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Abstract 

Balázs Tóth 

 

Association between electrophysiological phenotype and genotype in the CftrTgH(neoim)Hgu 

mouse model 

 

Cystic fibrosis (CF) is a human autosomal recessive disease characterized by the dysfunction 

of a chloride channel termed the CF transmembrane conductance regulator (CFTR). The 

CftrTgH(neoim)Hgu mutation was transferred on the DBA/2J, C57BL/6J and BALB/c wild-type 

(WT) mouse strains in the Central Animal Facility of the Hannover Medical School to 

generate congenic mouse strains. The aim of the study was to investigate the effect of the 

CftrTgH(neoim)Hgu mutation and the different genetic backgrounds on chloride secretion in large 

intestine and on the transport functions of the small intestine using Ussing chambers. 

Genotyping at the Cftr gene and at the Clca gene cluster was carried out by polymorphic 

intragenetic microsatellite markers. Genotyping of the genetic backgrounds was done by a 

low density SNP (single nucleotide polymorphism) scan. This showed the presence of 

numerous alleles in the genome of the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain that were not 

related to the BALB/c strain, so the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain could not be 

considered as a congenic strain. 

Electrogenic absorption of alanine, glycyl-glutamine and glucose in jejunum were not 

different between the CF congenic strains and their WT controls. On the contrary, 

electrogenic nutrient absorption varied significantly among the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu, C.129P2(CF/3)-CftrTgH(neoim)Hgu, CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu mouse strains, while no difference was observed 

among the DBA/2J, C57BL/6J, BALB/c and HsdOla:MF1 wild-type mice. Overall, the 

CftrTgH(neoim)Hgu mutation did not have any impact on electrogenic nutrient absorption and the 

difference among the CF strains was related to the distinct genetic backgrounds of CF mice. 

Cftr mediated chloride secretion in colon was significantly lower in all CF strains compared 

to their WT controls confirming the impact of CftrTgH(neoim)Hgu mutation on Cftr mediated 

chloride conductance. Although all CF strains carried the same CftrTgH(neoim)Hgu mutation, the 

Cftr mediated chloride secretion differed significantly among the CF mice, whereas no 

difference was observed among the WT strains. This refers to the contribution of Cftr 
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independent pre- or posttranscriptional modifiers to the Cftr mediated chloride secretion in the 

colon of the CF mouse strains.  

An alternative calcium dependent chloride secretory pathway was detected 

electrophysiologically in the colon of the C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain. An 

association study with polymorphic intragenetic microsatellite markers did not find any 

relationship between the presence of the alternative calcium dependent chloride secretion and 

the murine Clca gene family. 

 

 



Zusammenfassung 

Balázs Tóth 

 

Vergleichende Untersuchung des elektrophysiologischen Phänotyps und des Genotyps im 

CftrTgH(neoim)Hgu Mausmodell 

 

Cystische Fibrose (CF) ist eine autosomal-rezessive Erbkrankheit beim Menschen, verursacht 

durch eine Funktionseinschränkung am CFTR Chloridkanal (CFTR: Cystic Fibrosis 

Transmembrane Conductance Regulator). Die CftrTgH(neoim)Hgu Mutation wurde im Zentralen 

Tierlabor der Medizinischen Hochschule Hannover auf DBA/2J, C57BL/6J und BALB/c 

Wildtyp (WT) Inzuchtmausstämme übertragen um congene Linien zu erhalten. Ziel der 

Untersuchungen war es, die Auswirkungen der CftrTgH(neoim)Hgu Mutation sowie der 

unterschiedlichen genetischen Hintergründe auf die Chloridsekretion im Dickdarm und die 

Transportfunktion im Dünndarm mittels Ussing-Kammer-Studien zu untersuchen. 

Die Genotypisierung am Cftr und Clca Genloci wurde mit polymorphen Mikrosatelliten-

Markern durchgeführt. Die Genotypisierung des genetischen Hintergrundes wurde durch 

Untersuchung von SNPs (single nucleotide polymorphism) ausgeführt. Dabei zeigten sich im 

Genom des C.129P2(CF/3)-CftrTgH(neoim)Hgu Stammes zahlreiche nicht von BALB/c Mäuse 

stammende Allele, so dass dieser Stamm nicht als congen bezeichnet werden konnte. 

Die elektrogene Resorption von Alanin, Glycyl-Glutamine und Glucose im Jejunum der CF 

congenen Stämme unterschied sich nicht von ihren WT Kontrollen. Im Gegensatz dazu, war 

die elektrogene Nährstoffresorption zwischen den D2.129P2(CF/3)-CftrTgH(neoim)Hgu, 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu, C.129P2(CF/3)-CftrTgH(neoim)Hgu, CF/1-CftrTgH(neoim)Hgu und 

CF/3-CftrTgH(neoim)Hgu Mausstämmen signifikant unterschiedlich, wohingegen keine Differenz 

zwischen den DBA/2J, C57BL/6J, BALB/c und HsdOla:MF1 Wildtyp Stämmen beobachtet 

werden konnte. Damit hatte die CftrTgH(neoim)Hgu Mutation keine Auswirkung auf die 

elektrogene Nährstoffabsorption. Der Unterschied innerhalb der CF Gruppe kann auf die 

verschiedenen genetischen Hintergründe der CF Mäuse zurückgeführt werden. 

Die Cftr abhängige Chloridsekretion im Colon war in allen CF Stämmen signifikant niedriger 

als in den entsprechenden WT Kontrollen, was die Auswirkung der CftrTgH(neoim)Hgu Mutation 

auf die Cftr abhängige Chloridsekretion bestätigte. Obwohl alle CF Stämme dieselbe 

CftrTgH(neoim)Hgu Mutation trugen, zeigte die Cftr abhängige Chloridsekretion im Colon einen 
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signifikanten Unterschied zwischen den CF Mäusen, während keine Differenz zwischen den 

WT Stämmen beobachtet werden konnte. Das deutet darauf hin, dass die Cftr abhängige 

Chloridsekretion durch Cftr unabhängige pre- oder posttranskriptionelle Modifikatoren 

beeinflusst wird. 

Eine alternative Calcium-abhängige Chloridsekretion wurde im Colon des C.129P2(CF/3)-

CftrTgH(neoim)Hgu Mausstammes elektrophysiologisch erfasst. Eine Assoziationsstudie mit Hilfe 

von polymorphen Mikrosatelliten-Markern fand keinen Zusammenhang zwischen der 

alternativen Chloridsekretion und der Maus Clca Genfamilie. 
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1. Introduction 

 

1.1 Cystic fibrosis 

 

Cystic fibrosis (CF) is a common and fatal human autosomal recessive disease, which is 

caused by dysfunction of a chloride channel, termed the CF transmembrane conductance 

regulator (CFTR). There are approximately 60,000 affected individuals worldwide with a 

current average life expectancy of 37 years (DAVIS, 2006). The highest carrier frequency is 

approximately 1:20 and was found in the Caucasian population. More than 1500 mutations 

have been identified in the CFTR gene, however, over 50% of all CF patients carry the same 

homozygous ΔF508/ΔF508 genotype (KEREM et al., 1989). The different mutations are 

classified into five categories (GIBSON et al., 2003). 

Hallmark of the disease is the dysfunction of the CFTR channel leading to reduced chloride 

secretion as well as alterations in water and electrolyte transport. The major consequence is a 

thick, sticky mucus that disrupts the function of several organs leading to salty sweat, 

pancreatic insufficiency, intestinal obstruction, male infertility and pulmonary disease. The 

intestinal obstruction is characterized by meconium ileus in 10-20% of CF newborns and 

distal intestinal obstructive syndrome in 20% of the patients in later life. A chronic, severe 

airway inflammation leads to respiratory failure and premature death in patients with CF 

(O'SULLIVAN and MICHELSON, 2006). 

 

1.2 The human CFTR gene and protein 

 

The CFTR gene is located on chromosome 7. It is a 189 kb gene containing 27 exons. It 

belongs to the family of ATP-binding cassette transporter genes (ABC transporter genes) and 

encodes a protein of 1480 amino acids.  

The CFTR protein possesses two transmembrane domains (TM1-2), two nucleotide binding 

domains (NBD1-2) and a regulatory domain (R-domain). Both NBDs are positioned in close 

proximity to each other and are in contact with the R-domain. The R-domain contains 

multiple sites for phosphorylation with protein kinase A (PKA), protein kinase C (PKC), 

cGMP dependent protein kinase (PKG) and calcium/calmodulin-dependent protein kinase I 
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(CaM kinase I). The degree of R-domain phosphorylation determines the affinity of both 

NBDs for ATP. Hydrolysis of ATP at NBD1 opens the CFTR channel, whereas ATP 

hydrolysis at NBD2 closes it. The channel pore is formed by the TMs. Its narrowest part has a 

diameter of approximately 5.3-6 Å. The single channel conductance of CFTR is between 6-10 

pS. Its anion permeability sequence is Br- > Cl- > I- (NILIUS and DROOGMANS, 2003). 

CFTR is regulated by interactions with various other proteins facilitated by the presence of 

diverse protein binding domains at certain positions. Its channel activity is influenced among 

others by AMP-activated protein kinase (AMPK) (WALKER et al., 2003) and protein 

phosphatase 2A (PP2A) (THELIN et al., 2005). Its intracellular trafficking as well as CFTR 

vesicle transport at the apical cell membrane is under the control of different Na+/H+ 

exchanger regulatory factor isoforms (NHERFs) (MOYER et al., 2000), Rab GTPases 

(GUGGINO and STANTON, 2006) and Syntaxin 1A (SYN 1A) (NAREN et al., 1998). 

CFTR is expressed in several functionally diverse tissues. In epithelial cells it mediates 

chloride secretion as a cAMP activated chloride channel. However, it also regulates several 

transport proteins including the epithelial sodium channel (ENaC) (JI et al., 2000), aquaporins 

(CHEUNG et al., 2003) and sodium bicarbonate transporters (SHUMAKER et al., 1999). In 

addition, CFTR was shown to affect some sorts of certain alternative chloride conductance 

such as outwardly rectifying chloride channels (ORCC) (SCHWIEBERT et al., 1995) and the 

calcium-activated chloride channels (CaCC) (WEI et al., 2001). 

 

1.3 The mouse Cftr gene and protein 

 

The mouse Cftr gene is located on chromosome 6. It is a 152 kb gene and has also 27 exons 

being highly similar to the human orthologue. 

The murine Cftr protein is very similar to the human CFTR protein exhibiting 78% overall 

sequence identity at the amino acid level (ELLSWORTH et al., 2000). Although human and 

murine CFTR have many common features, certain functional differences in single channel 

activity have also been reported (LANSDELL et al., 1998). Murine Cftr exhibited a reduced 

single-channel conductance and decreased open probability compared with those of human 

CFTR in Chinese hamster ovary cells (CHO). 
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1.4 Mouse models of cystic fibrosis 

 

Numerous mouse models of CF have been reported so far. They can be divided into two 

groups. The first one includes murine models that have a disrupted Cftr gene generated by 

replacement and insertion as gene targeting strategies (Cftrtm1Unc, CftrTgH(neoim)Hgu, Cftrtm1Cam, 

Cftrtm1Hsc, Cftrtm1Bay and Cftrtm3Bay). The second one contains mouse models that aim to model 

clinical mutations such as ΔF508, G551D and G480C (Cftrtm2Cam, Cftrtm1Kth, Cftrtm1Eur, 

Cftrtm1G551D and Cftrtm2Hgu) (DAVIDSON and DORIN, 2001). 

Surprisingly, all CF mouse models exhibit very mild lung phenotype. Upregulation of 

calcium-activated chloride channel activity was suggested to compensate the dysfunction of 

the Cftr channel in the murine airways (GRUBB et al., 1994). In general, CF mice carrying a 

disrupted Cftr gene exhibit a severe intestinal phenotype and low survival rate due to the lack 

or minimal amount of detected wild-type (WT) Cftr mRNA. Animals modelling clinical 

mutations show higher survival rates due to higher amounts of mutant Cftr mRNA 

(DAVIDSON et al. 2001). 

Congenic mouse models of CF are valuable tools in genetic research of the disease. CF 

congenic mouse strains differ from WT strains only at one gene, in this case the murine Cftr 

gene, but otherwise show identical genetic background. This allows various analyses of 

genotype – phenotype association. Different alleles of Cftr have been generated on the same 

genetic background. This allows direct comparison of Cftr mutations concerning phenotype 

variations without the influence of other genetic modifiers due to the identical genetic 

background. Furthermore, the same Cftr mutation has been established on different inbred 

mouse strains. This led to the possibility of investigating the influence of different genetic 

backgrounds on the phenotype of CF allowing the search for independently segregating 

genetic modifiers of the disease (DAVIDSON et al. 2001). Accordingly, detection of modifier 

loci influencing lung phenotype of CF mice were reported using quantitative trait loci 

mapping strategy based on difference in phenotype of mice carrying the same Cftrtm1Unc 

mutation on a C57BL/6J and BALB/c genetic backgrounds (HASTON et al., 2002b). 
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1.5 The CftrTgH(neoim)Hgu mouse model of cystic fibrosis 

 

The CftrTgH(neoim)Hgu mouse model was established in the MRC Human Genetics Unit in 

Edinburgh by targeted insertional mutagenesis disrupting exon 10 of the murine Cftr gene 

(DORIN et al., 1992). This mouse model exhibits a surprisingly high rate of survival among 

mice that carry a disrupted Cftr gene. Further investigations clarified that exon skipping and 

aberrant splicing led to the expression of WT Cftr mRNA in significant amounts within the 

CftrTgH(neoim)Hgu mouse model (DORIN et al., 1994). 

The CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu mouse strains were generated in the 

Central Animal Facility of the Hannover Medical School using four mice (two homozygous 

females and two homozygous males) that carried the CftrTgH(neoim)Hgu mutation. The four mice 

were members of the F4 generation so they had a segregating genetic background originating 

from the 129/Sv (origin of the embryonal stem cells), the C57BL/6J (origin of the blastocysts, 

in which the stem cells were injected) and the HsdOla:MF1 (mice were crossed a few times 

with this strain to improve the breeding performance at the beginning) mouse strains. 

The CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu inbred mouse strains were generated by 

brother sister mating always selecting for the CftrTgH(neoim)Hgu gene for more than 20 

generations. Selection was possible either by direct probing of the insertion within the Cftr 

gene via Southern restriction fragment length polymorphism or by genotyping the mice at the 

Cftr locus by intragenic microsatellite markers (CHARIZOPOULOU et al., 2004). 

HsdOla:MF1 mice were used as the control strain of the CF/1-CftrTgH(neoim)Hgu and CF/3-

CftrTgH(neoim)Hgu mouse strains due to the fact that the majority of their mixed genetic 

background originates from this outbred strain (Dorin, J.R., personal communication). 

Congenic mouse strains were generated on DBA/2J, C57BL/6J and BALB/c wild type 

background using the CF/3-CftrTgH(neoim)Hgu as a donor strain. Mice that carried the 

CftrTgH(neoim)Hgu gene were selected from each litter at least for 8 generations to establish the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-

CftrTgH(neoim)Hgu congenic mouse strains. Breeding of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

mouse strain was managed by crossing heterozygous males to homozygous females. 

Characterisation of electrogenic chloride secretion was carried out by Bleich et al. (2007) in 

proximal colon of all the above mentioned WT and CF strains. Every strain showed secretory 
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activity in the presence of forskolin and carbachol that could be diminished by the CFTR 

channel blocker NPPB (5-Nitro-2-(3-phenylpropylamino)-benzoate). However, all CF mice 

could be differentiated from WT controls due to certain differences in the electrophysiological 

response. In addition an alternative calcium dependent chloride secretory pathway was found 

in the proximal colon of the C.129P2(CF/3)-CftrTgH(neoim)Hgu congenic mouse strain.  

 

1.6 Chloride secretion in colon 

 

The concept of chloride secretion in colon is well established. Chloride enters the epithelial 

cell via the Na+ - K+ - 2Cl- (NKCC1) cotransporter on the basolateral side. K+ ions recycle via 

K+ channels present in the basolateral membrane. Na+ ions are transported out of the cell 

across the basolateral membrane via the Na+/K+ - ATPase. The CFTR channel is the major 

pathway for Cl- to leave the cell across the apical membrane. CFTR shows a gradient of 

expression along the crypt/villus axis with highest expression in crypt cells and lowest in the 

surface epithelium. Elevation of both intracellular cAMP and calcium stimulates chloride 

secretion. 

The primary target of intracellular cAMP is PKA. CFTR channels are activated by PKA-

dependent phosphorylation and binding of ATP. Furthermore exocytosis of CFTR from an 

intracellular pool contributes to the secretory response. On the other hand, cAMP 

simultaneously activates K+ channels in the basolateral as well as in the apical membrane. 

Stimulation of luminal K+ secretion is masked in the non CF colon by the large CFTR 

mediated Cl- secretion, however can be observed in CF patients. 

Involvement of outwardly rectifying Cl- channels (ORCC) in the chloride secretory response 

of cAMP stimulation is under debate. ORCC was reported to be activated by PKA, has a 

single channel conductance of approximately 50 pS and shows a characteristic outwardly 

rectifying current voltage relationship. Contribution of ORCC to the chloride secretory 

response was reported in cultured human airway epithelial cells (SCHWIEBERT et al., 1994) 

and was described in HT29 colon carcinoma cell line as well (TILMANN et al., 1991), 

however, the latter could not be confirmed in a following study (FISCHER et al., 1992). 

Stimulation of cholinergic M3 receptors leads to elevated intracellular Ca2+ concentrations. 

Moreover, the contribution of M1 receptors to cholinergically induced ion secretion was 
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reported in a recent study investigating murine distal colon (HABERBERGER et al., 2006). 

Ca2+ activates basolateral and luminal K+ channels that support apical Cl- exit. Stimulation of 

the CFTR channel via the diacyl-glycerol – PKC pathway is controversial. Although in vitro 

activation of CFTR through PKC has been reported several times, a significant impact of 

PKC on Cl- transport in the human or mouse colonic epithelium could not be demonstrated 

(KUNZELMANN and MALL, 2002).  

The transcellular electrolyte secretion is followed by the paracellular transport of Na+ and 

water. 

 

1.7 Calcium-activated chloride channels 

 

Calcium-activated chloride channels (CaCCs) can be found in almost all cell types of an 

organism. Their physiological role includes among others phototransduction, neuronal 

excitability, smooth muscle contraction and fluid secretion in airway and intestinal epithelium 

as well as in exocrine glands (HARTZELL et al., 2005). 

They are activated by elevation in intracellular calcium concentration. Calcium will be 

released from the extracellular space or from intracellular stores. Calcium can bind directly to 

the channel protein or act indirectly via calcium binding proteins and calcium dependent 

enzymes, respectively. Although the electrophysiological properties of CaCC show certain 

differences depending on the cell type, in general they exhibit similar characteristics. The 

macroscopic currents are typically outwardly rectified and show time dependent activation 

upon depolarisation. Both features gradually decrease with increasing intracellular calcium 

concentration leading to almost time independent activation and a linear voltage current 

relationship. They exhibit an anion permeability sequence of I- > Br- > Cl- and can be 

blocked by DIDS or niflumic acid (JENTSCH et al., 2002). 

There are at least five types of CaCCs regarding single channel conductance. Small 

conductance (1-3 pS) CaCCs were reported from Xenopus oocytes, smooth muscle cells and 

cardiac myocytes. The second class of CaCCs (8 pS) was found in endothelial cells and 

hepatocytes. The third category (15 pS) was described in human colonic adenocarcinoma 

cells (HT-29) and a biliary cell line. The intermediate conductance CaCCs (40-50 pS) were 
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observed in airway epithelial cells and vascular smooth cells. High conductance CaCCs (310 

pS) were reported in Xenopus spiral neurons (HARTZELL et al. 2005). 

The role of CaCCs in intestinal chloride secretion is under debate. Several studies investigated 

the secretory response to carbachol in human colon. One study reported that carbachol could 

not induce chloride secretion in Ussing chamber experiments investigating human colon of 

healthy individuals unless cAMP was also present (MALL et al., 1998). Alike cholinergic 

stimulation failed to activate chloride secretion in rectal tissues from CF patients as well 

(HARDCASTLE et al., 1991). In contrast, CaCC has been described in rectal biopsies of 

some ΔF508 homozygous CF patients, although it could not be found in all of them. In 

addition, the presence of CaCC did not contribute to a milder intestinal phenotype because the 

DIDS sensitive chloride secretion was observed mainly in severely affected patients 

(BRONSVELD et al., 2001). This data was supported by a study of the biliary tract in which 

an inverse relationship was observed between Ca2+-dependent Cl- efflux and cAMP-

dependent Cl- transport in homozygous ΔF508 patients (DRAY-CHARIER et al., 1999). 

CaCC was reported to be present in various colonic cell lines. An apical chloride conductance 

other than CFTR was described in the T84 colonic epithelial cell line. It was activated by an 

increase of intracellular calcium concentration and it could be blocked completely by DIDS. 

The sequence of the anion conductance through the apical membrane was I- > Cl- (MERLIN 

et al., 1998). Likewise, calcium dependent chloride currents were reported from both 

polarized and unpolarized forms of a colon carcinoma cell line (HT-29), whereas no response 

to cAMP stimulation was found (MORRIS et al., 1992). 

Analysing the impact of CaCC on the phenotype of different CF mouse models is in the focus 

of CF research. CaCC was suggested to be related to a milder phenotype in the Cftrtm1Unc 

mouse model. However CaCC was described in the airways and the pancreas but could not be 

detected in the intestine in this model (CLARKE et al., 1994). On the other hand, CaCC was 

shown to have functional relevance in the Cftr1Hsc mouse model. A milder phenotype in a 

certain group of this CF murine model was associated with the presence of a calcium 

dependent chloride current in the small intestine. The chloride current was activated by the 

calcium ionophore A23187 whereas the increase of intracellular cAMP concentration had no 

impact on the electrophysiology. Genetic linkage analysis suggested that a possible modifier 

gene is located at the proximal region of chromosome 7 (ROZMAHEL et al., 1996). A 
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homologue locus was detected within human chromosome 19 that showed an association with 

the susceptibility to meconium ileus in human CF patients (ZIELENSKI et al., 1999).  

The molecular origin of CaCC is still unknown. The CLCA gene family, the bestrophin family 

and the tweety family are discussed nowadays as putative molecular candidates of CaCC. 

 

1.7.1 The CLCA gene family 

 

The CLCA gene family (chloride channel, calcium activated) is a phylogenetically diverse 

gene family containing increasing number of proteins from humans and several animal 

species. The first member of the CLCA gene family was discovered in bovine trachea 

(CUNNINGHAM et al., 1995). 

Heterologous expression of CLCA proteins in HEK 293 human embryonic kidney cells or in 

Xenopus laevis oocytes is associated with the appearance of calcium mediated chloride 

conductance. The current is outwardly rectifying, shows an anionic permeability sequence of 

I- > Br- > Cl- and a single channel conductance of 25-30 pS. It is blocked by DIDS and/or 

niflumic acid (FULLER and BENOS, 2000). The number of transmembrane domains (TM) in 

CLCA proteins were predicted by bioinformatic methods and varied from 5 TMs in hCLCA2 

(GREENWOOD et al., 2002) to proteins that are free of membrane spanning domains (e.g. 

hCLCA1) (GIBSON et al., 2005). 

