 

damage to the subjects [Hamelmann et al. 1997]. However it has been shown, that 

these measurements are not as accurate as invasive measurements [Bates and Irvin 

2003]. 
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Figure I-3: Set-ups for invasive (left; Picture source 3), whole body (middle; Picture source 4) 
and head-out spirometry (right, own picture).  

 

In between these two extremes is the method of non-invasive head-out spirometry 

[Vijayaraghavan et al. 1994]. Mice are not anesthetized but restrained in a glass 

insert with their heads sticking out through a pair of membranes allowing an airtight 

fit. Respiration causes air to flow through a pneumotachograph positioned above the 

thorax of the mice. Large numbers of animals can be measured in a short time, as 

measurements take as little as five minutes to complete. More precise measurements 

can be obtained as from whole-body plethysmography; however measures of 

resistance or compliance cannot be obtained, therefore limiting the use of this 

method for asthma research but promoting it for experiments where measurements 

need to be precise and repeatable in short intervals, like for the investigation of acute 

bacterial or viral lung infections.  
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Objectives of the study 

P. aeruginosa is a pathogen often observed in hospitals with adverse effects on 

various groups of patients, especially immune compromised ones and particularly in 

the context of cystic fibrosis responsible for morbidity and mortality. Animal models 

are a commonly applied scientific tool to investigate new treatment options and to 

understand the underlying causes for diseases in more detail. For economical and 

ethical reasons, however, animal models should be reduced, refined or replaced 

whenever possible. In this regard non-invasive measurements share the advantage 

that animals do not have to be killed for the generation of results and can be 

assessed longitudinally. 

The major goal of this thesis was the establishment and application of the method of 

non-invasive head-out spirometry in our laboratory and to test its suitability to 

investigate bacterial lung infections in various mouse models of CF. In addition 

bioluminescent Pseudomonads were generated for utilization in the in vivo imaging 

system (IVIS®); another non-invasive method suited for the investigation of 

pulmonary infections.  

In this thesis the following procedures and analyses are presented: 

1. Establishment of the method of non-invasive head-out spirometry  

2. A detailed investigation of the immunological processes happening following a 

bacterial lung infection with P. aeruginosa. 

3. Characterization of two mouse models of CF with regard to a putative lung 

phenotype developing with increasing age. 

4. Utilization of the before-mentioned mouse models of CF in a pulmonary 

infection experiment with special focus on the impact of age on the course of 

infection 

5. Establishment of bioluminescent Pseudomonads as another method for the 

non-invasive monitoring of bacterial lung infections in mice. 

The newly established methods will be useful tools for the non-lethal conduction of 

animal experiments and beneficial in experiments to investigate new treatment 

options. 
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Part I: Head-out spirometry accurately monitors the course of Pseudomonas 

aeruginosa lung infection in mice  

 

1.1. Background to the paper 

1.1.1. Non-invasive head-out spirometry 

An apparatus to measure lung function using the method of non-invasive head-out 

spirometry had been purchased from Hugo Sachs Elektronik – Harvard Apparatus 

(March-Hugstetten, Germany). The set-up was augmented by custom built glass 

equipment from the gaffer department of Hannover Medical School. Software had 

been provided from Hugo Sachs Elektronik, but was replaced by more sophisticated 

software from Notocord Systems (Hem Version 4.2.0.241, Notocord Systems, 

Croissy Sur Seine, France) in the course of this thesis. The complete apparatus 

contains the following parts: 

Glass inserts wherein the mice are put. Custom built 

in various sizes to accommodate mice of different age 

groups. Four mice can be measured in parallel. While 

one end is secured by a movable glass piston, the 

other end has two membranes (Roeko Dental Dam 

green (silicone, Roeko, Langenau Germany), 6"x6"; 

Hygenic Dental Dam blue (latex, Hygenic, Akron, Ohio, USA), 6"x6") attached to it 

with punched holes of a specific diameter corresponding to the neck size of the 

animals. An airtight fit without choking the animals is desired.  

Above the thorax a pneumotachograph is installed (PTM 

Type 378/0.9). Movement of the thorax will result into airflow 

through this capillary. The airflow is translated into an 

electrical signal through a pressure transducer (DLP10 

Type 380).  

The signal is amplified (Transducer Amplifier Module Type 

705/1) and digitalized (Data Translation 16 Channels, USB 

BNC Box, DT9800 BMC Box 16SE) before it reaches a standard laptop computer for 

analysis (Please refer to Figure 1-1).  
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Figure 1-1: Photograph of the apparatus for non-invasive head-out spirometry measurements. 
Four mice can be measured in parallel.  

 

Following the successful set-up of the apparatus in the central animal laboratory of 

Hannover Medical School first experiments establishing handling procedure, time 

course of infection, and data analysis were conducted.  

 

1.1.2. Principle of non-invasive head-out spirometry and parameters 

The overall principle in head-out spirometry can be observed in Figure 1-2. Mice are 

restrained in glass inserts with their heads protruding out through a set of 

membranes ensuring an airtight fight without choking the animals. Respiration of the 

outside air causes movement of the thorax and consequently air to flow through a 

pneumotachograph positioned above. The airflow is translated into an electrical 

signal by a pressure transducer. The signal is amplified and digitized before it 

reaches the computer for analysis. A total of 14 lung function parameters can be 

investigated using the software Hem from Notocord Systems.  
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Figure 1-2: Schematic representation of the principle of head-out spirometry. Respiration 
causes movement of the thorax which in turn causes air to flow through a pneumotachograph. 
The flow is translated into an electrical signal through a pressure transducer attached to the 
pneumotachograph. 

 

The actual signal from the pressure transducer is a sinusoidal curve, where volume 

flow and time are utilized to calculate all parameters. Figure 1-3 summarizes the 

spirometric parameters which can be obtained from the curve.  

 

 

Figure 1-3: Spirometric flow signal and deduction of lung function parameters, which can 
either be taken from the raw flow signal or from the integrated curve thereof. Not depicted are 
respiratory rate (breaths per minute) and minute volume (tidal volume x respiratory rate). 
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From the sinusoidal raw signal (upper blue curve) a multitude of parameters can 

already be obtained. These include all time parameters as well as the maximal 

positive (peak expiratory flow) and negative flow (peak inspiratory flow) values. 

Through integration of the raw signal (lower green curve) the remaining parameters 

can be deduced. The maximum value is the tidal volume. At 50% tidal volume the 

values for expiratory flow at 50% expiration (EF50) and the inspiratory flow at 50% 

inspiration (IF50) can be determined by interpolation to the blue flow curve. Time of 

pause and time of brake are calculated using the intersections of the tangents going 

through the 25% and 75% tidal volume and the X-axis or the maximum (tidal volume) 

value, respectively. Not displayable in this graph are minute volume (total volume 

breathed in one minute, calculated as tidal volume multiplied by respiratory rate) as 

well as respiratory rate (breaths per minute).  

Measurements of four mice in parallel can be achieved in a time period of about 4 

minutes. After 2 minutes the mice have adapted to the procedure and stable 

measurements can be obtained. For analysis filtered and smoothed data (5 second 

window; 10% cut-off) from a period of about 30 seconds towards the end of the 

measurement period are averaged for each mouse.  

 

1.1.3. Gender differences 

Following dose finding and handling experiments, initial experiments were also 

designed to elude the impact of gender on lung function for the set-up of study 

groups in the future. 

Gender differences only began to be incorporated in recent years into medical 

practice. It had been observed that males and females showed different responses in 

various conditions, including auto-immune diseases. Reasons for this can be found in 

the different hormone status, or by the difference of genes on sex-determining 

chromosomes (XX for females, XY for males). However, non-autoimmune conditions 

including infection and immunization did not show significant bias towards males or 

females [Lockshin 2010]. 
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To conclude, whether gender plays a role in the response to bacterial lung infections 

in mice, it was specifically tested whether differences between male and female mice 

could be observed.  

 

1.1.4. Pseudomonas aeruginosa strain TBCF10839 

P. aeruginosa strain TBCF 10839 [Rakhimova et al. 2008] is a highly virulent clinical 

CF isolate which has been recovered from a patient of Hannover Medical School in 

1983 after a series of pulmonary exacerbations. The strain was highly infectious in 

the clinic and caused several nosocomial infections [Tümmler et al. 1991]. It is an 

avid producer of virulence factors and produces substantial airway pathology in naïve 

mice and rats after intratracheal instillation [Wiehlmann et al. 2007]. The strain is 

more virulent than the genetic reference strain PAO1 and therefore more suitable for 

the investigation of pulmonary infectious than the usually employed strains PA14 and 

PAO1 which have been isolated from burn wounds. One characteristic of the strain 

TBCF 10839 which has already adapted to the lung environment is mucoidy. The 

strain is furthermore a major clone in the P. aeruginosa population [Wiehlmann et al. 

2007A] and was therefore chosen for all infection experiments. 

 

1.2. About the manuscript  

For the first manuscript the method of head-out spirometry was newly established in 

the laboratory and was assessed for its potential to investigate bacterial lung 

infections in mice. As bacterial lung infections, especially with the ubiquitous 

pathogen P. aeruginosa are a major cause for morbidity and mortality in patients with 

CF, it was decided to test the spirometric equipment first with wild type mice which 

received an intratracheal inoculation of P. aeruginosa strain TBCF10839. In order to 

better mimic the clinical situation and because of the high sensitivity of the 

spirometric measurement, a non-lethal, low dose intratracheal inoculate (about 10% 

of a LD50) was utilized, instead of the more common LD50 type of experiments. 

The manuscript below summarizes the first application of head-out spirometry in our 

laboratory in the setting of a low dose bacterial lung infection with P. aeruginosa on 
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C57BL/6 wild type mice, with a special focus on putative gender differences. A total 

of 14 lung function parameters were investigated longitudinally for a period of eight 

days. Several physiological parameters including body temperature, weight and a 

behavioral score as described by Munder and coworkers [Munder et al. 2005] were 

compared to the spirometric measurements. Furthermore histology was employed at 

several time points post inoculation. A comparison between the spirometric and 

standard physiological parameters was made. It could be shown that at the applied 

infectious dosage only low mortality could be observed. Lung function parameters 

declined fast after inoculation and reached their maximum deflection at 6-8 hours 

post inoculation. Several spirometric parameters including volume required up to 72 

hours post inoculation to recover to values prior to infection. Physiological 

parameters like temperature were already back to normal at around 24 hours post 

inoculation. This demonstrates that the method of non-invasive head-out spirometry 

is more sensitive than previous investigated physiological parameters and therefore 

well suitable for the investigation of bacterial lung infections in mice. A correlation 

between the maximal signs of infection in the lungs represented by a high amount of 

immune stimulatory cells and not the CFU count in the lungs could be observed. 
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fold within 6 h after inoculation and required 72 h to recover, 

rendering it the most sensitive spirometric parameter inves-

tigated. Spirometric and histological data correlated well. 

 Conclusions:  Our findings suggest that non-invasive head-

out spirometry is a reliable and highly sensitive method to 

longitudinally assess the course of bacterial lung infections. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Spirometry is an established and extensively used 
method to assess pulmonary status in humans with lung 
pathologies like cystic fibrosis, asthma or COPD  [1–4] .
In cystic fibrosis and COPD, it is a valuable tool for the 
diagnosis of an acute exacerbation  [5–7] . An imminent 
threat for patients with cystic fibrosis and COPD is the 
acquisition of opportunistic pathogens like  Pseudomonas 
aeruginosa   [8, 9] . Prevention or treatment of these infec-
tions is a major task. Animal models are frequently uti-
lized in research for a better understanding of the disease 
and to assist in testing new therapies. However, for ethical 
and economical reasons care should be taken to reduce 
or refine the number of needful animal experiments.

  Traditionally, longitudinal investigation of bacterial 
infections in animal models involves the requirement to 
sacrifice large cohorts of animals to receive information 

 Key Words 

 C57BL6/J mice  �   Pseudomonas aeruginosa   �  Head-out 

spirometry 

 Abstract 

  Background:  Classic infection models in rodents use lethal 

doses of bacteria as inocula, thus creating models which are 

rarely comparable to the clinical situation. Moreover, single 

time-point evaluation requires killing of the animals, neces-

sitating large numbers of animals. Longitudinal parameters 

such as temperature appear to have a relatively low accura-

cy. Spirometry might be an accurate method to assess the 

course of a bacterial lung infection without the necessity to 

sacrifice the animals.  Objectives:  We measured lung func-

tion in C57BL/6JZtm mice following intratracheal infection 

with  Pseudomonas aeruginosa  and compared it to physio-

logical parameters and lung histology.  Methods:  Head-out 

spirometry measuring 14 parameters was performed on 

C57BL6/J mice for eight days following a  P. aerugino sa lung 

infection. Additionally rectal temperature, body weight and 

condition were assessed together with histological data and 

bacteriological clearance.  Results:  Several spirometric pa-

rameters were significantly altered for more than 72 h after 

inoculation, which was four times longer than observed al-

terations in physiological parameters such as temperature. 

Volume (amount of air inspired) decreased more than seven-
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of the processes happening at various time points  [10] . 
Spirometry visualizes the respiratory health status of the 
animal without the necessity to sacrifice or anesthetize, 
thus enabling repeated measurements on the same ani-
mal in one experiment.

  Several methods of spirometry for rodents exist; each 
is believed to have its own strengths and weaknesses cor-
relating with their level of invasiveness  [11] . 

  Invasive measurements  [12]  requiring the anesthetiza-
tion of the mice and the insertion of a probe in the tra-
chea, are known for their superior accuracy at the cost of 
a high level of stress/damage to the subject and an elabo-
rate technique which limits the use of this method for 
time course experiments as in bacterial infections. Only 
a limited number of mice can usually be measured in par-
allel, thus any putative inter-individual variance may not 
be easily assessed.

  Non-invasive measurements like whole-body plethys-
mography  [13]  do not require anesthesia and consequent-
ly put the animal under less stress. In this method, mice 
move freely in a chamber where sensors obtain the respi-
ratory data. Larger cohorts of mice can be measured, but 
with poorer data quality.

  We decided to use another non-invasive method, 
termed ‘head-out spirometry’, for our experiments 
which combines greater accuracy than whole-body 
plethysmography with the possibility of measuring more 
mice in parallel than in invasive spirometry at compa-
rable accuracy  [14] . In head-out spirometry  [15] , mice are 
not anesthetized but are restrained in inserts where only 
their heads protrude through a pair of membranes. This 
enables repeated measurements on the same animals 
within a very short period of time. However, to the best 
of our knowledge, this method has never been used to 
monitor the course of bacterial airway infections in 
mice.

  In this paper, we discuss how accurately the method of 
head-out spirometry monitors the course of acute  P. ae-
ruginosa  airway infection in mice.

  Materials and Methods 

 Animals 
 C57BL/6JZtm mice (Central Animal Laboratory, Hannover 

Medical School, Germany) were maintained in microisolator cag-
es with filter top lids at 21  8  2   °   C, 50  8  5% humidity and a 14-
/10-hour light-dark cycle. They were supplied with autoclaved, 
acidulated water and fed ad libitum with autoclaved standard diet. 
All animal procedures were approved by the local animal welfare 
committee and carried out according to the guidelines of the Ger-
man regulations for animal protection.

  Bacterial Infection 
  P. aeruginosa  strain TBCF10839  [16]  was grown in Luria broth 

at 37   °   C overnight. The optical density of the bacterial suspension 
was determined and the intended number of colony forming units 
(CFU) was extrapolated from a standard growth curve. Inocula 
of 6  !  10 5  CFU/30  � l were prepared by dilution with sterile PBS. 
Anesthetized mice were inoculated via view-controlled intratra-
cheal instillation  [17] . 

  Measured Parameters 
 Head-out spirometry with 14 parameters was performed

on conscious restrained mice. Additionally, body weight and rec-
tal temperature of the mice were measured at each time point. 
Behavior and general condition were scored as described pre-
viously in the study of Munder et al.  [18] . More detail on these 
methods, including a video, is provided in the supplementary
material to this paper, which is available online at www.
karger.com/doi/10.1159/000319442.

  Histology, CFU Organ Count 
 Three mice not belonging to the spirometry group were sacri-

ficed and investigated at each of the timepoints 4, 8, 12, 24 and
48 h after inoculation. The right lung was fixed and stained for 
histological analysis; the left lung was homogenized in sterile
PBS and plated on Luria broth agar plates for CFU determination. 
Incubation was performed overnight at 37   °   C. Homogenization 
and plating of the liver, brain and spleen was performed in a sim-
ilar manner. 

  Spirometry Hardware 
 A custom-made glass corpus with four inserts enabling the 

parallel investigation of four mice was used. We attached to one 
end of the insert two 6  !  6 inch (15.2  !  15.2 cm) membranes, a 
Roeko Dental Dam green (silicone, Roeko, Langenau, Germany) 
and a Hygenic Dental Dam blue (latex, Hygenic, Akron, Ohio, 
USA), which had holes of a specific diameter corresponding to the 
neck size of the. The entrance end of the chamber was secured 
with a screwable cap with a movable glass piston. 

  For each insert, a pneumotachograph (PTM Type 378/0.9) and 
a pressure transducer (DLP10 Type 380) were positioned directly 
above the insert. An amplifier (Transducer Amplifier Module 
Type 705/1), and an analog-to-digital converter (Data Translation 
16 Channels, USB BNC Box, DT9800 BMC Box 16SE) were em-
ployed for digitalization of the airflow. All items except the glass-
ware were supplied by Hugo Sachs Elektronik – Harvard Appa-
ratus (March-Hugstetten, Germany). For data acquisition and 
analysis Notocord Hem (version 4.2.0.241, Notocord Systems, 
Croissy-sur-Seine, France) was used.

  Statistical Analysis 
 Since the investigated spirometric parameters did not follow a 

normal distribution, p values (significant at p  !  0.05) with subse-
quent Bonferroni correction  [19]  were calculated by 2-sided Mon-
te Carlo simulations (100,000 simulations), following non-para-
metric tests for connected (Wilcoxon  [20] ) and non-connected 
samples (Mann-Whitney U  [21] ) using SPSS 16 (version 16.0.2, 
SPSS Inc, Chicago, Ill., USA).
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  Results 

 Bacterial Infection Model 
 A total of 23 mice (13 female and 10 male) with a mean 

age of 128  8  24 days was chosen to test for putative gen-
der-associated differences in lung infection. Infection 
with 6  !  10 5  CFU of strain TBCF10839, which is one or-
der of magnitude below the LD50 for this mouse strain 
and  P. aeruginosa  strain, were sufficient to induce a no-
ticeable infection, while at the same time limiting the 
number of dead animals. Following infection, rectal tem-
perature dropped to approximately 24   °   C for both gen-
ders. Female and male mice reached their minimum tem-
perature at 6 and 10 h after inoculation, respectively. Re-
covery to normal values was achieved for females at 18 h 
after inoculation and for males at 24 h after inoculation. 
Male control mice (n = 14) of comparable age (93  8  38 
days), which received the same treatment but an instilla-
tion of NaCl at physiological concentrations (0.9%), ex-
perienced only minor changes in body temperature. The 
behavioral score reached the maximal value of distur-
bance at 6 to 8 h after inoculation for infected females and 
at 8 to 10 h after inoculation for males. Recovery was 
achieved within 24 h for males and 48 h for females. Mice 
in the control cohort showed only minor signs of distur-
bance at 4 h after procedure, and were still classified as 
‘unaffected’.

  Spirometric Values of Uninfected Mice 
  Table 1  summarizes values for selected spirometric pa-

rameters as well as body weight data for the investigated 
mice taken from three independent measurements prior 
to infection (median). A complete table of standard val-
ues for all 14 investigated spirometry parameters, as well 

as a more detailed description of the spirometric process, 
including a video file, is provided in the supplementary 
online material files. 

  Although male and female mice differed significantly 
in weight, only parameters directly reflecting the lung 
size of the animal like tidal volume (total volume inspired 
and expired during one breath) and volume (inspired air 
volume; integral of tidal volume) differed at the 0.05 sig-
nificance level. However, these differences vanished after 
correction for multiple testing. All other spirometric pa-
rameters did not significantly differ between males and 
females prior to infection in this study cohort. Females 
had a slightly faster respiratory rate, which is consistent 
with their smaller body size. Accordingly, the airflows 
during inspiration and expiration were smaller as well. 

  Bacterial Infection and Spirometry 
 Following a bacterial lung infection with 6.0  !  10 5  

CFU of  P. aeruginosa , all parameters showed pathological 
values with a maximum around 6 to 8 h after inoculation 
and a recovery period as long as 72 h ( fig. 1 ). In the control 
cohort only minor changes in lung function could be ob-
served, which were already completely reversed 8 h after 
the procedure.

  To better characterize the time course of lung function 
values, we determined the maximal deviation from nor-
mal (dashed line in the figure) together with a fold-change 
value (max./min. divided by initial value) and the return 
to normal values (solid line, Wilcoxon, MC) for males and 
females.

  Consistent with body temperature and behavioral 
score, females were more rapidly affected. In fact, in most 
cases the maximal deterioration from normal could al-
ready be observed at 6 h after inoculation, while males 

Table 1. S elected spirometric values and physiological data for the investigated mice prior to infection

Parameter, unit M edian and interquartile range1 p2

male (n =  10) female (n = 13)

Tidal volume, ml 0.265 (0.240–0.281) 0.225 (0.210–0.252) 0.018

Expiratory time, ms 128.92 (124.28–132.80) 119.91 (111.39–127.11) 0.227
EF50 (flow at 0.5 VTE), ml/s 2.936 (2.633–3.118) 2.861 (2.620–3.028) 0.086
Respiratory rate, bpm 262 (256–272) 278 (260–298) 0.407
Body weight, g 32.3 (30.8–33.3) 23.1 (22.5–24.7) 0.000

1 D ata calculated from three independent measurements prior to infection. 
2 Two-sided p values were calculated utilizing Mann-Whitney U test. Significant values (p < 0.05) are marked 

in bold. For a complete table of all investigated parameters, please refer to the supplementary online materials. 
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  Fig. 1.  Median and interquartile range curves for selected spiro-
metric and physiological parameters. Depicted are volume pa-
rameters ( a–c ), f low parameters ( d ,  e ), respiratory rate ( f ), time 
parameters ( g–i ), and physiological parameters ( j–l ). Abscissas 
below each graph depict time after inoculation in hours as well as 
the graphical maximal deviation (dashed line) together with fold-
change and return to normal values (solid line) for infected males 

(blue line; upper axis, n = 10) and females (red line; lower axis,
n = 13). No statistics were performed for control cohort mice (grey 
line). Time of inspiration plus expiration ( h ) did not return to nor-
mal values; therefore, a visual return to normal values was de-
picted by a dashed line. Please refer to the online supplementary 
material (www.karger.com/doi/10.1159/000319442) for further 
respiratory curves. 
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were delayed by 2 h. Nonetheless, the overall magnitude 
of fold changes was almost identical for males and fe-
males and not significantly different (p = 0.8) for both 
genders. The return to values prior to infection was sim-
ilar for males and females in most parameters, as deter-
mined by Wilcoxon tests. The minimum time for a return 
to normal values was 18 h, with at least five parameters, 
particularly volume parameters requiring no less than
24 h for a return to normal values.