CLCAs were considered to be modifiers of CF based on the above mentioned 

electrophysiological features. This suggestion was further supported by the fact that the CLCA 

gene region was identified to encode mediators of DIDS sensitive anion conductance in the 

human gastrointestinal tract of CF patients (RITZKA et al., 2004b). 

However the features of the CLCA current varies depending on the cell type in which they are 

expressed and is activated by high, non-physiological calcium concentrations (QU et al., 

2003). In addition it was also shown that at least some members of the CLCA family lack 

inherent chloride channel activity. Expression of pCLCA1 in Caco-2 epithelial colon 

carcinoma cell line did not correlate continuously with the appearance of a calcium dependent 

chloride conductance (LOEWEN et al., 2004). hCLCA1 and Clca3 were shown to be secreted 

in HEK293 cells, thus are not integral membrane proteins and so can not be chloride channels 

on their own right (GIBSON et al. 2005). 
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The mouse Clca gene family has six members. The encoding genes can be found at one 

cluster with a size of 1.5 Mb on chromosome 3. Clca3 is an orthologue of hCLCA1 whereas 

Clca1, Clca2 and Clca4 show homology with hCLCA3 to similar extents (RITZKA et al., 

2003). Furthermore Clca5 is an orthologue of hCLCA2 and Clca6 is an orthologue of 

hCLCA4 (EVANS et al., 2004). Clca proteins have a restricted expression profile in murine 

tissues and also show the above mentioned electrophysiological features in heterologous 

expression systems (LOEWEN and FORSYTH, 2005). 

 

1.7.2 The bestrophin gene family 

 

Other molecular candidates for the CaCCs are members of the bestrophin family. The first 

member was identified as the protein product of the gene responsible for autosomal dominant 

vitelliform macular dystrophy (VMD) or also known as Best disease (MARQUARDT et al., 

1998). There are four bestrophin homologues in humans that encode a small conductance 

calcium activated chloride channel (FISCHMEISTER and HARTZELL, 2005). The four 

homologues are predicted to have several transmembrane domains and all of them function as 

chloride channels when expressed in HEK-293 cells (TSUNENARI et al., 2003). The I-V 

relationships and the rectification of the currents differ among the four bestrophins, 

nevertheless all of them are activated by physiological concentration of cytosolic calcium and 

show sensitivity to DIDS. Furthermore two mutated bestrophin proteins from Xenopus laevis 

oocytes produce non functional channels in HEK 293 cells and exert a dominant negative 

effect on wild-type bestrophin channels (QU et al. 2003). 

Four bestrophin homologues also exist in mice. They contain several transmembrane 

spanning domains and a characteristic invariant arginine, phenylalanine, proline tripeptide 

motif. The coding genes can be found widespread in the murine genome. Vmd2 (Best1) is 

located on chromosome 19, Vmd2l1 (Best2) on chromosome 8, Vmd2l2p (Best4) on 

chromosome 4 and Vmd2l3 (Best3) on chromosome 10 (KRÄMER et al., 2004). 

Only Best2 has been reported to induce chloride currents in heterologous expression systems. 

The block by DIDS was voltage independent and anionic permeability sequence was I- > Br- 

> Cl-, thus properties of these currents were different from the classical calcium activated 

chloride currents unless a subunit was missing that could alter the properties of Best2 (QU et 
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al., 2004). In addition, an inhibitory motif has been identified in the C terminus of Best4 that 

prevented its activation as a chloride channel (QU et al., 2006). Best1 was considered to be a 

regulator of calcium channels rather than a chloride channel itself due to the fact that CaCC 

was not different in retinal pigment epithelial cells of WT and Best1 knockout mouse 

(MARMORSTEIN et al., 2006). However, the possibility could not be excluded that another 

chloride channel or other members of the bestrophin gene family may have compensated the 

lack of Best1. 

 

1.7.3 The tweety gene family 

 

The third candidates for some of the CaCCs are members of the tweety family. hTTYH1-3 are 

human homologues of tweety, a gene located in Drosophila flightless. hTTYH1 was shown to 

be a swelling activated chloride channel, whereas hTTHY2-3 were reported to be ionomycin 

dependent maxi chloride channels (SUZUKI and MIZUNO, 2004). hTTYH3 possesses five 

or six transmembrane segments and it is expressed widespread in excitable tissues. 

Expression of hTTYH3 in chinese hamster ovary cells was associated with the appearance of 

a chloride current activated by the increase of the intracellular calcium concentration. The 

current had a linear current voltage relationship, a large single channel conductance (260 pS) 

and an anion permeability sequence of I- > Br- > Cl- (SUZUKI, 2006). 

 

1.8 Investigation of nutrient absorption in cystic fibrosis 

 

A well known characteristic of CF patients is reduced body weight. A known factor that 

contribute to malnutrition in CF is pancreatic insufficiency. The consequence of CFTR 

dysfunction in pancreas is viscous secretion causing luminal obstruction of ducts, which leads 

to acinar cell destruction, fibrosis, and in the end exocrine pancreatic insufficiency. 

Inappropriate activation of pancreatic zymogens (e.g. trypsinogen) may play an important role 

in initiating the disease process. Exocrine pancreatic insufficiency results in deficiency of 

pancreatic enzymes and reduced pancreatic bicarbonate concentration leading to diminished 

capacity to buffer influxes of gastric acid in duodenum. Lower efficacy of pancreatic enzymes 
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and precipitation of bile salts are the consequences of reduced pH values in the CF small 

intestine (BAKER et al., 2005).  

On the other hand, increased resting energy expenditure can be often observed in CF patients. 

It is assumed to be associated with acute and chronic inflammations as well as higher 

workload of respiratory muscles due to the impaired lung function (SINAASAPPEL et al., 

2002). 

Thus, investigation of nutrient absorption was in the focus of cystic fibrosis research in order 

to improve weight gaining of CF patients. 

 

1.9 Investigation of electrogenic nutrient absorption in cystic fibrosis 

 

Investigation of electrogenic alanine and glucose absorption was especially of interest in CF 

research. Both nutrients are co-transported with Na+, thus alterations in Na+ transport could 

have an impact on their electrogenic absorption. It was speculated that a decrease in Cl- 

conductance could lead to cellular hyperpolarization that might increase the electrochemical 

driving force for Na+ entry at the luminal membrane (BEESLEY et al., 1997). 

Na+ absorption was reported to be elevated in the nasal epithelia of both CF patients 

(KNOWLES et al., 1981) and CF mice (GRUBB et al. 1994; SMITH et al., 1995) measured 

by the impact of amiloride incubation on the potential difference in this tissue. Amiloride is a 

well known blocker of ENaC (BARBRY and HOFMANN, 1997). Thus, an inhibitory effect 

of CFTR on ENaC was suggested based on these results (KUNZELMANN et al., 1997). 

However, it seems to be different in intestinal tissues. No difference in amiloride sensitive 

short circuit current was reported between CF patients and healthy individuals in jejunum, 

colon (BERSCHNEIDER et al., 1988) and rectum (HARDCASTLE et al. 1991). In contrast, 

increased amiloride sensitive short circuit current was reported in the colon of CF patients in 

another study (MALL et al., 1999). The effect of amiloride was not different between CF and 

WT mice in jejunum of the CftrTgH(neoim)Hgu and Cftrtm1Unc mouse models (GRUBB, 1995; 

SMITH et al. 1995) or in the colon of mice carrying the Cftrtm1Cam mutation (CUTHBERT et 

al., 1994). 

Overall, electrogenic Na+ absorption is elevated in nasal epithelia of CF patients and CF mice. 

However, several studies investigating the effect of amiloride on short circuit current in the 
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intestine of CF affected individuals and CF mouse models failed to confirm this finding. In 

spite of these observations, some studies have reported increased electrogenic transport of 

alanine and glucose in CF patients. 

 

1.9.1 Electrogenic absorption of alanine in cystic fibrosis 

 

The electrogenic transport of alanine was investigated several times in CF patients and CF 

mice, respectively. 

Alterations in short circuit current after alanine incubation was reported to be enhanced in 

jejunal tissues from CF patient compared to healthy individuals (BAXTER et al., 1990). The 

absorption of glycine was investigated in human jejunum by steady-state perfusion 

experiments using isotonic test solutions. Glycine is a small neutral amino acid, thus its 

absorption is facilitated by the same transporters like alanine. Its transport showed a tendency 

to be higher in CF patients than in healthy individuals, however the results were not 

significantly different (FRASE et al., 1985). 

Electrogenic absorption of alanine was reduced in the ileum and colon of neonatal mice 

carrying the Cftrtm1Unc mutation compared to WT controls, however, the difference was 

significant only in the case of colon (GRUBB, 1999). 

 

1.9.2 Alanine transporters in the small intestine 

 

Alanine is a non essential neutral amino acid and is frequently used in studies investigating 

nutrient transport. 

Many diverse amino acid transport systems are known at the functional level, however, their 

molecular origin was unknown for a long time. System B0, system ASC and a proton 

dependent amino acid transport system were shown to play a role in neutral amino acid 

transport in the small intestine. The molecular origin of these transport systems has now been 

described. 

The B0 transport system mediates a Na+-driven uptake of a broad range of neutral amino acids 

into epithelial cells of small intestine and kidney proximal tubule. A corresponding 

transporter was identified in mouse within the Slc6 family and named mB0AT1 (Slc6a19) 
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(BRÖER et al., 2004). Expression of mB0AT1 in Xenopus laevis oocytes was paralleled by 

the appearance of Na+-dependent neutral amino acid transport. The transport was 

electrogenic, the Na+ to amino acid coupling ratio was 1:1. It did not depend on the presence 

of chloride. mB0AT1 mRNA was found in small intestine and kidney. The transcripts were 

shown in villus enterocytes exclusively, with highest expression levels in apical cells. 

mB0AT1 mRNA was not detected in crypt cells or in any other cell types of the small 

intestine (BÖHMER et al., 2005). mB0AT1 is located on mouse chromosome 13 in a region 

homologous to human chromosome 5p15, the locus of Hartnup disorder. Hartnup disorder is 

an autosomal recessive disorder resulting from impaired amino acid transport largely limited 

to the kidneys and small intestine. Its hallmark is a neutral hyperaminoaciduria besides 

symptoms like photosensitive skin rash and ataxia (BRÖER et al. 2004). 

System ASC (for alanine, serine, cysteine preferring) transports neutral amino acids without 

bulky or branched side chains. The alanine/serine/cysteine transporter (ASCT) family was 

reported to encode it. The ASCT family is structurally related to the glutamate transporter 

family but has established a Na+ dependent neutral amino acid transporter subfamily within it. 

It has two members: ASCT1 and ASCT2. ASCT2 (=ATB0) (Slc1a5) was shown to play a role 

in the intestine. Slc1a5 is located on mouse chromosome 7. In contrast to ASCT1 that is an 

electrogenic transporter, ASCT2 mediated amino acid transport was electroneutral when 

expressed in Xenopus laevis oocytes. The most probable stoichiometry was suggested to be 

one neutral amino acid cotransported with one Na+ and countertransported with one K+ 

(UTSUNOMIYA-TATE et al., 1996). Subsequently, ASCT2 was described as an amino acid 

transporter that does not use the electrochemical gradient of Na+ but acts as a Na+ exchanger 

(BRÖER et al., 2000). It was speculated that the uptake of small neutral amino acids could be 

coupled to the efflux of glutamine via ASCT2 in the brain and in the small intestine, 

respectively. Glutamine is synthesized within the cell and  its high intracellular concentration 

makes it a prevalent substrate for amino acid exchange by ASCT2 (BRÖER, 2002). ATB0 

protein was confined to the brush border membrane (BBM) of the enterocytes in the rabbit 

intestine (AVISSAR et al., 2001). 

The third transport system that plays a role in the absorption of neutral amino acids in the 

small intestine is a proton dependent transport system. Corresponding transporters were 

reported to be members of the proton amino acid transporter family (PAT1-4, SLC36A1-4). 
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There are 3 mouse homologues located in one cluster on chromosome 11. mPAT1 (Slc36a1) 

and mPAT2 (Slc36a2) are well characterized whereas the function of mPAT3 (Slc36a3) is 

unknown. Both mPAT1 and mPAT2 induced a pH dependent electrogenic transport of small 

amino acids (glycine, alanine, proline) in Xenopus laevis oocytes. The coupling stoichiometry 

for amino acid/H+ symport was 1:1 (BOLL et al., 2002). Nevertheless, PAT1 can also 

function as an electroneutral H+-anion cotransporter for short chain fatty acids (FOLTZ et al., 

2004). mRNA of mPAT1 was found in higher amounts in the murine small intestine, kidney, 

brain and colon. Expression pattern and functional properties of hPAT1 were reported to be 

similar to the mouse homologue (CHEN et al., 2003). 

 

1.9.3 Absorption of alanine in the small intestine 

 

The three above mentioned transporters (B0AT1, ASCT2 and PAT1) are involved in the 

transport of small neutral amino acids (e.g. alanine) in the small intestine. 

B0AT1 is the major pathway of neutral amino acid absorption using the transport of Na+ down 

its electrochemical gradient. In addition, ASCT2 may be involved in amino acid transport, 

being also dependent on the presence of Na+. Low intracellular Na+ concentration is 

maintained by the Na+-K+-ATPase, thus it can modify the action of both transporters. PAT1 

might be involved in alanine absorption as well, since the pH in the vicinity of the cell 

membrane is slightly acidic (pH 6.1-6.8) due to the surface microclimate. The action of PAT1 

can be affected by an apical Na+/H+ exchanger and a basolateral Na+/K+-ATPase like in the 

case of PEPT1, a dipeptide transporter (described in chapter 1.9.5) (FOLTZ et al., 2005). The 

action of B0AT1 and PAT1 are electrogenic whereas the action of ASCT2 is electroneutral. 

Some of the absorbed small neutral amino acids will be used by the absorbing cell, however 

most of them will be transported into the blood across the basolateral membrane via system L. 

The corresponding transporter of system L in the intestine is LAT2 that is an amino acid 

exchanger associated covalently with the glycoprotein 4F2hc/CD98 in the basolateral 

membrane (VERREY, 2003). 
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1.9.4 Absorption of glycyl-glutamine in cystic fibrosis 

 

Alterations of dipeptide transport was not so frequently investigated in CF. Malabsorption of 

protein was reported in a year-long nutritional management study that had been carried out 

with school-age cystic fibrosis children receiving pancreatic enzymes. More than 20% of the 

protein intake was lost as measured by elevated fecal nitrogen excretion. Moreover, nitrogen 

excretion increased further with higher protein intake levels (HOFFMAN et al., 1987). In 

contrast, absorption of the dipeptide glycyl-l-phenylalanine was reported not to be different in 

jejunum of children with cystic fibrosis using a steady-state perfusion technique (MILLA et 

al., 1983). 

 

1.9.5 Absorption of glycyl-glutamine in the small intestine 

 

Oligopeptides are transported exclusively by PEPT1 in the small intestine. The transporter 

was shown to be present in the brush-border membrane of absorptive enterocytes along the 

entire small intestine in BALB/c mice. Moreover, the functional activity of PEPT1 was 

analysed by an ex vivo assay using a fluorophore-conjugated dipeptide derivate. The derivate 

was accumulated by the enterocytes with decreasing intensity from the top to the base of the 

villi throughout all segments of the small intestine (GRONEBERG et al., 2001). Similar 

expression pattern of PEPT1 mRNA was reported in rabbit small intestine (FREEMAN et al., 

1995). 

PEPT1 belongs to the family of peptide transporters and has an extreme wide range of 

substrates. It is able to transport 400 dipeptides, 8000 tripeptides and a wide range of drugs 

that have dipeptide- and tripeptide like structures (e.g. β-lactam antibiotics and angiotensin-

converting enzyme inhibitors), respectively. PEPT1 is a H+-peptide cotransporter. The driving 

force for uphill peptide transport via PEPT1 is provided by the inwardly directed proton 

electrochemical gradient with a proton coupling ratio of 1:1. The Na+/H+ exchanger isoform 3 

(NHE3) located in the apical membrane maintains an intracellular alkaline pH. A Na+-K+- 

ATPase present in the basolateral membrane maintains a Na+ gradient and together with K+ 

channels an inside negative membrane potential. Most of the absorbed oligopeptides will be 

converted to amino acids that are either used by the absorbing cell or are released into the 
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blood via amino acid transporters that can be found in the basolateral membrane. 

Oligopeptides that escape the cytoplasmic hydrolysis are also transported into the blood 

across the basolateral membrane (ADIBI, 2003). 

 

1.9.6 Electrogenic glucose absorption in cystic fibrosis 

 

Investigations of electrogenic glucose absorption showed various results in CF patients and 

CF mouse models, respectively. 

Enhanced glucose absorption in jejunum of CF patients was reported using steady-state 

perfusion experiments with isotonic test solutions. Increased glucose absorption was observed 

particularly at low glucose concentrations and was explained by a decrease in diffusion 

barriers due to putative abnormal mucus overlaying the intestinal mucosa (FRASE et al. 

1985). In addition, the electrogenic glucose absorption was reported to be enhanced in CF 

patients as well. The glucose induced increase in short circuit current was greater in CF 

intestines than in healthy controls over the whole range of concentrations tested (2.5-35 

mmol/l) (BAXTER et al. 1990). Alike, increased electrogenic absorption of glucose was 

reported in jejunum of CF patients in another study (HARDCASTLE et al., 2003). 

On the other hand, no difference was found between CF patients and healthy individuals 

investigating glucose uptake in brush border membrane vesicles (BBMV). It was concluded 

that the membrane activity of SGLT1 is not altered in CF unless intracellular components are 

present (HARDCASTLE and TAYLOR, 1996). Furthermore, no difference was reported 

between CF patients and healthy individuals investigating the glucose induced short circuit 

current in epithelia from jejunum (O'LOUGHLIN et al., 1991) or ileum (BERSCHNEIDER et 

al. 1988). In addition, a year-long nutritional management study was carried out with school-

age cystic fibrosis children receiving pancreatic enzymes. The amount of intact carbohydrate 

lost in stool was less than 1% of the carbohydrate intake and there was no correlation between 

increased carbohydrate intake and excretion. Overall, it was concluded that carbohydrates are 

absorbed well by CF patients receiving pancreatic enzymes (HOFFMAN et al. 1987). 

Interaction of SGLT1 and CFTR was investigated in the Caco-2 cell line which express both 

of them endogenously. SGLT1 was shown to be positively regulated by chloride, whereas 

optimal activity of CFTR was dependent on the presence of glucose. On the other hand, 
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inhibition of CFTR by DPC or glibenclamide did not influence the activity of SGLT1 and the 

block of SGLT1 by phlorizin did not modify the activity of CFTR. Overall, a direct 

interrelationship between SGLT1 and CFTR was not suggested, however a positive substrate 

cross regulation of the SGLT1 and CFTR could be demonstrated (MAILLEAU et al., 1998). 

Furthermore, one report described the inhibitory effect of an outwardly directed chloride 

current on the active glucose uptake in BBMV from rats and healthy human individuals. The 

current was suggested to be related to CFTR due to the fact that DIDS incubation did not 

influence it, however it showed sensitivity to DPC and NPPB. In addition, no change of active 

glucose uptake was seen when an outwardly directed chloride gradient was applied in BBMV 

of a CF patient. This was explained by the lack of CFTR in the apical membrane in the small 

intestine (BEESLEY et al. 1997). 

Glucose transport was investigated in numerous mouse models of CF so far. Reduced 

electrogenic glucose transport was found in the ileum of one day old neonatal pups from the 

Cftrtm1Unc mouse model compared to control mice of the same age (GRUBB et al. 1999). 

Alike, reduced electrogenic glucose absorption was observed in jejunum of the Cftrtm2Cam and 

Cftrtm1Eur mouse models, although this could not be confirmed by investigating Na+-dependent 

glucose uptake in BBMVs of WT and Cftrtm1Eur mice (HARDCASTLE et al. 2003). In 

contrast, electrogenic glucose absorption in jejunum of adult mice from the Cftrtm1Unc strain 

did not differ from WT animals in a wide range of glucose concentrations (5-25 mmol/l) 

(GRUBB, 1997). Similarly, no significant difference was seen in glucose related short circuit 

current responses between the CftrTgH(neoim)Hgu mouse strain and WT mice (SMITH et al. 

1995). 

Overall, it is still not clear whether murine models of CF are valuable tools for the 

investigation of electrogenic glucose absorption due to conflicting data in both CF patients 

and CF mice. 

 

1.9.7 Glucose absorption in the small intestine 

 

The concept of glucose absorption in the small intestine is well established. Glucose 

absorption is mediated via two transporters. The sodium glucose linked transporter 1 (SGLT1, 

SLC5A1) has high a affinity but low capacity for glucose and shows saturation response. 
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SGLT1 mRNA was shown to be located in cells of the lower two-thirds of intestinal villi in 

rat jejunum. In contrast, no mRNA was found in crypts or in cells which were located on the 

tip of a villus (LEE et al., 1994). In accordance, SGLT1 protein was shown in the apical 

plasma membrane of the absorptive epithelial cells along the crypt-villus axis in rat jejunum. 

Crypt cells and goblet cells were free of SGLT1 (TAKATA et al., 1992). The glucose 

transporter isoform 2 (GLUT2) exhibits a low affinity but high capacity for glucose and does 

not show saturation response (HELLIWELL and KELLET, 2002). GLUT2 was reported to be 

located in both apical and basolateral membrane of jejunal enterocytes in rat (CORPE et al., 

1996). 

The concentration of glucose in the intestinal lumen determines which transporter plays a 

major role in the absorption of glucose. If the glucose concentration is low, GLUT2 is hardly 

expressed in the apical membrane and absorption of glucose takes place via SGLT1. In 

addition, GLUT2 expressed in the basolateral membrane supplies the enterocytes with 

glucose from the blood. If the concentration of glucose in the lumen increases, initial transport 

occurs through SGLT1 causing stimulation of PKCβII. This activates apical GLUT2 being 

already present in the membrane and promotes exocytosis of GLUT2 containing vesicles that 

are located in close proximity to the membrane. In this case apical GLUT2 is the major 

pathway of absorption. As the concentration of glucose in the lumen falls, GLUT2 will be 

inactivated and is removed from the apical cell membrane. The absorbed glucose exits the 

enterocyte via GLUT2 located in the basolateral membrane (KELLETT and BROT-

LAROCHE, 2005). 

GLUT2 is a facilitated glucose transporter or often called as passive carrier. A passive carrier 

is an energy independent system that can only transport its substrate down a concentration 

gradient (MUECKLER, 1994). 

SGLT1 uses the Na+ gradient between the exterior and interior of the cells for the transport of 

glucose. The intracellular Na+ concentration remains low by efflux of Na+ due to the activity 

of the basolateral Na+/K+-ATPase. Thus, the driving force for glucose cotransport is provided 

by the transport of Na+ down its electrochemical gradient. The Na+ to glucose coupling ratio 

is 2:1 (MAILLEAU et al. 1998). 
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1.10 Aim of the study 

 

The aim of the present study was to analyse phenotype-genotype associations in the 

CftrTgH(neoim)Hgu mouse model. 

The D2.129P2(CF/3)-Cftr
TgH(neoim)Hgu

, B6.129P2(CF/3)-Cftr
TgH(neoim)Hgu

 and C.129P2(CF/3)-

Cftr
TgH(neoim)Hgu

 congenic mouse strains as well as the CF/1-CftrTgH(neoim)Hgu and CF/3-

CftrTgH(neoim)Hgu inbred mouse strains carry the same CftrTgH(neoim)Hgu mutation on different 

genetic backgrounds. Investigation of these CF mouse strains together with the examination 

of their WT controls allow a systematic dissection of the CftrTgH(neoim)Hgu mouse model. 

The phenotype was defined by electrophysiological experiments of small and large intestines 

using Ussing chambers. On the one hand, Cftr mediated chloride secretion as well as 

detection of calcium activated chloride channels were in the focus of the experiments related 

to colon. On the other hand, another aim was to clarify whether the reduced Cftr expression in 

jejunum affect electrogenic nutrient absorption. Investigation of the electrogenic transport of 

alanine, glycyl-glutamine and glucose were used as indicators of basic absorptive functions of 

the small intestine. 

Genotyping included the investigation of the three congenic mouse strains by polymorphic 

intragenetic microsatellite markers at the Cftr and Clca loci and the examination of the 

genetic backgrounds by a low density SNP scan. 

Establishment of the three CF congenic mouse strains together with the two previously 

generated CF inbred mouse strains enable a complex analysis of the CftrTgH(neoim)Hgu mouse 

model. Comparing both electrogenic phenotype and genotype of the CF strains to their WT 

controls allows to dissect the role of Cftr on chloride secretion in colon and electrogenic 

nutrient absorption in jejunum. In addition, comparison of the electrophysiological phenotype 

and the genotype of the CF strains or WT strains among each other allows to investigate the 

role of the rest of the genome on chloride secretion in colon and electrogenic nutrient 

absorption in jejunum. 
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2. Materials and Methods 

 

2.1 Electrophysiology 

 

2.1.1  Experimental animals 

 

Numerous mouse strains were characterized in the present study. The wild type (WT) 

experimental animals were from the DBA/2J, C57BL/6J, BALB/c and HsdOla:MF1 mouse 

strains. The first three are frequently used inbred mouse strains whereas the latter one is an 

outbred mouse strain. CF mice were investigated from the following strains: CF/1-

CftrTgH(neoim)Hgu, CF/3-CftrTgH(neoim)Hgu D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-

CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu. The first two mouse strains are inbred 

mice while the last three were bred to establish congenic mouse strains. Every group of each 

strain consisted of five males and five females at the age of approximately 3-4 months (Table 

1). 

All mice were kept and bred in the Central Animal Facility of the Hannover Medical School 

apart from the HsdOla:MF1 mouse strain. Mice of this strain had been bred by the company 

Harlan Sprague Dawley, Inc. and were shipped to the Central Animal Facility of the 

Hannover Medical School four weeks before the beginning of the experiments. 

 

Table 1. Data of mice used in the present study. 

 

Strain 
Number 

of mice 
Sex 

Age (days, 

means±SD) 
Generation 

Weight (g, 

means±SD)

5 ♀ 118.6 ± 9.5 F 167-F 169 21.7 ± 0.5 
DBA/2J 

5 ♂ 118.2 ± 8.0 F 167-F 169 28.2 ± 2.2 

5 ♀ 112.2 ± 3.5 F 167-F 170 21.2 ± 2.0 
C57BL/6J 

5 ♂ 115.2 ± 11.9 F 166-F 170 31.7 ± 2.6 

5 ♀ 123.8 ± 1.9  F 107-F 109 18.3 ± 1.9 
BALB/c 

5 ♂ 140.2 ± 8.5 F 107 27.4 ± 1.1 

5 ♀ 140.4 ± 2.3 no data 37.7 ± 4.8 
HsdOla:MF1 

5 ♂ 140.4 ± 2.3 no data 43.4 ± 5.1 
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5 ♀ 118.2 ± 8.0 N10F 9-F 11 20.8± 2.7 
D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

5 ♂ 112.6 ± 6.1 N10F 12 23.7 ± 3.0 

5 ♀ 109.8 ± 11.6 N12F 8-F 9 20.4 ± 0.9 
B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

5 ♂ 105.8 ± 5.8 N12F 8-F 12 26.1 ± 2.1 

5 ♀ 112.6 ± 7.8 N8F 8 29.2 ± 1.5 
C.129P2(CF/3)-CftrTgH(neoim)Hgu 

5 ♂ 115.0 ± 8.3 N8F8 38.0 ± 2.2 

5 ♀ 116.0 ± 3.8 F 36-F 40 25.4 ± 1.8 
CF/1-CftrTgH(neoim)Hgu 

5 ♂ 107.8 ± 11.4 F 36-F 40 29.9 ± 3.3 

5 ♀ 122.8 ± 4.8  F 34-F 40 24.4 ± 2.9 
CF/3-CftrTgH(neoim)Hgu 

5 ♂ 119.2 ± 11.1 F 34-F 40 31.3 ± 2.5 

 

The C57BL/6J and the BALB/c mouse strains were kept in type III and IV polycarbonate 

cages under specific pathogen free (SPF) conditions. All the other mouse strains were kept in 

type II individual ventilated cages. The greatest number of mice per cage was 4 in the type II 

cages and 10 in the type III and IV cages. The cages were cleaned once weekly.  

The temperature of the rooms was 21 ºC, the relative humidity was between 60-70%. The 

light and dark periods were 12 hours long. 

Feed and water were available for the animals at all time. The mice under SPF conditions 

received the ssniff R-Z V1324-300 (ssniff Spezialdiäten GmbH, 59494 Soest, Germany) 

chow. This feed and the water were autoclaved before given to the animals (134 ºC, 50 min). 

The mice in the individual ventilated cages were fed the standard altromin 1314 chow 

(Altromin GmbH 32791 Lage, Germany). The water was filtered before given to the mice 

(Table 2).  

 

Table 2. Nutrient content of the chows ssniff R-Z V1324-300 and Altromin 1314. 

 

 

Nutrients Ssniff R-Z V1324-300 altromin 1314 

crude protein 21.0 % 19.0 % 

crude fat 3.8 % 4.0 % 

crude fiber 4.4 % 6.0 % 

crude ashes 6.7 % 7.0 % 
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Additives   

Vitamin A 25.000 I.E./kg 15.000 I.E./kg 

Vitamin D3 1.000 I.E./kg 600 I.E./kg 

Vitamin E 120 mg/kg 75 mg/kg 

Copper 12 mg/kg 13 mg/kg 

Calcium 1.0 % 0.9 % 

Phosphor 0.7 % 0.7 % 

 

Health monitoring of mice was carried out once in three months following the 

recommendations of FELASA (Federation of European Laboratory Animal Science) 

(NICKLAS et al., 2002). Mice kept under SPF conditions were free of the pathogens that can 

be found on the recommendation list of FELASA. Some Helicobacter and Pasteurella 

subspecies were found in sentinel animals (mice that were kept together with the mouse 

strains investigated in the present study due to diagnostic reasons) kept in individual 

ventilated cages. 

 

2.1.2 Electrophysiological measurements 

 

All mice were sacrificed by CO2 gas in the Central Animal Facility of the Hannover Medical 

School. The initial part of colon (=colon ascendens) was defined as the beginning of the large 

intestine being connected to caecum. It was removed after identifying it by the characteristic 

“v” forming pattern along the mesentery. Jejunum was defined as intestine being distal to the 

ligament of Treitz and was removed completely till the beginning of ileum. Both pieces of 

intestine were transported in ice cold Krebs-Henseleit solution enriched by carbogen gas 

(95% O2, 5% CO2) to the Department of Physiology in the University of Veterinary Medicine, 

Hannover. The transport took approximately 15 minutes from the Medical School to the 

Veterinary University. 

The tunica serosa and tunica muscularis were removed by blunt dissection (=stripping). Two 

pieces of intestine (a proximal and a distal one) could be obtained from the colon ascendens. 

Four pieces of intestine were used for the experiments with jejunum. They were taken after 

each other starting at the beginning of jejunum. Each of the tissues was mounted into Ussing 

chambers (produced by the Department of Physiology, University of Veterinary Medicine, 
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Hannover) immediately after stripping. The area of a chamber aperture was 0.5 cm2 for colon 

and 0.3 cm2 for jejunum. Two silicon rings ensured the connection between the two halves of 

the chambers and prevented the damage of the epithelium. 

The chambers were connected to glass circulation reservoirs through silicon tubes. The 

circulation reservoirs were water-jacketed for optimal temperature control (37 °C) and were 

gassed with carbogen gas permanently which led to continuous circulation and a stable pH. 

The electrophysiological experiments were carried out by two voltage/current clamps 

controlled by computers (scientific instruments, Dipl.-Ing. K. Mußler, Aachen, 

www.Kmsci.de). The clamps were connected to the chambers through agar bridges and 

Ag/AgCl electrodes (Mettler Toledo Prozessanalytik GmbH, Germany). The agar bridges 

were made using glucose free Krebs-Henseleit solution. 

Fluid resistances and junction potentials were measured before mounting the specimens in the 

chambers and corrected for during the experiments. Tissues were voltage clamped to 0 mV 

and short-circuit current (Isc) was recorded. 

The short-circuit current has a positive sign by definition if positive charges flow from the 

mucosal side to the serosal side. This is equal to absorption of cations or secretion of anions. 

The short-circuit current was measured in units of ion-equivalent (as charge-flow) per time 

and tissue surface (Isc: µEq·h-1·cm-2). 26.8 µA refers to 1 µEq·h-1 in the case of  monovalent 

ions. 

An impulse of current (ΔI: 100 µA for 200 ms) was applied through the epithelium every 6 

seconds and led to rapid changes of the transepithelial potential difference (ΔPdt). The 

transepithelial conductance (Gt: mS/cm2) was calculated from Gt = ΔI / ΔPdt. 

Both the short-circuit current and the tissue conductance were permanently recorded by a 

computer. 

 

2.1.3 Chemicals and solutions for the electrophysiological experiments with colon epithelia 

 

Krebs-Henseleit solution (Table 3, No. 1) was used on both sides of colon epithelium. The pH 

of the solution was 7.4 after enrichment with carbogen gas at 37 ºC. 



Materials and methods 
24 

Other than the above mentioned buffer were necessary for some additional investigations. In 

experiments in which the effect of amitriptyline was investigated a buffer solution with pH 

5.4 was used on the mucosal side (Table 3, No. 2). 

A special experimental setup was needed to investigate the effect of the compounds NPPB 

and CFTRinh-172. In these experiments a high potassium buffer was used on the serosal side 

of the epithelia and a high potassium but low chloride buffer was filled in the mucosal 

compartment in order to eliminate the potassium gradient but induce an apical directed 

chloride gradient in the Ussing chambers. The pH of the latter two buffers was 7.4 (Table 3, 

No. 3-4). The osmolarity of  all solutions was 300 mosmol/l. Indomethacin (0.1 mmol/l) was 

given into all buffers in order to prevent the generation of prostaglandins within the epithelia. 

 

Table 3. Composition of the buffers used in electrophysiological examinations of colon epithelia 

 

 

1. Krebs-Henseleit solution 

 
mmol/l A. 

dest. 

g/l A. 

dest. 

NaCl 113.6 6.6388 

KCl 5.4 0.4026 

CaCl2·2H2O 1.2 0.1764 

MgCl2·6H2O 1.2 0.2440 

HCl (1n) 0.2 ml 0.2 ml 

NaH2PO4·H2O 0.6 0.0828 

Na2HPO4·2H2O 2.4 0.4272 

NaHCO3 21.0 1.7642 

glucose (waterfree) 10.0 1.802 

Mannitol 19.7 3.6 

2. Mucosal buffer pH 5.4 

 
mmol/l A. 

dest. 

g/l A. 

dest. 

NaCl 113.6 6.6388 

KCl 5.4 0.4026 

CaCl2·2H2O 1.2 0.1764 

MgCl2·6H2O 1.2 0.2440 

HCl (1n) 0.2 ml 0.2 ml 

Na2HPO4·2H2O 1.5 0.207 

Na-gluconate 22.2 4.843 

Mannitol 32.6 5.94 
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Amiloride (amiloride-hydrochloride), TEA (tetraethyl-ammonium), BaCl2 (bariumchlorid-

dihydrate) and carbachol were dissolved in distilled water. Forskolin, DIDS (4,4´-

Diisothiocyanostilbene-2,2´-disulfonic acid), NPPB (5-Nitro-2-(3-phenylpropylamino)-

benzoate) and CFTRinh-172 (3-[(3-Trifluoromethyl)phenyl]-5-[(4-carboxyphenyl)methylene]-

2-thioxo-4-thiazolidinone) were dissolved in dimethyl sulfoxide (DMSO). The used 

concentration of DMSO did not influence the results of the experiments. 

Merck (Merck KGaA, 64271 Darmstadt, Germany) was the supplier of the following 

chemicals: NaCl, KCl, CaCl2, MgCl2, NaHCO3, Na2HPO4, NaH2PO4, glucose, Na-gluconate, 

HCl, NaOH, BaCl2 (bariumchlorid-dihydrate). HEPES was provided by the company Roth 

(Carl Roth GmbH+Co.KG, 76185 Karlsruhe). The molecule CFTRinh-172 was supplied by 

Calbiochem – Merck Biosciences (Merck KGaA, 64271 Darmstadt, Germany). All other 

substances were purchased from Sigma (Sigma-Aldrich Laborchemikalien GmbH, 30926 

Seelze, Germany).  

 

 

 

4. High potassium and low chloride buffer 

(mucosal) 

 
mmol/l 

A. dest. 

g/l 

A. dest. 

KCl 2.0 0.1491 

K-gluconate 117.0 27.4061 

CaCl2·2H2O 1.2 0.1764 

MgCl2·6H2O 1.2 0.2440 

HCl (1n) 0.2 ml 0.2 ml 

NaH2PO4·H2O 0.6 0.0828 

Na2HPO4·2H2O 2.4 0.4272 

NaHCO3 21.0 1.7642 

glucose (waterfree) 10.0 1.802 

Mannitol 31.9 5.8 

Ca-gluconate 10.0 2.152 

3. High potassium buffer (serosal) 

 
mmol/l A. 

dest. 

g/l A. 

dest. 

KCl 119.0 8.8726 

CaCl2·2H2O 1.2 0.1764 

MgCl2·6H2O 1.2 0.2440 

HCl (1n) 0.2 ml 0.2 ml 

NaH2PO4·H2O 0.6 0.0828 

Na2HPO4·2H2O 2.4 0.4272 

NaHCO3 21.0 1.7642 

glucose (waterfree) 10.0 1.802 

Mannitol 21.9 4.0 
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2.1.4 Chemicals and solutions for the electrophysiological experiments with jejunum epithelia 

 

A serosal and a mucosal buffer solutions were filled in the chambers. They differed mainly in 

the glucose content. One of the aims of this study was to characterize glucose absorption in 

jejunum. This was only possible if glucose was not continuously present in the mucosal buffer 

solution. In the mucosal solution glucose was replaced by HEPES in order to have the same 

osmotic pressure on both sides of the epithelia. The pH of both solutions was 7.4 after 

enrichment with carbogen gas at 37 ºC. The osmolarity was 300 mosmol/l. Indomethacin (0.1 

mmol/l) was given into the buffers in order to prevent the generation of prostaglandins within 

the epithelia (Table 4). 

Other than the above mentioned buffers were necessary for some additional experiments. A 

mucosal buffer with a pH of 5.4 was used to clarify the pH dependence of nutrient absorption. 

(Table 3, No. 2). 

 

Table 4. Composition of the buffers used in electrophysiological examinations of jejunal epithelia. 

 

 

2. Serosal buffer 

 
mmol/l 

A. dest. 

g/l 

A. dest. 

NaCl 113.6 6.6388 

KCl 5.4 0.4026 

CaCl2·2H2O 1.2 0.1764 

MgCl2·6H2O 1.2 0.2440 

HCl (1n) 0.2 ml 0.2 ml 

NaHCO3 21.0 1.7642 

Na2HPO4·2H2O 1.5 0.267 

glucose (waterfree) 10.0 1.802 

Mannitol 2.0 0.364 

HEPES 7.0 1.6682 

Na-gluconate 6.0 1.3088 

1. Mucosal buffer 

 
mmol/l 

A. dest. 

g/l 

A. dest. 

NaCl 113.6 6.6388 

KCl 5.4 0.4026 

CaCl2·2H2O 1.2 0.1764 

MgCl2·6H2O 1.2 0.2440 

HCl (1n) 0.2 ml 0.2 ml 

NaHCO3 21.0 1.7642 

Na2HPO4·2H2O 1.5 0.267 

glucose (waterfree) - - 

Mannitol 2.0 0.364 

HEPES 20.0 4.766 

NaOH (2n) 6.0 3.0 ml 
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Merck (Merck KGaA, 64271 Darmstadt, Germany) was the supplier of the following 

chemicals: NaCl, KCl, CaCl2, MgCl2, NaHCO3, Na2HPO4, glucose, Na-gluconate, HCl, 

NaOH, alanine, BaCl2 (bariumchlorid-dihydrate). HEPES was provided by Roth (Carl Roth 

GmbH+Co.KG, 76185 Karlsruhe. The remaining substances were purchased from Sigma 

(Sigma-Aldrich Laborchemikalien GmbH, 30926 Seelze, Germany).  

 

2.1.5 The electrophysiological protocol related to colon 

 

The electrophysiological protocol used in this study originates from electrophysiological 

investigations of human rectal biopsies and is based on the experiments of Bleich et al. (2007) 

who modified and adapted the human protocol to mice. 

The aim of the electrophysiological experiments was dual: (1) to characterize the Cftr 

mediated chloride secretion in order to investigate the effect of both CftrTgH(neoim)Hgu mutation 

and the distinct genetic backgrounds on the electrophysiological phenotype of Cftr; (2) to 

clarify whether the dysfunction of the Cftr channel stimulates alternative calcium activated 

chloride channels.  

In order to answer the above mentioned questions it was necessary to characterize chloride 

secretion in the colon of the CftrTgH(neoim)Hgu mouse model. Hallmark of this model is a Cftr 

mediated chloride secretion, thus any putative alternative chloride secretory pathway has to be 

differentiated from this Cftr related component. Blocking one of the two chloride secretory 

pathways (i.e. Cftr related and putative CaCC mediated) allowed the differentiation. The 

protocol was based on this principle (Table 5 and Figure 1.). 

A proximal and a distal specimen could be obtained from the removed colon ascendens. After 

stripping and mounting, the tissues were allowed to recover under open circuit conditions for 

10-20 minutes. The experiments were carried out under short circuit conditions thereafter. 

Amiloride (mucosal 0.1 mmol/l), TEA (mucosal 5 mmol/l) and BaCl2 (mucosal 1 mmol/l) 

were given into the chambers at first. Amiloride is a well known blocker of sodium channels 

(BARBRY et al. 1997) whereas TEA and BaCl2
 are inhibitors of potassium channels 

(CUTHBERT et al. 1994). Neither the apical sodium nor the apical potassium transport via 

channels could thus influence the short circuit current subsequently. 
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A differentiation between the two chloride secretory pathways was possible by incubating one 

specimen with DIDS (mucosal 0.2 mmol/l) always changing the localisation of this 

incubation between the proximal and the distal specimens at each mouse. DIDS does not have 

any effect on Cftr channel from the extracellular side at physiological pH, however it blocks 

the CaCC mediated chloride conductance (SCHULTZ et al., 1999). 

In the end carbachol (serosal 0.1 mmol/l) was given into both chambers. Carbachol stimulates 

both Cftr and CaCC mediated chloride secretion acting via the M3 and possibly M1 

cholinergic receptor.  

 

Table 5. Protocol of electrophysiological experiments with colon epithelia. 

 

 Chamber 1 Chamber 2 

1. amiloride, TEA, BaCl2 amiloride, TEA, BaCl2 

2. - DIDS 

3. carbachol carbachol 

 

A significant effect of the DIDS preincubation on the carbachol induced change of the short 

circuit current would refer to the presence of CaCC in the colon of a certain mouse strain. 
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Figure 1. Typical course of short circuit current and tissue conductance in colon. 

 

2.1.6 The electrophysiological protocol related to jejunum 

 

The aim of this study was to clarify whether the disorder of the Cftr channel has any influence 

on the basic absorptive functions of the small intestine. Electrogenic absorption of certain 

nutrients was chosen as an indicator of the basic absorptive functions of the small intestine. 

Amino acids, peptides and monosaccharides had been often used in such experiments. The 

transport of these nutrients is electrogenic that refers to ions that are co-transported with the 

nutrients across the apical membrane of epithelial cells. Typical examples of each group were 

selected to be used in the present study. In this manner the electrogenic absorption of alanine 

as an amino acid, Gly-Gln as a dipeptide and glucose as a monosaccharide were investigated. 

The following protocol was carried out to characterize electrogenic nutrient absorption in 

jejunum (Table 6 and Fig. 2) 

Four specimens from each mouse were used for an experiment. They were removed after each 

other starting at the beginning of jejunum. After stripping and mounting, the tissues were 

allowed to recover under open circuit conditions for 10-20 minutes and were voltage clamped 

to 0 mV afterwards. 
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The first addition was alanine (mucosal 5 mmol/l) into two chambers, and Gly-Gln (mucosal 

5 mmol/l) into the other two chambers. Mannitol (serosal 5 mmol/l) was always given at the 

same time to reach identical osmotic pressure on both sides of the epithelia. After 20-30 

minutes glucose (mucosal 10 mmol/l) was added into all four chambers. Mannitol (serosal 10 

mmol/l) was given simultaneously in order to have the same osmotic pressure in both 

compartments of a chamber. The experiments were finished 20-30 minutes later. Beside tissue 

conductance, Na+-coupled glucose transport was used as a measure of tissue viability. Data 

from tissues that responded less than 10 µA/cm2 (=0.373 µEq·h-1·cm-2) were discarded from 

the evaluation as it was described in a previous work (CLARKE and HARLINE, 1996). 

 

 Table 6. Protocol of electrophysiological experiments with jejunal epithelia. 

 

 Chamber 3 Chamber 4 Chamber 5 Chamber 6 

1. alanine alanine Gly-Gln Gly-Gln 

2. glucose glucose glucose glucose 

 

Both alanine and Gly-Gln were given five times to the first two chambers and five times to 

the last two ones in order to avoid the potential influence of the location on the change of the 

short circuit current. 
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Figure 2. Typical course of short circuit current and tissue conductance in jejunum. 