  An ideal spirometric parameter for monitoring an in-
fection would not only have a significant fold change but 
also a measurable deviation for a long time. A very robust 
and possibly the most useful investigated parameter was 
therefore volume. Graphically judged from the median 
curves, the maximal deviation for females was at 6 h after 
inoculation, and for males it was at 8 h after inoculation. 
At that point volume decreased by 89.0% for females and 
86.3% for males, resulting in a 9.1-fold change for females 
and a 7.3-fold change for males from the starting value. 
A return to normal could be observed at 72 h after inocu-
lation for both genders.

  In summary, most spirometric parameters supported 
the trend that females were affected earlier but not more 
strongly in terms of fold change. Return to normal was 
comparable for both genders. Several spirometric param-
eters were able to depict infection for considerably longer 
than physiological parameters such as temperature.

  CFU Count 
 CFU counts in the lungs of mice at specific time points 

(0, 4, 8, 12, 24 h) after inoculation revealed a maximal 

bacterial burden in the lungs at 4 h after inoculation, with 
about one third (1.8  !  10 5  CFU) of the inoculated dosage 
being recovered ( fig. 2 ). Four hours later only a fraction 
of the amount of bacteria as before was recovered, with a 
further decrease until at 24 h after inoculation when al-
most all bacteria were cleared. For the liver a similar ki-
netic was observed with markedly smaller CFU, indicat-
ing a minimal dissemination into the bloodstream. In the 
spleen only few bacteria could be recovered. These num-
bers of bacteria did not correlate with the maximum de-
viation from normal in the spirometric parameters, 
which took place between 6 and 10 h after inoculation.

  Histological Analysis 
 Paraffin-embedded lung histological slices of the right 

lungs were assessed regarding the inflammation in the 
lung parenchyma and in the bronchial areas using a semi-
quantitative score system (0–5 not visible, 5–20 slight, 
20+ moderate signs of inflammation;  fig. 3 ). In the paren-
chymal areas of the lung tissue, slight inflammation 
could be seen at 4 h after inoculation. The inflammatory 
peak was observed at 8 h after inoculation, when nearly 
the complete lungs showed a moderate purulent alveolar 
pneumonia, followed by subsequent decrease of inflam-
mation (histological sample slides are provided in the ad-
ditional information on the model in the supplementary 
online materials).

  For the bronchi, only slight signs of inflammation 
could be observed, mostly seen as peribronchiolar and 
only very rarely intrabronchiolar infiltrates, which in-
creased from 4 to 8 h. But unlike in the parenchyma the 
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  Fig. 2.  CFU organ counts in selected organs (mean). Three mice 
per time point were sacrificed and half of their lungs were homog-
enized and plated. Since CFUs were only determined in half of the 
lung, the number of CFU in the graph was doubled. The overall 
kinetics are quite similar for lung ( a ) and liver ( b ). The maximum 

CFU count can be observed at 4 h after infection, with an initial 
strong decrease until 24 h after infection. The homogenate of the 
spleen ( c ) showed only small amounts of bacteria. The blood-
brain barrier was apparently not penetrated as virtually no bacte-
ria were detected in the brains of the mice (data not shown). 
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bronchial inflammation still continued to increase until 
24 h after inoculation. Finally, starting at 48 h after in-
oculation, a decrease of inflammation could be observed.

  In summary, the visual examination of the histologi-
cal samples resulted in a pattern different from the bacte-
rial burden, whose maximum was observed 4 h after in-
oculation. The observed pattern for the parenchyma 
showed strong similarity to the kinetics of the spiromet-
ric data.

  Discussion 

 In the present study, we demonstrate the utilization
of spirometry as a method to monitor bacterial lung in-
fections in rodents. Major findings include that any puta-
tive gender differences in the investigated study group 
were mainly attributed to different initial body weights 
and consequently different infectious doses per gram 
mouse. Nevertheless, lung infection with  P. aeruginosa  
resulted in a comparable severity in infection, with the 
only difference being that female mouse alterations 
peaked about 2 h earlier. For both genders recovery took 
as long as 72 h for selected lung function parameters. Ad-
ditionally, a correlation between the histological data 
with the spirometric data could be observed rather than 
with the CFU count, indicating that the actions of the im-
mune system rather than the bacterial burden are respon-
sible for the deterioration of the lung function.

  Compared to more classic outcome parameters, spi-
rometry has some major advantages. As spirometry can 
be utilized repeatedly on the same animal for continuous 
monitoring even in the interval of hours, no classic end-
points like LD50 values or bronchoalveolar lavage are 
needed, effectively reducing lab animal consumption. 
The infectious dose can also be employed more flexibly 
even making low-dose experiments possible that more 
closely mimic the clinical situation of acquired infec-
tions. In fact, different infectious doses can be utilized 
adjusted to the objectives of the study in contrast to clas-
sical LD50 experiments.

  Judged against physiological parameters like tempera-
ture or body weight, spirometry has the advantage of be-
ing more sensitive in detecting infection-induced pulmo-
nary pathology. Alterations can be monitored for a period 
of time at least four times longer than that over which 
changes in body temperature are measureable. Addition-
ally, the affected organ is directly monitored instead of a 
surrogate parameter, thus making spirometry more spe-
cific.  

 Disadvantages of the method are only few and of mi-
nor nature. They include size/weight limits of the mice 
for the inserts and the requirement for a short training 
period for the researcher in handling and data evaluation. 
However, inserts can be manufactured to meet the re-
quirements easily, and so the measurement of other ro-
dent species could become feasible. Mouse handling and 
compliance as well as data processing and evaluation can 
be easily learned by the researcher.

0

5P
a

re
n

ch
y

m
a

20

4 8 12 24 48

Time after infection (h)

Inflammation

Not visible

Moderate

Slight

a

0

5

B
ro

n
ch

i

20

4 8 12 24 48

Time after infection (h)

Inflammation

Not visible

Moderate

Slight

b

  Fig. 3.  Morphological analysis of the lung histology samples uti-
lizing a semiquantitive score (0–5 not visible, 5–20 slight, 20+ 
moderate signs of inflammation). For the parenchyma ( a ), the 
maximum signs of inflammation characterized by immune cell 

infiltrates could be observed at 8 h after infection with subsequent 
decrease until 48 h. For the bronchi ( b ), a slightly different kinet-
ic could be observed with a maximum at 12 h after infection fol-
lowed by a decrease in the amount of inflammation.   
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  Spirometry is a less invasive measurement than other 
methods making the measuring of numerous time points 
on the same animal possible – an advantage when utiliz-
ing strains with limited availability and expensive knock-
out mice. Due to the ability to utilize non-lethal infec-
tious doses, experiments using multiple infections are 
feasible as performed for vaccination trials, all with the 
benefit of higher sensitivity, specificity and reproducibil-
ity than other methods. Although the technical proce-
dures are somewhat more elaborate than for whole-body 
plethysmography, they are justified by the higher quality 
of data obtained. According to our data, the most mean-
ingful parameters were the parameters ‘tidal volume’ and 
‘volume’, which were altered for 72 h after inoculation, 
followed by the expiratory flows (EF50, PEF) which could 
be monitored up to 48 h after inoculation with high ac-
curacy and reproducibility.

  Further use of the method can include allergy and in-
fection in conjunction with asthma models by easy mod-
ification of the spirometric set-up through addition of a 
nebulization device.

  Due to the non-lethal properties of lung function mea-
surements, the applied method could also be used in 
breeding programs. Mice with a desired lung phenotype 
can be investigated spirometrically and afterwards se-
lected for mating.

  In conclusion, the applied method of head-out spirom-
etry holds great potential in the utilization for the inves-
tigation of lung infectious diseases in rodents as a model 
system and treatment platform for lung diseases in hu-
mans. 
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Bacterial Infection. Prior to the start of the experiments animals were acclimatized 

for at least seven days. Pseudomonas aeruginosa strain TBCF10839 was grown in 

Luria broth (LB) overnight at 37°C (230 rpm), pelleted by centrifugation (5000 x g, 

10min), washed twice with sterile phosphate buffered saline (PBS) and the optical 

density of the bacterial suspension was determined by spectrophotometry at 578 nm. 

The intended number of colony forming units (CFU) was extrapolated from a 

standard growth curve, and appropriate dilutions with sterile PBS were made to 

prepare the inoculums for the mice (6x105 CFU/30µl). To verify the correct dilution, 

an aliquot was serially diluted using PBS and plated on LB agar plates. Anesthetized 

mice were inoculated via view-controlled intratracheal instillation.  

 

Score. The behavioral score utilizes the visual inspection of the parameters 

vocalization, piloerection, attitude, locomotion, breathing, curiosity, nasal secretion, 

grooming and dehydration for an estimation of the health status of the mouse. Each 

parameter is assigned a rank number from 0 to 2. The combined score gives an 

impression on the overall health status of the animal. The analysis scale ranges from 

0 (undisturbed) to 11 (moribund). Values higher than 11 most definitely result in the 

death of the animal. The behavioral score reaches values of 11 around 6 to 8 hours 

post infection for females and 8 to 10 hours post infection for males and returns to 

normal values at 24 to 48 hours post infection for both genders. For higher doses the 

moribund condition would be irreversible and fatal, for the utilized dose a recovery 

and return to normal values is possible. For a detailed description of the method and 

an example of its utilization please refer to [E1].  

 

Spirometry. Prior to the start of the infection experiment mice were familiarized to 



 

the spirometric procedure for five days. The first two days are not used for analysis 

due to high variability caused by movement artifacts. Of the remaining three days, 

the median was calculated for each mouse and parameter and defined as the 

starting value.  

Post infection first spirometric measurements were taken after four hours and then in 

the acute phase of infection at time points 6, 8, 10, 12, 18 hours post infection. From 

time point 24 hours post infection until the end of a measurement series after eight 

days (192 hours post infection) measurements were taken every 24 hours at the 

same time of day. Previous experiments showed that 192 hours is sufficient for a 

longitudinal investigation of bacterial lung infections at the applied dosage. By that 

time all changes in the lungs were reversed – a further extension of the 

measurement period did not yield more information (data not shown). Spirometric 

measurements using the Notocord HEM (Version 4.2.0.241) software were 

performed in a custom made head-out spirometry apparatus and took about four 

minutes. Four mice can be measured in parallel. For this, mice are placed in glass 

inserts with their heads sticking out through a double layer of membranes. These 

membranes ensure an airtight fit between the outside air and the air volume in the 

insert, as well as restrainment of the mice. Three different sizes of inserts were 

engineered to hold mice of varying sizes ranging up to 36 grams.  

The smallest inserts are 85 mm in length with an outer diameter of 30 mm and an 

opening at one end of 25 mm in diameter. They can accommodate young mice with a 

body weight up to 24 grams. For mice weighing 24 to 32 grams inserts with a longer 

tube are available. They measure 110 mm in length and the same diameter and 

opening size as mice in this weight range increase only in length rather than 

diameter. For mice above 32 grams a new set of inserts was developed which have a 



 

slightly larger diameter and a larger opening for easier access of the mice. These are 

115 mm in length with an outer diameter of 35 mm and an opening of 35 mm. This 

makes the system very versatile and underlines the usability for different mouse 

groups/ages. 

Respiration causes air to flow through a pneumotachometer positioned above the 

thorax of the mouse. The airflow is converted into an electrical signal by a pressure 

transducer and amplified and digitalized before it reaches the computer for analysis. 

Data evaluation is done with the help of the Notocord HEM software. In brief, two 

markers are set within the four minutes measurement period for every mouse 

individually thus compensating for inter-individual duration of acclimatization periods. 

A time period of about one minute is chosen for analysis. Therefore, together with a 

sampling rate of 500 Hz about 30,000 data points only for the analysis period were 

acquired for each mouse (1 data point every 2 ms). The resulting raw data were 

imported into Excel 2003. Mean values for 14 spirometric parameters for the chosen 

time of evaluation were gathered after quality control (filtering and smoothing, 

Filtered mean (5 sec, Exclusion % for filtered mean: 10%)).  

Figure E1 shows an overview of the investigated parameters in an actual flow curve 

and its integral. Please refer to the video file in the online supplemental material for 

an example of how the spirometric process is performed in our laboratory.  

 

Additional spirometric parameters. Three parameters (Inspiratory Time, 

Relaxation Time and Time of Brake) showed less overall changes in the chosen 

setting and no clear tendency in their course. These parameters were therefore not 

presented in the section bacterial infection and spirometry. However, these 

parameters showed usability in different settings (higher infectious dose and/or 



 

different mouse/pseudomonas strain, data not shown).  

The parameters Peak Inspiratory Flow (PIF) and Peak Expiratory Flow (PEF) were 

very similar to their IF50 and EF50 values, indicating that at 50% of inspiration (or 

expiration, respectively) the maximal/peak flow values were almost reached. Due to 

space constraints these two parameters were allocated to the supplement (Figure 

E2).  

 

Histological sample slides. Mice from the same mouse strain and of comparable 

age (20 weeks) as well as the same infectious dose as in the main experiment were 

chosen. To investigate the signs of inflammation the right lungs were lavaged in situ, 

with approximately 0.7 ml sterile PBS, which flushed the organ twice. Afterwards the 

lungs were formalin (4%) fixed and embedded in paraffin. The paraffin blocks were 

cut into 4 μm slices, stained with haematoxylin/eosin and twenty fields of view per 

specimen slide were assessed regarding the inflammation in the lung parenchyma 

and in the bronchial areas using a Zeiss Axiophot photomicroscope and a semi-

quantitative score system. Please refer to figure E3 for histological sample slides. 

 

Complete table of spirometric and physiological standard values. Please refer to 

table E1 for a complete list of spirometric and physiological standard values for the 

investigated study group. P-values that test for intrinsic differences between male 

and female mice show than only three of these 14 spirometric parameters were 

initially significantly different at the 0.05 significance level. However, only body weight 

was significant after Bonferroni correction. For all parameters median and 

interquartile range data from three independent measurements prior to infection are 

shown. 
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Figures  

 

Figure E1 - Raw flow curve of two breath cycles and integrals thereof. Parameters 

with further explanation: Relaxation time - Time required to exhale 1-e-1  (64 %) of 

tidal volume. Tidal volume - maximum point of integral curve. Volume - projection 

from the maximum value of inspiration of the flow curve to the integral curve; Time of 

brake and time of pause - intersection of the tangents through the 25% and 75% of 

tidal volume with the maximum/minimum point of the integral curve. EF50 and IF50 - 

projection from the 50% Tidal volume of expiration and inspiration to the point on the 

flow curve.  

 



 

 

Figure E2 - Respiratory parameters Inspiratory time (A), Relaxation time (B) and 

Time of Brake (C), which showed no clear tendency at the utilized infectious dose 

and mouse strain. Parameters Peak Inspiratory Flow (PIF;(D)) and Peak Expiratory 

Flow (PEF;(E)), which were moved to online supplemental material due to space 

constraints and high similarity to their related parameters IF50 and EF50. 

 



 

 

Figure E3 - Pathohistological findings in C57BL/6J murine lungs at different time 

points after intratracheal infection with 6.0 x 105 CFU of P. aeruginosa TBCF10839 

(A-E); vehicle control (F, 30 µl PBS). Hematoxylin-eosin staining; original 

magnification x 100, scale bar: 100 µm. A) 4 hours post inoculation: Very weak 

parenchymal and almost no peribronchial inflammation. B) 8 hours post inoculation: 



 

Moderate purulent alveolar pneumonia with numerous parenchymal and 

peribronchial inflammatory infiltrates. C) 12 hours post inoculation: Slight leucocyte 

accumulation around a bronchus and only faint parenchymal inflammation. D) 24 

hours post inoculation: Minor amount of inflammatory cells in the alveolar region, but 

clear peribronchial conglomerates. E) 48 hours post inoculation: Very weak 

parenchymal and peribronchial inflammation. F) Vehicle Control: normal lung 

parenchyma after instillation of 30 µl sterile PBS i.t.. 

 

 



 

Table E1. Complete list of spirometric and physiological values for the investigated 
study group prior to infection 

Parameter Unit Sex Median (and 
interquartiles)* 

P-value
† 

Tidal Volume ml male 0.265 (0.240 - 0.281)  

(Total lung volume)  female 0.225 (0.210 - 0.252) 0.018 

Volume ml male 0.134 (0.117 - 0.147)  

(Inspiration volume)  female 0.115 (0.107 - 0.125) 0.012 

Minute Volume  ml/min male 68.859 (62.439 - 75.677)  

(Total volume breathed in one minute)  female 60.763 (51.813 - 69.978) 0.113 

Expiratory time ms male 128.92 (124.28 - 132.80)  

(Time required for expiration)  female 119.91 (111.39 - 127.11) 0.227 

Inspiratory time ms male 103.42 (99.65 - 106.96)  

(Time required for inspiration)  female 105.02 (94.85 - 107.73) 0.603 

Time of Inspiration plus Expiration ms male 232.30 (221.75 - 237.04)  

(Time required for one breath)  female 222.19 (202.81 - 234.06) 0.227 

IF50 (Flow at 0.5 VTI) ml/s male -3.226 (-3.624 - -2.959)  

(Midtidal inspiratory flow at 50% inspiration)  female -2.666 (-3.553 - -2.500) 0.372 

EF50 (Flow at 0.5 VTE) ml/s male 2.936 (2.633 - 3.118)  

(Midtidal expiratory flow at 50% expiration)  female 2.861 (2.620 - 3.028) 0.086 

PIF ml/s male -3.333 (-3.692 - -3.056)  

(Peak Inspiratory Flow)  female -2.740 (-3.636 - -2.593) 0.164 

PEF ml/s male 3.224 (2.814 - 3.291)  

(Peak Expiratory Flow)  female 3.026 (2.756 - 3.220) 0.976 

Respiratory Rate bpm male 262 (256 - 272)  

(Breaths per minute)  female 278 (260 - 298) 0.407 

Relaxation Time ms male 80.28 (75.89 - 83.83)  

(Time required to expire (1-e
-1

) of Tidal Volume)  female 76.53 (69.28 - 81.39) 0.048 

Time of Pause ms male 23.02 (22.23 - 23.73)  

(End expiratory pause (EEP))  female 22.30 (21.95 - 23.88) 0.976 

Time of Brake ms male 30.02 (26.37 - 36.26)  

(End inspiratory pause (EIP))  female 34.93 (26.99 - 48.73) 0.129 

Body temperature °C male 35.6 (35.3 - 36.0)  

  female 36.7 (35.9 - 37.3) 0.004 

Body weight g male 32.3 (30.8 - 33.3)  

  female 23.1 (22.5 - 24.7) 0.000 

 

* Data calculated from three independent measurements prior to infection 
† 2-sided p-values were calculated utilizing Mann-Whitney U test. Significant values 

(p<0.05) are marked in bold. After correction for multiple testing only p-values below 

0.0033 are maintained. 



Part II - Lung function and inflammation during murine Pseudomonas aeruginosa airway infection 

 

2-1 

Part II: Lung function and inflammation during murine Pseudomonas 

aeruginosa airway infection 

 

2.1  Background to the paper 

From the first manuscript it could be concluded that the method of head-out 

spirometry was very well suited to investigate bacterial lung functions in mice. It 

appeared as if putative gender differences only contributed indirectly through 

different body weights and resulting different infectious doses per gram to slight 

overall differences between males and females. However, the direct causes of the 

deterioration of lung function were poorly understood. Consequently, as a follow-up, 

a second experiment was performed to evaluate the impact of the immune system in 

regard to lung function in more detail. For this measurements of cytokines and 

chemokines including their cellular origin were performed in addition to histological 

and serological analyses.  

 

2.1.1. Innate immunity 

Following instillation of the infectious dose, the bacteria will accumulate in the alveoli 

and more specifically in the spaces between epithelial cells. Epithelial cells as well as 

immune stimulatory cells like macrophages and dendritic cells will perceive the 

pathogens through pattern recognition molecules (PRRs) on their cell surface. For  

P. aeruginosa these will be components of the cell wall, like peptidoglycan by Toll-

like receptor (TLR) 1/TLR6 and lipopolysaccharide (LPS) by TLR4, as well as flagellin 

by TLR5. In the initial phase of infection host defense is orchestrated by alveolar 

macrophages (AMs) and polymorphonuclear neutrophils (PMNs). AMs reside in the 

lung tissue and can be replenished from circulating monocytes with the aid of 

stimulatory signals IL-4 and GM-CSF [Geissmann et al. 2010]. PMNs circulate the 

bloodstream and will extravasate to the site of infection when attracted by 

chemokines. Bacteria are cleared by phagocytosis [Scott et al. 2003] and an immune 

response will be mounted through the release of cytokines and chemokines. In the 

early phase of infection the classical pro-inflammatory cytokines IL-1α and TNFα are 

most likely present in addition to chemokines which will attract immune stimulatory 

cells to the site of infection. In the later phase of infection anti-inflammatory cytokines 
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will help to slow down the inflammation and aid in the resolution of the inflammation 

processes. In this regard the most prominent anti-inflammatory cytokine IL-10 should 

be observable. Furthermore immune stimulatory cells will accumulate in the vicinity of 

the infection due to chemotactic factors. In addition to phagocytosis and the secretion 

of cytokines and chemokines these cells, e.g. PMNs possess an arsenal of anti-

bacterial agents, including reactive oxygen species (ROS), enzymes (elastase and 

myeloperoxidase) and antimicrobial peptides, which facilitate bacterial killing but 

could also lead to lung damage. We measured MPO levels in explanted lung pieces 

to assess the amount of this potentially cell damaging enzyme. Which cytokine is 

expressed while the deterioration of lung function is at maximum level and 

consequently associated to the decline in lung function in mice following a bacterial 

lung infection is largely unknown. IL-6 as well as IL-8 have been proposed in various 

studies in humans to be responsible for a decline in lung function following various 

stimuli. As mice do not posses IL-8, CXCL1/KC and MIP-2 are regarded as functional 

homologues. Using the method of chipcytometry on BAL fluid the cellular origin of the 

detected cytokines was determined.  

 

2.2. About the manuscript 

In the second manuscript the impact of the immune system was evaluated in more 

detail in regard to lung function. Utilizing the same infectious dosage and strain as in 

the first manuscript the secretion of cytokines and chemokines in BAL fluid, 

augmented by intracellular cytokine detection and histological staining in comparison 

to spirometry was investigated.  

We observed that there was no direct correlation between CFU count in the lungs 

and the deterioration of lung function. A very good correlation between the levels of 

IL-6 and the spirometric values for total lung volume could be observed. Furthermore 

histological stains showed edema formation and neutrophil infiltration in the lungs at 

the time points with maximum deviation from normal. It had been shown that IL-6 can 

be responsible for these findings in a different setting and animal model [Hierholzer 

et al. 1998]. The action of IL-6 in this context is most likely through its activating and 

attracting role on PMNs. Activated PMNs migrate to the site of chemotaxis and cause 

edema formation around the vessels, which in turn causes the deterioration in lung 

function.  