 

2.1.7 Statistics 

 

Data are presented as means ± standard deviation (SD) whereas n represents the number of 

mice. All data showed normal distribution. Unpaired t-test was used for comparisons between 

two groups. One-way ANOVA followed by a post hoc Tukey’s test was applied for 

comparisons within one group. Two-way ANOVA was used for the investigation of two 

factors. One-sample t-test was used to define whether means were significantly different from 

zero. P-values < 0.05 were considered to be significant. The statistical analysis was carried 

out by the software GraphPad Prism 4. 
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2.2 Molecular biology 

 

2.2.1 DNA isolation 

 

DNA was isolated from all CF mice investigated by Ussing chambers except animals from the 

B6.129P2(CF/3)-Cftr
TgH(neoim)Hgu

 mouse strain. Tissue samples were available only from five 

mice investigated by Ussing chambers from the latter strain. As a compensation, DNA was 

isolated from another five animals with unknown electrophysiological phenotype but 

originating from the same generation as the former ones with known electrophysiological 

features. In addition DNA was isolated from one DBA/2J, two C57BL/6J and three BALB/c 

WT mice as well. 

DNA was isolated from 0.15g liver tissues that had been stored at –20ºC. The isolation 

protocol was based on the work of Gross-Bellard et al. (1973). 

Tissues were incubated with 50 ml lysis buffer on ice for 25 minutes (Table 7). Afterwards, 

they were centrifuged for 15 minutes at 5000 rpm (Hettich Universal, Andreas Hettich GmbH 

& Co KG, 78532 Tuttlingen) and the supernatant was decanted. The whole procedure was 

repeated twice with incubations of 25 ml (first time) and 15 ml (second time) lysis buffer on 

ice only for 5 minutes followed by centrifugation and decantation at each time. Following the 

last decantation the pellet was incubated overnight with 4 ml STE buffer, 400 µl SDS (5%) 

and 200 µl proteinase K (50 mg/ml) in a shaker bath at 56ºC. 3 ml phenol and 3 ml from the 

mixture of chloroform/isoamylalkohol (25:1) were added to the digest on the next day 

followed by shaking for 10 minutes and centrifugation of another 10 minutes at 5000 rpm. 

The organic phase that contained proteins and high molecular weight DNA was removed and 

the phenol/chloroform/isoamylalkohol extraction was repeated once more. The phenol 

remains were removed by two extractions with 6 ml of the chloroform/isoamylalkohol 

mixture. Approximately 7.5 ml was the remaining aqueous part after removing the organic 

phase. It was then filled approximately up to 30 ml with ice cold  99% EtOH after adding 10 

volume % 3 M Na-acetate (approximately 750 µl) to it. The DNA was precipitated during an 

incubation of 20 minutes on ice and was transferred into an Eppendorf cup containing 1 ml 

ice cold 70% EtOH. It was centrifuged at 13000 rpm on 4ºC for 5 minutes (Beckman 

Microfuge R centrifuge, Beckman Coulter GmbH, 47802 Krefeld). After decantation of the 
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supernatant the DNA was dissolved in 0.5 ml ice cold 70% EtOH and was centrifuged at 

13000 rpm for 1 minute followed by the same procedure once more. The remaining EtOH 

was allowed to evaporate at 37ºC and the DNA was dissolved in 300-500µl TE 1x depending 

on the amount of the isolated DNA. The DNA was led to dissolve in the buffer for at least six 

weeks stored at 4ºC. 

 

Table 7. Composition of the buffers used for DNA isolation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Polymerase Chain Reaction 

 

Polymerase Chain Reaction (PCR) was carried out in 0.5 ml reaction tubes using InViTaq 

polymerase (Invitek GmbH, Berlin) in a Landgraf thermocycler (Landgraf Laborsysteme 

GmbH, 30855 Langenhagen, Germany). Evaporation of liquid was prevented by overlaying 

paraffin oil on the top of the mixture. 2 ml mixed solution of desoxynucleotides (C, G, A or 

T) was used for the amplification in which the concentration of each desoxynucleotide was 2 

mmol/l. Products were separated by 2% agarose gel electrophoresis and visualised by 

ethidium bromide staining. The amplification protocol of each product showed certain 

differences after optimisation. The reaction volume, the amount of DNA, MgCl2, DMSO, the 

STE buffer (pH 7.5) 

 
Concentration 

(mmol/l) 

Quantity 

(g/l) 

NaCl 100  5.84 

Tris 50  6.06 

EDTA 1  0.372 

Lysis buffer (pH 7.5) 

 
Concentration 

(mmol/l) 

Quantity 

(g/l) 

Saccharose 320  109.54 

Tris 100 12.11 

Triton 100 1% 10 ml/l 

TE buffer (10x) (pH 8.0) 

 
Concentration 

(mmol/l) 

Quantity 

(g/l) 

Tris 100 12.11 

EDTA 10 3.72 
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annealing temperature and the number of cycles were all considered during the optimisation 

procedure (Table 8). 

 

Table 8. Optimised conditions for primer amplification 

 

Primers 

DNA 

amount 

(ng) 

MgCl2  

(25 mmol/l)

(µl) 

DMSO 

(µl) 

Reaction 

volume 

(µl) 

Annealing 

temperature 

(ºC) 

Number 

of cycles 

ALDO1 

ALDO2 
50 3 2.5 50 62 35 

CFneo1-A 

CFneo1-B 
50 6 - 50 60 35 

Cfneo2-A 

Cfneo2-B 
50 3 - 50 60 35 

D6NC3-A 

D6NC3-B 
150 2 - 30 65 55 

D6Mit236-A 

D6Mit236-B 
150 2 - 30 60 55 

D6NC5-A 

D6NC5-B 
150 3 - 30 60 55 

D3Mit320A 

D3Mit320B 
50 1 1 30 55 35 

mCLCA4IGIAGATF-Bio 

mCLCA4IAGATR 
50 2 - 30 55 35 

D3CLCA1A 

D3CLCA1B 
100 3 - 30 60 55 

D3CLCA2A 

D3CLCA2B 
100 3 - 30 50 55 

mCLCA3ICAF-Bio 

mCLCA3ICAR 
50 2 2 30 55 35 

D3Mit292F-Bio 

D3Mit292R 
50 2 1 30 55 35 
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Most of the primers used in the present study had been designed previously. The primers used 

for controlling the Cftr insert (Table 9) as well as primers for genotyping the murine Cftr 

locus (Table 10a-11a) were constructed by Charizopoulou et al. (2004).  

The primers of mClca3 and mClca4 intragenetic microsatellite markers together with the 

ALDO primers as well as the primers of the marker D3Mit292 were described by Ritzka, M 

(2004a). The ALDO primers were used to control the quality of the DNA. The marker 

D3Mit320 was found in the Mouse Genome Informatics database (www.informatics.jax.org). 

Primers of the microsatellite markers D3CLCA1 and D3CLCA2 were designed in the present 

study with the help of the oligonucleotide designing software Primer 3 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) (Table 10b-11b). 

 

Table 9. Primer sequences of ALDO primers as well as sequences of the primers used for the 

amplification of the spanning regions between Cftr intron 9 and pMC1neoPolyA vector. 

 

Primer Sequence 5´-3´ Product size (bp) 

ALDO1 

ALDO2 

GGC AAG GGC ATC CTG GCT GCA GA 

TAA CGG GCC AGA ACA TTG GCA TT 
442 

CFneo1-A 

CFneo1-B 

CGT TGG CTA CCC GTG ATA TT 

CTT CCA CAA GGC TTC CTG AG 
332 

CFneo2-A 

CFneo2-B 

CCT GAT GTT GAT TTT GGG AGA 

ATT AAT GCA GCT GGC ACG AC 
253 

 

Table 10. Primer sequences used for the amplification of intragenetic microsatellite markers in the 

Cftr (a) and Clca (b) genes. 

a) 

Primer Sequence 5´-3´ 

D6NC3-A 

D6NC3-B 

Bio-TCT CAG CCT GTC TTC CTC TCA 

TCC TCC CAA AAC AGC TTC AC 

D6Mit236-A 

D6Mit236-B 

Bio-ATC CTG CTC TGG CCT CTA CA 

TTG TGT ATA CACACAGAGTGGGG 

D6NC5-A 

D6NC5-B 

Bio-TTC AAA TGA CCA AAA TCC CC 

TGG CAA ATT TTC AAC AAC AAA 
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b) 

Primer Sequence 5´-3´ 

D3Mit320A 

D3Mit320B 

Bio-AAT GAA ATC TCA CGA GAG GCA 

AAG CCA GGA GCA GAG TCA AG 

MCLCA4IGIAGATF-Bio

mCLCA4IAGATR 

Bio-TCA ACA AAG TAC AAA ATA CAC 

TCC CTG GAT AAG TCC TGA CC 

D3CLCA1A 

D3CLCA1B 

Bio-GGT TGT TTA AGC AAG CCT CA 

GGT TCT TGT GTG TGG GCT CT 

D3CLCA2A 

D3CLCA2B 

Bio-AAA GGC AAA GTA GGG CTG GT 

CAT CAG CAG CAG CAT CAT TT 

mCLCA3ICAF-Bio 

mCLCA3ICAR 

Bio-GCT GGG CAA GTA GAG ACA GG 

TTG ACA AAG GGG ACA GTT GA 

D3Mit292F-Bio 

D3Mit292R 

Bio-AAA TCA AGT TTC AAA AAA ATG CC 

ATA GGA ATG CAG CCC AAC C 

 

Table 11. Discrimination of murine strains by polymorphic intragenetic markers at the Cftr (a) and 

Clca (b) genes 

 

a) 

Allele size in the following strains (bp) 

Maker 
Position 

(Mbp) DBA/2J C57BL/6J BALB/c 
CF/1-

CftrTgH(neoim)Hgu 

CF/3-

CftrTgH(neoim)Hgu 

D6NC3 18.121 167 163 167 175 175 

D6Mit236 18.122 162 144 136 114 114 

D6NC5 18.123 258 236 254 234 234 

 

b) 

Allele size in the following strains (bp) 

Maker 
Position 

(Mbp) DBA/2J C57BL/6J BALB/c 
CF/1-

CftrTgH(neoim)Hgu 

CF/3-

CftrTgH(neoim)Hgu 

D3Mit320 143.502 110 120 108 108 108 

mCLCA4 144.525 425 425 421 433 425 

D3CLCA1 144.643 160 160 160 160 160 
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D3CLCA2 144.646 188 178 178 178 178 

mCLCA3 144.712 181 193 189 193 189 

D3Mit292 146.249 120 122 134 120 122 

 

2.2.3 Sal I digestion 

 

The CFneo1 product contains a restriction site of the enzyme Sal I. Cleaving the products was 

an additional test to be sure about the specificity of the amplification. 20 ml CFNeo1 PCR 

products were incubated overnight at 37ºC with 10 ml enzyme mixture (Table 12). Products 

were separated by 4% agarose gel electrophoresis and visualised by ethidium bromide 

staining. 

 

Table 12. Composition of Sal I enzyme mixture 

 

 Volume (µl) 

Unique Sal I buffer (10x) 3 

BSA (100x) 0.3 

Sal I (4 units/reaction) 0.2 

H2O 6.5 

 

2.2.4 Genotyping of microsatellites 

 

The protocol used for genotyping the microsatellite markers was described by Mekus et al. 

(1995). The markers were amplified under the above mentioned PCR conditions (Table 8). 8 

µl PCR products were dried during two days at 37ºC. The products were dissolved in 5 µl 

loading buffer (0.2% w/v xylenecyanol and bromphenolblue in formamide) and denatured at 

95ºC for five minutes. The single stranded DNA was loaded on a denaturing 4% acrylamide 

gel in a GATC 1500 direct blotting electrophoresis DNA sequencer (GATC Gesellschaft für 

Analyse-Technik und Consulting mbH, 100607 Konstanz, Germany) (Table 13). The 

products were separated by direct blotting electrophoresis and transferred onto Hybond-N+ 

membrane. 
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Detection of PCR products was based on a chemiluminescent system depending on the  

presence of biotinylated primers. 1.5% blocking buffer was prepared by dissolving a blocking 

reagent in P1 buffer. Free binding sites were blocked on the Hybond-N+ membrane by 

incubation with the blocking buffer for 30 minutes during continuous shaking. Alkaline 

phosphatase was linked to PCR products by incubation for one hour with blocking buffer 

containing 5 µl Fab-fragments from a monoclonal anti-biotin antibody that had been 

conjugated with alkaline phosphatase (Anti-biotin-AP, Fab fragments). The unspecific bounds 

were dissolved by washing the membrane three times with P1 buffer for 10 minutes at each 

time. This was followed by incubating the membrane with P3 buffer for 15 minutes. Signals 

were visualised by incubation with 50 ml concentrated CDP Star buffer for five minutes 

followed by a rinse with 50 ml diluted CDP Star buffer. CDP Star is a substrate of alkaline 

phosphatase and the reaction with the enzyme results in chemiluminescence that was detected 

by using Kodak XA-R films. The exposure time varied between seconds up to 10 minutes. 

The evaluation of the results followed the recommendations of Mekus et al. (1995).  

Each allele generated a series of bands with decreasing intensity during PCR amplification 

(Fig. 3). Fragments were linearly resolved during direct blotting irrespective of the absolute 

product size. Alleles were defined by arbitary repeat units. Alleles of the CF/3-CftrTgH(neoim)Hgu 

strain was defined as 20/20 following the study of Charizopoulou et al. (2004). Difference 

between two neighbouring bands referred to a difference of two nucleotides in absolute size 

of the product in case of all markers except the mCLCA4 marker. The difference referred to a 

variation of four nucleotides at the latter marker. 

According to this, the C57BL/6J (mouse Nr. 3 and 4) and CF/3-CftrTgH(neoim)Hgu (mouse Nr. 5, 

6, and 7) strains shared the same alleles at the D3Mit292 locus referring to a product of 122 

bp (genotype 20/20) (Fig. 3). The DBA/2J (mouse Nr. 8) and CF/1-CftrTgH(neoim)Hgu (mouse 

Nr. 9) strains had also same alleles representing a product of 120 bp (genotype: 19/19). 

BALB/c mice (mouse Nr. 1 and 2) exhibited a genotype of 26/26 referring to a PCR product 

of  134 bp. 
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Figure 3. Example of allele distribution of WT and CF strains at the D3Mit292 locus (1-2: BALB/c, 

3-4: C57BL/6J, 5-7: CF/3-CftrTgH(neoim)Hgu, 8: DBA/2J, 9: CF/1-CftrTgH(neoim)Hgu). Decreasing intensity of 

arrows refers to decreasing intensity of PCR bands. Two samples of each mouse were genotyped at 

one time. 

 

Table 13. Composition of buffers used for genotyping 

 

 

 

 

CDP Star buffer (diluted) 

 Quantity (ml) 

P3 buffer 40 

Sapphire II 5 

concentrated CDP Star buffer  5 

TBE buffer (10x) (pH 9.0) 

 
Concentration 

(M) 

Quantity 

(g/l) 

Tris 1.275 108 

H3BO3 0.42 54 

EDTA 0.024 7.4 

Acrylamide gel (4%) 

 Quantity (ml) 

Urea 100 g 

TBE (10x) 20 

Acrylamide gel 30% 26 

H2O ad 200 

P 3 buffer (pH 9.5) 

 
Concentration 

(mmol/l) 

Quantity 

(g/l) 

Tris 100 12.11 

MgCl2 100 15.2 

NaCl 50 5.8 
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2.2.5 Low density SNP scan 

 

A low density SNP scan of the murine genome was carried out by the company Kbiosciences 

(Hoddesdon, England). DNA of the DBA/2J, C57BL/6J, BALB/c, D2.129P2(CF/3)-

CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu  strains 

was investigated by using 26 SNPs (single nucleotide polymorphism) located throughout the 

whole murine genome (Table 14). Two mice from each of the investigated CF congenic 

strains were characterized electrophysiologically in previous experiments (D2.129P2(CF/3)-

CftrTgH(neoim)Hgu: mice  Nr. 13 and 14;  B6.129P2(CF/3)-CftrTgH(neoim)Hgu: mice Nr. 9 and 10; 

C.129P2(CF/3)-CftrTgH(neoim)Hgu: mice Nr. 11 and 12). All other mice from each CF strains 

were animals of the Central Animal Facility of the Hannover Medical School. 

A SNP is a DNA sequence variation in the genome occurring if a single nucleotide (A, T, C 

or G) differs between members of a species at an exact locus. Thus, it is possible to clarify 

whether the CF congenic strains contain any alleles that do not originate from the 

corresponding WT mouse strain. 

 

Table 14. Localisation of SNPs 

 

 SNP Chromosome Nr. Localisation (Mb) 

1. M-22381_169_2 1 51.9-52.5 

2. M-09011_1 2 37.4-38.1 

3. M-02707_1 3 37.3-37.6 

4. M-01609_1 4 16.6-20.2 

5. M-05233_3 5 21.8-24.4 

6. M-02187_2 5 67.0-71.7 

P1 buffer (pH 7.5) 

 
Concentration 

(mmol/l) 

Quantity 

(g/l) 

Tris 100 121.1 

NaCl 150 87 

CDP Star buffer (concentrated) 

 Quantity (ml) 

P3 buffer 45 

Saphira II 5 

CDP Star 1 
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7. M-02094_1 6 17.6-17.8 

8. M-05782_1 7 32.4-36.3 

9. M-115592_2 8 14.8-14.9 

10. M-04819_1 9 10.0-10.2 

11. M-05537_1 9 26.4-29.2 

12. M-09526_2 10 86.3-88.3 

13. M-05799_1 10 87.2-89.7 

14. M-05727_1 11 20.9-23.1 

15. M-08924_1 11 84.0-89.6 

16. M-07403_3 12 24.1-31.5 

17. M68896_151_1 13 21.1-21.8 

18. M-05495_2 13 44.0-45.5 

19. M-07251_1 14 16.0-19.6 

20. M-07646_1 15 32.6-33.4 

21. M-01322_2 16 88.0-88.8 

22. M-04659_1 17 33.3-37.0 

23. AF027865_1 17 33.3-37.0 

24. M-09844_1 18 63.8-68.5 

25. M-02162_1 19 20.1-21.1 

26. M-05810_1 X 52.8-66.0 

 

2.2.6 Chemicals, consumables, biochemicals and enzymes for molecular biology 

 

Desoxynucleotides and the chemicals Tris, NaCl, MgCl2, H3BO3, urea, EDTA, Saccharose, 

Triton 100, Rotiphorese Gel 30 (37.5:1) were delivered by Carl Roth GmbH + Co. KG, 76185 

Karlsruhe. Developer solution for X-Ray films was supplied by Agfa (Agfa Deutschland 

Vertriebsgesellschaft mbH & CO. KG, 50670 Köln). TETENAL Vario Fix Powder was 

purchased from TETENAL AG & CO. KG, 22844 Norderstedt. Agarose was ordered from 

Eurogentec Deutschland GmbH, 50667 Köln. Ethanol and hydrochloride acid were supplied 

by JT Baker, Mallinckrodt Baker Deutschland, 64347 Griesheim.  
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All reaction tubes and pipette tips were delivered by Sarstedt AG&Co., 51582 Nümbrecht, 

Germany. Rubber gloves were purchased from Kimberly-Clark, Kimberly-Clark Professional, 

56070 Koblenz-Rheinhafen. 

InViTaq polymerase was supplied by Invitek GmbH, 13125 Berlin. Sal I restriction enzyme 

was ordered at New England Biolabs GmbH, 65926, Frankfurt am Main, Germany. Anti-

biotin-AP, Fab fragments and blocking reagent were purchased from Roche Diagnostics 

GmbH, 68305 Mannheim. CDP Star, luminescence enhancer Sapphire II, Kodak BioMax 

XA-R films and paraffin were provided by Sigma Aldrich, 30926 Seelze. The positively 

charged nylon membrane Hybond-N+ was provided by Amersham Biosciences, GE 

Healthcare Europe GmbH, 80807 Munich. 
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3. Results 

 

3.1 Molecular biology 

 

3.1.1 Low density SNP scan 

 

The aim of the SNP scan was to clarify whether the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu congenic strains have 

any alleles that differ from the WT genetic background. 

A low density SNP scan covering the murine genome with at least one SNP per chromosome 

was carried out in the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu and 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strains and their WT controls. 

Four out of 26 SNPs (15%) were identical among all three WT mouse strains (Fig. 4, Table 

15). Alike, four SNPs (15%) were the same between the DBA/2J and C57BL/6J strains. 

Seven SNPs (27%) were found to be equal between C57BL/6J and BALB/c mice and ten 

SNPs (38%) were identical between the DBA/2J and BALB/c mouse strains. The M-09844_1 

SNP could not be classified into any of the above mentioned categories, since it was different 

between the DBA/2J and BALB/c strains and no result was available from the genotyping of 

the C57BL/6J strain. 

 

 

 

 

 

 

 

 

 

Figure 4. Proportion of shared SNPs among the DBA/2J, C57BL/6J and BALB/c strains 
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Table 15. Allele distribution of 26 SNPs among the DBA/2J, C57BL/6J and BALB/c strains. 

Underlined bold characters represent identical alleles of a SNP in two strains. The grey background 

refers to identical alleles of a SNP in all three WT strains. 

 
SNP DBA/2J C57BL/6J BALB/c 

M-22381_169_2 C:C T:T T:T 

M-09011_1 C:C A:A A:A 

M-02707_1 C:C T:T T:T 

M-01609_1 T:T C:C T:T 
M-05233_3 G:G A:A A:A 

M-02187_2 T:T G:G G:G 

M-02094_1 T:T G:G T:T 
M-05782_1 G:G T:T G:G 
M-115592_2 A:A C:C A:A 
M-04819_1 C:C T:T C:C 
M-05537_1 A:A A:A A:A 

M-09526_2 T:T T:T G:G 

M-05799_1 G:G G:G G:G 

M-05727_1 C:C T:T C:C 
M-08924_1 A:A A:A C:C 

M-07403_3 C:C T:T C:C 
M68896_151_1 T:T C:C T:T 

M-05495_2 T:T T:T G:G 

M-07251_1 T:T T:T T:T 

M-07646_1 A:A G:G G:G 

M-01322_2 T:T A:A T:T 
M-04659_1 A:A A:A A:A 

AF027865_1 C:C T:T C:C 
M-09844_1 G:G ? A:A 

M-02162_1 G:G G:G A:A 

M-05810_1 C:C T:T T:T 
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There was no difference between the SNPs of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and 

DBA/2J strains (Table 16). The B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain had different alleles 

than C57BL/6J mice at the locus of the M-02094_1 SNP (chromosome 6) that was located in 

the close proximity of the murine Cftr gene (Table 17). The C.129P2(CF/3)-CftrTgH(neoim)Hgu 

strain differed from the BALB/c strain at the loci of the following seven SNPs: M 

22381_169_2 (chr. 1), M-09011_1 (chr. 2), M-02187_2 (chr. 5), M-05782_1 (chr. 7), M-

09526_2 (chr. 10), M-08924_1 (chr. 11) and M-05495_2 (chr. 13) (Table 18). Alleles at these 

loci differed from the BALB/c background either in one allele or in both alleles and were 

found only in some of the mice or in all of the investigated animals of the C.129P2(CF/3)-

CftrTgH(neoim)Hgu strain. 

Altogether, the results of the low density SNP genotyping in the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains were in agreement with the 

definition of a congenic mouse strain. On the contrary, the C.129P2(CF/3)-CftrTgH(neoim)Hgu 

strain was shown to carry several alleles that were not derived from the BALB/c strain. 

 

Table 16. Allele distribution of 26 SNPs in the DBA/2J and D2.129P2(CF/3)-CftrTgH(neoim)Hgu strains. 

All mice were animals of the Central Animal Facility. Mice Nr. 13 and 14 were investigated with 

Ussing chambers in the present study. 

 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 
SNP DBA/2J 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14.

M-22381_ 

169_2 
C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-09011_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-02707_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-01609_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-05233_3 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G

M-02187_2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-02094_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-05782_1 G:G G:G G:G ? ? ? G:G G:G G:G G:G G:G G:G G:G G:G G:G

M-115592_2 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-04819_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C
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M-05537_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-09526_2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-05799_1 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G

M-05727_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-08924_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-07403_3 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M68896_151_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-05495_2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-07251_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-07646_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-01322_2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-04659_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

AF027865_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-09844_1 G:G G:G G:G G:G ? G:G G:G G:G G:G G:G G:G G:G ? G:G ? 

M-02162_1 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G

M-05810_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

 

Table 17. Allele distribution of 26 SNPs in the C57BL/6J and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains. 

The grey background refers to CF mice that have alleles other than the C57BL/6J mouse strain. All 

mice were animals of the Central Animal Facility. Mice Nr. 9 and 10 were investigated with Ussing 

chambers in the present study. 

 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 
SNP C57BL/6J 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 

M-22381_ 

169_2 
T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-09011_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A 

M-02707_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-01609_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C 

M-05233_3 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A 

M-02187_2 G:G ? G:G G:G G:G G:G G:G G:G G:G G:G G:G 

M-02094_1 G:G T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-05782_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 
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M-115592_2 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C 

M-04819_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-05537_1 A:A A:A ? A:A A:A A:A A:A A:A A:A A:A A:A 

M-09526_2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-05799_1 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G 

M-05727_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-08924_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A 

M-07403_3 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M68896_151_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C 

M-05495_2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-07251_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-07646_1 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G 

M-01322_2 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A 

M-04659_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A 

AF027865_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

M-09844_1 ? G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G 

M-02162_1 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G 

M-05810_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T 

 

Table 18. Allele distribution of 26 SNPs in the BALB/c and C.129P2(CF/3)-CftrTgH(neoim)Hgu strains. 

The grey background refers to CF mice that have alleles other than the BALB/c mouse strain. All mice 

were animals of the Central Animal Facility. Mice Nr. 11 and 12 were investigated with Ussing 

chambers in the present study. 

 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 
SNP BALB/c 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 

M-22381_ 

169_2 
T:T C:C C:T C:C C:C C:C C:C C:C C:C C:T C:T C:T C:T

M-09011_1 A:A C:C C:C C:A C:C C:C C:C C:A C:C C:A C:A C:A C:A

M-02707_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-01609_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-05233_3 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-02187_2 G:G T:T T:T T:T T:T G:G T:T T:T T:T T:T T:T ? G:G
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M-02094_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-05782_1 G:G T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-115592_2 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-04819_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-05537_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-09526_2 G:G G:G G:G G:G T:T T:T G:G G:G G:G G:G G:G T:G T:G

M-05799_1 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G

M-05727_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-08924_1 C:C C:C ? A:A C:C C:C C:C C:C C:C A:A C:C A:A A:A

M-07403_3 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M68896_151_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-05495_2 G:G T:T G:G G:G G:G G:G T:T T:T T:T G:G G:G T:T T:T

M-07251_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-07646_1 G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G G:G

M-01322_2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

M-04659_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

AF027865_1 C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C C:C

M-09844_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-02162_1 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A

M-05810_1 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T

 

On the other hand, the informativity of the SNPs could not be evaluated completely due to the 

lack of genotyping of the CF/3-CftrTgH(neoim)Hgu strain. Difference between the alleles of the 

WT and the CF congenic strains refers clearly to a CF/3-CftrTgH(neoim)Hgu background at that 

particular locus of the CF congenic mouse strain (Table 19: SNP genotype a.). No difference 

between the CF and the corresponding WT strain at a certain SNP can refer to a WT 

background at that locus (Table 19: SNP genotype b.), however it is also possible that the 

SNP can not discriminate between the alleles of the WT and CF/3-CftrTgH(neoim)Hgu strains 

(Table 19: SNP genotype c.). 
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Table 19. Possible conclusions about the genetic background of a congenic mouse strain after SNP 

genotyping. Combinations of allele distribution of the DBA/2J WT strain, the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu congenic mouse strain and the CF/3-CftrTgH(neoim)Hgu inbred strain at a certain theoretical 

SNP locus. 

 

 DBA/2J 
D2.129P2(CF/3)-

CftrTgH(neoim)Hgu 

CF/3-

CftrTgH(neoim)Hgu Conclusion 

a. 1-1 2-2 2-2 CF background  

b. 1-1 1-1 2-2 WT background SNP genotype 

c. 1-1 1-1 1-1 non informative SNP 

  

3.1.2 Genotyping at the Clca locus 

 

The aim of genotyping the Clca (chloride channel, calcium activated) locus was to investigate 

its potential effect on the phenotype of the CftrTgH(neoim)Hgu mouse model. 

The mouse has six members of the Clca family (Clca 1-6) located within one cluster on 

chromosome 3. CF mice were genotyped at the Clca cluster using six microsatellite markers. 

The markers D3Mit320 and D3Mit292 were flanking the cluster being in an approximately 1 

Mb distance from the Clca genes. D3CLCA1 and D3CLCA2 were located within Clca6. The 

marker mCLCA4 could be found within Clca4 whereas mCLCA3 in Clca3 (Fig. 5). 

 

 

 

 

 

 

 

 

Figure 5. Map position of the intragenic microsatellite markers within the Clca cluster. 

 

The genotype of the CF/3-CftrTgH(neoim)Hgu strain was identified again by 20/20 in case of all 

markers. The markers D3CLCA1 and D3CLCA2 were designed in the present study. 
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D3CLCA1 did not allow the discrimination between any of the WT and CF strains (Fig. 6, 

Table 20). D3CLCA2 allowed the differentiation only between the CF/3-CftrTgH(neoim)Hgu and 

the DBA/2J alleles (Fig. 7). The remaining markers had been established in previous studies 

and allowed to distinguish between numerous mouse strains. 

 

 

 

 

 

 

 

Figure 6. Microsatellite genotyping of the WT and CF strains using the D3CLCA1 microsatellite 

marker (1=C57BL/6J, 2=BALB/c, 3=B6.129P2(CF/3)-CftrTgH(neoim)Hgu, 4=C.129P2(CF/3)-

CftrTgH(neoim)Hgu, 5=CF/1-CftrTgH(neoim)Hgu, 6=CF/3-CftrTgH(neoim)Hgu, 7=DBA/2J, 8=D2.129P2(CF/3)-

CftrTgH(neoim)Hgu). Two samples of each mouse were genotyped at one time. 

 

 

 

 

 

 

 

 

 

Figure 7. Microsatellite genotyping of the WT and CF strains using the D3CLCA2 microsatellite 

marker. (1=C57BL/6J, 2=BALB/c, 3=B6.129P2(CF/3)-CftrTgH(neoim)Hgu, 4=C.129P2(CF/3)-

CftrTgH(neoim)Hgu, 5=CF/1-CftrTgH(neoim)Hgu, 6=CF/3-CftrTgH(neoim)Hgu, 7=DBA/2J, 8=D2.129P2(CF/3)-

CftrTgH(neoim)Hgu). Two samples of each mouse were genotyped at one time. 

 

Three microsatellite markers (D3Mit320, mCLCA3 and D3Mit292) allowed the 

discrimination between all three WT mouse strains and also three markers (mCLCA4, 

mCLCA3, D3Mit292) allowed the differentiation between the CF/1-CftrTgH(neoim)Hgu and CF/3-
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CftrTgH(neoim)Hgu inbred mouse strains confirming the results of Ritzka (2004a). Discrimination 

between the three WT mouse strains and the two CF inbred strains was possible by 5 

microsatellite markers, although differentiation of all 5 murine strains by one marker was 

possible in none of the cases. Different alleles were identified in four of the six investigated 

markers at the Clca cluster between the DBA/2J and CF/3-CftrTgH(neoim)Hgu strains. Various 

alleles were carried at three from the six investigated markers between the BALB/c and CF/3-

CftrTgH(neoim)Hgu strains. In addition, two from the six markers showed diverse alleles between 

the C57BL/6J and CF/3-CftrTgH(neoim)Hgu strains (Table 20). 

At least two of the six markers allowed discriminating the WT and the CF/3-CftrTgH(neoim)Hgu  

alleles at the Clca gene cluster of the CF mouse strains. The same alleles were carried at the 

polymorphic microsatellite markers D3Mit320 and D3Mit292 in the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and DBA/2J mouse strains including the whole Clca cluster in-between. The 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu and the C57BL/6J strains had the same genetic background 

at the markers D3Mit320 and mCLCA3 including the Clca cluster from Clca1 up to Clca3. 

Half of the mice from the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain had heterozygous BALB/c - 

CF/3-CftrTgH(neoim)Hgu background between the markers mCLCA4 and the D3Mit292 (mouse 

Nr. 2, 3, 6, 8 and 9) (Fig. 8). This indicated the recombination of one of the two alleles 

between the BALB/c and CF/3-CftrTgH(neoim)Hgu strains in a chromosomal segment of at least 

1.5 Mb including a great part of the Clca cluster. The other five mice of the same strain 

shared alleles with BALB/c mice at the D3Mit292 locus, however homozygous CF/3-

CftrTgH(neoim)Hgu background was found at the mCLCA4 locus (mouse Nr. 1, 4, 5, 7 and 10). 

This indicated recombination of both alleles between the CF/3-CftrTgH(neoim)Hgu and BALB/c 

strains in a chromosomal segment that included the major part of the Clca cluster. 

Altogether, a WT background was found in the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains at the Clca cluster that was in agreement with the 

definition of a congenic mouse strain. In contrast, none of the mice carried the expected WT 

background in the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain. Half of the mice from the latter 

strain carried a BALB/c - CF/3-CftrTgH(neoim)Hgu background at the Clca cluster, whereas the 

other half showed a homozygous CF/3-CftrTgH(neoim)Hgu background at these loci. 

Thus, the result of genotyping at the Clca cluster was consistent with the result of the low 

density SNP scan. 
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 b) 

 

 

 

 

 

 

 

 

Figure 8. Genotyping of the C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain using the (a) D3Mit292 and 

(b) mCLCA4 microsatellite markers (B=BALB/c, CF=CF/3-CftrTgH(neoim)Hgu, 1-10=mice of the 

C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain). Two samples from each mouse were genotyped at one 

time. 

 

Table 20. Genotype of the WT and CF strains at the Clca gene cluster. Underlined numbers in bold 

show microsatellite markers where differentiation between WT and CF alleles was possible.  

 

 
Number 

of mice 
D3Mit320 mCLCA4 D3CLCA1 D3CLCA2 mCLCA3 D3Mit292

CF/1-

CftrTgH(neoim)Hgu 
2 20/20 22/22 20/20 20/20 22/22 19/19 

CF/3-

CftrTgH(neoim)Hgu 
2 20/20 20/20 20/20 20/20 20/20 20/20 
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DBA/2J 1 19/19 20/20 20/20 25/25 16/16 19/19 

C57BL/6J 2 24/24 20/20 20/20 20/20 22/22 20/20 

BALB/c 2 18/18 19/19 20/20 20/20 20/20 26/26 

D2.129P2(CF/3)-

CftrTgH(neoim)Hgu 
10 19/19 20/20 20/20 25/25 16/16 19/19 

B6.129P2(CF/3)-

CftrTgH(neoim)Hgu 
10 24/24 20/20 20/20 20/20 22/22 20/20 

C.129P2(CF/3)-

CftrTgH(neoim)Hgu 
5 20/20 20/19 20/20 20/20 20/20 26/20 

C.129P2(CF/3)-

CftrTgH(neoim)Hgu 
5 20/20 20/20 20/20 20/20 20/20 26/26 

 

3.1.3 Genotyping at the Cftr locus 

 

Genotyping the CF mice at the Cftr locus was a basic requirement for analysing genotype-

phenotype associations due to several reasons. Breeding of the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu strain was managed by crossing heterozygous males to homozygous females. 

Thus, each litter of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain had to be genotyped in order to 

select the homozygous offsprings for the electrophysiological experiments. In addition, the 

other two CF congenic mouse strains had to be genotyped as well due to the instability of the 

CftrTgH(neoim)Hgu mutation described in a previous study (CHARIZOPOULOU et al. 2004). 

Genotyping was carried out in two steps. 

The CftrTgH(neoim)Hgu mouse model was generated by insertional mutagenesis disrupting exon 

10 of the murine Cftr gene. The insertional vector pMC1neoPolyA contained intron 9 and a 

part of exon 10 of the Cftr gene. The presence of the insert was confirmed by digestion with 

Xba I and Sal I restriction enzymes followed by Southern blot analysis using the 1.2H probe 

located in intron 10 (DORIN et al. 1992). Mice from the CF/3-CftrTgH(neoim)Hgu mouse strain 

were investigated by using another approach. Spanning primers of Cftr intron 9-pMC1 vector 

and neoPolyA-Cftr intron 9 were amplified in order to detect the terminal parts of the vector 

within intron 9 of the murine Cftr gene. The CFneo1 product contains a restriction site of the 

enzyme Sal I (CHARIZOPOULOU et al. 2004). The latter method was used in the present 

study (Fig 9). 
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Figure 9. Map position of the CFneo1 and CFneo2 products indicating the digestion site of Sal I 

 

Both CFneo1 and CFneo2 products were found in every mouse of the three congenic CF 

mouse strains. All CFneo1 products were cleaved by Sal I confirming the presence of the 

restriction site (Table 21). 

 

Table 21. Result of the amplification with CFneo1 and CFneo2 primers as well as splicing of CFneo1 

with Sal I. ‘+’ sign indicates products of the expected size. 

 

 Number of mice CFneo1 CFneo2 Digestion with Sal I

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 10 + + + 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 10 + + + 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 10 + + + 

 

In the second step, Cftr gene was investigated using polymorphic intragenetic microsatellite 

markers in order to detect alterations in the structure of the Cftr gene (e.g. recombination). 

Charizopoulou et al. (2004) showed that the markers D6NC3 (intron 1), D6Mit236 (intron 9) 

and D6NC5 (intron 18) allowed the differentiation between the WT and the CF/3-

CftrTgH(neoim)Hgu strains at the Cftr locus (Fig. 10). 

 

 

 

 

 

 

Figure 10. Map position of the intragenic microsatellite markers within the Cftr gene. 
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Microsatellite alleles were defined by arbitary repeat units following the study of 

Charizopoulou et al. (2004). The genotype of the CF/3-CftrTgH(neoim)Hgu strain was defined as: 

D6NC3: 20/20, D6Mit236: 20/20, D6NC5: 20/20. An identical genotype of a CF mouse from 

a congenic mouse strain shows that the animal carries the disrupted Cftr gene. 

The WT backgrounds had the following genotype: i) DBA/2J: D6NC3: 16/16, D6Mit236: 

44/44, D6NC5: 32/32; ii). C57BL/6J: D6NC3: 14/14, D6Mit236: 35/35, D6NC5: 21/21; iii) 

BALB/c: D6NC3: 16/16, D6Mit236: 31/31, D6NC5: 30/30.  

All mice of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu and 

C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strains showed alleles identical to those of the CF/3-

CftrTgH(neoim)Hgu strain at the Cftr locus (Table 22). 

 

Table 22. Genotype of the CF congenic mouse strains at the Cftr locus. 

 

 Number of mice D6NC3 D6Mit236 D6NC5 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 10 20/20 20/20 20/20 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 10 20/20 20/20 20/20 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 10 20/20 20/20 20/20 

 

Overall, every mice of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

and C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strains carried the expected CftrTgH(neoim)Hgu 

mutation. 
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3.2 Analysis of electrophysiological experiments 

 

Different analyses of the same electrophysiological experiments allow investigating the 

impact of the CftrTgH(neoim)Hgu mutation and the genetic backgrounds on the 

electrophysiological phenotype in both small and large intestines. 

Comparison between the WT and the congenic CF strains represents clearly the effect of the 

CftrTgH(neoim)Hgu mutation on the electrophysiological phenotype. In contrast, comparison 

between the C.129P2(CF/3)-CftrTgH(neoim)Hgu and BALB/c strains as well as the CF/1-

CftrTgH(neoim)Hgu or CF/3-CftrTgH(neoim)Hgu and HsdOla:MF1 strains do not represent the 

exclusive impact of the CftrTgH(neoim)Hgu mutation on the electrophysiological phenotype due to 

the mixed genetic backgrounds of the CF mouse strains. 

Comparisons among the CF strains and among the WT strains show the effect of the distinct 

genetic backgrounds on the electrophysiological phenotypes. The impact of the 

CftrTgH(neoim)Hgu mutation and the Cftr gene could be excluded, since all CF strains carried the 

same CftrTgH(neoim)Hgu mutation and all WT mice carried the WT Cftr gene, respectively. 

 

3.2.1 Colon electrophysiology 

 

3.2.1.1 Comparison of Cftr mediated chloride secretion between the WT and CF strains 

 

One aim of the present study was to determine the electrophysiological phenotype of the Cftr 

gene in the WT and CF mouse strains. The protocol including preincubations with amiloride, 

TEA, BaCl2 and DIDS resulted in a carbachol peak that represented only the Cftr mediated 

electrogenic chloride secretion (Figure 1). 

Stimulation of chloride secretion by carbachol has led to a transient increase of short circuit 

current. The change of short circuit current induced by carbachol in the presence of DIDS was 

significantly lower in all CF strains than in their WT controls (Fig. 11, Table 23-24). The Cftr 

mediated chloride secretion in the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain showed 63% of the 

value of the DBA/2J strain. The B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain showed 51% of the 

value observed in C57BL/6J mice. The C.129P2(CF/3)-CftrTgH(neoim)Hgu strain exhibited 42% 

of the value of the BALB/c strain. The CF/1-CftrTgH(neoim)Hgu strain showed 53 % of the value 
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of the HsdOla:MF1 strain, whereas the Cftr mediated chloride secretion in the CF/3-

CftrTgH(neoim)Hgu strain was 41 % of the value of the outbred strain. 

Thus, differentiation of the WT and CF strains was possible at all time based on the result of 

the electrophysiological experiments. However, the high proportion of Cftr mediated chloride 

secretion in the CF mice is noticeable and it corresponds well with the mild phenotype of the 

CftrTgH(neoim)Hgu mouse model. 
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Figure 11. Change of short circuit current induced by carbachol in the presence of DIDS in the colon 

of WT and CF mouse strains. Lines indicate the mean of each group, every symbol represents a mouse 

(Appendix, Table I). 

 

Table 23. Change of short circuit current induced by carbachol in the presence and in the absence of 

DIDS in the colon of the CF (a) and WT (b) mouse strains (mean±standard deviation, n=10). Negative 

value refers to greater carbachol response despite the presence of DIDS. 

 

a) 

Without DIDS 

(µEq·h-1·cm-2) 

With DIDS 

(µEq·h-1·cm-2) 

DIDS dependent 

component (µEq·h-1·cm-2) Strain 

Mean SD Mean SD Mean SD 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 4.22 1.43 3.84 1.14 0.38 2.27 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 3.72 1.05 2.87 0.76 0.85 1.59 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 3.46 1.19 2.62 1.1 0.84 1.16 

CF/1-CftrTgH(neoim)Hgu 3.07 1.02 2.38 0.92 0.69 1.1 

CF/3-CftrTgH(neoim)Hgu 2.2 1.1 1.87 0.75 0.33 1.58 
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b) 

Without DIDS 

(µEq·h-1·cm-2) 

With DIDS 

(µEq·h-1·cm-2) 

DIDS dependent 

component (µEq·h-1·cm-2) Strain 

Mean SD Mean SD Mean SD 

DBA/2J 6.38 1.46 6.1 1.67 0.28 1.76 

C57BL/6J 6.08 1.94 5.56 2.38 0.52 1.58 

BALB/c 6.34 1.92 6.26 1.64 0.08 1.5 

HsdOla:MF1 4.17 1.86 4.44 2.41 -0.27 1.21 

 

Table 24. Percentage rise of the carbachol induced short circuit current in the presence or absence of 

DIDS in the colon of CF strains compared to the WT strains as controls (100%). 

 

Strain In the absence of DIDS (%) In the presence of DIDS (%) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 66 63 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 61 51 

C.129P2(CF/3)-CftrTgH(neoim)Hgu  55 42 

CF/1-CftrTgH(neoim)Hgu 73 53 

CF/3-CftrTgH(neoim)Hgu 52 41 

 

3.2.1.2 Comparison of CaCC between the WT and CF strains 

 

The second aim of the electrophysiological characterisation was to investigate whether the 

dysfunction of the Cftr channel stimulates alternative chloride secretory pathways. The 

difference between the carbachol responses in the presence and absence of DIDS represents 

the contribution of the DIDS inhibitable calcium dependent chloride channels (CaCC) to the 

chloride secretory response. 

Comparison of the DIDS inhibitable components of the short circuit current change induced 

by carbachol between the WT and CF strains refers to the impact of the CftrTgH(neoim)Hgu 

mutation on CaCC. 

DIDS reduced the carbachol response in all WT and CF strains with the exception of the 

HsdOla:MF1 strain. Nevertheless, the impact of DIDS was significant in none of the mouse 
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strains, although its inhibitory effect showed a tendency in the B6.129P2(CF/3)-

CftrTgH(neoim)Hgu, C.129P2(CF/3)-CftrTgH(neoim)Hgu and CF/1-CftrTgH(neoim)Hgu strains (Fig. 12). 

The DIDS inhibitable component was approximately one and a half fold higher in the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu than in the DBA/2J and in the B6.129P2(CF/3)-

CftrTgH(neoim)Hgu than in the C57BL/6J strains. On the other hand, the DIDS inhibitable 

component was ten fold higher in the C.129P2(CF/3)-CftrTgH(neoim)Hgu than in the BALB/c 

strain.  

Interpretation of such comparisons between the DIDS inhibitable components of the CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains with the HsdOla:MF1 strain was difficult due 

to the mean negative values of the DIDS dependent part in the latter strain. However, 

comparison of the DIDS dependent components between the CF/1-CftrTgH(neoim)Hgu and 

HsdOla:MF1 as well as the CF/3-CftrTgH(neoim)Hgu and HsdOla:MF1 strains by statistical tests 

was a feasible analysis. 

Comparison of the DIDS inhibitable components between the WT and CF strains did not 

show statistical significance in any of the cases (Appendix, Table III). This is associated with 

the fact that all WT and CF strains had at last one mouse that showed a higher peak in the 

presence of DIDS after carbachol stimulation resulting in negative values as a DIDS 

inhibitable component of short circuit current. 

Thus, the disruption of the Cftr gene seems to stimulate CaCC only in the C.129P2(CF/3)-

CftrTgH(neoim)Hgu strains. 
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Figure 12. The effect of DIDS preincubation on the change of short circuit current after stimulation 

with carbachol in the colon of the WT and CF mouse strains. One symbol from both groups of a strain 

(without DIDS vs. with DIDS) belong to the same mouse showing the values in the presence and 

absence of DIDS obtained from the two specimens of colon ascendens. Lines indicate the mean of 

each group (Appendix, Table II-III). 