Part II - Lung function and inflammation during murine Pseudomonas aeruginosa airway infection 

 

2-3 

The following manuscript had been submitted to The American Journal of Physiology 

- Lung Cellular and Molecular Physiology when this thesis was submitted. 



Title  

Lung function and inflammation during murine Pseudomonas aeruginosa airway 

infection 

Running Title  

P.aeruginosa lung infection in mice 

 

Authors 

Florian Wölbeling* 1, Antje Munder* 1, Tanja Kerber-Momot 2, Detlef Neumann 3, 

Christian Hennig 1, Gesine Hansen 1, Burkhard Tümmler 1, Ulrich Baumann 1 

 

*Both authors contributed equally 

1 Pediatric Pulmonology, Allergology and Neonatology, Hannover Medical School, 

Hannover, Germany 

2 Applied and functional Anatomy, Hannover Medical School, Hannover, Germany 

3 Institute for Pharmacology, Hannover Medical School, Hannover, Germany 

 

Name and address of the author to whom requests for reprints should be addressed 

PD Dr. Ulrich Baumann  

Pediatric Pulmonology, Allergology and Neonatology  

Hannover Medical School 

Carl-Neuberg-Strasse 1 



30625 Hannover 

baumann.ulrich@mh-hannover.de 

 

Corresponding Author's e-mail address, FAX number, and phone number  

Florian Wölbeling 

woelbeling.florian@mh-hannover.de 

Fax +49 (0)511 532 6723 

Phone +49 (0)511 532 6721 

Hannover Medical School 

Carl-Neuberg-Strasse 1 

30625 Hannover 

 

 

Word count body: 3261 

  



Abstract  

The present study investigates the association between immune response and 

decline in lung function in a murine bacterial lung infection model. Upon intratracheal 

inoculation of C57BL/6J mice with a sublethal dose of Pseudomonas aeruginosa lung 

function, cytokine, chemokine and cytometry in bronchoalveolar lavage fluid, 

bacterial counts and lung histology was assessed at 2, 4, 6, 8, 10, 12, 18, 24, 48, 72, 

96 and120 hours post inoculation. Lung function measured by non-invasive head-out 

spirometry decreased most strongly between 6 and 10 hours post inoculation and 

required up to 72 hours to recover for selected parameters. CFU counts in the lungs 

peaked at 4 hours post inoculation with subsequent decline until at 24 to 48 hours 

post inoculation background levels were reached. Cytokine and chemokine 

responses could be separated into an early pro-inflammatory phase (2-8 hours post 

inoculation; mainly tumor-necrosis factor α (TNFα) and interleukin-1α (IL-1α) driven) 

and a late anti-inflammatory resolution phase (starting at 24 hours post inoculation; 

mainly interleukin-10 (IL-10) and interleukin-4 (IL-4) driven). Interleukin-6 (IL-6) levels 

correlated with the deterioration of lung function. Lung histology showed maximal 

changes in terms of inflammation and edema between 24 and 48 hours post 

inoculation. In summary, elevated IL-6, high local neutrophil counts and lung edema 

were found to be the most characteristic signs of the transient period of deterioration 

of lung function.  

Word count Abstract: 221 Words 

Key words: Experimental animal models, Head-out spirometry, Respiratory 

infections, Interleukin-6, Chipcytometry 

  



Introduction 

Spirometry is a common method to assess lung function in humans [8,22,20]. Animal 

models are a valuable tool to study lung physiology and pathology whereby the 

mouse has been and still is the most studied model organism. 

Spirometry in mice [13,7,26] was shown to be a sensitive method for the investigation 

of a multitude of questions in pneumology ranging from obstructive lung disease [25] 

to infections [3].  

We recently showed that non-invasive head-out spirometry can be utilized for the 

investigation of bacterial lung infections in mice [27]. Airways of C57BL/6J mice were 

intratracheally inoculated with a sublethal dose of the opportunistic pathogen 

Pseudomonas aeruginosa. A rapid decline in lung function was observed within 

several hours which peaked at 6 to 8 hours post inoculation and required as long as 

72 hours to recover to values before infection for several parameters, especially 

those related to lung volume.  

Lung function correlated with the signs of inflammation in histology, but not with 

bacterial counts. To gain more insight into this association of the murine immune 

response with lung function during an acute airway infection with P. aeruginosa, we 

concomitantly investigated in the present study spirometry and profiles of cytokines, 

chemokines and immune effector cells in bronchoalveolar lavage (BAL) fluid. 

Elevated interleukin-6 (IL-6), high local neutrophil counts and lung edema where 

found to be the characteristic signs of the transient period of deterioration of lung 

function.  

 



Materials and Methods 

Spirometry 

Head-out spirometry was performed as outlined elsewhere [27]. In brief, mice were 

restrained in inserts where respiration caused air to flow through a 

pneumotachograph positioned above the thorax of the animals. Analysis was 

performed using Notocord Hem (Version 4.2.0.241, Notocord Systems, Croissy-Sur-

Seine, France). Spirometric equipment was supplied by Hugo Sachs Elektronik – 

Harvard Apparatus (March-Hugstetten, Germany). Measurements were started five 

days prior to infection and at time points 4, 6, 8, 10, 12, 18, 24, 48, 72, 96, and 120 

hours post inoculation. Furthermore body temperature, weight and a behavioral score 

as described in [16] were measured at all time points.  

Bacteria, infection model and mice 

P. aeruginosa strain TBCF10839 [19] was grown in Luria Broth (LB) overnight. After 

washing with sterile PBS the desired infectious dose of 6x105 CFU/30µl was 

extrapolated from a standard growth curve. For the determination of the actual 

dosage, the inoculate was serially plated on LB agar plates. A total of 41 male 

C57BL/6JZtm mice (111 ± 6 days old) were anesthetized by an intraperitoneal 

injection of 1 mg ketamin (A. Albrecht, Aulendorf, Germany) plus 50 µg Dormicum 

(Curamed, Karlsruhe, Germany) per 10 g body weight. To reduce anaesthesia 

induced salivation each animal received atropin (Braun, Melsungen, Germany) 

(dose: 1 µg/ animal) subcutaneously half an hour before. Mice were infected by 

intratracheal instillation as described in [15]. Five additional mice were sacrificed prior 

to infection to serve as standard values. All animal procedures were approved by the 



local animal welfare committee and carried out according to the guidelines of the 

German regulations for animal protection.  

Histology and Myeloperoxidase assay 

At time points 0, 2, 4, 8, 12, 24, 48, 72, 96, and 120 hours post inoculation subgroups 

of at least four mice were sacrificed. Prior to bronchoalveolar lavage (BAL), the lower 

part of the right lung was tied off using surgical silk. This part was snap-frozen for the 

spectrophotometric investigation of myeloperoxidase (MPO) levels in the tissue 

following a modified MPO assay protocol [4]. Following BAL with sterile PBS the 

remaining part of the right lungs was fixed in formalin, embedded in paraffin and 

stained with hematoxylin & eosin (H&E) for histological analysis. 20 fields of view of 

H&E stained slices of paraffin embedded lungs were investigated using a Zeiss 

Axiophot photomicroscope and a semi-quantitative score system as described in 

[27]. Individual rank numbers were awarded for inflammation on a scale of one to 

three. Points were given separately for lung parenchyma, airways and lung vessels. 

The total score was used for an estimation of inflammation (0-5 not visible; 5-20 

slight; 20-40 moderate, 40+ severe signs of inflammation). Left lungs were 

homogenized in sterile PBS and plated on LB agar plates for CFU determination. 

CFU determination was performed in the same way in liver and spleen.  

Cytokine and chemokine detection 

The mouse Th1/Th2 10plex FlowCytomix Multiplex kit from Bender MedSystems 

(BMS820FF, Bender MedSystems GmbH, Vienna, Austria) plus the FlowCytomix 

simplex kits for chemokines MCP-1 ((CCL2) BMS86005FF), MIP-1α ((CCL3) 

BMS86013FF) and CXCL1/KC ((CXCL1) BMS86019FF) were utilized according to 



the manufacturer’s instructions to determine cytokine and chemokine levels of serum 

and supernatants of centrifuged BAL fluid at the above mentioned time points.  

To investigate the cellular source of the measured cytokines in BAL fluid, multi-

marker chipcytometry was applied to two additional mice per time point at 0, 4, 24, 72 

hours post inoculation ([10]; www.chipcytometry.com). Ten µl cell-containing BAL 

fluid were pipetted into the microfluidic-chip without prior ex-vivo modification. Cells 

were fixed inside the chip using 2% paraformaldehyde (PFA) and afterwards 

analyzed with a comprehensive marker set (clone, company and dilution in brackets): 

CD11c [HL3, BD, 1:20], Gr-1 [RB6-8C5, BD,1:400], F4/80 [BM8, eBiosciences, 

1:100], CD68 [FA-11, Acris, 1:20], TNF-alpha [MP6-XT22, R&D, 1:50], IL-10 [JES5-

16E3, BD, 1:50], IFN-gamma [XMG1.2, BD, 1:150], IL-2 [JES6-5H4, 

eBiosciences,1:20], IL-4 [11B11, BD, 1:20], IL-5 [TRFK5, BD, 1:20], IL-6 [MP5-20F3, 

BD, 1:20], IL17A [eBio17B7, eBioscience, 1:20]). All antibodies were used 

phycoerythrin (PE)-labeled, incubation times at room temperature per antibody: 5 

minutes in PBS for surface markers, 1 hour in PermWash-Buffer (BD Biosciences) for 

intracellular markers.  

Cytospins 

The centrifuged pellet fraction of the BAL fluid was utilized to quantify the amount of 

viable white blood cells by a trypan blue dye exclusion in a Neubauer chamber and to 

differentiate those leucocyte subsets using cytospins stained with Diff-Quik (Medion 

Diagnostics GmbH, Düdingen, Switzerland) as described in [9]. Please refer to the 

online supplemental material for a more detailed description of the utilized methods. 

 



Statistics and Cluster analysis 

All graphs were prepared depicting mean and SD unless stated otherwise. Cluster 

analysis was performed using the program dChip (DNA-Chip Analyzer; Build August 

7, 2009,[12]) on the “sigma change from mean” data of all cytokines, chemokines, 

CFU, MPO, immune stimulatory cells and two spirometric parameters (Volume and 

minute volume)representing lung volume at all time points. Correlation between the 

lung function parameters was additionally verified using non-parametric (spearman) 

correlation using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA; 

significance was assigned to p<0.05). 

 

 

Results  

Physiological parameters and behavioral score 

The applied dosage of 6x105 CFU, which is about 10% of the LD50 for the chosen 

combination of P. aeruginosa and mouse strains, resulted in a solid clinical 

manifestation without mortality. Body temperature decreased to values of about 25°C 

within 8 hours post inoculation and returned to physiological values within 24 hours 

(Figure 1 A). Body weight decreased only slightly and returned to normal values 

during the experimental period (data not shown). Maximum values of the behavioral 

score (11; moribund) were reached at 8 hours post inoculation. Mice recovered 

spontaneously and appeared only slightly affected at 24 hours. The behavioral score 

returned to unaffected values within 48 hours post inoculation (Figure 1 B). 

 



Spirometry  

In line with previous experiments [27] lung function decreased to minimum values 

around 6 to 10 hours post inoculation and required about 72 hours for selected 

parameters (especially those linked to total lung volume) to return to values prior to 

inoculation (Figure 1 C).Please refer to the online supplemental material for a 

complete overview of all investigated spirometric parameters. No control cohort had 

been employed for spirometry as the main focus was to compare the results to 

values prior to infection. The effects of a mock infection control with saline have been 

described in reference [27]. All other parameters, especially cytokine and chemokine 

detection data were compared to values prior to infection taken from five mice. 

CFU 

Maximum CFU counts in the lung were observed at 4 hours post inoculation (mean 

of 7.6x104 CFUs) which decreased to values around 10 CFUs within 48 hours post 

inoculation. (Figure 1 D). Minute CFU counts (mean values <10 at all time points) 

could be observed in liver and spleen, indicating that at the applied dosage no 

systemic dissemination occurred (data not shown). 

Histology 

Histological evaluation of the mice lungs was done at nine time points after 

inoculation and compared to uninfected control animals. Each subgroup contained at 

least four animals. The parenchyma is the part of the lung tissue which in total 

showed most signs of inflammation, more specific alveolar histiocytosis, PMNs in the 

alveoli and partially even necrosis of the alveolar septae (Please refer to Figure 2). In 

animals which were most strongly affected, approximately 20-30% of the tissue 



showed signs of an acute catarrhalic-suppurating alveolar pneumonia. Inflammatory 

infiltrates in the lung parenchyma already showed up at 2 hours post inoculation and 

inflammation remained on a medium level until at 120 hours post inoculation a clear 

decrease in signs of inflammation could be observed. Bronchi showed inflammatory 

cell infiltrates to a minor degree (approx. 5%), slightly peaking at 24 hours post 

inoculation. Lung vessels were inflamed in a similar way. At least 10-20% of vessels 

were transmigrated by PMNs and had perivascular, inflammatory edema. Here the 

inflammatory peak could be seen at 48 hours post inoculation, followed by a constant 

decrease in inflammation. During the histological analysis a striking accumulation of 

mononuclear cells in the parenchyma appeared at 72 h and 96 hours post 

inoculation, indicating the functional regeneration of alveolar macrophages by these 

mononuclear precursor cells as well as their role in the resolution phase of 

inflammation (data not shown). Please refer to the online supplemental material for 

histological sample slides. 

Cytospins  

Cytospins were analyzed using a Zeiss Axioplan II microscope (400x). A 

differentiation of the immune stimulatory cells in alveolar macrophages (AMs), 

monocytes and polymorphonuclear neutrophils (PMNs) was performed on 400 cells 

per slide in duplicates (Figure 3). Prior to infection as well as 2 and 4 hours post 

inoculation AMs contributed to roughly 100 % of detected immune stimulatory cells. 

High values of about 7x104 AMs per ml BAL fluid could already be observed prior to 

infection which increased and peaked at 72 hours post inoculation with 8x105 AMs 

followed by a decrease over the remaining experimental period.  



PMNs were not present prior to inoculation and only in very small numbers at 2 hours 

post inoculation (1.6% of cells; 5x103 cells pro ml BAL fluid). By 4 hours post 

inoculation PMNs had strongly increased and contributed to 22% of total cells or a 

median of 5x104 cells pro ml BAL fluid. Over the next time points PMNs increased 

further and peaked at 24 hours post inoculation with 1.1x107 PMNs. From 8 until 24 

hours post inoculation PMNs contributed to more than 90% of all immune stimulatory 

cells. Starting at 24 hours post inoculation levels of PMNs decreased steadily but did 

not reach values prior to inoculation.  

Monocytes were only detected in small amounts. Two waves, one at 4 to 8 hours 

post inoculation, and a second starting at 48 hours post inoculation were observed. 

However, values never reached more than 8x104 cells, or 5.4% of total immune 

stimulatory cells. 

MPO 

As a major constituent of the immune stimulatory arsenal of PMNs and potentially 

damaging to the host, MPO levels were determined by a spectrophotometric assay 

using homogenized lung tissue from the right lungs against a standard MPO curve. 

At 2 hours post inoculation a small decrease in MPO levels could be seen (Figure 4). 

Starting at 4 hours post inoculation a strong increase could be observed, which 

peaked at 12 hours post inoculation with a median value of 13.7 U/mg wet weight 

lung. Following a decrease a second smaller peak could be observed at 48 hours 

post inoculation. By the end of the experimental period values prior to inoculation 

were reached.  

 



Cytokine and chemokine levels 

The maximum CFU count could be observed at 4 hours post inoculation. At the same 

time point the major pro-inflammatory cytokines TNFα and IL-1α as well as 

chemokines MIP-1α (macrophage attractant), CXCL1/KC (pro-inflammatory 

chemokine, murine IL-8 homologue), and GM-CSF (dendritic cell stimulating) peaked 

as well (Please refer to Figure 5). To counterbalance the strong pro-inflammatory 

response elevated levels of the anti-inflammatory cytokine IL-10 were observed. 

Bacterial clearance was almost achieved within 24 hours post inoculation, which 

ended the secretion of pro-inflammatory cytokines. Starting at 72 hours post 

inoculation secretion of pro-inflammatory cytokines had completely ceased and a 

strong secretion of the anti-inflammatory cytokines IL-10 and IL-4 could be observed. 

Levels of IL-2, IL-5 and IL-17 were at background levels during the experimentation 

period.  

Serum samples for the time points until 24 hours post inoculation were investigated 

using the same procedure. Four of the investigated cytokines and chemokines 

showed values above background levels. These were CXCL1/KC and MCP-1, with a 

maximum at 8 hours post inoculation, and IL-6 and IL-10 with a maximum at 12 

hours post inoculation. Compared to the results from BAL the maxima of the systemic 

response were at different time points. A complete table and graphs of all cytokines 

and chemokines are provided in the online supplemental material.  

Chipcytometry did not only reveal information about the cellular source of cytokines, 

but also about the distribution of immune stimulatory cells (Figure 6). For the time 

points 0 and 4 hours post inoculation hardly any cytokines that originated from AM or 

PMNs were detected. At time point 24 hours post inoculation AMs were considered 



the origin of several cytokines, although the strongly expressed IL-6 and IL-10 as 

measured by multiplex ELISA could not be attributed to either cell type. At 72 hours 

post inoculation AMs still contributed to the secretion of most detected cytokines. 

Although forming the majority of immune stimulatory cells during the later time points 

only few of the investigated cytokines could be attributed to PMNs. For further 

information please refer to the online supplemental material. 

 

 

Discussion 

In the present study we present how lung function in mice declines in the course of 

the inflammatory response to bacterial pneumonia. Following an intratracheal 

infection with 6x105 CFU of a P. aeruginosa clinical isolate (strain TBCF10839) lung 

function decreased strongly within 8-10 hours and recovered within 72 hours post 

inoculation. Bacterial numbers in the lungs were cleared by 48 hours post inoculation 

and no septicemia was detected. Inflammation, as determined by cytokine and 

chemokine levels in BAL and serum and the numbers of infiltrating immune effector 

cells (PMNs) showed a very fast onset in a matter of few hours followed by a 

subsequent decrease to baseline levels requiring more than 8 days. 

Pathohistological changes in lung sections showed moderate inflammation for more 

than 8 days post inoculation in the parenchymal regions.  

A classical separation into an acute pro-inflammatory immune response 

characterized by increased levels of TNFα and IL-1α followed by an anti-

inflammatory resolution phase characterized by IL-10 and IL-4 could be observed. 



The origin of several cytokines was assessed on several time points using 

chipcytometry. It could be observed that in the first 24 hours of inflammation AMs and 

PMNs hardly contributed to the secreted cytokines, suggesting that most probably 

lung epithelial cells contribute strongly to the immune response. As an example, 

neither the high levels of the important pro-inflammatory cytokine TNFα, nor the 

levels of the important anti-inflammatory cytokine IL-10 as measured by multiplex 

ELISA did originate from AMs or PMNs. Not all cytokines of the multiplex ELISA kit 

were measured using chipcytometry, however.  

Cluster analysis was performed to investigate the similarity of the time course effects 

of the various modulators of infection.  

Pro-inflammatory cytokines and chemokines, including IL-1α and TNFα as well as the 

murine homologue of IL-8 CXCL1/KC clustered together with CFU count in the lungs 

(figure 7, red font). In humans IL-8 has important functions in chemotaxis and 

activation of PMNs. In mice two homologues of IL-8 were described: CXCL1/KC and 

MIP-2.  

A second cluster comprised the lung function parameters together with IL-6 and MPO 

(black font). Hence, IL-6 appears to be involved in the deterioration of the lung 

function parameters. One of the actions of IL-6 is the enhancement of survival on 

PMNs in addition to the stimulation of the functional repertoire of PMNs, including 

ROS secretion [2]. An increased number of active ROS producing PMNs could lead 

to organ damage and thus to a deterioration in lung function [1]. ROS could not be 

measured, but as PMNs are the main producer of the peroxidase enzyme 

myeloperoxidase which catalyzes the generation of several cytotoxic compounds 

such as hypochlorous acid, chloride anions and tyrosyl radicals for the killing of 



pathogens, we decided to investigate the levels of MPO as these substances may 

also cause substantial damage to the host and could therefore be responsible for the 

deterioration of lung function. Consistent with this hypothesis, the peak of IL-6 was 

followed 4 hours later by the peak of MPO in the lungs. The fact that the IL-6 and 

MPO cluster together with lung function parameters are a clear indication for the 

mechanism by which lung function deteriorates. A previous study on a murine 

Pseudomonas infection based on invasive plethysmography and a different infection 

model did not detect a correlation between the cytokine and spirometric values [24]. 

In contrast, a clear correlation between the lung function parameter volume and the 

levels of IL-6 (R 0.8788, p=0.0016) and MPO (R 0.6970, p=0.0306) could be 

observed in our study. Histological findings showed edema formation peaking at 48 

hours post inoculation. This could be attributed to the ability of IL-6 to increase 

endothelial permeability [14]. The resulting edema formation is also likely the cause 

for the decrease in lung function.  

A third cluster comprised the anti-inflammatory cytokines IL-10 and IL-4 [17], and 

also the phagocytic immune stimulatory cells macrophages/monocytes (green font).  

In a fourth cluster PMNs and IFN-γ could be observed (blue font). As a byproduct of 

the intracellular cytokine detection a molecular differentiation into the immune 

stimulatory cells was performed. A good correlation with the results from cytospins 

was observed. Although only two mice were assessed per time point the quality and 

comparability of the data is encouraging. 

Thus, it appears as if increased levels of IL-6 and its actions on PMNs are the main 

cause for a deterioration in lung function, which would be in line with experiments 

from [11], where the instillation of IL-6 alone in the lungs of rats resulted in 



deterioration in lung function and edema formation. For humans similar reports exist, 

mostly from occupational health studies in swine barns [6], plants for animal feed 

[21], saw mills [5] or road construction sites [23]. Changes in FEV1 and FVC were 

attributed to a variety of stimuli ranging from endotoxins to volatile chemical 

substances. Common to all these acute conditions was an increase in IL-6, which is 

in line with our findings. This result was recently reproduced in mice which were 

exposed to swine barn dust extracts [18].  

In conclusion, this study comprises an in-depth analysis of the processes happening 

following an acute bacterial infection in mice and is to the best of our knowledge the 

first study which combines immunological and spirometric values to such an extent. 

Using a multitude of immunological experiments in comparison to the method of non-

invasive head-out spirometry we were able to provide evidence for the causes of the 

deterioration in lung function in mice following an infection with P. aeruginosa. In this 

regard the action of IL-6 on PMNs appears to result in strong neutrophil influx, edema 

formation and consequently deterioration of lung function. Further investigation into 

this mechanism may lead to the discovery of novel targets for the therapy of various 

pulmonary conditions.  
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Figure Legends 

Figure 1: (A): Rectal temperature decreased strongly within 8 hours post inoculation 

followed by a return to normal values within 24 hours. (B): The behavioral score 

reached values of 11 (moribund) within 8 hours post inoculation and decreased 

thereafter until at 48 hours post inoculation signs of infection were not detected 

anymore. (C): Example of a lung function parameter (Volume). Maximum deviation 

from normal was around 6 to 10 hours post inoculation with a return to values prior to 

inoculation at 72 hours post inoculation. (D): CFU count in the lungs. The maximal 

CFU count was observed at 4 hours post inoculation. Within 24 hours the CFU 

numbers decreased to about 100 CFUs. Due to the logarithmic character of the axis, 

values for 0 were set to 1. CFU were determined from one lung and multiplied by two 

to account for the whole lung. It had been verified that this is a feasible procedure as 

the distribution of bacteria in the lungs is very homogenous (data not shown). 

 

Figure 2: Signs of inflammation as a result of intratracheal P. aeruginosa infection in 

different lung compartments. Values were determined by light microscopic 

investigation of H&E stained histological slices utilizing a self-developed semi-

quantitative score system of 20 fields of view. Signs of inflammation were assessed 

separately for lung parenchyma, airways and lung vessels on a scale of one to three. 

The total score allows the classification into not visible (0-5), slight (5-20) and 

moderate (20+) signs of inflammation. Strongest signs of inflammation can be 

observed in the parenchyma. Signs of inflammation can be observed for up to 120 

hours post inoculation. Please refer to the online supplemental material for 

histological sample slides. 



Figure 3: (A) Total cell count per ml BAL fluid. While alveolar macrophages (AMs) 

were already present in substantial numbers, polymorphonuclear neutrophils (PMNs) 

started to increase at 2 hours post inoculation. Maximum numbers of AMs were 

observed at 72 hours post inoculation, while PMNs peaked at 24 hours post 

inoculation. Neither cell type decreased to values prior to inoculation during the 

experimental period. Monocytes were detected in two waves in low amounts. Most 

prominent is the increase at the end of the experimental period. Due to the 

logarithmic character of the axis, values for 0 were set to 1. Depicted are mean and 

SD. (B) Percentage distribution of immune stimulatory cells. PMNs increased very 

strongly starting at 4 hours post inoculation and constituted more than 90% of all 

immune stimulatory cells for the subsequent time points followed by a steady 

decrease. Monocytes could be increasingly observed during the later time points.  

 

Figure 4: MPO levels in U/mg wet weight of lung as determined by a 

spectrophotometric assay against a standard human MPO curve. Depicted are mean 

and SD from duplicate measurements. A minimum of four animals were taken for 

each time point. A maximum at 12 hours post inoculation with 13.7 U/mg lung tissue 

followed by a decrease and small peak at 48 hours post inoculation with 5.1 U/mg 

lung tissue could be observed. 

 

Figure 5: (A) The most important pro-inflammatory cytokines TNFα and IL-1α (in 

pg/ml BAL fluid). Pro-inflammatory cytokine secretion ceased in direct correlation with 

lung CFU numbers. (B) The most important anti-inflammatory cytokines IL-10 and  



IL-4. Anti-inflammatory cytokines, especially IL-10 are constantly expressed to 

counterbalance the impact of the pro-inflammatory cytokines in order to prevent 

damage to the host. Anti-inflammatory cytokines were increasingly secreted in the 

resolution phase. (C) Comparison of IL-6 and one of the murine IL-8 homologues 

CXCL1/KC. It can be observed that IL-6 is secreted at a later time point than 

CXCL1/KC. Please refer to the online supplemental material for a table of all 

investigated cytokines and chemokines. 

 

Figure 6: Cellular source of cytokines measured in BAL fluid as determined by 

chipcytometry. Two samples for every time point were analyzed. Numbers represent 

the percentage of cytokine positive cells per cell type except for column 2, where it 

represents the percentage of the specific cell type in BAL fluid. *: granular, not golgi-

apparatus-like staining pattern of granulocytes with unknown significance. n.d. 

denotes “not detected”. 

 

Figure 7: Results of a cluster analysis using dChip. The sigma change from mean 

data of all time points showed a good correlation and can be separated into mainly 

anti-inflammatory cytokines and phagocytic immune effector cells (green font) and 

mainly pro-inflammatory cytokines and chemokines including CFUs (red font). The 

lung function parameters describing volume cluster with IL-6 and MPO (black font). 

Neutrophils and IFN-g form a separate cluster (blue font).  
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H&E staining 

H&E stained sections of formalin fixed and paraffin embedded lungs were 

investigated using a Zeiss Axiophot photomicroscope.  

 

Figure E 1: Inflammation in murine lungs following an intratracheal infection with 6.0 

x 105 CFU of Pseudomonas aeruginosa. Scale bar: 100 µm. Slide A-E represent 

different degrees of inflammation as they were assessed in the semi-quantitative 

A

E

DC

B

F



pathohistological score (see main text); control (F). A) Profound lung inflammation 2 

hours post inoculation with alveolar emphysema, a bronchiolus crowded with mucus 

and massive inflammatory infiltrates. B) Moderate purulent alveolar pneumonia 

(inflammation of a medium degree) 8 hours post inoculation, with numerous 

peribronchiolar and perivascular inflammatory infiltrates. C) Minor leucocyte 

accumulation between two bronchioli and a vessel and only faint parenchymal 

inflammation 72 hours post inoculation (slight inflammation). D) Inflammatory edema 

(8 hours post inoculation) around a lung vessel surrounded by a strong inflammation 

in the ambient alveolar tissue. E) Monocyte accumulation in the lung tissue had been 

seen mostly 72 and 96 hours post inoculation. F) Control: normal lung parenchyma 

 

Myeloperoxidase assay 

The utilized method is a modified approach to quantify MPO levels as described by 

[E1]. In brief, snap-frozen azygos lobe lung pieces were thawed, weighed and added 

to an equal amount of 1% hexadecyltrimethylammonium bromide (HTAB) buffer. 

0.5% HTAB buffer was added to the sample to 1 ml. Three freeze and thaw cycles 

including tissue homogenization using a stick blender were performed before the 

supernatant was frozen in aliquots.  

MPO causes a change in absorbance by oxidizing o-dianisidine in the presence of 

H2O2. MPO levels were determined by measuring the absorbance at 405nm against 

the corresponding blank value for each sample. Measurements were performed on a 

dilution series ranging from pure to 1:2 in duplicates.  

The MPO concentration of the sample was determined by quantifying the change in 

absorbance caused by adding 280µl of an o-Dianisidine solution in 0.05M phosphate 

buffer and 0.05% H2O2 (v/v) to 20 µl of each sample. The reaction was stopped by 

adding 50µl of 1M H2SO4 after 15 minutes. For the blank value 20µl of the sample 



was added to 280µl of 0.05M phosphate buffer and 50µl 1M H2SO4. A standard 

human MPO curve (Myeloperoxidase, human, 100µg. (cat# A6969,0100) AppliChem 

GmbH, Darmstadt, Germany) was utilized to quantify the amount of product. MPO 

levels were normalized by the initial wet weight of the lung tissue and expressed as 

U/mg wet weight.  

Cytokine and chemokine detection from BAL fluid using multiplex ELISA  

Cytokines and chemokines were measured (in duplicates) using the Mouse Th1/Th2 

10plex FlowCytomix Multiplex kit from Bender MedSystems (BMS820FF, Bender 

MedSystems GmbH, Vienna, Austria) plus the FlowCytomix simplex kits for 

chemokines MCP-1 (BMS86005FF), MIP-1a (BMS86013FF) and CXCL1/KC 

(BMS86019FF) according to the manufacturer’s instructions [Table E 1]. For each 

time point a minimum of four animals was investigated. BAL fluid was obtained by 

rinsing the explanted lung of the animals twice with 0.8 ml of sterile PBS and aliquots 

were frozen at -80°C until usage.  

Table E 1 Cytokine and chemokine levels measured by multiplex ELISA in BAL fluid 

of mice 

  IL-1α [pg/ml] TNFα[pg/ml] IFN-γ[pg/ml] IL-6[pg/ml] IL-2[pg/ml] IL-5[pg/ml] IL-4[pg/ml] 

T
im

e
 p

o
s
t 

in
o
c
u

la
ti
o
n

 [
h
] 

0 0 0 0 0 0 0 0 

2 83 668 20 790 50 53 121 

4 407 824 0 3448 0 26 0 

8 183 787 0 7822 0 49 0 

12 0 383 0 5531 0 43 14 

24 105 0 149 86 57 65 112 

48 0 0 0 232 0 11 62 

72 45 0 8 117 77 72 195 

96 29 0 6 66 76 68 104 

120 0 0 0 13 33 32 131 



  IL-10 [pg/ml] IL-17 [pg/ml]* CXCL1/KC 
[pg/ml] 

GM-CSF [pg/ml] MCP-1 [pg/ml] MIP-1α [pg/ml] 

T
im

e
 p

o
s
t 

in
o
c
u

la
ti
o
n

 [
h
] 

0 117 5 14 0 201 0 

2 393 10 2564 223 348 501 

4 185 4 5981 1273 350 561 

8 262 7 4268 446 1131 355 

12 325 7 1270 36 410 53 

24 552 15 110 328 434 0 

48 345 6 37 0 1550 0 

72 516 16 58 206 422 0 

96 456 12 68 206 405 0 

120 284 10 25 83 328 0 

*Levels of IL-17 were too low to be assessed by the internal standard curve. 

Instead from the lowest three points of the IL-17 standard a linear regression 

was performed to calculate the values for IL-17 in the samples. IL-17 had been 

shown to be expressed only in those very small amounts in mice comparable 

to what was measured [E2]. 

 

Cytokine and chemokine detection from serum using multiplex ELISA 

Serum cytokine and chemokine levels were determined using the same kit on pooled 

serum samples (per time point) of the time points until 24 hours post inoculation. The 

ones where secretion levels exceeded background levels are listed below (Table E 

2).  

Table E 2 Cytokines and chemokines above background levels analyzed from serum 

samples 

  IL-6 [pg/ml] CXCL1/KC [pg/ml] MCP-1 [pg/ml] IL-10 [pg/ml] 

T
im

e
 

p
o
s
t 

in
o
c
u

la
ti
o
n

  
[h

] 

2 104 481 0 240 

4 415 1963 403 129 

8 906 2352 1476 93 

12 1121 655 729 307 

24 104 245 240 180 



Note that the time points of maximal cytokine/chemokine secretion in BAL and serum 

do not match. Secretion levels were significantly lower than the ones measured in 

BAL fluid. 

Intracellular cytokine detection 

For the investigation of intracellular cytokine levels six mice of comparable age were 

infected with 6x105 CFU P.aeruginosa. Two additional mice were left untreated. At 

time points 0, 4, 24, 72 hours post inoculation two mice were sacrificed and BAL fluid 

was obtained by rinsing the lung of the animals twice with 0.8 ml of sterile PBS. BAL 

fluid was stored on ice and was immediately utilized for the detection of intracellular 

cytokine levels using chipcytometry as described in [E3]. In brief, the sample was 

transferred onto specially manufactured slides, where the immune stimulatory cells 

were then immobilized and stained with specific markers to determine their cell type 

(Please refer to Figure E 2).  

Figure E 2 Alveolar macrophages were determined as CD11c+Gr1- cells, 

polymorphonuclear neutrophils as CD11c-Gr1+ as shown in the dotplot. 

 





 

Figure E 4 Spirometric curves as determined using non-invasive head-out 

spirometry following an intratracheal infection with a sublethal dose of  

P. aeruginosa. Depicted are median and innerquartiles. 
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Part III: Spirometric reevaluation of two CF mouse strains for their usability as 

a cystic fibrosis model  

 

3.1 Background to the paper Bacterial infections in CF, especially with the 

ubiquitous pathogen P. aeruginosa are a major cause for morbidity and mortality in 

humans and meaningful animal models are urgently needed for the investigation of 

new treatment options and for a general understanding of the disease mechanisms. 

Two CF mouse models and their wild type littermates available at the central animal 

laboratory of Hannover Medical School were investigated for their usability to 

address CF related pulmonary issues. 

 

3.1.1 Utilized mouse models of CF 

Two well described mouse models of CF (CftrTgH(neoim)Hgu and Cftrtm1Unc-

Tg(FABPCFTR)1Jaw/J) were used in this study. 

CftrTgH(neoim)Hgu mice had been created by the insertion of a neomycin selection vector 

into intron 9 of the murine CFTR homologue that extends into and disrupts exon 10 

[Dorin et al. 1992]. RT-PCR analysis on tissues derived from homozygous mice 

demonstrated that a low level of wild-type CFTR transcript was produced from this 

allele by exon skipping [Dorin et al. 1994]. Consequently these mice exhibit a rather 

mild phenotype and can be used for long-term investigations. However the impact of 

the leaky CFTR expression on a putative pulmonary CF phenotype needs to be 

evaluated. 

In the case of the Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J mice a neomycin selection 

cassette was inserted into exon 10 at sequences corresponding to codon 489 of the 

encoded protein [Zhou et al. 1994]. The authors predicted that a truncated protein 

with amino acid 488 changed from isoleucine to alanine and a stop codon at position 

489 are produced from this allele. To alleviate the intestinal phenotype a human 

CFTR gene was inserted in trans under the control of the fatty acid binding protein 

(FABP) promoter. However, it could be shown that the human transgene is not 

limited to the intestine but is also present to a small extent in the lungs of the mice. 

Therefore this mouse model of CF has to be considered leaky as well. Wild type mice 

were generated through heterozygosity breeding.  
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Both models require no special diet to compensate for intestinal complications 

usually common for the CF phenotype. So far data on lung function were rarely 

included in the characterization of animal models due to the low availability of 

spirometric devices. 

 

3.1.2 Age dependency 

It had been postulated that the pulmonary CF phenotype in mice develops with 

increasing age and that the minimum age required were six months of age 

[Teichgräber et al. 2008]. This is quite reasonable, as with increasing age the 

underlying causes for the phenotype, such as mucus build-up will also increase. Data 

prior to infection from more than 450 mice of the above mentioned genotypes were 

utilized for the statistical analysis of the development of lung function using single 

and multiple regression methods performed by the Department of Biometrics of 

Hannover Medical School. Results of this study could help to decide whether either 

one of the before mentioned CF mouse models are suitable for the study of  

CF-related pulmonary issues. 

 

3.2 About the manuscript  

In the following manuscript an in-depth spirometric evaluation of the development of 

lung function in two models of CF mice and their wild type littermates was 

investigated prior to infection. Special attention was paid to the development of lung 

function in these mice with increasing age. It could be observed that lung function 

differed between CF mice and their respective wild type littermates for both 

genotypes. Already at 8 weeks of age CF mice of either genotype showed a faster, 

shallower breathing pattern apparently required to overcome pulmonary limitations. 

In addition slight differences in body weight of the Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J 

mice compared to wild type mice could be observed. From this it appears as if 

Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J show particular promise for the study of CF related 

pulmonary issues in mice.  

The following manuscript had been submitted to Laboratory Animals when this thesis 

was submitted. 
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Abstract  

Cystic Fibrosis (CF) is a hereditary disease characterized by a progressive decrease 

in lung function caused by fibrosis and mucus build-up in the lower airways. Acquired 

bacterial infections are a major cause for morbidity and mortality. Animal models of 

CF are needed to study disease mechanisms and novel treatment options. The 

objective of this study was the spirometric characterization of two well described CF 

mouse models. Special focus was laid on the development of a putative CF 

phenotype developing with age. For this reason we measured lung function in two 

mouse models of CF (CftrTgH(neoim)Hgu and Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J, and their 

respective wild type littermates using non-invasive head-out spirometry. Data from 

more than 450 mice was utilized in the generation of this study. Age-dependant 

changes in lung function were observed in both CF mouse models and characteristic 

features for CF like a shallower, faster breathing pattern were observed. These 

observations were more pronounced for Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J mice. 

Furthermore, for male Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J mice indications for a 

malnutritional phenotype were observed. It can be concluded that both models show 

changes in lung function which are characteristic for CF. Male Cftrtm1Unc-

Tg(FABPCFTR)1Jaw/J mice appear to be the best choice for future experiments as 

they additionally exhibit a significantly lower body weight gain than their wild type 

littermates. 

 

Keywords: Experimental animal models, Head-out spirometry, Cystic Fibrosis, 

CftrTgH(neoim)Hgu, Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J, refinement 

Word count abstract: 210  



Cystic Fibrosis (CF) is an autosomal recessive disease with a prevalence of 1:2,000 

in the Caucasian population.1 It is characterized by a defect in the cystic fibrosis 

transmembrane conductance regulator (CFTR) channel which performs important 

tasks of ion flow in the lungs and intestine. Patients suffer from sticky mucus build-up 

in the lungs. Despite substantial medical advances in nutritional rehabilitation, 

antimicrobial chemotherapy, sport and physiotherapy, CF still significantly shortens 

and complicates the patients’ lives. Bacterial lung infections, especially with the 

ubiquitous pathogen Pseudomonas aeruginosa, are a major cause for morbidity and 

mortality.2 For the investigation and testing of new treatment options meaningful 

animal models are needed. Several animal models from different species have been 

introduced, recently culminating in the CF-pig.3,4 However, as CF mouse models are 

comparably cheap and easily maintained in sufficient numbers with the benefit of 

short generation times, they are still more prevalent. Several reviews have discussed 

the advantages and disadvantages of existing mouse models with regard to organ 

manifestation, pathology and pathophysiology of disease.5,6 So far data on lung 

function were hardly included, but could help to better characterize a model. In the 

present study we focused on two CF mouse models which have been extensively 

described in the literature (CftrTgH(neoim)Hgu  and Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J)7,8 

and investigated those using non-invasive head-out spirometry.  

CftrTgH(neoim)Hgu mice had been created by the insertion of a neomycin selection vector 

into intron 9 of the murine CFTR homologue which extends into and disrupts exon 

10.7 RT-PCR analysis on tissues derived from homozygous mice demonstrated that 

a low level of wild-type CFTR transcript was produced from this allele by exon 

skipping.9 Consequently these mice exhibit a rather mild phenotype and can be used 

for long-term investigations.  





water. All animal procedures were approved by the local animal welfare committee 

and carried out according to the guidelines of the German regulations for animal 

protection.  

Utilized mouse strains 

B6.129P2(CF/3)- CftrTgH(neoim)Hgu is a congenic mouse inbred strain generated at the 

Institute of Laboratory Animal Science of the Hannover Medical School by 40 

backcross generations (N40) using CF/3-CftrTgH(neoim)Hgu as donor strain and 

C57BL6/J as recipient strain. Following the nomenclature of Teichgräber et al.10 this 

strain is called CftrMHH. The strain C57BL6/J, named B6 was used as control strain. 

Mice are regularly genetically monitored using 27 SNP markers and gene specific 

microsatellite markers.13-15  

Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J mice were obtained from the Jackson Laboratory. 

This mutant stock is deficient for the mouse Cftr gene, but expresses human CFTR in 

the gut under the control of the FABP1 promoter (fatty acid binding protein1), which 

prevents acute intestinal obstruction.16,8 The genetic background is mixed and 

consists in parts of C57BL/6, FVB/N and 129. Mice were obtained homozygous and 

heterozygous for the Cftrtm1Unc targeted mutation (tm/tm and tm/+) as well as 

homozygous and hemizygous for the FABP-hCFTR transgene (tg/tg and tg/0). Tm/+ 

tg/0 mice were used as parents to generate wild type control mice. In the following 

Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J are called CftrKO and the corresponding control 

mice are called WT. Genotyping was performed using the protocols provided by the 

Jackson Laboratory.17 Male and female mice of each genotype were used. 

 



Spirometry 

Non-invasive head-out spirometry investigating 14 lung function parameters was 

performed as described in.11 In brief; mice were restrained in inserts with a set of 

membranes around their neck. Respiration causes air to flow through a 

pneumotachograph. A pressure transducer creates an electrical signal, which is 

analyzed using special software (Notocord Hem, Version 4.2.0.241, Notocord 

Systems SAS, Croissy Sur Seine, France). Spirometry hardware was supplied by 

Hugo Sachs Elektronik – Harvard Apparatus (March-Hugstetten, Germany).  

Spirometric data evaluation and statistics  

Spirometric values were averaged from three independent measurements performed 

on consecutive days. Prior measurements assured that the mice had adapted to the 

procedure. Data evaluation was performed by the Centre for Biometry of Hannover 

Medical School. Data were adjusted for implausible values by excluding values which 

were distant from the median by more than 3-fold of the inner quartiles. Single and 

multiple regression models were utilized for analysis using statistics software SAS 

(Version 9.2, SAS Institute Inc., Cary, NC, USA ).  

 

 

Results 

Descriptive statistics 

Table 1 summarizes the distribution of genotype and age classes. A strong bias 

towards male B6 mice can be observed, which can be explained by the standard 



utilization of the B6 strain for various experiments in our lab. Data for this publication 

were combined from several studies over the last years.  

Body weight 

CftrKO and WT mice were slightly larger and heavier than CftrMHH and B6 mice (Figure 

1). Furthermore the impact of gender was similar in the mouse lines. In the first few 

months female CF mice of either CF genotype were slightly lighter than their wild 

type littermates. In the latter months female CF mice closed the gap and even 

surpassed their wild type littermates. For male B6 mice there were no marked 

differences between CF mice and their wild type littermates. For the male CftrKO mice 

it can be observed that from the very beginning CF mice were severely lighter than 

their wild type counterparts.  

General trends in lung function 

Body weight measurements showed that CftrKO and WT mice were larger and 

heavier than CftrMHH and B6 mice. Higher body weight significantly correlated with 

higher spirometric values for most spirometric parameters except expiratory time, 

inspiratory flow at 50% inspiration (IF50), peak inspiratory flow (PIF) and relaxation 

time. However the relative changes in lung function were very comparable (Figure 2). 

Tidal volume and volume behaved quite similar and showed for wild type mice a 

slight decrease and for CF mice in several cases a slight increase with increasing 

age of the mice. Minute volume decreased in all genotypes. Values were in all cases 

higher for CF mice. Inspiratory time, expiratory time, and time of inspiration plus 

expiration increased for all genotypes with increasing age. In all cases CF mice 

showed significantly lower values, indicating faster breathing. Expiratory flow at 50% 



expiration (EF50), IF50, PIF, peak expiratory flow (PEF) and respiratory rate 

decreased with increasing age of the mice. Values in all these parameters were in 

general higher for CF mice. Please refer to the online supplemental material for 

graphs of all investigated parameters. 

 

 

Discussion 

In the present study lung function measurements showed general trends for the 

investigated age groups. Tidal volume and volume increased slightly during the first 8 

months of life reflecting increasing body size. Minute volume decreased as this 

parameter is combined of tidal volume and respiratory rate. The times of expiration, 

inspiration and expiration plus inspiration increased as the mice take deeper breaths 

reflecting larger body size and slower respiration. All flows (IF50 and PIF, EF50 and 

PEF) decreased with increasing age. Relaxation time increased with increasing age 

as a larger volume needed to be expired. Time of pause and time of brake changed 

only slightly. To the best of our knowledge this is the first study which describes a 

different breathing pattern in CF mice to such an extent.  