 

3.2.1.3 Comparison of the entire chloride secretion between the WT and CF strains 

 

Stimulation of chloride secretion by carbachol in the absence of DIDS was defined as the 

entire chloride secretion in the present study. This was mediated by the Cftr channel and by 

an alternative calcium dependent chloride conductance. 

The aim was to investigate whether CaCC was able to compensate the reduced Cftr mediated 

chloride secretion in the CftrTgH(neoim)Hgu mouse model by comparing the total chloride 

secretion between the WT and CF strains after carbachol stimulation in the absence of DIDS. 

The total chloride secretion in the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain was 66% of the 

value in DBA/2J mice and 61% in the B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain compared to the 

C57BL/6J strain (Fig 13, Table 23-24). The change of short circuit current stimulated by 

carbachol in the absence of DIDS in the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was 55% of the 

value in the BALB/c strain. The overall chloride secretion was 73% in the CF/1-

CftrTgH(neoim)Hgu and 52% in the CF/3-CftrTgH(neoim)Hgu strains compared to the HsdOla:MF1 

strain. 

The entire chloride secretion was significantly reduced in all CF strains compared to their WT 

controls with the exception of the CF/1-CftrTgH(neoim)Hgu strain. The total chloride secretion was 

not different between the CF/1-CftrTgH(neoim)Hgu and HsdOla:MF1 strains, however 

interpretation of this result is difficult due to the mixed genetic background of the CF/1-

CftrTgH(neoim)Hgu strain. In addition, the major part of the chloride secretory response after 

carbachol stimulation was DIDS dependent, representing the Cftr mediated chloride secretion 

in the colon of both WT and CF strains. 

Hence, chloride secretion mediated by CaCC could not compensate completely the disruption 

of the Cftr gene in the CftrTgH(neoim)Hgu mouse model. Furthermore, the Cftr mediated chloride 

secretion was the major component of the carbachol induced secretory response in both WT 

and CF strains. 
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Figure 13. Change of short circuit current induced by carbachol in the absence of DIDS in the colon 

of WT and CF mouse strains. Lines indicate the mean of each group, every symbol represents a mouse 

(Appendix, Table IV). 
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3.2.1.4 Comparison of Cftr mediated chloride secretion among the WT strains and among the 

CF strains 

 

The Cftr mediated chloride secretion, already described in chapter 3.2.1.1, was analysed by 

comparing the CF strains with each other. The aim was to investigate the impact of the 

genetic backgrounds on the change of short circuit current stimulated by carbachol in the 

presence of DIDS. 

The difference within the CF group was significant (one way ANOVA, p=0.006). The CF/3-

CftrTgH(neoim)Hgu strain showed the lowest value and was exceeded by the CF/1-CftrTgH(neoim)Hgu, 

the C.129P2(CF/3)-CftrTgH(neoim)Hgu and the B6.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strains. 

The D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain exhibited the highest value differing significantly 

from the C.129P2(CF/3)-CftrTgH(neoim)Hgu, the CF/1-CftrTgH(neoim)Hgu and the CF/3-

CftrTgH(neoim)Hgu strains (Fig. 14). 

Altogether, the Cftr mediated chloride secretion varied among the strains that carried the same 

CftrTgH(neoim)Hgu mutation. 
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Figure 14. DIDS independent component of the short circuit current change induced by carbachol in 

the colon of the CF mouse strains. Lines indicate the mean of each strain, every symbol represents a 

mouse (Appendix, Table V). 

 

The change of short circuit current induced by carbachol in the presence of DIDS, already 

shown in chapter 3.2.1.1, was compared also among the WT. 

The three inbred WT strains seemed to exhibit higher values than the HsdOla:MF1 outbred 

strain, however the difference within the WT group was not statistically different (one way 

ANOVA, p=0.206) (Fig. 15). 

Thus, the Cftr mediated chloride secretion did not vary among the WT mice carrying the WT 

Cftr gene. 

 

 

 

 

 

 

 

 

 

Figure 15. Change of short circuit current stimulated by carbachol in the presence of DIDS in the 

colon of WT mouse strains. Lines indicate the mean of each strain, every symbol represents a mouse 

(Appendix, Table VI). 

 

3.2.1.5 Characterisation of CaCC among the WT strains and among the CF strains 

 

The DIDS inhibitable part of the short circuit current after carbachol stimulation, that was 

already described in chapter 3.2.1.2, represents the alternative calcium dependent chloride 

secretory conductance. The aim was to investigate the impact of the genetic backgrounds on 

the CaCC mediated chloride secretion by comparing the CF strains with each other. 

The B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu strains exhibited the 

greatest DIDS inhibitable components following by the CF/1-CftrTgH(neoim)Hgu mouse strain 
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(Fig. 16). The CF/3-CftrTgH(neoim)Hgu and the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strains showed 

the lowest values. All strains had at least one mouse that showed a greater increase after 

carbachol incubation despite the presence of DIDS. The C.129P2(CF/3)-CftrTgH(neoim)Hgu strain 

differed significantly from zero (one-sample t-test, p=0.047). In addition, the CF/1-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains were close to the level of 

statistical significance (one-sample t-test, p=0.078 and p=0.124). 

Hence, CaCC was observed electrophysiologically in the in the colon of the C.129P2(CF/3)-

CftrTgH(neoim)Hgu strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. The DIDS dependent component of the short circuit current after stimulation with 

carbachol in the colon of the CF mouse strains. Lines indicate the mean of each group, every symbol 

represents a mouse. Positive values refer to mice in which preincubation with DIDS reduced the short 

circuit current. Negative values refer to mice that showed higher values despite DIDS preincubation 

(Table VII). 

 

Comparison of the DIDS dependent components among WT mice was not possible, since 

none of the mouse strains exhibited results that differed significantly from zero. In addition, 

the mean of short circuit current induced by carbachol was even higher in the HsdOla:MF1 

strain despite preincubation with DIDS (Fig. 17). 

-3

-2

-1

0

1

2

3

4

5

6

D2.129P2(CF/3)
-CftrTgh(neoim)Hgu

C.129P2(CF/3)
-CftrTgh(neoim)Hgu

B6.129P2(CF/3)
-CftrTgh(neoim)Hgu

CF/1
-CftrTgh(neoim)Hgu

CF/3
-CftrTgh(neoim)Hgu

Δ 
Is

c 
(µ

Eq
·h

-1
·cm

-2
)



Results 
67 

Altogether, the contribution of CaCC to the secretory response after carbachol stimulation 

was irrelevant in the WT strains. 

 

 

 

 

 

 

 

 

 

Figure 17. DIDS dependent component of short circuit current after stimulation with carbachol in the 

colon of the WT mouse strains. Lines indicate the mean of each group, every symbol represents a 

mouse. Positive values refer to mice in which preincubation with DIDS reduced short circuit current. 

Negative values refer to mice that showed higher values despite DIDS preincubation (Table VII). 

 
3.2.1.6 Comparison of total chloride secretion among the WT strains and among the CF 

strains 

 

Carbachol stimulation in the absence of DIDS represents the entire chloride secretion that 

includes both Cftr and CaCC related chloride conductances. Comparison of data, already 

described in chapter 3.2.1.3, among the CF strains shows the impact of the genetic 

backgrounds on the total chloride secretion. 

The rise in short circuit current varied significantly among the CF strains (one way ANOVA, 

p=0.005). The D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain exhibited the highest the CF/3-

CftrTgH(neoim)Hgu strain the lowest increase. Values of the other CF mice varied between these 

two mouse strains. Both the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and the B6.129P2(CF/3)-

CftrTgH(neoim)Hgu strains differed significantly from the CF/3-CftrTgH(neoim)Hgu strain. (Fig. 18). 

Overall, the Cftr and CaCC mediated chloride secretion varied among the strains carrying the 

same CftrTgH(neoim)Hgu mutation. 
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Figure 18. Change of short circuit current stimulated by carbachol without DIDS preincubation in 

colon of the CF mouse strains. Lines indicate the mean of each strain, every symbol represents a 

mouse (Appendix, Table VIII). 

 

Comparison of the overall chloride secretion among the WT strains, that were already 

described in chapter 3.2.1.3, shows the effect of the genetic backgrounds on this 

electrophysiological phenotype. 

The variation within the WT group was significant (one way ANOVA, p=0.027). All inbred 

WT strains had a nominally higher rise of the short circuit current compared to the 

HsdOla:MF1 outbred strain. In the case of the DBA/2J strain the difference reached the level 

of significance (Fig. 19). 

Altogether, the total chloride secretion was higher in DBA/2J mice than in the HsdOla:MF1 

outbred strain within the WT group. 

 

 

 

0

1

2

3

4

5

6

7

8

D2.129P2(CF/3)
-CftrTgh(neoim)Hgu

B6.129P2(CF/3)
-CftrTgh(neoim)Hgu

C.129P2(CF/3)
-CftrTgh(neoim)Hgu

CF/1
-CftrTgh(neoim)Hgu

CF/3
-CftrTgh(neoim)Hgu

p=0.005

**

*

Δ
 Is

c 
(µ

Eq
·h

-1
·c

m
-2

)



Results 
69 

 

 

 

 

 

 

 

 

 

 

Figure 19. Change of short circuit current stimulated by carbachol in the absence of DIDS in the colon 

of WT mouse strains. Lines indicate the mean of each strain, every symbol represents a mouse 

(Appendix, Table IX). 

 
3.2.1.7 Investigation of variation within the strains 
 

The impact of DIDS preincubation on short circuit current was analysed in 8 mice of the 

DBA/2J and D2.129P2(CF/3)-CftrTgH(neoim)Hgu strains using the same protocol in both 

proximal and distal specimens of the removed colon ascendens. The aim was to clarify 

whether the effect of DIDS preincubation shows the same result if it is investigated within 

one mouse, as it was done in the regular protocol, or in one strain. Chloride secretion was 

stimulated by carbachol in the presence of amiloride, TEA and BaCl2 in all chambers with or 

without DIDS preincubation in both colonic tissues of each mouse. 

Change of short circuit current was 4.73±0.33 µEq·h-1·cm-2 in the absence of DIDS and 

4.75±2.02 µEq·h-1·cm-2 in the presence of it in mice of the DBA/2J strain (Table 25). In the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain, increase of short circuit current was 4.85±0.21 µEq·h-

1·cm-2 without DIDS preincubation and 3.92±0.64 µEq·h-1·cm-2 after DIDS preincubation. 

Thus, the extent of interindividual variation was similar to the intraindividual variation in both 

strains. 

 

Table 25. Short circuit current change evoked by carbachol (serosal 0.1 mmol/l) in the presence or 

absence of DIDS (mucosal 0.2 mmol/l) in the colon of the DBA/2J and D2.129P2(CF/3)-
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CftrTgH(neoim)Hgu strains. DIDS was given to both tissues of colon ascendens (P: proximal, D: distal) or 

to none of them. 

 

Iscbasal 
Iscincreased by 
carbachol ΔIsc 

Mean 
per 

mouse 

Mean 
per strainMouse 

Nr. Strain Tissue DIDS 
preincubation 

(µEq·h-1·cm-2) 
D - 1.04 5.82 4.78 

1. DBA/2J 
P - 1.12 5.33 4.21 

4.50 

D - 1.79 7.72 5.93 
2. DBA/2J 

P - 0.22 4.22 4 
4.97 

4.73 

D + 2.01 4.74 2.73 
3. DBA/2J 

P + 1.16 5.07 3.91 
3.32 

D + 0.56 6.57 6.01 
4. DBA/2J 

P + 1.01 7.35 6.34 
6.18 

4.75 

D - 0.93 5.93 5 
5. 

D2.129P2(CF/3)-

CftrTgH(neoim)Hgu P - 0.3 4.7 4.4 
4.7 

D - 0.56 5.63 5.07 
6. 

D2.129P2(CF/3)-

CftrTgH(neoim)Hgu P - 0.67 5.6 4.93 
5 

4.85 

D + 0.82 4.25 3.43 
7. 

D2.129P2(CF/3)-

CftrTgH(neoim)Hgu P + -0.07 3.43 3.5 
3.47 

D + -0.11 4.78 4.89 
8. 

D2.129P2(CF/3)-

CftrTgH(neoim)Hgu P + -0.19 3.66 3.85 
4.37 

3.92 

 

3.2.1.8 Analyses of basal short circuit current and tissue conductance in colon of the WT and 

CF strains 

 

The basal short circuit current has reached a stable baseline within the first ten minutes of the 

experiments. 

Various results were found between the WT and CF strains after comparing the basal short 

circuit currents before carbachol stimulation (Table 26). The D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

(p=0.0004), the CF/1-CftrTgH(neoim)Hgu (p=0.0004) and the CF/3-CftrTgH(neoim)Hgu (p=0.006) 

strains showed significantly reduced unstimulated short circuit current values compared to 

their WT strains as controls (Appendix, Table X). In contrast, the B6.129P2(CF/3)-
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CftrTgH(neoim)Hgu (p=0.719) and C.129P2(CF/3)-CftrTgH(neoim)Hgu (p=0.799) strains did not differ 

significantly from their WT controls.  

Although the CF strains varied from each other to some extent, the overall difference within 

the CF  group was not significant (one way ANOVA, p=0.063) (Appendix, Table XI). 

The basal short circuit current did not differ among the WT strains (one way ANOVA, 

p=0.634) (Appendix, Table XII). 

 

Table 26. Basal short circuit current (=before carbachol addition) and tissue conductance before and 

after carbachol addition in the colon of the CF (a) and WT (b) mouse strains (mean±standard 

deviation, n=10). 

a) 

Iscbasal 

(µEq·h-1·cm-2) 

Gtbasal 

(mS/cm2) 

Gtincreased by 

carbachol (mS/cm2) Strain 

Mean SD Mean SD Mean SD 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0,47 0,19 16.38 1.66 21 1.6 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 1.06 0.92 18.62 3.87 21.81 2.56 

C.129P2(CF/3)-CftrTgH(neoim)Hgu  0.96 0.68 19.02 2.49 21.19 1.86 

CF/1-CftrTgH(neoim)Hgu 0.48 0.29 16.96 2.08 19.55 1.83 

CF/3-CftrTgH(neoim)Hgu 0.63 0.35 16.86 1.97 19.49 2.09 

 

b) 

Iscbasal 

(µEq·h-1·cm-2) 

Gtbasal 

(mS/cm2) 

Gtincreased by 

carbachol (mS/cm2) Strain 

Mean SD Mean SD Mean SD 

DBA/2J 1.01 0.36 16.77 1.77 20.87 1.96 

C57BL/6J 0.95 0.42 15.24 1.62 20.87 1.56 

BALB/c 1.03 0.24 14.42 1.06 19.01 1.27 

HsdOla:MF1 1.15 0.39 14.68 2.18 14.58 1.94 

 

Tissue conductance was stabile before incubation with carbachol and showed an elevated 

plateau following carbachol stimulation in colon. 

Tissue conductance of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain did not differ from the 

DBA/2J strain neither before nor after stimulation with carbachol (before: p=0.618, after: p= 
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0.873; Appendix, Table XIII-XIV). In the case of the B6.129P2(CF/3)-CftrTgH(neoim)Hgu and 

C57BL/6J strains the difference was apparent only before carbachol stimulation (before: 

p=0.02, after: p=0.334). The C.129P2(CF/3)-CftrTgH(neoim)Hgu strain had an obviously higher 

tissue conductance than the BALB/c strain both before and after carbachol stimulation 

(before: p<0.0001, after: p=0.007). Both the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains had significantly higher tissue conductances than the HsdOla:MF1 strain 

independently from the presence of carbachol (before: p=0.028, after: p<0.0001) (before: 

p=0.030, after: p<0.0001). 

The overall difference of tissue conductance within the CF group was not significant in the 

absence of carbachol (p=0.092) (Table XV). The variation among the CF strains reached the  

level of significance after incubation with carbachol, although the post hoc Tukey’s did not 

find any strain being significantly different from the other one (p=0.045; Appendix, Table 

XVI). 

The WT strains differed significantly in tissue conductance before stimulation with carbachol 

(p=0.018). The post hoc Tukey’s test showed that the DBA/2J strain had a higher tissue 

conductance than the BALB/c (p<0.05) and HsdOla:MF1 (p<0.05) strains (Appendix, Table 

XVII). The variation within the WT group became highly significant after carbachol 

stimulation (p<0.0001). The values of the three inbred strains were vastly greater than the 

tissue conductance of the outbred strain (p<0.001 in all of the cases, Appendix, Table XVIII).  

 

3.2.1.9 Characterisation of the inhibitory effect of CFTRinh-172 and NPPB 

 

Two inhibitors of the Cftr channel were used to further characterize the short circuit current in 

the present model. The aim was to selectively block the Cftr mediated chloride secretion in 

order to investigate the DIDS dependent component of the short circuit current. The 

compound CFTRinh-172 had been shown to be a potent and specific blocker of the Cftr 

channel (MA et al., 2002). NPPB is also a well known blocker of the Cftr channel 

(SCHULTZ et al. 1999). 

The experimental setup had to be modified in order to investigate the effect of both 

compounds only on the apical chloride conductance. These experiments were done in the 

absence of potassium gradient. Identical high potassium concentrations on both sides of the 
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epithelia (Table 3, buffers No. 3-4) were used to depolarise the basolateral membrane. A 

chloride current was then driven across the apical membrane due to a reduced chloride 

concentration in the mucosal buffer solution. 

Chloride secretion was stimulated by forskolin (serosal 0.01 mmol/l) in the presence of 

amiloride (mucosal 0.1 mmol/l), TEA (mucosal 5 mmol/l) and BaCl2 (mucosal 1 mmol/l) 

followed by either NPPB (serosal 0.5 mmol/l) and then CFTRinh-172 (mucosal+serosal 0.05 

mmol/l) or by first CFTRinh-172 and then NPPB. 

CFTRinh-172 blocked 53% of the forskolin induced short circuit current followed by NPPB 

which had a further blocking effect of 36%. On the other hand if NPPB was given prior to 

CFTRinh-172 it blocked 89% of the apical chloride conductance whereas CFTRinh-172 could 

not influence the short circuit current anymore (Fig. 20, Table 27). 

 

a)          b) 

 

 

 

 

 

 

 

Figure 20. Effect of CFTRinh-172 and NPPB on the forskolin induced short circuit current in the 

presence of amiloride, TEA and BaCl2
 in proximal colon of C57BL/6J mice (mean±SD, n=6). a) 

Addition of CFTRinh-172 prior to NPPB. b) Addition of NPPB prior to CFTRinh-172. 
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Table 27. Change of the short circuit current evoked by a) forskolin, CFTRinh-172 and NPPB or by b) 

forskolin, NPPB and CFTRinh-172 

 

   a)       b) 

 
Δ Isc (µEq·h-1·cm-2) 

Compound 
Mean SD 

forskolin 2.66 1.33 

CFTRinh-172 -1.41 0.38 

NPPB -0.96 0.6 

 

3.2.1.10 Characterisation of the inhibitory effect of amitriptyline 

 

The blocking effect of amitriptyline on acid-sphingomyelinase was also tested in the 

CftrTgH(neoim)Hgu mouse model. Acid-sphingomyelinase is an enzyme that generates ceramide 

out of membrane sphingolipids in the cell membrane (SPENCE, 1993). Ceramide has been 

shown to reduce the Cftr dependent short circuit current in Calu-3 cells (ITO et al., 2004). 

Ceramide enriched membrane platforms were shown to cluster Cftr in murine tracheal cells in 

vivo upon infection with Pseudomonas aeruginosa (GRASSMÉ et al., 2003). Amitriptyline is 

a well known blocker of acid sphingomyelinase (GRASSMÉ et al., 2007). The aim of the 

investigations was to clarify whether preincubation with amitriptyline influences the 

electrophysiological phenotype of the CftrTgH(neoim)Hgu mouse model. 

Acid-sphingomyelinase is active only in acidic environment so the pH of the mucosal buffer 

was reduced to 5.4 (Table 3, buffer No. 2). Tissues were preincubated with amiloride 

(mucosal 0.1 mmol/l), TEA (mucosal 5 mmol/l), BaCl2 (mucosal 1 mmol/l) and DIDS 

(mucosal 0.2 mmol/l). The rise of short circuit current induced by carbachol (serosal 0.1 

mmol/l) and forskolin (serosal 0.01 mmol/l) was investigated in the presence and absence of 

amitriptyline (mucosal 25 µmol/l). 

The carbachol evoked short circuit current was nominally smaller in the presence of 

amitriptyline (1.8±0.53 vs. 1.5±0.55 µEq·h-1·cm-2, mean±SD), however the difference was not 

significant (unpaired t-test, p=0.314) (Fig. 21). In contrast, stimulation with forskolin led to 

Δ Isc (µEq·h-1·cm-2) 
Compound 

Mean SD 

forskolin 2.98 1.11 

NPPB -2.65 1.12 

CFTRinh-172 -0.13 0.34 
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nominally higher values in the presence of amitriptyline (1.5±0.34 vs. 1.94±0.77 µEq·h-1·cm-2, 

mean±SD), although not significant (unpaired t-test, p=0.19) 

 

a)      b) 

 

 

 

 

 

 

 

 

Figure 21. Effect of amitriptyline preincubation in the presence of amiloride, TEA, BaCl2
 and DIDS 

on the carbachol (a) or forskolin (b) induced short circuit current at pH 5.4 in the colon of the CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu mouse strains (mean±SD, n=7). 

 

3.2.2 Jejunum electrophysiology 

 

Electrogenic nutrient absorption was investigated as indicator of the basic absorptive 

functions of the small intestine in the CF and WT mouse strains. Analysis of 

electrophysiological data followed the principles described in chapter 3.2.   

On the one hand, the impact of the CftrTgH(neoim)Hgu mutation on the electrophysiological 

phenotype was investigated by comparing the WT and CF strains to each other. On the other 

hand, the impact of the genetic backgrounds on the electrophysiological phenotype was 

investigated by comparisons among the WT and among the CF strains. 

 

3.2.2.1 Electrogenic absorption of alanine 

 

Half of the specimens from each mouse was incubated with alanine (mucosal 5 mmol/l) as a 

first nutrient. The electrogenic response was rather fast reaching a plateau subsequently. 