CF and wild type mice apparently had the same tidal volume. However, when further 

lung function parameters were taken into account, it could be observed that the tidal 

volume levels of the CF mice were only achieved through faster breathing as 

characterized by the times for breathing and the respiratory rate. Random 

pulseoxymetric measurements using a MouseOx Pulseoxymeter (Version 6.0, 

STARR Life Sciences, Oakmont, PA, USA) for selected mice however showed 



similar arterial oxygen saturation in CF and wild type mice (Data not shown) implying 

that both wild type and CF mice are respiratory sufficient. 

The higher respiratory rate appeared to be tolerable for CF mice. Further studies are 

needed to elucidate whether challenges by animate or inanimate irritants are still 

tolerated by the CF mice or whether lung function will worsen depending on dosing 

and exposure time. 

In summary it can be concluded that both animal models of CF, especially CftrKO 

mice showed a different initial breathing pattern which further increased with age. 

Regarding weight, male CftrKO mice showed a phenotype which is comparable to the 

human situation. Consequently, male CftrKO mice and their male wild type littermates 

appear to be the most promising candidates for studies on pulmonary traits in CF. 

This study on CF mice moreover demonstrates its broad usefulness and applicability 

of head-out spirometry for any investigation on murine respiratory disease models. 

The non-invasive procedure can be repeatedly performed with a minimum amount of 

stress for the animals. Measurements require only five minutes and pose no adverse 

effects. In contrast to the classical end-point determinations the impact of challenges 

or interventions can be monitored longitudinally for an extended period of time. Thus 

any time course experiment can be performed with a smaller number of animals. 
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Figure Legends 

Figure 1: Body weight in the investigated genotypes. While female mice of either 

genotype were initially slightly lighter they closed the gap in the later months. For 

male B6 mice no marked difference between CF and wild type animals could be 

observed. Male CftrKO mice were significantly lighter than WT mice and did not 

manage to close the gap. 

 

Figure 2: Respiratory rate as an example of a lung function parameter. Note the 

increased values for CF mice of both genotypes resulting from the faster breathing 

necessary to overcome pulmonary limitations. 

 

  



Tables  

Table 1 Distribution of mice in genotypes and age groups 

 

Age 

[months] 

B6/ 

male 

B6/ 

female 

CftrMHH/ 

male 

CftrMHH/ 

female 

WT/ 

male 

WT/ 

female 

CftrKO/ 

male 

CftrKO/ 

female 

1 8 7 22      

2 62   19 17 8 11 5 

3 58 12 4 5   6 5 

4 36 7 3  2 4 3 6 

5 32 14 3 4   4 4 

6 32 4 4  4   3 

7 10   2 2  1 5 

8    4 1 4 4 6 

 238 44 36 34 26 16 29 34 

Table 1: Number of mice by genotype and gender for each age class. The full name 

for the CftrMHH mice is B6.129P2(CF/3)- CftrTgH(neoim)Hgu B6 denotes the corresponding 

wild type mice of the C57BL/6J genotype. CftrKO mice are Cftrtm1Unc-

Tg(FABPCFTR)1Jaw/J mice. WT denotes the corresponding wild type mice. The 

strong bias of the B6 male mice can be explained by the fact that these mice are 

routinely utilized in our lab.  

 







Online supplemental material 

 

Spirometric reevaluation of two CF mouse strains for their usability as a Cystic 

Fibrosis model 

 

Wölbeling F, Munder A, Wedekind D, Glass I, Tümmler B, Baumann U 

 

  



Regression graphs for all investigated lung function parameters 

Following the exclusion of improbable values graphs were prepared and linear 

regressions were performed for each genotype and gender. Graphs for all 14 lung 

function parameters are provided on the following pages. 
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Part IV: Course of intratracheal Pseudomonas aeruginosa infection in CF mice 

is age-independent 

 

4.1 Background to the paper 

In this chapter the before mentioned CF mouse models and their wild type littermates 

were investigated in bacterial lung infection experiments. Previous studies had 

shown that older CF mice were more susceptible to infection when using an 

intranasal infection [Teichgräber et al. 2008]. For our studies we repeated the 

experiment with the same mouse strains using the established method of non-

invasive head-out spirometry and an intratracheal infection. The same infectious 

dosage as for the first experiments (6x105 CFU strain TBCF10839) were utilized. 

 

4.2 About the manuscript 

In this manuscript the introduced CF mouse models were specifically tested for their 

response to an intratracheal lung infection with P. aeruginosa. Special focus was laid 

on age-dependency. This study is a direct comparison to a previously published 

study, where the same CF mouse models were shown to differ in their response to 

an intranasal infection with P. aeruginosa [Teichgräber et al. 2008]. The same mouse 

genotype as in the original publication, but a different P. aeruginosa strain (TBCF 

10839) were utilized. Further differences to the above quoted publication were the 

route of inoculation (intratracheal, not intranasal) and a better control group for the 

Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J mice. Data from 248 mice matched by sex, age and 

body weight were investigated in the before mentioned genotypes. Each CF mouse 

model and its wild type controls was investigated separately using statistical methods 

for non-parametric tests of non-connected samples (Mann-Whitney U [Mann and 

Whitney 1947]) using SPSS 16 (Version 16.0.2, SPSS Inc, Chicago, USA). No 

significant differences between CF and WT mice could be observed, indicating the 

unsuitability of either CF mouse model for the study of pulmonary issues of CF. 

The following manuscript was in the final stage of preparation when this thesis was 

submitted. 
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Abstract  

Since the discovery of the human CFTR gene in 1989 numerous mouse models for 

cystic fibrosis (CF) have been generated and used as a very suitable and popular 

tool to approach research on this life-threatening disease. Age related changes 

regarding the course of disease and susceptibility towards pulmonary infections have 

been discussed in numerous studies.  

Here, we investigated CftrTgH(neoim)Hgu and Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J CF mice and 

their littermates during an acute lung infection with Pseudomonas aeruginosa for age 

dependent effects of their lung function and immune response.  

Mice younger than three or older than six months were intratracheally infected with  

P. aeruginosa TBCF10839. The infection was monitored by the time course of 

physiological parameters and lung function of the animals over 192 hours. 

Quantitative bacteriology and lung histopathology of a subgroup of animals were 

used as endpoint parameters.  

CF mice did not significantly differ from their non-CF littermates in susceptibility and 

severity of lung infection in both mouse models and age groups. The transgenic 

Cftrtm1Unc-Tg(FABPCFTR)1Jaw/J and their littermates showed a milder course of infection 

than the congenic CftrTgH(neoim)Hgu CF and non-CF mice suggesting that the genetic 

background was more important for outcome than Cftr dysfunction. 

Previous investigations of the same mouse lines have shown a higher airway 

susceptibility of old CF mice to intranasally applied P. aeruginosa. The different 

outcome of intranasal and intratracheal instillation of bacteria implies that infected CF 

epithelium is impaired during the initial colonization of upper airways, but not the 

subsequent response of host defense. 
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Introduction 

Cystic fibrosis (CF) is the most common life-shortening autosomal recessive disease 

within the Caucasian population and is caused by mutations in the Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR) gene. The CFTR protein functions 

as a cAMP-regulated chloride channel in the apical membrane of epithelial cells. The 

symptoms of CF are caused by an impaired function of exocrine glands in many 

CFTR expressing organs, predominantly within the gastrointestinal and respiratory 

tracts. In most cases the progressive decrease of lung function is life limiting for CF 

patients. In this context, the opportunistic bacterial pathogen Pseudomonas 

aeruginosa most commonly causes chronic microbial lung infections, leading to 

excessive lung tissue remodeling and destruction (1). The bacteria are able to 

survive in the anaerobic environment of the CF lung (2) and become extremely 

resistant to the eradication of biofilms in the conducting airways by antibiotic 

treatment.  

In 1989 the coding gene for the CF disease was identified on the long arm of 

chromosome 7 (3), a finding which highly advanced our understanding of CF cell 

biology and pathophysiology. In 1991 Tata et al. (4) and Yorifuji et al. (5) described 

the cloning and sequencing of the murine Cftr gene which is located in a conserved 

segment of chromosome 6 and shows 78% amino acid sequence homology to the 

human CFTR gene. Since no spontaneous mutations were known for the murine 

Cftr, different CF mouse models were generated by targeted mutagenesis (6). Most 

of these models show massive pathological changes in the intestine, but fail to 

develop a lung disease comparable to human CF subjects. The reason therefore 

may be due to the short life expectancy of mice or their ability to use alternative 

chloride channels in the lung epithelium (7, 8, 9, 10, 11). In 1992 Dorin and her 
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coworkers described the CftrTgH(neoim)Hgu mouse which only showed mild 

gastrointestinal complications, a good survival after weaning and benign respiratory 

symptoms (12,13). Another well described and often used mouse model is 

represented by the transgenic Cftrtm1Unc-Tg(FABPCFTR) mouse, which expresses human 

CFTR in the gut under control of the FABP1 promoter (fatty acid binding protein1), 

which prevents it from acute intestinal obstruction (10, 14). 

Both CF models were included in a study by Teichgräber et al. (15) where they 

examined ceramide accumulation in the murine respiratory epithelium and 

hypothesized that this accumulation leads to inflammation and cell death and 

increases infection susceptibility towards P. aeruginosa in CF patients. A significant 

increase of ceramide in the lung epithelium of both CF models was found to be 

associated with higher bacterial numbers, an accumulation of neutrophils and 

alveolar macrophages and increased cell death. All effects became more prominent 

with increasing age and started to become visible by around week 16 of murine life. 

Here, we tested the influence of the described ceramide accumulation in our well 

established mouse model of airway infection with P. aeruginosa using identical 

mouse strains but a different, namely intratracheal infection route thereby bypassing 

the initial phase of the colonization of the large conducting airways. The course of 

infection was monitored over 192 hours via several physiological parameters 

supported by non invasive head-out spirometry and employed quantitative 

bacteriology and lung histopathology as endpoint parameters. To make a clear 

distinction we categorized mice in groups younger than three and older than six 

months. 
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Material and Methods  

 

Mouse strains 

Infection experiments were performed with two CF mouse models (a) 

B6.129P2(CF/3)- CftrTgH(neoim)Hgu , (b) Cftrtm1Unc-Tg(FABPCFTR) and their respective 

littermates. According to the nomenclature of Teichgräber et al. (15) the mouse lines 

are called (a) CftrMHH and (b) CftrKO, their non-CF littermates (a) B6 and (b) WT, 

respectively. For detailed strain description and housing conditions please see the 

online supplement.  

Experimental groups of mice were allocated by age of either younger than three 

(henceforth designated as young) or elder than six months (henceforth designated as 

old). This selection aimed to mimic the categories of Teichgräber et al. (15) that mice 

older than 4 months were susceptible to an infection with P. aeruginosa whereas the 

younger mice were more or less resistant.  

Due to breeding limitations B6 mice showed a strong predominance of males and no 

192 h value of old B6 exist. 

 

Infection protocol 

Mice were infected intratracheally with 6.0 x 105 CFU of P. aeruginosa strain 

TBCF10839 (16) under a light anesthesia. For detailed description of the infection 

protocol, particularly the view-controlled intratracheal instillation see Munder et al. 

(17). Information about the preparation of the bacterial inoculum and sample 

collection can be found in the online supplement. To characterize the course of the 

bacterial infection, the body condition, weight, rectal temperature and lung function of 

the mice were evaluated. Non-invasive head-out spirometry with 14 parameters was 
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performed on conscious restrained mice (18). In brief, four mice were investigated in 

parallel by placing them in glass inserts with their heads protruding out through a set 

of membranes ensuring an airtight fit. Respiration caused air to flow through a 

pneumotachograph positioned above the thorax of the animals. The airflow was 

digitalized and analyzed with the Notocord Hem 4.2.0.241 software package 

(Notocord Systems SAS, Croissy Sur Seine, France). Measurements were taken 

daily at the five days prior to inoculation and at time points 4, 6, 8, 10, 12, 18, 24, 48, 

72, 96, 120, 144, 168, 192 hours post inoculation.  

Forty-eight hours after challenge subgroups of mice were euthanized. Their left lungs 

were taken for the determination of bacterial counts and the right lungs were fixed via 

the trachea (4% paraformaldehyd), embedded in paraffin and stained with 

hematoxilin/eosin. Twenty fields of view (FOV) per specimen slide were assessed 

using a Zeiss Axiophot photomicroscope regarding the inflammation in the lung. The 

visual analysis was transformed into a semiquantitative score which classified 

inflammation in not visible, slight, moderate or profound (see online supplement for 

detailed description and examples of the stained specimen slides). 

 

Statistics 

Each CF mouse model and its wild type controls were investigated separately by age 

group using non-parametric test statistics of SPSS 16 (Version 16.0.2, SPSS Inc, 

Chicago, USA). p-values (p<0.05) with subsequent Bonferroni correction were 

calculated by 2-sided Monte Carlo simulations (100,000 simulations). Hereby groups 

were composed of equal numbers of mice (perfect match approach).  

 

481 words
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Results 

To monitor the outcome of an intratracheal instillation of P. aeruginosa in our CF 

mouse models and their non-CF littermates, mice of both genders were exactly 

matched with their corresponding wild type controls by sex, age and body weight. 

Mice were characterized in their global health score (Fig. 1), rectal temperature 

(Suppl. Fig. 1), body weight (Suppl. Fig. 2, Suppl. Table E1) and lung function (Fig. 2, 

Suppl. Fig 3, Suppl. Table E2) at 14 time points over a period of 192 h.  

 

Global body condition 

B6 mice were more affected by P. aeruginosa in their body condition than the CftrKO 

and their non-CF littermates. With the exception of young CftrKO mice the 

corresponding CF and non-CF mouse lines exhibited a similar time course of disease 

symptoms. Animals were notably affected between 6-12 h post inoculation and 

recovered within the next 48 h. Young WT mice were least affected by the instillation 

of P. aeruginosa into their lungs. 

 

Rectal body temperature 

Upon exposure to bacteria mice did not react with fever but with a drop of body 

temperature. The temperature profile mimicked the time course of the global health 

score. CftrMHH and the B6 mice experienced a stronger drop of temperature than the 

CftrKO and WT mice, the latter being minimally affected with a maximal reduction of 

rectal temperature of 5 °C. 

 

 

 



 9 

Body Weight 

Within the first 24 h post inoculation the mice lost 8% (old B6) to 13% (young CftrMHH) 

of their initial body weight (s. Suppl. Fig. 2) By the end of the experiment the young 

mice had almost completely regained their initial weight, whereas an irreversible 

weight loss was observed in all old mice. Consistent with an intestinal CF phenotype, 

old CftrMHH mice were significantly lighter than their congenic B6 mice (19). 

  

Lung function 

The time course during infection is shown exemplarily for tidal volume which 

describes the total volume inspired and expired in one breath (Fig. 2). Data of all 14 

measured lung function parameters are listed in Suppl Table 1. The old non-CF and 

CF mice showed a similar response in lung function towards the instillation of  

P. aeruginosa into their lungs. Young CftrKO mice differed from their WT littermates in 

a shorter ‘time of pause’ prior to and after inoculation, but not in any other of the 14 

parameters. In contrast, non-infected young CftrMHH mice showed another breathing 

pattern than their congenic B6 mice (Wölbeling et al., 2010; submitted to Laboratory 

Animals). CftrMHH mice differed from their non-CF congenics in seven lung function 

parameters with a high respiratory rate as the leading symptom. This characteristic 

pattern of non-infected CftrMHH mice was also seen in the challenged mice at the late 

time points of 144, 168 and 192 h when they had recovered from infection. Thus, by 

the end of the experiment the CftrMHH mice had regained the initial lung function 

phenotype. Besides these CF-genotype-driven differences between congenic mice 

that were apparently independent of bacterial infection, a differential response of 

CftrMHH and B6 mice was noted at time points 4 and 6 hours after challenge with  

P. aeruginosa. Lung function slightly, but significantly differed in seven flow or 
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volume parameters (Suppl. Table E2). In summary, differences in lung function 

between congenic non-CF and CF mice were not detectable or subtle, and if they 

were more prominent as in the case of CftrMHH mice, they were also existent in non-

infected animals. 

 

Endpoint analyses 

Forty-eight hours after challenge the numbers of viable P. aeruginosa TBCF10839 in 

the murine lungs ranged from zero to a maximum of 8.2 x 103 CFU. The mice had 

cleared 99% or more of the initial inoculum. No differences could be observed 

between the groups of the young mice, whereas among the old mice the CftrMHH mice 

had become colonized with more bacteria (not significant). 

Examination of lung histology (Suppl. Fig. 4) revealed most signs of inflammation in 

the lung parenchyma such as alveolar histiocytosis, PMNs in the alveoli and partially 

even necrosis of the alveolar septae. In the most strongly affected animals 

approximately 20-30% of the tissue showed signs of an acute catarrhalic-suppurating 

alveolar pneumonia. Inflammatory cell infiltrates of bronchi and perivascular edema 

were seen in less than 10% of examined sections. 

Among the different animal groups only the young CftrMHH mice exhibited a 

significantly higher inflammation in the lung parenchyma. This finding could not be 

observed in other lung compartments. 

 

 

Discussion 

Airway infections with P. aeruginosa contribute substantially to morbidity and 

mortality in individuals with CF. Numerous infections models have been established 
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in rodents prior to the cloning of the Cftr gene to mimic the P. aeruginosa infection in 

CF, but only the rather artificial bead models with encapsulated P. aeruginosa 

partially succeeded to mimic bacterial persistence in lungs that is typical for human 

CF airways. With the advent of Cftr genetics, CF mouse models have been 

generated, but despite enormous efforts by many groups, no chronic P. aeruginosa 

infection model has yet been established in CF mice. This failure has been ascribed 

to interspecies differences in lung morphology or lung physiology such as the lack of 

submucosal glands in the lower conducting airways of the mouse or to the 

endogeneous expression of alternative chloride channels in murine lungs that may 

rescue loss-of-function Cftr. Although the former argument is probably true and 

hence calls for alternative infection models in the recently developed CF pigs and CF 

ferrets, the latter argument is less convincing because we meanwhile know of many 

CF patients who express residual amounts of CFTR or alternative ion conductances 

and still become chronically colonized with P. aeruginosa in their airways. Hence we 

propose that we should revisit the CF mouse infection models and try to pinpoint 

concordant and discordant mechanisms that are operating in CF mice and CF 

patients.  

Recently we could show that aging CF mice become susceptible to airway 

colonization with P. aeruginosa. This phenotype was associated with an 

accumulation of ceramide in airway epithelial cells. When ceramide accumulation 

was prevented by phamacological or genetic means, the CF mice became resistant 

to colonization with P. aeruginosa. In our previous work the bacteria were inoculated 

by intranasal instillation. Now in this study we inoculated P. aeruginosa by 

intratracheal instillation into the lower airways. By taking exactly the same CF mouse 

lines and their congenic or transgenic controls, we could observe more pronounced 
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symptoms of acute infection in the congenic B6 than in the transgenic mice, but non-

CF and CF animals with the same genetic background behaved more or less similar.  

Intratracheal, but not intranasal instillation bypasses the initial steps of any lung 

infection, i.e. the colonization of the upper and large lower airways with the 

(opportunistic) pathogen. By comparing the infection protocols of the previous and 

the present study, we would like to conclude that the CF condition in mice increases 

the susceptibility to P. aeruginosa colonization of the large conducting airways, but 

that all subsequent host responses are not inherently compromised. This conclusion 

fits with our current knowledge of how the basic defect in CF predisposes to infection 

in conducting airways. The impaired secretion of salt and water reduces the height of 

the airway surface fluid, impairs ciliary clearance and slows down mucus transport 

thus facilitating bacterial colonization, particularly if the airways are injured by an 

acute viral infection.  

Hence, the bottom-line of our previous and present studies is that CF mice are suited 

to investigate of how the basic defect translates into an increased susceptibility to 

airway colonization with P. aeruginosa, but that CF mice are not needed to study the 

subsequent steps of host-pathogen interaction.  
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Figure Legends: 

 

Fig. 1: The behavioral score describes the fitness of mice during infection (17). B6 

mice (left panels) were more affected than FABP mice (right panels). The responses 

of congenic non-CF and CF mice were indistinguishable (black vs. gray lines in all 

panels) with the single exception that WT mice were only mildly affected even during 

the first 24 h after challenge with P. aeruginosa (upper right panel). 

 

Fig. 2: Time course of tidal volume (Total lung volume) of CftrMHH and B6 and CftrKO 

and WT mice (perfect match approach) after the intratracheal instillation of  

P. aeruginosa. There are no marked differences between CF and wild type mice of 

either genotype. B6 mice responded stronger to the bacterial infection as indicated 

by the larger decrease in lung volume. 
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Bacteria 

Pseudomonas aeruginosa strain TBCF10839 (E1) was grown in Luria broth (LB) 

overnight at 37°C. The optical density of the bacterial suspension was determined 

and the intended number of colony forming units (CFU) was extrapolated from a 

standard growth curve. Inoculums with 6.0 x 105 CFU in 30 µl were prepared by 

dilution with sterile PBS. This infection dose is approximately one tenth of the LD50 

of strain TBCF10839 for C57BL/6J mice and was able to produce a clinical infection 

without mortality.  

Lung bacterial numbers were determined by euthanasia of a subgroup of animals 48 

hours after challenge. Left lungs were homogenised, aliquots plated and bacterial 

numbers of whole organs were calculated. Previous experiments showed that the 

distribution of bacteria is approximately equal in left and right lungs after i.t. 

application (data not shown, (E2)).  

 

Mouse strains and housing conditions 

In CftrTgH(neoim)Hgu mice the exon 10 of the Cftr gene had been disrupted by the 

insertion of the vector pMCIneoPolyA (E3). Since those mice produced low levels of 

Cftr (E4) but showed a mixed genetic background (E5), from the original 

CftrTgH(neoim)Hgu mutant mouse, CF strain CF/3-CftrTgH(neoim)Hgu was established at the 

central animal laboratory of Hannover Medical School by brother-sister mating for 

more than 40 generations. Next, the congenic mouse inbred strain B6.129P2(CF/3)- 

CftrTgH(neoim)Hgu, which is used in this study, was generated by 40 backcross 

generations using CF/3-CftrTgH(neoim)Hgu as donor strain and C57BL/6J as recipient 

strain (E6). Following the nomenclature of Teichgräber et al. (E7) this strain is called 

CftrMHH, syngenic C57BL6/J mice are called B6 and served as controls. CftrMHH mice 



are regulary monitored for their congenic C57BL/6J status using 27 SNP markers 

(E8) and integrity of the mutant Cftr locus by intragenic microsatellite markers (E5).  

Cftrtm1Unc-TgN(FABPCFTR) mice were obtained from the Jackson Laboratories. These 

mice, in the following called CftrKO, which are of a mixed genetic background 

consisting of C57BL/6, FVB/N and 129, are knock-outs for the murine Cftr gene, but 

express human CFTR in the gut under control of the FABP1 (fatty acid binding 

protein1) promoter, which prevents acute intestinal obstruction (E9,E10). Mice were 

obtained homozygous and heterozygous for the Cftrtm1Unc targeted mutation (tm/tm 

and tm/+) as well as homozygous and hemizygous for the FABP-hCFTR transgene 

(tg/tg and tg/0). Tm/+ tg/0 mice were used as parents to generate wildtype control 

mice (called WT). Genotyping was performed using the protocols provided by the 

JAX lab (http://jaxmice.jax.org/strain/002364.html). 