The electrogenic response to alanine was identical between the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and the DBA/2J strains (unpaired t-test, p=0.978) (Fig. 22 and Table 28). The 
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increase seemed to be higher in the C57BL/6J and BALB/c WT strains compared to the 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu strains, however the 

differences were not significant (p=0.630 and p=0.502). Values of the CF/1-CftrTgH(neoim)Hgu 

and CF/3-CftrTgH(neoim)Hgu inbred strains were smaller than the HsdOla:MF1 outbred strain 

used as a control. The difference was highly significant in the case of the CF/1-CftrTgH(neoim)Hgu 

strain (p=0.0008) and tended to be significant between the CF/3-CftrTgH(neoim)Hgu and 

HsdOla:MF1 strains (p=0.096). 
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Figure 22. Change in the short circuit current induced by alanine in jejunum of the WT and CF mouse 

strains (mucosal 5 mmol/l). Mean±SD, n=10 (Appendix, Table XIX) 

 

Table 28. Change in short circuit current induced by alanine (mucosal 5 mmol/l), glycyl-glutamine 

(mucosal 5 mmol/l) and glucose (mucosal 10 mmol/l) in jejunum of the WT and CF mouse strains 

Mean±standard deviation, n=10 

 

Δ Iscalanine 

(µEq·h-1·cm-2) 

Δ Iscglycyl-glutamine 

(µEq·h-1·cm-2) 

Δ Iscglucose 

(µEq·h-1·cm-2) Strain 

Mean SD Mean SD Mean SD 

DBA/2J 1.53 0.91 1.13 1.06 3.46 1.34 

C57BL/6J 1.69 1.04 0.77 0.29 3.15 0.95 

BALB/c 1.1 0.94 1.09 0.95 3.22 1.76 

HsdOla:MF1 0.96 0.41 0.73 0.33 2.44 0.86 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 1.52 0.85 1.25 0.53 3.22 1.14 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 1.48 0.88 1.57 1.17 3.97 1.22 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.87 0.41 0.92 0.59 2.72 0.89 

CF/1-CftrTgH(neoim)Hgu 0.31 0.25 0.53 0.39 1.21 0.52 

CF/3-CftrTgH(neoim)Hgu 0.55 0.58 0.30 0.12 1.17 0.3 

 

Electrogenic absorption of alanine differed significantly within the CF group (one way 

ANOVA, p=0.0003) (Table 28, Fig 23). The D2.129P2(CF/3)-CftrTgH(neoim)Hgu and 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains showed the greatest rise differing significantly from 
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the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu mouse strains that exhibited the lowest 

values. Increase of the short circuit current in the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain 

reached a level that did not differ from any of the other strains significantly.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Increase of short circuit current across jejunum induced by alanine (mucosal 5 mmol/l) 

among the CF mouse strains. Mean±SD, n=10 (Table XX) 

 

Small differences could be seen within the WT group (Fig 24). C57BL/6J mice exhibited the 

greatest value followed by the DBA/2J and the BALB/c mouse strains. The HsdOla:MF1 

strain showed the smallest increase. However, the variation within the group was not 

significant (one way ANOVA, p=0.203). 
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Figure 24. Change of short circuit current across murine jejunum induced by alanine (mucosal 5 

mmol/l) within the WT group. Mean±SD, n=10 (Table XXI) 

 

3.2.2.2 Electrogenic absorption of glycyl-glutamine 

 

The addition of glycyl-glutamine (Gly-Gln) (mucosal 5 mmol/l) induced an increase in the 

short circuit current which reached a plateau within 5 minutes after Gly-Gln addition.  

This electrogenic absorption of Gly-Gln did not differ between the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and DBA/2J strains (unpaired t-test, p=0.752) (Fig. 25 and Table 28). The rise 

in short circuit current tended to be higher in the B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain 

compared to C57BL/6J mice (p=0.064). The short circuit current increase did not vary 

significantly between the C.129P2(CF/3)-CftrTgH(neoim)Hgu and BALB/c strains (p=0.655). 

Electrogenic absorption of Gly-Gln seemed to be smaller in CF/1-CftrTgH(neoim)Hgu mice 

compared to the HsdOla:MF1 outbred strain, although the difference was not significant 

(p=0.221). The CF/3-CftrTgH(neoim)Hgu strain exhibited significantly lower values than the 

HsdOla:MF1 mouse strain (p=0.001). 
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Figure 25. Short circuit current change in jejunal epithelia evoked by glycyl-glutamine in the WT and 

CF mouse strains (mucosal 5 mmol/l). Mean±SD, n=10 (Appendix: Table XXII) 

 

Electrogenic absorption of glycyl-glutamine varied significantly among the CF strains (one 

way ANOVA, p=0.0005) (Fig. 26). The B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain exhibited the 

greatest increase followed by the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-

CftrTgH(neoim)Hgu strains. The rise was lowest in the CF/1-CftrTgH(neoim)Hgu and CF/3-

CftrTgH(neoim)Hgu mouse strains. The B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain differed 

significantly from the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains. Alike 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu mice showed significantly higher values than the CF/3-

CftrTgH(neoim)Hgu strain. 
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Figure 26. Increase of short circuit current across mouse jejunum induced by glycyl-glutamine 

(mucosal 5 mmol/l) within the CF group. Mean±SD, n=10 (Table XXIII) 

 

Electrogenic absorption of glycyl-glutamine did not vary significantly within the WT group 

(p=0.538) (Fig 27). The animals could be divided into two groups. The first one included the 

DBA/2J and BALB/c strains exhibiting similar values. The second group consisted of 

C57BL/6J and HsdOla:MF1 mice showing also very similar increase of short circuit current 

after incubation with glycyl-glutamine.  
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Figure 27. Short circuit current change across murine jejunum evoked by glycyl-glutamine (mucosal 5 

mmol/l) among the WT strains. Mean±SD, n=10 (Table XXIV) 

 

3.2.2.3 Characterisation of the effect of amastatine on the Gly-Gln induced short circuit 

current 

 

The change of short circuit current evoked by Gly-Gln might have been influenced by the 

electrogenic transport of glycine and glutamine derived from the hydrolysis of Gly-Gln by 

brush border membrane peptidases (WINCKLER et al., 1999). Amastatine is a well 

characterised peptidase inhibitor (DANIEL and ADIBI, 1994). 

The change of the short circuit current induced by Gly-Gln was therefore investigated in the 

presence or absence of amastatine (mucosal side 10 µM) in order to clarify whether the 

electrogenic transport of glycine and glutamine could contribute to the increase of short 

circuit current. Altogether 13 mice from the strains DBA/2J, C57BL/6J, BALB/c, 

HsdOla:MF1, C.129P2(CF/3)-CftrTgH(neoim)Hgu and CF/1-CftrTgH(neoim)Hgu were used in the 

experiments. 

The change of short circuit current seemed smaller after amastatine preincubation (1.24±1.26 

vs. 1.01±0.81 µEq·h-1·cm-2, mean±SD), however the difference was not significant (unpaired 

t-test, p=0.574) (Fig. 28). 
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Figure 28. Effect of amastatine preincubation (mucosal 10 µM) on the change of short circuit current 

across murine jejunum induced by Gly-Gln (mucosal 5 mmol/l). Mean±SD, n=13 

 

3.2.2.4 Electrogenic absorption of glucose 

 

After the addition of alanine or glycyl-glutamine all four jejunal epithelia of each mouse were 

incubated with glucose (mucosal 10 mmol/l) as the second and last nutrient. Glucose induced 

an increase of short circuit current that was faster than in the case of alanine or Gly-Gln and 

reached a plateau afterwards. 

The electrogenic absorption of glucose did not vary between the DBA/2J and the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu strains (unpaired t-test, p=0.664) (Fig. 29 and Table 28). The 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain seemed to exhibit higher values than the C57BL/6J 

strain although not significantly (p=0.11). The current increase in BALB/c mice did not differ 

from those in the C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain (p=0.434). The rise in the 

CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains was significantly lower than in the 

HsdOla:MF1 outbred strain (p=0.001 and p=0.0003). 
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Figure 29. Change of short circuit current after incubation with glucose (mucosal 10 mmol/l) in 

jejunum of the WT and CF mouse strains. Mean±SD, n=10 (Appendix: Table XXV) 

 

The variation among the CF strains was highly significant (one way ANOVA, p<0.0001) 

(Fig. 30). The B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain exhibited the biggest increase differing 

significantly from the C.129P2(CF/3)-CftrTgH(neoim)Hgu, CF/1-CftrTgH(neoim)Hgu and CF/3-

CftrTgH(neoim)Hgu strains. D2.129P2(CF/3)-CftrTgH(neoim)Hgu mice showed the second greatest 

value being significantly higher than the rise of the CF/1-CftrTgH(neoim)Hgu and CF/3-

CftrTgH(neoim)Hgu strains. The C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain had the third biggest 

increase and differed significantly from the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

mice. The latter two strains exhibited very similar values and showed the lowest rise in the 

group. 
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Figure 30. Rise of short circuit current across mouse jejunum evoked by glucose (mucosal 10 mmol/l) 

among the CF strains. Mean±SD, n=10 (Table XXVI) 

 

The difference among the WT strains did not reach the level of statistical significance (one 

way ANOVA, p=0.330) (Fig. 31). The DBA/2J, C57BL/6J and BALB/c strains exhibited 

similar values that were nominally higher than the rise of the short circuit current in the 

HsdOla:MF1 mouse strain. 
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Figure 31. Short circuit current change across murine jejunum evoked by glucose (mucosal 10 

mmol/l) within the WT group. Mean±SD, n=10 (Table XXVII) 

 

3.2.2.5 The effect of nutrient application order on short circuit current 

 

The aim of this study was to clarify whether changing the order of nutrient addition affects the 

observed electrophysiological results (i.e. 1st: alanine or Gly-Gln, 2nd: glucose vs. 1st: glucose 

2nd: alanine or Gly-Gln). 

In order to answer the question, glucose (mucosal 10 mmol/l) was given as a first nutrient 

before the addition of alanine or Gly-Gln and also as a second nutrient following alanine or 

Gly-Gln addition as in the regular experimental protocol. For this set of experiments 9 mice 

were used from the C57BL/6J and BALB/c strains. Alteration of short circuit current due to 

glucose addition was similar in both cases (5.04±1.6 vs. 4.92±2.23 µEq·h-1·cm-2, mean±SD). 

The difference was not statistically different (p=0.932, unpaired t-test) (Fig. 32). 

 

 

 

 

 

 

 

 

Figure 32. Change of short circuit current if glucose (mucosal 10 mmol/l) was added first before 

Ala/Gly-Gln or second after alanine/Gly-Gln in murine jejunum. Mean±SD 
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In the case of alanine and Gly-Gln, the results of the experiments with the changed incubation 

order were compared to the results obtained with the regular experiments. Thus, results of the 

original experiments with the BALB/c and C57BL/6J mouse strains were summarized and 

were the control values of the first addition in the case of both nutrients. Increase of short 

circuit current induced by alanine was similar in both cases (1.40±1.01 vs. 1.43 vs. 0.55 

µEq·h-1·cm-2, mean±SD) (p=0.948, unpaired t-test) (Fig. 33a). Incubation of Gly-Gln 

following the incubation of glucose seemed to have a greater effect on short circuit current 

(0.94±0.72 vs. 1.58±0.55 µEq·h-1·cm-2, mean±SD), however the difference was not significant 

(p=0.077, unpaired t-test) (Fig 33b). 

 

       a)       b) 

 

 

 

 

 

 

 

 

 

Figure 33. Change in short circuit current due to alanine (mucosal 5 mmol/l) (a) or Gly-Gln (mucosal 

5 mmol/l) (b) added before (1st addition) or after (2nd addition) glucose in mouse jejunum. Mean±SD 
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2). Changes of short circuit current as a function of increasing nutrient concentrations were 

investigated using 0.1, 0.5, 1, 5, 10 mmol/l alanine, Gly-Gln and glucose at both pH levels. 

The same concentration of mannitol was given to the serosal side simultaneously in order to 

have the same osmotic pressure on both sides of the epithelia. For glucose the effect of 20 

mmol/l was investigated as well, however without simultaneous mannitol incubation at the 

serosal side. Preliminary studies had shown that the parallel addition of 20 mmol/l glucose 

mucosal and 20 mmol/l mannitol serosal induced an alteration of transepithelial conductance 

and short circuit current. 

The increase in short circuit current evoked by different concentrations of alanine seemed 

higher at pH 5.4, however the difference was not significant (Fig. 34 and Table 29) (two way 

ANOVA, factors: concentration of alanine and pH, p<0.0001 for concentration of alanine, 

p=0.252 for pH). 

 

 

 

 

 

 

 

 

Figure 34. Short circuit current change induced by increasing concentration of alanine in murine 

jejunum (mucosal 0.1, 0.5, 1, 5 and 10 mmol/l) at pH 7.4 and 5.4 

 

Table 29. Change of short circuit current across murine jejunum evoked by increasing concentration 

of alanine at pH 7.4 and 5.4. Mean±standard deviation, n=5 
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Mean SD Mean SD 
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5 0.50 0.41 0.74 0.71 
10 0.79 0.60 1.33 0.8 

 

The electrogenic transport of Gly-Gln seemed to be higher at pH 7.4, however this was again 

not significant (Fig. 35 and Table 30) (two way ANOVA, factors: concentration of glycyl-

glutamine and pH, p<0.0001 for concentration of glycyl-glutamine, p=0.257 for pH). 

 

 

 

 

 

 

 

 

Figure 35. Rise of short circuit current across murine jejunum evoked by increasing concentration of 

glycyl-glutamine (mucosal 0.1, 0.5, 1, 5 and 10 mmol/l) at pH 7.4 and 5.4 

 

Table 30. Short circuit current change across mouse jejunum induced by increasing concentration of 

Gly-Gln at pH 7.4 and 5.4. Mean±standard deviation, n=6 

 

Δ IscGly-Gln at pH 7.4 

(µEq·h-1·cm-2) 

Δ IscGly-Gln at pH 5.4 

(µEq·h-1·cm-2) 
Concentration 

(mmol/l) 
Mean SD Mean SD 

0.1 -0.02 0.04 -0.08 0.08 
0.5 0.00 0.12 -0.08 0.11 
1 0.20 0.43 -0.04 0.14 
5 1.07 1.20 0.79 0.68 

10 1.94 1.59 1.45 1.13 
 

Electrogenic glucose absorption was very similar irrespective of pH level (Fig. 36 and Table 

31) (two way ANOVA, factors: concentration of glucose and pH, p<0.0001 for concentration 

of glucose, p=0.274 for pH). 
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Figure 36. Change of short circuit current induced by increasing concentration of glucose (mucosal 

0.1, 0.5, 1, 5, 10 and 20 mmol/l) in mouse jejunum at pH 7.4 and 5.4 

 

Table 31. Change of short circuit current across murine jejunum evoked by rising concentration of 

glucose at pH 7.4 and 5.4. Mean±standard deviation, n=6 

 

Δ Iscglucose at pH 7.4 

(µEq·h-1·cm-2) 

Δ Iscglucose at pH 5.4 

(µEq·h-1·cm-2) 
Concentration 

(mmol/l) 
Mean SD Mean SD 

0.1 -0.02 0.11 -0.08 0.09 
0.5 0.13 0.10 -0.02 0.09 
1 0.34 0.11 0.12 0.06 
5 1.84 0.76 1.45 0.42 

10 3.26 1.30 3.03 0.82 
20 4.92 1.89 4.75 0.69 

 

3.2.2.7 Analyses of basal short circuit current and tissue conductance in jejunum of the WT 

and CF strains 

 

The basal short circuit current has reached a stable baseline within the first ten minutes of the 

experiments. 

The short circuit current before incubation with the nutrients did not differ between the 

DBA/2J - D2.129P2(CF/3)-CftrTgH(neoim)Hgu (unpaired t-test, p=0.269) C57BL/6J - 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu (p=0.949) and BALB/c - C.129P2(CF/3)-CftrTgH(neoim)Hgu 
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(p=0.389) strains (Table 32 and appendix, Table XXVIII). Both CF/1-CftrTgH(neoim)Hgu and 

CF/3-CftrTgH(neoim)Hgu strains exhibited negative values and hence differed significantly from 

the HsdOla:MF1 mouse strain that had a positive baseline of short circuit current (p=0.048 

and p=0.015). 

The variation of basal short circuit current was highly significant within the CF group (one 

way ANOVA, p=0.0006) (appendix,Table XXIX). The D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

strain had the highest positive baseline followed by the C.129P2(CF/3)-CftrTgH(neoim)Hgu and 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains. The CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains exhibited negative values. The two congenic CF strains and the C.129P2(CF/3)-

CftrTgH(neoim)Hgu mouse strain differed significantly from CF/3-CftrTgH(neoim)Hgu mice 

(D2.129P2(CF/3)-CftrTgH(neoim)Hgu: p<0.01, B6.129P2(CF/3)-CftrTgH(neoim)Hgu: p<0.05, 

C.129P2(CF/3)-CftrTgH(neoim)Hgu: p<0.05). Furthermore, the difference between the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu and CF/1-CftrTgH(neoim)Hgu strains was also significant 

(p<0.05). 

The baseline of short circuit current was similar between the WT strains and did not show 

significant variation (one way ANOVA, p=0.998) (appendix, Table XXX). 

 

Table 32. Basal short circuit current (=before nutrient addition) and tissue conductance in jejunum of 

the WT and CF mouse strains (mean±standard deviation, n=10). 

 

Iscbasal 

(µEq·h-1·cm-2) 

Gt 

(mS/cm2) Strain 

Mean SD Mean SD 

DBA/2J 0.197 0.406 37.08 4.85 

C57BL/6J 0.231 0.609 42.74 4.85 

BALB/c 0.199 0.406 37.56 4.78 

HsdOla:MF1 0.187 0.596 36.71 3.09 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.476 0.659 37.79 2.83 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.249 0.632 43.85 3.02 

C.129P2(CF/3)-CftrTgH(neoim)Hgu  0.374 0.477 38.26 4.2 

CF/1-CftrTgH(neoim)Hgu -0.387 0.614 33.22 4.43 

CF/3-CftrTgH(neoim)Hgu -0.532 0.593 33.1 4.88 
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Tissue conductance was stable during the whole time of the electrophysiological experiments 

irrespective of nutrient addition. The values did not differ between the DBA/2J - 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu (unpaired t-test, p=0.692) C57BL/6J - B6.129P2(CF/3)-

CftrTgH(neoim)Hgu (p=0.549) and the BALB/c - C.129P2(CF/3)-CftrTgH(neoim)Hgu (p=0.732) mouse 

strains (Table 32). The HsdOla:MF1 strain tended to have higher tissue conductance that the 

CF/1-CftrTgH(neoim)Hgu and the CF/3-CftrTgH(neoim)Hgu strains, however the difference was not 

significant in any of the cases (p=0.056 and p=0.064) (appendix, Table XXXI). 

Tissue conductance varied significantly among the CF strains (one way ANOVA, p<0.0001) 

(Appendix, Table XXXII). The B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain exhibited the highest 

value differing significantly from the other four mouse strains (D2.129P2(CF/3)-

CftrTgH(neoim)Hgu: p<0.05, C.129P2(CF/3)-CftrTgH(neoim)Hgu: p<0.05, CF/1-CftrTgH(neoim)Hgu: 

p<0.001, CF/3-CftrTgH(neoim)Hgu: p<0.001). The D2.129P2(CF/3)-CftrTgH(neoim)Hgu and 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strains showed similar tissue conductance, however only the 

latter strain differed significantly from the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains (p<0.05 in both cases). CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu exhibited the 

lowest values within the group. 

The variance of tissue conductance was significant among the WT strains (one way ANOVA, 

p=0.014) (Appendix, Table XXXIII). The C57BL/6J strain had the highest tissue conductance 

being significantly different from the DBA/2J and HsdOla:MF1 strains (p<0.05 at both cases). 

The latter two and the BALB/c mouse strain exhibited very similar values. 

 

3.3 Weight of the WT and CF mouse strains 

 

Weight of the mice was measured every time before removing the intestines. The males of the 

DBA/2J and C57BL/6J strains were significantly heavier than males of the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains (unpaired t-test, p=0.03 and 

p=0.006) (Table 1, Fig. 37). In contrast, the weight of the females was similar between the 

DBA/2J and D2.129P2(CF/3)-CftrTgH(neoim)Hgu as well as between the C57BL/6J and 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains (p=0.485 and p=0.450). The weight of the 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was significantly higher compared to the BALB/c strain 

in both males and females (p<0.0001 and p<0.0001). In contrast, both males and females of 
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the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu mice were significantly lighter than the 

HsdOla:MF1 mouse strain (CF/1-CftrTgH(neoim)Hgu: p=0.001 and p=0.0007, CF/3-

CftrTgH(neoim)Hgu: p=0.001 and p=0.0008). 
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Figure 37. Weight of females and males in the WT and CF strains. Mean±SD, n=10 (Table XXXIV) 

 

The variation was highly significant among males and females of the CF group (one way 

ANOVA, p<0.0001 in both cases) (Fig. 38). Both males and females of the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains had the lowest weight differing 

significantly from the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain. In addition, males of 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu  mice varied significantly from both inbred CF strains, 

whereas the females of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu  strain differed only from the 

CF/1-CftrTgH(neoim)Hgu strain. Moreover, females of the B6.129P2(CF/3)-CftrTgH(neoim)Hgu  strain 

showed significantly lower values compared to both inbred CF strains, whereas males of the 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain differed significantly only from the CF/3-

CftrTgH(neoim)Hgu  strain.  Males of the C.129P2(CF/3)-CftrTgH(neoim)Hgu  strain were significantly 
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heavier than the two inbred CF strains, whereas the the females of the C.129P2(CF/3)-

CftrTgH(neoim)Hgu  strain differed significantly only from the CF/3-CftrTgH(neoim)Hgu strain. 
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 b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. Comparison of weight among the females (a) and males (b) of the CF strains. Mean±SD, 

n=10 (Table XXXV-XXXVI) 

 

The variation of weight was highly significant among males and females of WT mice (one 

way ANOVA, p<0.0001 in both cases) (Fig. 39). Both males and females of the HsdOla:MF1 

outbred strain were significantly heavier than the DBA/2J, C57BL/6J and BALB/c mouse 

strains. The latter three strains showed similar values. 
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Figure 39. Comparison of weight among the females (a) and males (b) of the WT strains. Mean±SD, 

n=10 (Table XXXVII-XXXVIII) 
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4. Discussion 

 

4.1 Genotyping of the CF and wild-type mouse strains 

 

4.1.1 Low density SNP scan  

 

Congenic mouse strains differ from the WT strains only at one gene but otherwise show 

identical genetic backgrounds (SUCKOW et al., 2001). This is accomplished by breeding 

animals with the desired gene (=donor strain) to animals of a selected inbred host strain and 

breeding their offsprings back to the host strain for at least 10 generations. In the case of the 

CftrTgH(neoim)Hgu mouse model the CF/3-CftrTgH(neoim)Hgu inbred mouse strain, as a donor strain, 

was bred to three inbred WT strains to establish three distinct congenic mouse strains. The 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain was generated by backcrossing the offsprings to the 

DBA/2J WT strain for 10 generations. The B6.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain was 

established by breeding the animals for 12 generations to the C57BL/6J WT strain. The 

C.129P2(CF/3)-CftrTgH(neoim)Hgu congenic mouse strain was generated by backcrossing the 

offsprings for 8 generations to BALB/c WT mice (BLEICH et al., 2007). 

A low density SNP scan was performed in the three CF congenic strains and their WT 

controls in order to clarify whether the three CF congenic strains posses any loci that contains 

alleles which are not related to their corresponding WT strain. 

A genome wide scan of the DBA/2J, C57BL/6J and BALB/c strains was reported previously 

using 105 polymorphic intragenetic microsatellite markers (CHARIZOPOULOU et al., 2006). 

The rate of the shared microsatellite markers was the lowest between all three inbred strains 

(5%) followed by the rate of the shared markers between the C57BL/6J and BALB/c (10%) as 

well as the DBA/2J and C57BL/6J mouse strains (11%). The DBA/2J and BALB/c strains 

carried the most identical microsatellite markers (18%). 