Mice were maintained at the Central Animal Laboratory of the Hannover Medical 

School, Carl-Neuberg-Str. 1, 30625 Hannover, Germany. They were held in groups 

of three to five animals animals in microisolator cages (910 cm2) with filter top lids 

and free access to sterilised standard laboratory chow (diet No. 1324, Altromin, 

Lippe, Germany) and autoclaved, acidulated water at 21 ± 2°C, 55 ± 5 % humidity 

and a 10:14 light-dark-cycle. All mice were regularly monitored for infection by typical 

pathogens according to the FELASA recommendations (Guide for the Care and Use 

of Laboratory Animals. NIH publication). None of the CF mice showed 

gastrointestinal complications which would require a special diet. All procedures 

performed on mice were approved by the local district governments and carried out 

according to NIH guidelines {NIH publication No. 86-23}.  

 

 



Body condition score  

The overall health of the animals was assessed by vocalisation, piloerection, posture, 

locomotion, breathing, curiosity, nasal secretion, grooming and dehydration. 

Dysfunctions in single parameters were assessed by zero, one or two points. The 

overall fitness of the mice was determined by adding the points resulting in the 

following score of the mouse body condition: unaffected (0–1); slightly affected (2–4); 

moderately affected (5–7); severely affected (8–10); moribund (11). See main text 

figure 1. 

 

Rectal Temperature 

 

Suppl. Fig. 1: Body temperature of all mice showed a strong decrease, which peaked 

between 6 and 10 hours post inoculation. Temperature declined in B6 mice to a 

minimum of approximately 25°C, in WT mice the minimal temperature was always 

higher than 30°C. An exception were the young CftrKO mice with a minimal 

temperature of 28.5°C at 8h p.i. In old B6 mice (cf and wt) temperature remained 



longer at lower values (until 12h p.i.), although the recovery to physiological level 

took the same period of time as in the groups of young CftrMHH and WT mice (24h 

p.i.). In summary, B6 mice showed a stronger depression of body temperature upon 

airway exposure with P. aeruginosa than FABP mice.  

 

Body weight 

 

Suppl. Fig. 2: Regarding the body weight one had to consider the different initial 

values of young and old mice and the stronger impact of gender in the old mice, 

reflected in the large error bars of old CftrMHH, old CftrKO and WT mice. Since the 

group of old CftrMHH mice was exclusively formed by male animals, less pronounced 

intra group differences were noted. After challenge with P. aeruginosa all animal 

groups lost weight during the first 24 hours p.i.. Young B6 mice (CF and wt) started to 

regain weight directly thereafter, although this increase was small and both groups 

had not reached their initial weight by the end of the experiments. Weight loss was 

more extended in the old B6 mice (CF and wt) that also did not regain their initial 

weight by 192 hours p.i.. In both CF mouse models CF mice younger than 3 months 

displayed a reduced body weight compared to their wild type littermates. This 

tendency became more pronounced in adult B6, but not FABP mice thus showing an 

anthropometric CF phenotype in the former, but not in the latter strain. 



Lung Function 

 

 

 

Suppl. Fig.3: Spirometric curves depicting Inspiratory plus Expiratory time (Time 

required for one breath) (A) and Expiratory flow at 50% Expiration (EF50) (B). No 



major differences between CF and wild type of either genotype can be observed. As 

young mice breathe faster than old mice, the overall time for one breath increases 

with age. The decline of EF50 with age was more prominent for the B6 (Cftr and wt) 

mice. 

 

Pathohistology of the lungs 

Each slide was examined in twenty fields of view at a 100fold magnification using a 

Zeiss Axiophot photomicroscope. Degrees of inflammation were assessed by one, 

two and three points. Points were given separately for lung parenchyma, airways and 

lung vessels. The total score classified airway inflammation into the categories: 

almost not visible (0-5); slight (6-20) moderate (21-40); severe/profound inflammation 

(41-60). In the current study no more than a medium- grade inflammation was seen, 

appearing as a purulent alveolar pneumonia with peribronchiolar and perivascular 

inflammatory infiltrates. 

The supplementary figure shows the inflammation in the murine lungs 48 h after an 

intratracheal infection with 6.0 x 105 CFU of P. aeruginosa. Slides A-E represent 

different degrees of inflammation as they were assessed in the semi-quantitative 

pathohistological score (see supplementary text); control (F). Hematoxilin-eosin 

staining; scale bar: 100 µm.  



 

Suppl. Fig. 4: A) Profound purulent pneumonia in an old WT mouse, massive 

inflammatory infiltrates within the alveolae and intrabronchiolar (arrowhead), B) Old 

WT mouse showing moderate inflammation with peri- and minor intrabronchiolar 

(arrowhead) leucocyte accumulation, C) Peribronchiolar and perivascular 

inflammation accompanied by inflammatory oedema (arrowheads) in a young CftrMHH 

mouse D) Old CftrKO mouse: Strong leucocyte accumulation (arrowheads) around a 

A 

E 

D C 

B 

F 



lung vessel, E) Only faint peribronchiolar inflammation in an old CftrMHH  F) Control: 

normal lung parenchyma 

 

 

 

 

Table E1 – Longitudinal values for body weight. No significant differences between 

Cftr and wild type mice of either genotype or age group could be observed. 

 

Table E2 – Longitudinal values for all measured lung function parameters. Significant 

differences at the p<0.002 level (after correction for multiple testing) between Cftr 

and wt mice are marked in bold and grey. 
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unit: gram B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Body weight 0_h.p.i. 22,10 20,60 23,49 22,71 35,08 32,01 29,73 30,69

Body weight 24_h.p.i. 19,33 17,89 19,94 20,89 32,26 28,89 27,16 27,39

Body weight 48_h.p.i. 19,92 18,98 23,33 20,81 31,77 28,77 27,87 28,07

Body weight 72_h.p.i. 19,61 19,18 23,72 21,42 32,06 28,98 27,34 28,21

Body weight 96_h.p.i. 21,15 19,60 23,01 21,70 32,64 28,99 23,14 27,89

Body weight 120_h.p.i. 20,49 20,57 23,34 22,05 32,89 29,15 28,00 28,53

Body weight 144_h.p.i. 20,43 20,48 23,19 21,96 32,98 28,68 28,08 28,10

Body weight 168_h.p.i. 20,68 20,07 23,14 22,13 32,93 29,10 26,01 28,10

Body weight 192_h.p.i. 20,53 20,11 23,71 22,96 . . 26,13 28,58

unit: ml B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Tidal_Volume_pre ,22 ,21 ,27 ,27 ,24 ,21 ,24 ,24

Tidal_Volume_4_h.p.i. ,13 ,16 ,18 ,18 ,13 ,08 ,19 ,16

Tidal_Volume_6_h.p.i. ,07 ,10 ,14 ,13 ,08 ,07 ,11 ,12

Tidal_Volume_8_h.p.i. ,09 ,10 ,15 ,13 ,09 ,05 ,12 ,13

Tidal_Volume_10_h.p.i. ,11 ,10 ,17 ,15 ,08 ,08 ,12 ,15

Tidal_Volume_12_h.p.i. ,14 ,14 ,17 ,16 ,10 ,08 ,16 ,18

Tidal_Volume_18_h.p.i. ,18 ,17 ,16 ,18 ,17 ,15 ,15 ,17

Tidal_Volume_24_h.p.i. ,15 ,15 ,18 ,16 ,18 ,16 ,14 ,15

Tidal_Volume_48_h.p.i. ,20 ,19 ,24 ,22 ,19 ,20 ,21 ,20

Tidal_Volume_72_h.p.i. ,21 ,18 ,24 ,23 ,23 ,21 ,22 ,22

Tidal_Volume_96_h.p.i. ,22 ,21 ,24 ,23 ,22 ,19 ,23 ,24

Tidal_Volume_120_h.p.i. ,21 ,20 ,25 ,24 ,22 ,17 ,24 ,23

Tidal_Volume_144_h.p.i. ,21 ,21 ,26 ,27 ,23 ,19 ,24 ,24

Tidal_Volume_168_h.p.i. ,22 ,22 ,27 ,24 ,24 ,22 ,23 ,24

Tidal_Volume_192_h.p.i. ,24 ,23 ,27 ,27 . . ,23 ,25

unit:ml B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Volume_pre ,11 ,11 ,13 ,14 ,13 ,11 ,13 ,12

Volume_4_h.p.i. ,06 ,06 ,08 ,06 ,06 ,03 ,08 ,08

Volume_6_h.p.i. ,02 ,03 ,06 ,03 ,02 ,02 ,05 ,04

Volume_8_h.p.i. ,01 ,03 ,06 ,05 ,02 ,01 ,05 ,04

Volume_10_h.p.i. ,03 ,03 ,07 ,06 ,02 ,02 ,06 ,07

Volume_12_h.p.i. ,06 ,06 ,08 ,06 ,03 ,02 ,07 ,08

Volume_18_h.p.i. ,08 ,08 ,07 ,08 ,07 ,07 ,07 ,08

Volume_24_h.p.i. ,07 ,06 ,08 ,07 ,09 ,08 ,07 ,07

Volume_48_h.p.i. ,10 ,09 ,11 ,11 ,10 ,10 ,10 ,11

Volume_72_h.p.i. ,10 ,09 ,13 ,12 ,12 ,11 ,12 ,13

Volume_96_h.p.i. ,11 ,11 ,12 ,12 ,13 ,10 ,12 ,12

Volume_120_h.p.i. ,11 ,11 ,12 ,13 ,12 ,09 ,13 ,12

Volume_144_h.p.i. ,11 ,10 ,12 ,14 ,12 ,10 ,13 ,13

Volume_168_h.p.i. ,11 ,11 ,13 ,13 ,13 ,11 ,13 ,12

Volume_192_h.p.i. ,11 ,11 ,13 ,13 . . ,12 ,13

old

old

old

Table E1 - Longitudinal values for body weight

young

young

young

Table E2 - Longitudinal values for spirometric parameters



unit: ml/min B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Minute_Volume_pre 71,23 73,04 70,08 76,48 48,75 49,41 47,47 48,60

Minute_Volume_4_h.p.i. 34,95 45,11 45,95 40,23 25,32 18,75 28,25 30,22

Minute_Volume_6_h.p.i. 13,87 20,45 36,52 21,77 15,80 13,30 21,73 23,52

Minute_Volume_8_h.p.i. 17,37 19,86 40,10 29,98 13,55 6,76 27,77 22,92

Minute_Volume_10_h.p.i. 22,49 21,86 51,42 44,78 14,17 10,49 31,29 31,58

Minute_Volume_12_h.p.i. 46,90 42,03 55,21 48,33 16,90 11,84 35,04 48,65

Minute_Volume_18_h.p.i. 63,26 66,83 59,41 57,98 38,32 33,68 40,94 46,11

Minute_Volume_24_h.p.i. 63,02 63,23 57,88 56,97 53,05 53,70 42,34 44,21

Minute_Volume_48_h.p.i. 73,82 72,15 71,19 65,55 48,69 60,36 48,77 46,00

Minute_Volume_72_h.p.i. 75,75 62,94 73,55 73,46 62,61 59,38 45,89 54,74

Minute_Volume_96_h.p.i. 75,02 73,41 68,50 72,06 56,19 54,16 47,91 51,07

Minute_Volume_120_h.p.i. 68,54 77,23 76,43 69,11 56,94 44,86 50,31 53,91

Minute_Volume_144_h.p.i. 67,79 74,44 69,28 68,96 62,26 44,20 45,23 51,00

Minute_Volume_168_h.p.i. 73,93 78,59 76,11 69,75 68,39 58,56 48,03 52,82

Minute_Volume_192_h.p.i. 82,10 79,10 75,09 68,61 . . 49,86 55,95

unit: ms B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Expiratory time_pre 113,82 100,65 122,97 113,81 151,57 144,13 153,86 157,27

Expiratory time_4_h.p.i. 152,21 128,65 128,12 144,32 209,48 194,55 259,38 183,40

Expiratory time_6_h.p.i. 267,48 213,97 142,70 252,40 195,97 245,59 188,22 211,04

Expiratory time_8_h.p.i. 231,74 205,00 131,25 177,29 224,03 216,19 164,11 161,36

Expiratory time_10_h.p.i. 215,08 185,45 113,15 148,61 269,64 311,54 154,03 175,44

Expiratory time_12_h.p.i. 124,19 126,60 109,00 122,12 243,71 236,13 127,72 138,73

Expiratory time_18_h.p.i. 98,89 84,15 92,69 97,95 146,10 137,86 103,37 128,51

Expiratory time_24_h.p.i. 91,63 76,46 95,05 96,00 119,26 111,91 109,80 117,63

Expiratory time_48_h.p.i. 98,85 83,49 107,96 105,14 145,28 113,40 124,34 149,03

Expiratory time_72_h.p.i. 95,64 95,73 110,74 95,34 121,76 114,82 151,87 144,12

Expiratory time_96_h.p.i. 101,36 100,48 115,87 109,06 142,14 133,76 157,07 146,67

Expiratory time_120_h.p.i. 103,35 94,26 114,56 119,30 127,45 135,94 153,77 141,33

Expiratory time_144_h.p.i. 108,48 99,04 117,38 112,17 140,05 141,37 171,48 136,13

Expiratory time_168_h.p.i. 104,17 94,93 112,61 110,66 126,25 123,62 147,12 144,38

Expiratory time_192_h.p.i. 96,93 102,61 119,43 112,29 . . 155,38 143,90

unit: ms B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Inspiratory time_pre 87,69 74,97 100,14 97,55 117,54 107,34 136,56 143,94

Inspiratory time_4_h.p.i. 84,78 82,74 102,94 88,95 128,70 114,38 153,36 136,92

Inspiratory time_6_h.p.i. 77,32 74,41 80,36 77,87 108,78 126,58 99,69 83,78

Inspiratory time_8_h.p.i. 84,52 89,71 84,04 78,80 87,85 149,37 93,65 88,49

Inspiratory time_10_h.p.i. 70,44 78,53 81,40 79,99 101,87 99,34 105,79 97,86

Inspiratory time_12_h.p.i. 68,14 66,10 83,30 77,53 94,14 101,99 110,94 108,97

Inspiratory time_18_h.p.i. 66,59 64,83 78,95 73,85 100,84 102,39 100,55 92,83

Inspiratory time_24_h.p.i. 60,48 61,79 79,53 74,50 94,38 91,29 92,92 87,83

Inspiratory time_48_h.p.i. 72,87 68,37 95,13 86,26 105,23 93,97 109,25 109,71

Inspiratory time_72_h.p.i. 73,84 69,45 96,28 83,92 92,61 96,22 120,02 120,23

Inspiratory time_96_h.p.i. 75,51 69,62 99,97 94,07 96,25 102,46 127,16 121,65

Inspiratory time_120_h.p.i. 76,93 73,25 95,69 96,53 90,93 95,24 125,24 129,45

Inspiratory time_144_h.p.i. 78,89 72,10 105,12 100,55 96,18 98,89 121,90 127,25

Inspiratory time_168_h.p.i. 82,24 71,07 95,65 106,53 93,08 96,40 125,90 122,88

Inspiratory time_192_h.p.i. 77,36 75,30 102,84 105,39 . . 122,82 124,80
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unit: ms B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Time of inspiration plus expiration_pre 201,61 177,31 220,98 209,45 273,93 253,59 290,78 294,19

Time of inspiration plus expiration_4_h.p.i. 242,47 214,86 231,11 255,16 331,38 312,88 415,53 329,54

Time of inspiration plus expiration_6_h.p.i. 342,76 296,98 231,69 337,15 305,00 356,86 295,99 281,46

Time of inspiration plus expiration_8_h.p.i. 345,19 293,36 220,46 257,24 352,51 393,09 266,22 257,61

Time of inspiration plus expiration_10_h.p.i. 287,23 277,04 194,23 241,06 373,83 406,62 256,26 286,24

Time of inspiration plus expiration_12_h.p.i. 192,46 192,67 191,86 217,60 336,89 336,38 224,44 270,57

Time of inspiration plus expiration_18_h.p.i. 164,88 150,13 168,79 171,69 246,92 243,57 207,54 238,29

Time of inspiration plus expiration_24_h.p.i. 157,33 138,37 174,98 171,17 208,49 203,31 209,11 205,42

Time of inspiration plus expiration_48_h.p.i. 171,21 150,66 203,07 195,56 253,25 212,50 229,08 265,08

Time of inspiration plus expiration_72_h.p.i. 169,92 162,68 211,40 181,86 213,53 211,37 268,40 269,81

Time of inspiration plus expiration_96_h.p.i. 176,42 169,80 220,15 194,70 238,38 236,37 281,24 270,12

Time of inspiration plus expiration_120_h.p.i. 181,59 168,53 209,88 217,40 217,64 233,19 284,01 258,73

Time of inspiration plus expiration_144_h.p.i. 188,61 169,99 223,32 215,78 237,90 248,09 314,40 262,40

Time of inspiration plus expiration_168_h.p.i. 188,02 168,47 216,36 211,86 219,22 223,08 276,82 269,28

Time of inspiration plus expiration_192_h.p.i. 176,36 172,71 223,76 213,87 . . 277,41 260,12

unit: ml/s B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

IF50_pre -3,56 -3,83 -3,22 -3,36 -2,38 -2,34 -2,01 -2,02

IF50_4_h.p.i. -2,21 -2,56 -2,30 -2,65 -1,27 -1,06 -1,43 -1,47

IF50_6_h.p.i. -1,60 -1,90 -2,19 -2,64 -1,21 -,98 -1,33 -2,16

IF50_8_h.p.i. -1,79 -1,84 -2,51 -2,51 -1,49 -,62 -1,51 -2,58

IF50_10_h.p.i. -2,41 -2,04 -2,68 -2,69 -1,03 -1,04 -1,53 -1,78

IF50_12_h.p.i. -3,09 -2,93 -2,67 -2,80 -1,75 -1,05 -1,81 -2,20

IF50_18_h.p.i. -3,58 -3,51 -2,85 -2,91 -1,86 -1,83 -1,80 -2,02

IF50_24_h.p.i. -3,46 -3,19 -2,71 -2,65 -2,66 -2,54 -1,96 -2,10

IF50_48_h.p.i. -3,85 -3,71 -3,04 -3,18 -2,56 -2,86 -2,23 -2,08

IF50_72_h.p.i. -3,67 -3,52 -3,04 -3,30 -3,13 -2,68 -2,23 -2,21

IF50_96_h.p.i. -3,71 -4,12 -2,81 -2,97 -3,05 -2,58 -1,94 -2,34

IF50_120_h.p.i. -3,52 -4,00 -2,95 -3,18 -3,08 -2,32 -2,24 -2,14

IF50_144_h.p.i. -3,49 -4,03 -2,87 -3,08 -3,07 -2,31 -2,37 -1,94

IF50_168_h.p.i. -3,79 -4,26 -3,31 -3,00 -3,68 -2,79 -2,24 -2,32

IF50_192_h.p.i. -3,93 -4,20 -3,27 -3,08 . . -2,22 -2,43

unit: ml/s B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

EF50_pre 3,02 3,06 2,86 3,00 2,50 2,01 1,98 1,88

EF50_4_h.p.i. 1,41 2,02 1,85 2,37 ,85 ,60 1,05 1,13

EF50_6_h.p.i. 1,00 1,48 1,39 1,79 ,91 ,77 ,72 1,04

EF50_8_h.p.i. 1,34 1,55 1,63 1,97 ,75 ,52 ,98 1,89

EF50_10_h.p.i. 1,64 1,71 1,83 1,93 ,81 ,68 1,08 1,43

EF50_12_h.p.i. 2,06 2,40 2,02 2,21 ,79 ,61 1,47 1,81

EF50_18_h.p.i. 2,37 2,81 2,46 2,46 1,39 1,27 1,86 1,74

EF50_24_h.p.i. 2,59 2,61 2,49 2,20 2,01 1,98 1,76 1,70

EF50_48_h.p.i. 3,35 3,17 2,94 2,63 2,21 2,51 2,22 2,10

EF50_72_h.p.i. 3,30 2,84 3,10 3,14 2,85 2,48 2,00 2,29

EF50_96_h.p.i. 3,45 3,01 2,77 3,00 2,83 2,21 2,09 2,17

EF50_120_h.p.i. 3,01 3,19 3,08 2,86 2,54 1,86 2,07 2,33

EF50_144_h.p.i. 3,19 3,12 2,83 2,93 2,87 1,85 1,86 2,23

EF50_168_h.p.i. 3,16 3,42 2,98 2,94 2,88 2,34 2,33 2,32

EF50_192_h.p.i. 3,48 3,12 2,85 3,11 . . 2,12 2,42
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unit: ml/s B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Peak inspiratory flow_pre -3,68 -3,95 -3,49 -3,48 -2,43 -2,44 -2,21 -2,20

Peak inspiratory flow_4_h.p.i. -2,35 -2,80 -2,71 -2,79 -1,45 -1,25 -1,68 -1,88

Peak inspiratory flow_6_h.p.i. -1,64 -1,97 -2,55 -2,80 -1,31 -1,07 -1,70 -2,23

Peak inspiratory flow_8_h.p.i. -1,83 -1,93 -2,79 -2,70 -1,53 -,67 -1,84 -2,64

Peak inspiratory flow_10_h.p.i. -2,46 -2,09 -2,90 -2,89 -1,12 -1,14 -1,80 -2,20

Peak inspiratory flow_12_h.p.i. -3,36 -3,04 -3,01 -3,09 -1,83 -1,15 -2,06 -2,28

Peak inspiratory flow_18_h.p.i. -3,75 -3,69 -3,07 -3,16 -2,08 -1,92 -2,09 -2,31

Peak inspiratory flow_24_h.p.i. -3,65 -3,37 -2,94 -2,82 -2,75 -2,74 -2,14 -2,28

Peak inspiratory flow_48_h.p.i. -3,95 -3,78 -3,14 -3,42 -2,63 -3,06 -2,36 -2,29

Peak inspiratory flow_72_h.p.i. -3,78 -3,69 -3,35 -3,37 -3,23 -2,74 -2,36 -2,32

Peak inspiratory flow_96_h.p.i. -3,82 -4,27 -3,03 -3,27 -3,16 -2,65 -2,09 -2,42

Peak inspiratory flow_120_h.p.i. -3,61 -4,16 -3,10 -3,32 -3,19 -2,46 -2,35 -2,31

Peak inspiratory flow_144_h.p.i. -3,61 -4,19 -3,06 -3,19 -3,13 -2,50 -2,56 -2,27

Peak inspiratory flow_168_h.p.i. -3,92 -4,36 -3,50 -3,09 -3,83 -2,92 -2,39 -2,55

Peak inspiratory flow_192_h.p.i. -4,06 -4,29 -3,53 -3,20 . . -2,36 -2,51

unit: ml/s B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Peak expiratory flow_pre 3,20 3,22 2,99 3,16 2,56 2,23 2,17 2,04

Peak expiratory flow_4_h.p.i. 1,54 2,14 2,08 2,49 1,03 ,98 1,11 1,33

Peak expiratory flow_6_h.p.i. 1,14 1,53 1,59 1,90 1,05 ,89 1,04 1,19

Peak expiratory flow_8_h.p.i. 1,38 1,57 1,92 2,03 ,87 ,64 1,20 2,06

Peak expiratory flow_10_h.p.i. 1,76 1,73 2,06 2,09 ,93 ,80 1,27 1,64

Peak expiratory flow_12_h.p.i. 2,35 2,48 2,25 2,38 1,07 ,76 1,56 1,93

Peak expiratory flow_18_h.p.i. 2,55 2,84 2,64 2,59 1,58 1,49 1,90 1,92

Peak expiratory flow_24_h.p.i. 2,69 2,67 2,58 2,35 2,06 2,05 1,82 1,91

Peak expiratory flow_48_h.p.i. 3,54 3,26 3,14 2,82 2,37 2,62 2,29 2,29

Peak expiratory flow_72_h.p.i. 3,50 2,97 3,28 3,28 3,04 2,58 2,13 2,44

Peak expiratory flow_96_h.p.i. 3,61 3,15 2,95 3,05 2,95 2,32 2,21 2,36

Peak expiratory flow_120_h.p.i. 3,15 3,32 3,26 2,99 2,65 1,95 2,14 2,41

Peak expiratory flow_144_h.p.i. 3,30 3,26 2,95 2,96 3,03 1,97 1,99 2,34

Peak expiratory flow_168_h.p.i. 3,30 3,55 3,13 3,02 2,96 2,42 2,45 2,42

Peak expiratory flow_192_h.p.i. 3,69 3,24 3,01 3,18 . . 2,30 2,48

unit: breaths per minute B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Respiratory rate_pre 298,74 343,16 277,96 289,15 220,37 238,11 209,63 205,73

Respiratory rate_4_h.p.i. 247,74 279,69 260,02 240,94 181,66 206,94 148,09 182,55

Respiratory rate_6_h.p.i. 187,24 203,52 291,63 230,35 212,62 191,37 203,39 215,42

Respiratory rate_8_h.p.i. 214,41 206,32 298,53 240,73 186,42 199,80 225,81 235,16

Respiratory rate_10_h.p.i. 210,91 221,60 310,09 259,45 192,60 151,68 235,84 214,05

Respiratory rate_12_h.p.i. 312,53 312,70 314,67 276,93 195,35 192,69 268,22 222,31

Respiratory rate_18_h.p.i. 364,89 400,61 355,65 350,47 243,33 247,35 290,60 253,66

Respiratory rate_24_h.p.i. 383,86 434,44 344,03 353,88 291,17 297,37 288,14 292,29

Respiratory rate_48_h.p.i. 352,03 402,18 295,65 307,99 239,58 283,16 264,24 227,19

Respiratory rate_72_h.p.i. 354,34 372,87 292,13 330,01 282,23 286,63 225,11 224,46

Respiratory rate_96_h.p.i. 343,99 356,21 273,38 310,02 254,10 254,32 218,08 223,50

Respiratory rate_120_h.p.i. 333,00 361,48 287,15 276,62 276,38 258,64 213,21 232,95

Respiratory rate_144_h.p.i. 320,37 358,42 269,31 280,03 253,12 243,92 192,82 229,13

Respiratory rate_168_h.p.i. 323,11 358,41 278,76 283,83 274,90 269,80 218,24 223,61

Respiratory rate_192_h.p.i. 342,47 351,41 268,98 280,93 . . 219,86 231,12
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unit: ms B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Relaxation_Time_pre 68,16 63,45 74,01 69,49 93,71 89,17 93,59 104,14

Relaxation_Time_4_h.p.i. 71,12 58,25 67,64 58,41 129,41 115,30 161,88 112,09

Relaxation_Time_6_h.p.i. 81,53 62,98 76,72 58,44 88,90 105,29 113,20 93,39

Relaxation_Time_8_h.p.i. 81,02 64,96 65,72 55,79 100,39 99,48 95,27 78,15

Relaxation_Time_10_h.p.i. 55,09 64,30 63,07 50,73 116,50 141,83 89,33 84,19

Relaxation_Time_12_h.p.i. 55,20 49,25 61,44 54,49 107,82 112,03 75,28 83,71

Relaxation_Time_18_h.p.i. 53,47 48,76 50,19 53,71 87,30 80,77 65,82 74,47

Relaxation_Time_24_h.p.i. 53,00 43,86 52,93 54,60 76,21 67,61 64,38 67,22

Relaxation_Time_48_h.p.i. 62,08 51,46 60,51 68,72 98,79 68,11 77,87 100,96

Relaxation_Time_72_h.p.i. 62,54 62,85 62,88 59,04 78,43 70,32 102,98 89,66

Relaxation_Time_96_h.p.i. 63,05 63,29 65,88 64,90 106,49 85,91 107,31 95,17

Relaxation_Time_120_h.p.i. 66,44 57,71 67,26 75,26 87,05 89,55 95,27 94,44

Relaxation_Time_144_h.p.i. 70,31 62,42 69,31 73,19 96,24 90,93 108,26 87,58

Relaxation_Time_168_h.p.i. 63,95 60,09 67,57 73,05 83,38 76,61 96,32 95,10

Relaxation_Time_192_h.p.i. 58,55 62,58 69,32 70,53 . . 109,67 99,03

unit: ms B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Time_of_Pause_pre 23,39 21,81 21,73 16,13 23,59 23,03 24,28 17,47

Time_of_Pause_4_h.p.i. 43,35 42,07 35,11 65,61 32,44 42,58 41,82 39,97

Time_of_Pause_6_h.p.i. 112,42 119,87 52,34 173,97 97,24 120,36 42,54 59,57

Time_of_Pause_8_h.p.i. 128,25 157,44 40,94 86,86 140,47 199,43 33,66 60,73

Time_of_Pause_10_h.p.i. 104,29 124,65 30,39 56,19 153,08 134,46 30,68 27,20

Time_of_Pause_12_h.p.i. 51,72 56,94 28,57 44,65 94,19 113,24 22,75 27,59

Time_of_Pause_18_h.p.i. 21,10 22,77 27,05 24,73 26,45 24,12 22,81 28,99

Time_of_Pause_24_h.p.i. 21,89 19,98 21,88 26,29 23,18 19,81 29,47 26,36

Time_of_Pause_48_h.p.i. 20,38 18,16 20,70 15,15 21,75 19,26 20,34 18,22

Time_of_Pause_72_h.p.i. 19,82 21,60 20,90 16,80 23,32 20,69 21,49 18,96

Time_of_Pause_96_h.p.i. 19,66 18,01 21,18 16,08 21,80 18,85 20,95 19,61

Time_of_Pause_120_h.p.i. 20,02 18,28 18,98 15,12 20,66 21,63 20,56 17,97

Time_of_Pause_144_h.p.i. 20,74 19,03 20,96 16,30 22,92 21,00 18,65 19,77

Time_of_Pause_168_h.p.i. 21,96 19,87 19,09 16,38 22,49 19,73 19,17 18,35

Time_of_Pause_192_h.p.i. 20,39 20,87 20,92 15,46 . . 22,15 22,06

unit: ms B6 Cftr
MHH

WT Cftr
KO

B6 Cftr
MHH

WT Cftr
KO

Time_of_Brake_pre 29,40 26,31 16,39 24,41 33,71 30,60 22,20 29,24

Time_of_Brake_4_h.p.i. 11,15 14,97 10,96 11,86 14,69 24,64 31,27 11,33

Time_of_Brake_6_h.p.i. 16,66 19,16 10,62 13,96 18,34 19,78 5,61 8,39

Time_of_Brake_8_h.p.i. 20,10 25,86 9,14 12,59 19,73 40,54 14,69 14,56

Time_of_Brake_10_h.p.i. 13,42 23,00 11,35 12,78 24,69 25,15 17,17 18,37

Time_of_Brake_12_h.p.i. 12,36 11,31 12,62 12,49 22,72 19,57 17,16 12,26

Time_of_Brake_18_h.p.i. 13,21 12,56 10,88 12,37 21,40 18,28 15,97 13,16

Time_of_Brake_24_h.p.i. 15,81 13,19 11,34 12,44 23,73 18,78 18,01 9,65

Time_of_Brake_48_h.p.i. 28,09 22,18 16,10 20,20 47,28 18,21 26,79 31,27

Time_of_Brake_72_h.p.i. 29,72 33,18 14,95 23,08 34,59 25,44 40,81 28,18

Time_of_Brake_96_h.p.i. 30,77 27,53 19,00 23,95 58,59 33,21 46,10 32,84

Time_of_Brake_120_h.p.i. 32,17 22,82 17,22 26,43 40,91 37,05 35,28 37,05

Time_of_Brake_144_h.p.i. 34,92 25,01 16,33 25,40 46,86 41,88 26,03 29,47

Time_of_Brake_168_h.p.i. 28,23 26,80 16,26 25,05 34,61 35,42 30,85 34,22

Time_of_Brake_192_h.p.i. 21,56 25,09 15,25 20,86 . . 42,21 42,12

young

young

young

old

old

old
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This section summarizes results from a second focus of the thesis, which had not 

been published in a peer reviewed journal, and thus will be presented in the classical 

way. 

 

Part V: Generation of bioluminescent Pseudomonads 

 

5.1 Background  
 

5.1.1 Fluorescence and bioluminescence 

With the emergence of systems that are able to measure fluorescence and 

luminescence very accurately through tissue, and the development of fluorescent or 

luminescent vectors for gene transfer, it became feasible to follow the course of 

infections in vivo [Leblond et al. 2010]. Fields of research which also profited from 

this method were oncology, neurobiology and developmental biology. Whole organs 

and organisms can be engineered to express fluorescent markers such as the most 

widely known green fluorescent protein (GFP) isolated from the jellyfish Aequorea 

victoria. Fluorescently labeled antibodies can be utilized in addition.  

In this context fluorescence and luminescence have distinguished characteristics with 

certain advantages and disadvantages. Fluorescent markers can be engineered in a 

multitude of colors and with different dyes at different absorption maxima. They do 

not require any educts for fluorescence. However, the dyes have to be excited by 

different wavelengths, which functions excellent in cell culture or in histological 

sections but has limitations in tissue, organs or even animals due to adsorption. 

Furthermore the total photon emission from fluorescent markers is significantly less 

than from bioluminescent systems. 

Bioluminescence can be separated into two separate mechanisms based on their 

biological origin. Firefly luciferase from Photinus pyralis emits a strong greenish light 

at 560 nm upon the reaction of luciferin with the enzyme luciferase. However when 

applied in vectors, luciferin has to be administered externally, which has several 

disadvantages. Through the systemic application of luciferin a slight background 

noise has to be taken into account. In addition a distinguished kinetic of light 

emission can be observed, as it may take up to several minutes until the systemically 
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administered luciferin reaches the site of luciferase expression. In addition pure 

luciferin is quite expensive. 

Another biological source of luminescence is from bacteria. Photorhabdus 

luminescens produces luminescence through a different mechanism, although the 

key enzyme luciferase shows some homology to the firefly enzyme. However, no 

exogenous luciferin is needed as the enzyme utilizes cellular metabolites for the 

production of light. Lesser background, no delay in kinetic and lower costs however 

are achieved through a slightly lower photon emission. Nevertheless, owing to the 

before mentioned advantages the bacterial luciferase system was chosen for this 

study.  

Using a vector system it is possible to generate bioluminescent Pseudomonads to be 

used for in vivo studies in the context of bacterial lung infections. Just as non-

invasive head-out spirometry this method can be utilized to investigate bacterial lung 

infections in mice without the need to sacrifice the animals. 

 

5.1.2 The in vivo imaging system (IVIS®) 

The in vivo imaging system (IVIS®) from Caliper Life Sciences (Caliper Life Sciences, 

Hopkinton, MA, USA) had been established in the central animal laboratory of 

Hannover Medical School. The IVIS® 200 features a 1” CCD camera which is cooled 

to -105°C for higher sensitivity. It harbors a temperature controlled stage in a 

completely dark cabinet. Anesthetized mice are placed onto the heated stage and 

can be investigated non-invasively using either fluorescent or bioluminescent 

markers. (Please refer to Figure 5-1). 

Anesthetization is required as the mice have to remain motionless for several 

minutes depending on the exposure time. Gas anesthesia using Isoflurane is an 

optional feature of the system, however due to special regulations of the central 

animal laboratory of Hannover Medical School no gas anesthesia was allowed. 
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Figure 5-1: Picture and schematic of the IVIS® 200 system from Xenogen (acquired by Caliper 
Life Sciences; Picture source 5) 

 

Consequently animals were anesthetized by an intraperitoneal injection of 1 mg 

ketamin (A. Albrecht, Aulendorf, Germany) plus 50 µg Dormicum (Curamed, 

Karlsruhe, Germany) per 10 g bodyweight. To reduce anesthesia induced salivation 

each animal was given atropin (dose: 1 µg/ animal; Braun, Melsungen, Germany) 

subcutaneously half an hour before. Depth of anesthesia was tested by the 

swallowing and foot reflex.  

 

5.1.3 The vector system 

The complete vector system necessary to generate bioluminescent Pseudomonads 

was kindly donated by Professor Joanna B. Goldberg (Department of Microbiology, 

University of Virginia, USA). The utilized plasmids were originally designed by 

Professor Herbert P. Schweizer [Becher and Schweizer 2000]. In Goldberg’s lab the 

formerly promotorless mini-CTX-lux vector was modified by the insertion of a lac 

promoter into the XhoI-PstI sites, located in the multiple cloning site (MCS).  

The mini-CTX-lux vector harbors the complete luciferase cassette from Photorhabdus 

luminescens. Five gene products are needed for luminescence. LuxA and LuxB 

constitute the subunits of the bacterial luciferase. LuxC;D;E belong to the fatty acid 

reductase complex needed for the generation of the educts for the bioluminescence 

reaction from cellular components. More specifically LuxC is a fatty acid reductase, 
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LuxD is an acyltransferase and LuxE is an acylprotein synthethase. The light reaction 

occurs according to the following formula: 

FMNH2 + O2 + Aldehyde  FMN + Acid + H2O + hν(490nm) 

 

FMNH2 and a long chain fatty aldehyde, e.g. tetradecanal are oxidized by the 

luciferase to FMN and a long chain fatty acid. In this reaction light at 490nm is 

emitted. LuxC, D, E recycle the fatty acid back to the aldehyde and the reaction may 

start again [Welham and Stekel 2009]. 

The 12,538bp vector is targeted at the attB site of P. aeruginosa which is located in 

the tRNALys gene locus. This vector is introduced into P. aeruginosa strains through 

electroporation Care had been taken to match the high GC content of P. aeruginosa 

of about 67%. For this reason and due to the utilized origin of replication (pMB1), 

which only functions in E. coli and Pseudomonas species, this vector cannot be 

utilized in most other bacterial species. The luciferase cassette is expressed 

constitutively under the control of a lac promoter. In addition a tetracycline resistance 

gene is incorporated in the vector. FRT (Flippase Recognition Target) sites had been 

introduced at specific positions (238bp and 8,094bp) to allow the excision of the 

backbone including the sequence coding for the integrase and the tetracycline 

resistance cassette using a FLP recombinase.  

Following the successful insertion of this vector in the bacterial genome through the 

integrase a second plasmid is introduced into the bacterium via electroporation. This 

plasmid contains a FLP recombinase which recognizes the FRT sites and excises 

parts of the backbone of the luminescent vector which contains the areas needed for 

reexcision and integration, including the integrase and the tetracycline gene thus 

immobilizing the vector permanently (Please refer to Figure 5-2). The plasmid also 

contains a beta-lactam resistance cassette. Following successful excision of the 

backbone, which can be tested by investigating the loss of function to grow on LB 

agar plates augmented with tetracycline, the pFLP2 plasmid can be removed through 

its sacB cassette, which encodes the enzyme levansucrase from Bacillus subtilis. 

Growing the bacteria on LB plates augmented by 5% sucrose produces a toxic 

intermediate which will kill all bacteria that did not dispose of the pFLP2 plasmid. 

Lux C, D, E 
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Pseudomonas aeruginosa TB: 

A non-pilated strain isolated from a CF lung. SNP typing pattern 3C52 [Chang et al. 

2007] 

 

Pseudomonas aeruginosa D8A6: 

An avirulent P. aeruginosa strain, which can be utilized in rather high doses. Part of 

the Tn5 transposon mutant strain collection of our laboratory derived from  

P. aeruginosa strain TB.  

 

Pseudomonas aeruginosa PA5349-: 

An attenuated strain from the Tn5 transposon mutant strain collection of our 

laboratory derived from P. aeruginosa strain TB. The strain is rubredoxin reductase 

deficient. 

 

Escherichia coli XL10-Gold® ultracompetent cells 

Genotype: Tetr Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 

gyrA96 relA1 lac Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) Tn5 (Kanr) Amy]. 

(Cat#200317, Agilent Technologies, Inc., Cedar Creek, TX, USA) 

 

Plasmid 1 (mini-CTX-lux)  

Generously provided by Joanna Goldberg in an E.coli strain called “Topo1shot”. 

LuxA, B, C, D, E; Tetr, lac promoter, modified ΦCTX integrase gene, 12,538bp, FRT 

sites at 238bp and 8,094bp, [GenBank: AF251497.1] 

 

Plasmid 2 (pFLP2)  

Generously provided by Joanna Goldberg in an E. coli strain called “smp pFLP2”. 

FLP recombinase, blar, sacB, 9,297bp, [GenBank: AF048702.1] 
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5.2.2 Media and growth conditions 

Lysogeny broth (LB)1 

Peptone (15g) 

NaCl (10g) 

Yeast extract (5g) 

ddH2O to 1000 mL 

 

Super optimal broth (SOB) with catabolite repression (SOC) 

Tryptone (20 g) 

Yeast extract (5 g) 

NaCl (0.5 g)  

KCl (0.186 g) 

MgCl2 (0.952 g) 

Glucose (3.603 g)  

ddH2O to 1000 mL 

 

Agar Plates  

Above mentioned lysogeny broth solidified by adding 1% agar and autoclavation. 

Agar plates can be augmented with antibiotics by adding the following concentrations 

to the cooled down LB agar before it solidifies. 

LB-Tet150     150µg/ml tetracycline 

LB Carb200    200µg/ml carbenicillin 

LB Kan50Tet9    50µg/ml kanamycin and 9µg/ml tetracycline 

 

                                                           
1
 Commonly called „Luria broth“ – however the correct term is „Lysogeny broth“ according to the 

original investigator [Bertani 2004] 
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Standard growth conditions 

Liquid cultures: Bacteria (P. aeruginosa and E. coli) were routinely grown in 

lysogeny broth for 16-18 hours with constant shaking (230rpm) at 37°C unless noted 

otherwise.  

Solid cultures: Lysogeny broth augmented by 1% agar and antibiotics where 

applicable was used for culturing bacteria. Incubation was performed overnight in an 

incubator at 37°C.  

 

 

5.2.3 Methods 
 

5.2.3.1 Plasmid isolation and purification 
 

5.2.3.1.1 Expression and purification of mini-CTX-lux 

Plasmid mini-CTX-lux was supplied in an E. coli strain called “topo1shot”. As the 

strain is not very efficient for mass amplification of the plasmid, the plasmid was 

recovered from an overnight culture using a plasmid mini-prep (NucleoSpin® Plasmid 

QuickPure; Macherey-Nagel GmbH & Co. KG, Düren, Germany; cat# 740615.10) 

according to the manufacturers’ instructions.  

Verification of the correct plasmid was performed by enzymatic digestion using NdeI 

(New England Biolabs, Ipswich, MA, USA; cat# R0111S; Recognition site: CATATG; 

results in two fragments 2,177bp and 10,361bp, see Figure 5-3) overnight and 

separation on a 1% agarose gel.  
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Figure 5-3: Lanes 1,2,3 overnight digestion of mini-CTX-lux with NdeI - two fragments of the 
expected sizes are visible, lane 4 undigested control. Marker: O'GeneRuler™ 1kb DNA Ladder 
(cat# SM1163, Fermentas GmbH, St. Leon-Rot, Germany) 

 

For subsequent mass amplification the plasmid was electroporated into E. coli XL10-

Gold®. 

Protocol:  

 E. coli XL10-Gold® was grown in LB overnight at 37°C and 250rpm 

 1ml of the overnight culture was added to 50ml LB and grown until an optical 

density (OD) of 1 was reached 

 The bacteria were chilled on ice for 15 minutes 

 Centrifugation at 4000rpm for 20 minutes at 2°C 

 Washing with ice-cold MilliQ water 

 Repetition of the washing and centrifugation step three times 

 After the last washing step the pellet was resuspended in 100µl ddH2O 

 Electroporation at 2.5kV, 25µF, 200Ω in a 1mm electroporation cuvette 

(Electroporation cuvette, 1mm gap, cat# 5510; Molecular BioProducts, Inc., 

San Diego, CA, USA) 

 Addition of 1ml SOC medium and incubation for one hour at 37°C 

 Plating on LB plates augmented by 50µg/ml kanamycin and 9µg/ml 

tetracycline 

Resulting bacteria were called XL10_mini-CTX-lux. Stock cultures using either 

glycerol or DMSO were stored at -80°C. (Glycerol: 700µl overnight culture + 300µl 
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87% glycerol, storage at -80°C; DMSO: centrifugation for 2 minutes at 11,500rpm, 

discard supernatant, resuspend pellet in 7%DMSO, storage at -80°C) 

Prior to mass production XL10_mini-CTX-lux was grown in LB overnight and mini-

preps from six clones were performed. The strongest plasmid producer with the 

correct vector was identified using enzymatic restriction digestion with NdeI. 

For the mass production of mini-CTX-lux the XL10_mini-CTX-lux clone which proved 

suitable in the previous step was grown in 3 liters of LB with 50µg/ml kanamycin and 

9µg/ml tetracycline for 24 hours. Plasmid preparation and purification was performed 

using the midi-prep protocol for “low-copy plasmid, midi size” from Machery-Nagel 

(NucleoBond® PC100, 740573, Macherey-Nagel GmbH & Co. KG, Düren, Germany) 

according to the manufacturers’ instructions. A total of 1.8 mg of plasmid DNA was 

recovered and stored in aliquots at -20°C and -80°C. 

 

5.2.3.1.2 Expression and purification of plasmid pFLP2 

Plasmid pFLP2 was supplied in an E. coli strain called “smp pFLP2”. The strain was 

grown in 100ml LB overnight at 37°C in LB. A midi-prep using the kit from Macherey 

Nagel according to the manufacturers’ instructions resulted in the rather low but 

sufficient amount of 209.2 µg of pFLP2, which was also stored in aliquots at -20°C 

and -80°C. 

 

5.2.3.2 Generation of bioluminescent Pseudomonads 

Electrocompetent Pseudomonads were obtained by the utilization of a modified  

“10-minute protocol” as described by Choi and coworkers [Choi et al. 2006].  

Protocol:  

 6ml P. aeruginosa overnight culturegrown in LB (37°C, 230rpm) was 

transferred into four 1.5 ml reaction tubes (Eppendorf AG, Hamburg, 

Germany)  

 Centrifugation at 15,000xg for 1.5 minutes at room temperature. Discard 

supernatant 
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 Addition of 1ml 300mM sucrose (D(+)-Saccharose, ≥99,5 %, p.a., cat#: 

4621.1, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and resuspension of 

the pellet 

 Centrifugation at 15,000xg for 1.5 minutes at room temperature. Discard 

supernatant 

 Repeat washing and centrifugation step three times 

 Resuspend pellet in 100µl (300mM) sucrose 

The resulting solution contains highly electrocompetent bacteria, which should be 

immediately used for electroporation. 

For this 99µl of the suspension were mixed with 1µl (500ng/µl) of plasmid mini-CTX-

lux in a 1mm electroporation cuvette. Electroporation was performed using the 

GenePulser™ system from Bio-Rad (Bio-Rad Laboratories, Hercules, CA, USA). 

Settings for electroporation were tested out for each P. aeruginosa strain individually.  

General settings which returned satisfactory results were:  

Table 5-1 General settings for electroporation 

Setting µF kV Ω 

25 1.7 200 

25 1.7 400 

25 1.7 600 

25 2.5 200 

25 2.5 400 

25 2.5 600 

 

Following electroporation 900µl sterile LB medium were added and the bacteria were 

incubated at 37°C and 230rpm for 1-2 hours. Selection of positive clones was 

performed on LB agar plates with 200µg/ml carbenicillin (cat#6344.2, Carl Roth 

GmbH + Co. KG, Karlsruhe, Germany). Positive clones were furthermore verified 

using the IVIS® system. At this point stock cultures in glycerol and DMSO were 

made.  

Bioluminescent strains were subjected to a second electroporation using plasmid 

pFLP2. The procedure was identical as for the first plasmid. After the generation of 
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electrocompetent cells using the before mentioned “10-minute protocol” 

electroporation was performed using 1µl (26ng/µl) pFLP2. Following incubation for  

2 hours bacterial solutions were plated on LB agar plates containing 150µg/ml 

tetracycline (cat#T3383, Sigma-Aldrich Corp., St. Louis, MO, USA). Colonies on this 

plate were tested for their loss of function to grow on carbenicillin plates through 

partial streaking. Desired clones were then passaged on LB agar plates containing 

5% sucrose, where all clones were eliminated that did not dispose of the pFLP2 

plasmid through the action of sacB. Verification of the correct outcome is achieved by 

assessment of antibiotic resistance augmented by the performance in the IVIS® 

system. 

 

Successful completion of the generation of bioluminescent strains is achieved when 

bacteria possess the following characteristics: 

 No growth on LB agar plates containing tetracycline (indicating successful 

excision of the backbone of mini-CTX-lux) 

 No growth on LB agar plates containing carbenicillin (indicating successful 

expulsion of the pFLP2 plasmid (blar cassette on pFLP2)) 

 Bioluminescence in the IVIS® system 

 

Stock cultures in glycerol and DMSO of the resulting finalized strains were stored at  

-80°C.  

 

5.2.3.3 Functional investigations 

 

Several methods were employed to investigate the properties of the electroporated 

bacteria. 

 

5.2.3.3.1 Plasmid stability 

Plasmid stability was assessed prior to the excision of the backbone for the 

estimation of the stability of the insertion. For this, bacteria were sequentially 

transferred daily on LB agar plates without antibiotic pressure. In addition, IVIS® 
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readings were performed daily to test whether spontaneous excision events of the 

vector would occur resulting in colonies without luminescence. 

 

5.2.3.3.2 Assessment of virulence 

To assess whether luminescent Pseudomonads had a disadvantage regarding 

growth or virulence several standard laboratory plate tests were performed.  

Hemolysis: P. aeruginosa contain two hemolytic exotoxins, phospholipase C and 

rhamnolipids. Plating of a drop of P. aeruginosa overnight culture on blood agar 

plates (Columbia agar containing 5% sheep blood) will result in a clear zone around 

the bacterial culture when either exotoxin is secreted. 

Protease secretion: P. aeruginosa produces a variety of proteases which in the 

context of inflammation cause the degradation of tissue. Protease secretion can be 

assessed by plating a drop of P. aeruginosa overnight culture on plates with M9 

minimal medium (8.81g/L Na2HPO4, 3g/L KH2PO4, 0.5g/L NaCl, 1g/L NH4Cl solidified 

by 1% agar) and casein (0.8% w/v) as a sole protein source at 37°C overnight. 

Degradation of the casein into peptides will result in a clear zone around the bacteria 

and a white halo resulting from precipitation of partially degraded casein. 

Siderophore secretion: Siderophores are iron-chelators required by many 

microorganisms for the uptake of iron (Fe(III)). Using a modified protocol from 

Schwyn and Neilands [Schwyn and Neilands 1987] siderophore secretion was 

monitored on chromazurol S (CAS) plates. Plating a drop of P. aeruginosa overnight 

culture on these plates will result in an orange zone around the colonies on the 

otherwise greenish-blue plates if siderophore secretion occurs. 

 

5.2.3.3.3 Competition experiments 

To test whether the introduction of the bioluminescence has any consequences on 

the growth rate, competition experiments between luminescent and wild type bacteria 

of the same strain were performed by mixing equal amounts (by volume) of overnight 

culture of either bacteria type. Following mixing, bacteria were set to grow at 37°C 

(230rpm). The first sample was taken immediately thereafter and plated on LB agar 
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plates. Sequential samples were taken at 6 and 24 hours. Using the IVIS® system the 

plates were analyzed and the proportion of luminescent/wild type bacteria was 

determined for each time point. 

 

5.2.3.3.4 Animal experiments 

To test the performance of the new bioluminescent strains a series of mouse 

experiments was conducted. C3H/HeN mice were utilized and subjected to 

intratracheal inoculation of various strains and doses of bioluminescent 

Pseudomonads. Luminescence was assessed at several time points post inoculation. 

For this mice were anaesthetized shortly and investigated using the IVIS® system. 

 

 

5.3 Results  

Of all attempted P. aeruginosa strains, not all were successfully engineered to be 

bioluminescent (Please refer to Table 5-2). 

 

Table 5-2 Number of successfully transformed strains 

Strain PA14 PAO1 PA5349- D8A6 TB 

Successful integration of lux 
cassette (number of clones) 

No Yes (16) Yes (10) Yes (10) Yes (7) 

Successful excision of the 
backbone and elimination of 
pFLP2 plasmid  
(number of clones) 

No Yes (20) No Yes (15) Yes (11) 

 

In the case of PA14 literature research revealed that the attB site is occupied and 

degenerated from the insertion of the large Pseudomonas aeruginosa pathogenicity 

island 1 (PAPI-1) [Qiu et al. 2006]. Consequently this site is no longer available for 

the insertion of the mini-CTX-lux vector. For PA5349- it was not possible to excise the 

backbone using the pFLP2 plasmid.  
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5.3.1 Luminescence strength 

For a comparison of the bioluminescent strength of the transformed P. aeruginosa 

strains all available bioluminescent strains were plated on one LB agar plate. 

Measurement of average radiance was done using the IVIS® system. It could be 

shown that there were some striking differences in the luminescent Pseudomonads 

(Please refer to Figure 5-4). 

 

 

Figure 5-4: All bioluminescent P. aeruginosa strains plated on one LB agar plate. Lanes with an 
arrow depict completed strains with their backbone excised and pFLP2 expulsion. For the 
strain PA5349.lux the backbone could not be excised. Colors represent the amount of 
luminescence from low (blue) to high (red). 

 

The rows with the arrows depict the fully completed strain without backbone and 

pFLP2 plasmid. A small decrease in luminescence depicted as average radiance 

(photons/sec/cm2/sr) can be observed in all cases, where the backbone had been 

removed (please refer to Figure 5-5).  

PAO1.lux

TB.lux

D8A6.lux

PA5349.lux
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Figure 5-5; Average radiance of all strains. It can be observed that strains with their backbone 
removed (processed) exhibit a slightly lower photon emission than strains which still have 
their backbone (unprocessed).  

 

5.3.2 Functional investigations 

All preliminary experiments were performed using PAO1.lux and the wild type. 

Animal experiments were conducted using several different strains. 

 

5.3.2.1 Plasmid stability 

Serial plating for 5 days (>100 generations) of the strain PAO1.lux on LB agar plates 

without antibiotic pressure including daily measurements of luminescence showed 

100% stability of the insertion. Due to the high sensitivity of the IVIS® system, single 

colonies could be assessed. Not a single colony was observed that did not show 

luminescence after five days of plating, which indicates that the insertion is very 

stable without the explicit need to excise the backbone of the construct. 
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5.3.2.2 Assessment of virulence 

As a model organism PAO1 was used to investigate virulence. Virulence was 

assessed using standard laboratory plating experiments on blood agar plates to test 

for β-hemolysis. In addition protease secretion was tested on casein plates as a 

measure for quorum sensing. Furthermore siderophore secretion was investigated. 

All tests did not show differences between the luminescent PAO1.lux and the wild 

type.  

 

5.3.2.3 Competition experiments 

For the competition experiments PAO1.lux and PAO1 wild type were used (Please 

refer to Figure 5-6). Luminescent and wild type Pseudomonads were mixed and 

investigated at various time points.  

 

 

Figure 5-6: Exemplarily shown from one competition experiment, the distribution of 
bioluminescent and wild type bacteria on the single colony level. No significant difference at 
any time point was observed in the ratio between luminescent and wild type P. aeruginosa 
PAO1. 

 



Part V Generation of bioluminescent Pseudomonads 

 

5-18 

It could be observed that there was no significant difference between the ratio of 

luminescent and wild type bacteria at either time point (Please refer to Table 5-3). 

From this it can be concluded that the targeted insertion of the luciferase cassette did 

not have any undesired side effects.  

 

Table 5-3 Ratio of luminescent to wild type colonies in a competition experiment 

Time point [h] total PAO1.lux PAO1 Ratio 

0 641 314 327 0,96 

6 864 437 427 1,02 

25 426 217 209 1,03 

 

The before mentioned findings were only exemplarily performed with one of the 

luminescent P.aeruginosa strains as proof of principle. It is assumed that the other 

strains behave accordingly. 

 

5.3.2.4 Animal experiments 

Murine infection experiments using intratracheal inoculation of the bioluminescent 

Pseudomonads were performed on C3H/HeN mice. It could be shown that in the 

animal model no difference in virulence compared to the wild type could be observed 

as well, as determined through signs of infection and mortality. In most cases directly 

following the inoculation no luminescence could be observed, except for the strain 

D8A6.lux, where quite high inoculates were utilized.  

 

Table 5-4 Preliminary animal experiments 

Experiment Utilized P. aeruginosa Infectious dose [CFU] 

1 PAO1.lux 4x105 

2 TB.lux 1x106 

3 D8A6.lux 1x108 

4 D8A6.lux 1x109 
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5.4 Discussion 

It could be shown that bioluminescent P. aeruginosa strains can be easily obtained 

for most investigated strains as long as the attB site for the targeted insertion is 

available. Excising the backbone appears to be an optional step. Reasons for the 

slight decrease in luminescence strength after the excision of the backbone can be 

speculated to be due to a yet unidentified regulator element in the excised regions. 

No apparent changes in growth behavior or virulence could be observed for the 

bioluminescent strains compared to the corresponding wild type strains. It could be 

determined that the photon emission from the bacterial luciferase is only about a 

factor 4 smaller than for firefly luciferase.  

Intratracheal murine infection models showed that the attenuation of the emitted 

photons through skin is quite strong. Better results were achieved when mice were 

depilated prior to the start of the measurements. Of the more virulent P. aeruginosa 

isolates TB and PAO1 the utilized dosages where luminescence could be monitored 

proved to be too high to enable survival of all animals. When utilizing the almost 

avirulent strain D8A6 the infectious doses could be adjusted to allow the investigation 

of the course of infection in vivo. Nevertheless, even when using very high infectious 

dosages, clearance from the lungs is still achieved in most cases within 24 hours 

post inoculation. In some cases luminescence could be observed after removing the 

ribcage of mice, indicating that the sensitivity limit of the apparatus was reached. Due 

to the high dosage the transition towards a meaningful animal model appears 

complicated. However, more sensitive devices for the measurements of 

luminescence as the utilized IVIS® 200 system do exist, which would be better suited 

for the detection of emitted photons.  

In addition, as P. aeruginosa plays an important role in patients with burn or other 

wounds, the topical application would be more easily feasible and allow the 

investigation of the state of inflammation and infection non-invasively. Consequently 

the developed bioluminescent Pseudomonads could prove useful in the study of 

various issues regarding infection and inflammation.  
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Conclusions and outlook 

 

1. Head-out spirometry 

The first part of this thesis focused on the establishment of the method of non-

invasive head-out spirometry for mice. Spirometry in humans is widely used and 

accepted as a sensitive analysis method for the pulmonary status of patients with 

various pulmonary conditions including CF, COPD and asthma [Jenkins 

2008][Kozlowska et al. 2008]. Of the three methods available for spirometry in mice, 

the method of head-out spirometry was chosen for its combination of fast 

measurements and high sensitivity.  

Initial experiments to investigate the impact of gender, which could prove critical in 

the generation of study groups showed that female mice were in general not more 

susceptible to infection, but rather responded earlier. Consequently either only one 

gender should be utilized for study groups, or care needs to be taken to equalize the 

distribution of male and female mice in the cohorts. Both measures were performed 

in our experiments. Results showed that the method is very sensitive and able to 

detect statistically significant changes in lung function for a period of up to 72 hours 

post inoculation of a rather low dose inoculate (10% of LD50), which is significantly 

longer than changes on the mice are detectable from appearance or physiological 

parameters. The utilization of a low dose non-lethal inoculate has the advantage that 

mice will survive the infection and can be assessed longitudinally, which is beneficial 

for the reduction of animal numbers in animal experiments.  

A thorough investigation of the immunological processes triggered after a pulmonary 

lung infection revealed several mechanisms by which deterioration of lung function 

could occur. Following an inoculation with P. aeruginosa the bacteria are confronted 

by the innate immune system, mainly alveolar macrophages (AMs) and 

polymorphonuclear neutrophils (PMNs). At the applied infectious dosage the immune 

system is able to clear the bacteria within 48 hours post inoculation. Cytokine and 

chemokine measurements revealed a classical inflammatory response with an early 

secretion of the pro-inflammatory cytokines IL-1α and TNFα, followed by an anti-

inflammatory resolution phase characterized by secretion of IL-10 and IL-4. The 

origin of the majority of measured cytokines was most likely the lung epithelia. The 
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mechanism of lung deterioration was attributed to the action of IL-6 which results in 

the strong influx of PMNs through the vessels at the site of inflammation. In addition 

to edema formation at the site of extravasation the secretion of myeloperoxidase 

through PMNs will most likely result in further lung damage and consequential 

deterioration of lung function. These findings are in line with experiments from 

Hierholzer and coworkers [Hierholzer et al. 1998], where instillation of IL-6 in the 

lungs of rats resulted in the same phenotype. However, no spirometric 

measurements were employed in their study and not as many time points post 

inoculation. In order to further test this hypothesis IL-6 knock-out mice would be 

helpful, or alternatively wild type mice that do not secrete IL-6, for example through 

siRNA or antibodies against IL-6.  

In summary, the method of non-invasive head-out spirometry proved to be very 

sensitive in the context of bacterial lung infections in mice. The impact of infections 

could be detected for a significantly longer timespan than with classical physiological 

parameters. Due to the ability for easy upgrades of the experimental set-up further 

experiments can be directed towards the nebulization of substances and their impact 

on the breathing of the mice. In this regard, asthma models using metacholin 

challenge experiments are feasible, with the limitation of the lung function 

parameters, not including resistance and compliance which can only be measured 

using invasive measurements. Nevertheless the range of 14 measureable 

parameters still allows measurements of other meaningful parameters.  

Furthermore, as the method is non-invasive and not harmful for the mice, 

measurements can be made to identify mice with desired pulmonary traits and utilize 

those e.g. for breeding programs. The availability of three sizes of inserts allows the 

investigation of a large variety of age-classes in the experiments.  

 

2. Mouse models of CF  

Although CF is considered to be a rare disease a large number of patients rely on 

science to provide a cure or at least alleviation of their condition. As for all diseases 

new drugs or treatment options cannot immediately be tested in humans for obvious 

reasons. As animal testing is not regarded favorable by the general population, and 

should indeed also be questioned by the researcher, alternatives or improvements of 
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existing models should be performed whenever possible. This concept is commonly 

known as the 3R’s – Reduce, Refine, Replace [Russell and Burch 1959]. In the 

context of CF various approaches to improve existing models have been undertaken. 

Replacement has been attempted by using cell culture models and refinement by 

investigating a wide variety of species (mice, ferrets, pigs) for their ability to serve as 

a meaningful model. A complete elimination of animal models is unrealistic as they 

still are too important for the study of disease mechanisms and the testing of new 

treatment options. This thesis therefore focused on the refinement of existing models, 

by utilizing a very sensitive method which is also non-invasive, thus in turn reducing 

the number of animals that need to be tested. Two mouse models of CF, which are 

available at the central animal laboratory of Hannover Medical School, were 

assessed for their potential to serve as animal models of CF. The results from 

chapter III were quite encouraging, showing small initial differences in the breathing 

pattern of CF and wild type mice of either genotype. Faster, shallower breathing was 

observed apparently to overcome pulmonary limitations. In addition lower weight gain 

was observed in one mouse model – a characteristic feature of CF.  

However, the findings of Teichgräber and coworkers [Teichgräber et al 2008] 

reporting a higher susceptibility to infection in Cftr-deficient mice could not be 

confirmed. Reasons for this originate most likely from the mode of infection. They 

utilized an intranasal infection, which leads to a distribution of the inoculate 

preferentially in the large conducting airways, while only a small amount penetrates 

into the deeper airways. We utilized an intratracheal inoculation, therefore bypassing 

the large conducting airways and distributing more bacteria in the lower airways. In 

this setting no age-dependent difference between Cftr-deficient and wild type mice 

could be observed 

Further reasons might be attributed to the leaky expression of CFTR in the lungs of 

both models. New mouse models of CF would therefore be desirable for the study of 

CF related pulmonary issues. As the method is now established further mouse 

models of CF could be assessed for their usability, since lung function 

measurements using non-invasive head-out spirometry are very rare and not 

commonly performed for all models.  
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3. Bioluminescent Pseudomonads 

With the emergence of systems able to measure luminescence in whole animals 

(mice and rats) without the need to sacrifice them, a new methodology became 

available to study the course of infections utilizing bioluminescent bacteria. Not only 

could they be used for the study of CF-related pulmonary issues but also in other 

contexts where P. aeruginosa is involved, e.g. burn wounds. Consequently, a 

representative panel of bioluminescent strains with various origins/properties would 

be useful. Bioluminescent Pseudomonads were created by a rather simple and easy 

procedure using the vector system from Herbert P. Schweizer. As long as the target 

site is not degenerated virtually all Pseudomonas strains could be made 

bioluminescent, including strains not utilized in this study, like environmental strains 

(Pseudomonas putida) that degrade pollutants, or important plant pathogens 

(Pseudomonas syringae).  

Luminescence was about a factor 4 lower than for the firefly system, albeit with 

certain advantages in terms of kinetics and cost. Therefore, the bioluminescent 

strains hold great promise for the study of infections. However, a more sensitive 

analysis system than the IVIS® 200 would be needed, as the sensitivity limit in mice 

is very quickly reached. Furthermore measurements take quite long, resulting in high 

background and lower sensitivity. Sufficient luminescence can currently only be 

achieved through the application of high doses leading to unrealistic models. 

Clearance by the immune system proved to be very efficient and resulted in a 

marked reduction of luminescence below the sensitivity limit of the apparatus within 

24 hours post inoculation. Investigating a more chronic infection model, like the agar 

bead model reviewed by van Heeckeren [van Heeckeren and Schluchter 2002] could 

be worthwhile. Topical infections with P. aeruginosa, however can be easily 

investigated, e.g. in the study of burn wound models. Other in vitro applications of the 

strains are possible as well.  

In summary, both newly established methods aimed at the non-invasive, non-lethal 

investigation of bacterial pulmonary infections hold great promise for future 

experiments.  
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aa      Amino acid 

ABC      ATP-binding cassette 

AHL      N-acyl homoserine lactone 

AM      Alveolar macrophage 

ASL      Airway surface liquid 

Asm       Acid sphingomyelinase 

attB      Gene locus, host attachment site for phage 

bp      Base pairs 

CCD      Charge-coupled device 

CF      Cystic fibrosis 

CFF      Cystic fibrosis foundation 

CFTR  Cystic fibrosis transmembrane conductance 
regulator 

CFU      Colony forming units 

ddH2O      Double destilled water 

DMSO     Dimethyl sulfoxide 

e.g.      exempli gratia (for example) 

EF50      Midtidal expiratory flow at 50% expiration 

FLP      Flippase recombination enzyme 

FMN      Flavin mononucleotide 

FMNH2     reduced Flavin mononucleotide 

FRT      Flippase Recognition Target site 

GC      Guanine-cytosine content 

GFP      Green fluorescent protein 

GM-CSF     Granulocyte macrophage – Colony 
stimulating factor (Chemokine) 

IF50      Midtidal inspiratory flow at 50% inspiration 

IL-x      Interleukin-x 

IVIS®      in vivo imaging system® 

Lac      Lac promoter from Escherichia coli 
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LB      Lysogeny broth 

LD50      Lethal dose 50% 

LPS       Lipopolysaccharide  

LuxX      Gene of the lux operon 

MCS      Multiple cloning site 

mini-CTX-lux     Plasmid, required for luminescence 

MPO      Myeloperoxidase 

NaCl      Sodium chloride 

NdeI      Restriction enzyme from Neisseria 
denitrificans. 

NPD      Nasal potential difference 

p.a.      pro analysi (for analysis) 

PAPI-1     P. aeruginosa pathogenicity island 1 

PEF      Peak expiratory flow 

pFLP2     Plasmid, for the excision of the backbone of 
mini-CTX-lux 

photons/sec/cm2/sr    Unit of average radiance 

PIF      Peak inspiratory flow 

PMN      Polymorphonuclear neutrophil 

PRR      Pattern recognition molecule 

ROS      Reactive oxygen species 

rpm      Rotations per minute 

RT-PCR     Reverse transcriptase – polymerase chain 
reaction 

sacB      Gene for levansucrase 

SOC      Super optimal broth with catabolite 
repression 

TLR      Toll-like receptor 

TNFα      Tumor necrosis factor alpha, cytokine 

TV      Tidal volume 

w/v      weight/volume percentage 
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