The low density SNP scan of the present study showed similar results. The DBA/2J and 

BALB/c strains shared the most SNPs (38%) followed by a lower rate between the C57BL/6J 

and BALB/c (27%) as well as DBA/2J and C57BL/6J strains (15%). The proportion of the 

identical SNPs among all three strains was higher in the present study (15%) than in the 

already published report (5%). In addition, the rate of the identical SNPs between the WT 
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strains was generally higher than the proportion of the identical microsatellite markers 

between the WT mice in the genome wide scan. These discrepancies might be explained by 

the inherently low PIC (polimorphism information content) values of SNPs. 

Although both SNPs and polymorphic intragenetic microsatellite markers allowed the 

genotyping of the CF congenic mouse strains and their WT controls, there were some 

differences between the information obtained. Differentiation of more than two strains was 

not possible by SNPs. In contrast, several mouse strains could be discriminated by 

informative polymorphic intragenetic microsatellite markers, thus they are more suitable for 

the determination of genetic relationships between different inbred strains.    

All investigated SNPs were identical in the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and DBA/2J 

strains confirming that the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain was a congenic mouse 

strain. 

On the other hand, the B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain varied from C57BL/6J mice at 

one SNP on chromosome 6. However this SNP was located in a distance of 0.5 Mb from the 

Cftr gene. It is well known that congenic mouse strains differ from their WT controls in the 

gene of interest and a flanking segment, respectively. Thus, the fact that the B6.129P2(CF/3)-

CftrTgH(neoim)Hgu strain carried alleles in the flanking region of the Cftr gene that were not 

derived from the C57BL/6J mouse strain is in agreement with the definition of a congenic 

mouse strain. 

In contrast, the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain varied from BALB/c mice at seven 

SNPs on chromosomes 1, 2, 5, 7, 10, 11 and 13 differing in one or both of the alleles at these 

loci. In addition, it seems that some of these putatively CF/3-CftrTgH(neoim)Hgu related alleles are 

fixed in the genome of the C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain, since all investigated 

mice from the latter strain showed the same variation in their genome at the position of three 

SNPs located on chromosomes 1, 2 and 7. 

Overall, the low density SNP scan confirmed that the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains were congenic mouse strains, although the efficacy of 

the SNP scan could not be evaluated due to the lack of SNP genotyping of the CF/3-

CftrTgH(neoim)Hgu strain. On the contrary, the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was shown 

not to be a congenic strain, since several loci in its genome were found to differ from the 

BALB/c background and are presumably related to CF/3-CftrTgH(neoim)Hgu mice. 
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4.1.2 Genotyping at the Clca locus 

 

The aim of genotyping the Clca (chloride channel, calcium activated) locus in the three CF 

congenic mouse strains was to investigate its potential effect on the electrophysiological 

phenotype of the CftrTgH(neoim)Hgu mouse model particularly focusing on an alternative calcium 

dependent chloride conductance. A WT background was expected at the Clca cluster of the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-

CftrTgH(neoim)Hgu mouse strains, since they were considered to be congenic mouse strains and 

the Clca cluster was not the gene of interest. 

At least two of the six microsatellite markers allowed discriminating the WT and the CF/3-

CftrTgH(neoim)Hgu alleles at the Clca gene cluster including the whole Clca cluster or a big part 

of it in the three CF mouse strains. Both the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains carried the expected WT background at all Clca loci 

investigated in this study. However, none of the mice from the C.129P2(CF/3)-CftrTgH(neoim)Hgu 

strain exhibited the expected homozygous BALB/c background. Half of them carried a 

heterozygous BALB/c - CF/3-CftrTgH(neoim)Hgu background and half of them exhibited only 

CF/3-CftrTgH(neoim)Hgu alleles at the Clca cluster. 

Altogether, results of genotyping by microsatellite markers at the Clca cluster were in 

accordance with the results of the SNP scan indicating that the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains were congenic strains, whereas 

the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was not a congenic strain. 

 

4.1.3 Genotyping at the Cftr locus 

 

Genotyping the CF mice at the Cftr locus was essential for the analysis of genotype-

phenotype association and was done in two steps following the study of Charizopoulou et al. 

(2004) The origin of the alleles carried at the Cftr locus was investigated by polymorphic 

intragenetic microsatellite markers. Furthermore, the presence of the pMC1neoPolyA vector 

within intron 9 of the Cftr gene was controlled by amplifying the terminal parts of the vector. 

All mice of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu and 

C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strains had identical alleles to the CF/3-CftrTgH(neoim)Hgu 
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strain at the Cftr locus and the presence of the pMC1neoPolyA vector within intron 9 was also 

confirmed in all mice. This indicates that all mice of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu strains carried the same 

CftrTgH(neoim)Hgu mutation. 

 

4.2 Evaluation of CF and WT phenotype comparisons 

 

Results of genotyping the genetic background by low density SNP scan as well as genotyping 

the Cftr and Clca genes by polymorphic intragenetic microsatellite markers allowed the 

evaluation of CF and WT genotype-phenotype comparisons. 

Comparing the electrogenic phenotype of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain to the 

DBA/2J strain was a proper analysis, since the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain was 

confirmed to be a congenic mouse strain. This might be related to the permanent genetic 

control of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain, since each litter of the latter strain had 

to be genotyped due to the breeding of a heterozygous male to a homozygous female. 

Comparison of the B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain with C57BL/6J mice was 

acceptable. The presence of an allele that was not derived from the C57BL/6J strain in a 

distance of 0.5 Mb from the Cftr gene of the B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain referred 

to a flanking region that putatively originated from the CF/3-CftrTgH(neoim)Hgu strain. However, 

the presence of donor alleles in the close proximity of the gene of interest is a well known 

characteristic of congenic mouse strains. 

Comparison of the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain to the BALB/c strain was not valid. 

Although the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain carried the expected CftrTgH(neoim)Hgu 

mutation, numerous other loci have been identified that were not derived from the BALB/c 

strain. Thus, the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was not a congenic mouse strain. 

Comparing the HsdOla:MF1 strain with the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains was not a valid analysis due to the mixed genetic backgrounds of the two CF inbred 

strains originating from the C57BL/6J, 129/Sv and HsdOla:MF1 strains. Nevertheless, the 

latter strain was used as control in the present study, since most of the alleles of the CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu mice were derived from the HsdOla:MF1 strain 

(Dorin, J.R., personal communication). 
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Altogether, comparisons of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu to the DBA/2J strain and the 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu to the C57BL/6J strain allowed drawing of conclusions 

about the role of the CftrTgH(neoim)Hgu mutation in the electrophysiological phenotype due to the 

identical genetic backgrounds of the CF congenic strains and their WT controls. This was not 

possible by comparing the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain to the BALB/c strain as well 

as the HsdOla:MF1 strain to the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains due to 

differences in the genetic backgrounds of the CF mice and their WT controls which could 

have affected the electrophysiological phenotype. 

 

4.3 The C.129P2(CF/3)-CftrTgH(neoim)Hgu strain 

 

The BALB/c WT gene pool of the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was smaller than it 

was expected, thus this strain was considered to be a hybrid of the BALB/c and CF/3-

CftrTgH(neoim)Hgu strains. The C.129P2(CF/3)-CftrTgH(neoim)Hgu strain had been backcrossed to the 

BALB/c strain eight times during the establishment of the C.129P2(CF/3)-CftrTgH(neoim)Hgu 

mouse strain. This was followed by brother x sister matings in each following generations. 

The percentage of host genome increases logarithmically with each backcross to the host 

(=WT) strain and 99.6% of the genetic background of a congenic strain should be identical to 

the host strain after 8 generations of backcrossing. In contrast, the proportion of BALB/c 

derived alleles was obviously smaller in the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain. One might 

speculate that the selection of mice that showed a milder phenotype (e.g. bigger litter size, 

better weight gain etc.) presumably carried also more alleles derived from the CF/3-

CftrTgH(neoim)Hgu strain, thus the possibility for more combinations could be advantageous for 

the survival of these animals. 

The BALB/c strain is a frequently used inbred mouse strain. Numerous mouse models were 

established on BALB/c background including CF mice as well. Mice carrying the Cftr1Hsc 

mutation on a BALB/c background resulted in a complete lack of functional Cftr, however 

approximately 30 % of these mice showed prolonged survival (ROZMAHEL et al. 1996). 

Thus, it does not seem likely that the CftrTgH(neoim)Hgu mutation can not be carried in a 

homozygous form on a BALB/c background, although this is the case with the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain. Breeding of the latter strain was managed by crossing 
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heterozygous males to homozygous females. Thus, each litter of the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu strain had to be genotyped in order to select the homozygous offsprings for the 

electrophysiological experiments. 

 

4.4 Comparison of the phenotype of CF patients and CF mouse models 

 

The mouse is the only animal model of cystic fibrosis to date. Both human and murine CFTR 

genes have 27 exons being highly similar to each other. In accordance, the murine Cftr 

protein exhibits 78% overall sequence identity with the human CFTR protein at the amino 

acid level (ELLSWORTH et al. 2000).  

Intestinal disease is the most prominent feature of CF mice with histological and 

electrophysiological symptoms comparable to CF in humans. Intestinal histology showed 

goblet cell hyperplasia and dilated crypts filled with mucus in the CF strains (SCHOLTE et 

al., 2004), features that are often observed in CF affected humans as well (PARK and 

GRAND, 1981). CFTR mediated chloride secretion is reduced or absent in CF patients that is 

also a hallmark of CF murine models depending on the carried mutation. Some of the strains 

exhibit disrupted Cftr gene (Cftrtm1Unc, Cftrtm1Cam, Cftrtm1Hsc, Cftrtm1Bay and Cftrtm3Bay), thus 

showing severe intestinal phenotype. One exception is the CftrTgH(neoim)Hgu mouse model that 

exhibits mild phenotype and high survival rate. However, discrimination of CF mice from 

WT controls was possible by electrophysiological investigations in all cases in previous 

reports (DORIN et al. 1992; SMITH et al. 1995) and in the present study, respectively. 

Furthermore, other mouse strains carrying relevant clinical mutations, such as ΔF508, G551D 

and G480C (Cftrtm2Cam, Cftrtm1Kth, Cftrtm1Eur, Cftrtm1G551D and Cftrtm2Hgu) also show mild 

phenotype and high survival rates (DAVIDSON et al. 2001). 

Conflicting data are known about the presence of CaCC in the intestine of CF mouse models 

which is in agreement with contradictory studies about CF affected people. Cholinergic 

stimulation failed to activate chloride secretion in rectal tissues from CF patients 

(HARDCASTLE et al. 1991). In contrast, CaCC has been described in rectal biopsies of some 

ΔF508 homozygous CF patients, although could not be found in all of them (BRONSVELD 

et al. 2001). Alike, CaCC could not be demonstrated in the intestine of the Cftrtm1Unc and 

Cftrtm1Cam mouse strains (CUTHBERT et al. 1994; CLARKE et al. 1994), however it was 
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found in the intestine of the Cftr1Hsc mouse model and the presence of CaCC correlated with 

longer survival of mice (ROZMAHEL et al. 1996). Interestingly, an alternative calcium 

dependent chloride conductance was found electrophysiologically in the colon of the 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strain in the present study that is in agreement with the latter 

study reporting CaCC in mice carrying the Cftr1Hsc mutation on a BALB/cJ background. 

Reports about the electrogenic absorption of alanine, Gly-Gln and glucose in CF patients were 

not consistent. Some studies found increased while others found unaltered electrogenic 

nutrient absorption (MILLA et al. 1983; FRASE et al. 1985; BAXTER et al. 1990). Studies 

with different mouse models of CF are in agreement with these observations, since the 

electrogenic transport of alanine, Gly-Gln and glucose also differed in some reports (GRUBB 

et al. 1999; HARDCASTLE et al. 2003).   

Altogether, CF mouse models are valuable tools in the research of the disease, representing 

many common features with CF affected people. 

 

4.5 Electrogenic phenotype in the colon of the CftrTgH(neoim)Hgu mouse model 

 

The aim of the present study was to analyse phenotype-genotype association in jejunum and 

colon of the CftrTgH(neoim)Hgu congenic mouse strains. 

The phenotype was investigated in Ussing chamber experiments. Cftr mediated chloride 

secretion as well as detection of alternative calcium activated chloride conductances in the 

colon were in the focus of the electrophysiological experiments. 

The increase of short circuit current evoked by carbachol in the presence of amiloride, TEA, 

BaCl2 and DIDS allowed to study the direct effect of carbachol on the Cftr mediated chloride 

secretion.  

 

4.5.1 Impact of the CftrTgH(neoim)Hgu mutation on the Cftr mediated short circuit current change 

 

All WT and CF strains showed a clear, transient rise of short circuit current after carbachol 

addition in the presence of amiloride, TEA, BaCl2
 and DIDS. Based on significant differences 

in the magnitude of current increase, a differentiation between WT and CF mice was possible 

at all time. Altogether, every CF mouse strain exhibited the expected electrophysiological CF 
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phenotype. A reduced change of short circuit current induced by elevation of intracellular 

cAMP or calcium concentrations is a hallmark of CF murine models. This response is related 

to the dysfunction of the Cftr channel and is most pronounced in the intestines (DAVIDSON 

et al. 2001). 

The Cftr mediated short circuit current change of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain 

was 63% of the value of  DBA/2J mice, while the B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain 

exhibited 51% of the values of the C57BL/6J mice. 

Furthermore, the Cftr mediated short circuit current change of the C.129P2(CF/3)-

CftrTgH(neoim)Hgu strain was 42% of the value of BALB/c mice. This is very similar to the result 

of the CF/3-CftrTgH(neoim)Hgu strain which exhibited 41% of the value of the HsdOla:MF1 

strain. On the other hand, the Cftr mediated short circuit current change of the CF/1-

CftrTgH(neoim)Hgu strain was 53% of the appropriate value of the HsdOla:MF1 strain. 

The Cftr mediated short circuit current change was higher in the CF/1-CftrTgH(neoim)Hgu than in 

the CF/3-CftrTgH(neoim)Hgu strain which fits well with the a previous study reporting higher 

amount of WT Cftr mRNA and protein in the intestine of the CF/1-CftrTgH(neoim)Hgu than in the 

CF/3-CftrTgH(neoim)Hgu strain. Nevertheless, the expression of both WT Cftr mRNA and protein 

in the two inbred CF strains was less than 10% compared to their WT control 

(CHARIZOPOULOU et al. 2006). 

Despite the low levels of WT Cftr mRNA and protein, a mild electrophysiological phenotype 

of the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains was reported in the latter study 

due to efficient protein processing, trafficking and channel function of Cftr. A similarly mild 

electrophysiological phenotype of the two CF strains could be confirmed in the present study 

as well, however some differences became clear after comparing the CF and WT strains. Both 

CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains varied only from the Ztm:MF1 outbred 

strain but not from the C57BL/6J mice in the work of Charizopoulou et al. (2006). In contrast, 

the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains differed from both HsdOla:MF1 

and C57BL/6J strains in the present study. Reasons for this conflict between the two studies 

might be differences in the investigated intestinal segments (ileum vs. colon), in the used 

buffers (modified Meyler’s solution vs. Krebs-Henseleit solution) or in the experimental 

protocol (without vs. with amiloride, TEA, BaCl2 and DIDS). 
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The high proportion of Cftr related chloride secretion in the CftrTgH(neoim)Hgu mouse model is 

noticeable and it corresponds well with the mild phenotype of these CF mice confirming the 

results of previous reports (CHARIZOPOULOU et al. 2006; BLEICH et al. 2007).  

 

4.5.2 Detection of CaCC in the CftrTgH(neoim)Hgu mouse model 

 

The DIDS dependent component of the short circuit current following carbachol stimulation 

in the presence of amiloride TEA and BaCl2
 refers to the functional contribution of an 

alternative calcium dependent chloride conductance to the secretory response. The detection 

of CaCCs in the CftrTgH(neoim)Hgu mouse model was based on its differentiation from the Cftr 

mediated chloride secretion. This was possible by using a protocol that was based on the 

following principles. DIDS blocks CaCCs without affecting Cftr channel and both chloride 

secretory pathways can be stimulated by carbachol. 

DIDS does not have any effect on Cftr channel from the extracellular side and at 

physiological pH can not penetrate the plasma membrane (CABANTCHIK and GREGER, 

1992). However, it is known to inhibit numerous channels and transporters including CaCC 

(WINPENNY et al., 1998), anion exchanger 1 (ALPER, 1991), ORCC (SCHWIEBERT et al. 

1994), members of the CLCA (FULLER et al. 2000) and bestrophin gene family, respectively 

(TSUNENARI et al. 2003). CaCC and its two molecular candidates, the CLCA and bestrophin 

gene families were considered in the present study. Elevation of intracellular calcium 

concentration does not stimulate ORCC whereas exchangers can not affect directly the short 

circuit current due to their electroneutral activity. Nevertheless, an indirect effect of DIDS on 

the carbachol induced short circuit current by inhibition of exchangers could not be excluded. 

Overall, the difference of carbachol peaks in the presence and absence of DIDS referred to the 

involvement of CaCCs in the secretory response. 

 

4.5.3 Impact of the CftrTgH(neoim)Hgu mutation on the CaCC mediated short circuit current 

change 

 

The presence of DIDS reduced nominally the elevation of the carbachol induced short circuit 

current with one exception in all strains indicating a possible contribution of an alternative 
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chloride secretory pathway in the colonic secretory response, although the effect of DIDS did 

not reach the level of statistical significance in any of the cases. 

The mean of the carbachol induced short circuit current change was higher in the presence of 

DIDS in the HsdOla:MF1 strain. The reason for this phenotype is not known but one can 

speculate that it might be related indirectly to the inhibitory effect of DIDS on the activity of 

the DRA and AE1 anion exchangers. 

The approximately one and a half fold increase of the DIDS dependent component in the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu congenic strains 

compared to their WT controls failed to indicate that the disruption of Cftr gene stimulates 

substantialy an alternative DIDS dependent chloride conductance. 

The DIDS dependent component was 10 fold higher in the C.129P2(CF/3)-CftrTgH(neoim)Hgu 

strain compared to the BALB/c strain. However, interpretation of these data seems to be very 

difficult due to the mixed genetic background of the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain. 

Nevertheless, a significant inhibitory effect of DIDS preincubation on the carbachol induced 

short circuit current peak was reported in the C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strain 

(BLEICH et al. 2007). The effect of DIDS preincubation in the same strain was noticeably in 

the present study as well, however it was not significant. One explanation might be the 

difference in the genetic background of the mice used in the two studies, since the 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strain turned out not to be a congenic mouse strain. 

The DIDS inhibitable component of the short circuit current did not differ between the 

HsdOla:MF1 and the CF/1-CftrTgH(neoim)Hgu or CF/3-CftrTgH(neoim)Hgu strains, although the 

HsdOla:MF1 strain had negative mean values of the DIDS dependent component which was 

in contrast with the positive values of the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains. 

Altogether, the disruption of the Cftr gene stimulated an alternative DIDS dependent chloride 

conductance in the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain, however this can not be associated 

exclusively with the BALB/c background due to the diverse origin of its carried alleles. 

Electrophysiological characterisation of several CF mouse models was based also on the same 

principles. Carbachol had no impact on short circuit current in colon of mice of the original 

population carrying the CftrTgH(neoim)Hgu mutation. However, surprisingly, this response was 
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not different in WT mice either (SMITH et al. 1995). DIDS preincubation did not affect short 

circuit current in the colon of the Cftrtm1Cam murine model (CUTHBERT et al. 1994). 

 

4.5.4 Analysis of intra- and interindividual variations in the electrogenic phenotype of the 

CftrTgH(neoim)Hgu mouse model 

 

Generally, the variation of electrophysiological experiments consists of non genetic and 

genetic components. The genetic variance was eliminated in the present study using inbred 

mouse strains with the exception of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-

CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strains. Although the major part of 

their genetic background originated from an inbred strain, the latter three strains were not 

inbred strains, since the brother x sister matings were only carried out for 8-12 generations 

and a strain is considered to be inbred after 20 generations of brother x sister matings. 

The variation of the electrophysiological phenotype within the inbred and the congenic strains 

was sometimes noticeable, however it seemed to be lower than in the HsdOla:MF1 outbred 

strain. In addition, variation within the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-

CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strains appeared to be higher than 

in the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains, which was in agreement with the 

number of generations of the brother x sister matings. Nevertheless, obvious differences of 

electrophysiological data showed statistical significance or were close to the limit of statistical 

significance in almost all cases. 

High interindividual variation within the CftrTgH(neoim)Hgu mouse model was already described 

on both functional and biochemical levels. It was demonstrated that the ratio of WT Cftr 

mRNA to total Cftr gene derived mRNA varied between 2 and 74% in the intestines of the 

CftrTgH(neoim)Hgu mouse model (LARBIG et al., 2002). Alike, expression levels of the CLCA 

gene family members showed large interindividual variations in the small intestine of the 

CftrTgH(neoim)Hgu mouse model leading to the lack of statistical significance in the case of some 

obvious differences (LEVERKOEHNE et al., 2006). Variation of the electrophysiological 

data of each strain in the present study did not differ from the report of Bleich et al. (2007) in 

which the same strains were characterized electrophysiologically. 
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The non genetic variation was investigated by comparing the regular protocol with 

examinations carried out with modified protocols in colon. The effect of DIDS preincubation 

in the carbachol response of the regular protocol was investigated by comparing the proximal 

and distal tissues of a colon ascendens from a mouse after incubating one of the them with 

DIDS. Hence, the impact of DIDS preincubation was investigated within one mouse. This has 

raised the question whether identical treatment of both colonic tissues of a mouse would lead 

to the same result. Thus, comparing the results of mice from the same strain would allow an 

interindividaul instead of an intraindividaul examination of the effect of DIDS preincubation.   

Mice within the DBA/2J as well as D2.129P2(CF/3)-CftrTgH(neoim)Hgu strains showed similar 

carbachol induced increases in short circuit current in the absence of DIDS. The increase of 

short circuit current was smaller after DIDS preincubation in all mice of the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu strain, however one mouse of the DBA/2J mouse strain exhibited higher 

values in the presence of DIDS than other mice of the same strain without DIDS 

preincubation. This reflects the results of the used regular protocol, since at least one mouse 

was found in all CF and WT strains that exhibited higher values after carbachol stimulation in 

the presence of DIDS. 

Thus, the extent of interindividual variation was similar to the intraindividual variation in both 

strains (Table 25). 

 

4.5.5 Analysis of the inhibitory effect of CFTRinh-172 and NPPB 

 

Short circuit current was further analysed using the Cftr inhibitors CFTRinh-172 and NPPB in 

a special experimental setup. A chloride gradient across the tissue and a depolarisation of the 

cell membranes by identical potassium concentrations on both sides of the epithelia allowed 

to study the isolated effect of these compounds on the forskolin induced chloride secretion in 

colon. Both CFTRinh-172 and NPPB reduced the short circuit current, however the order of 

application had an impact on their action. 

On the one hand, half of the forskolin induced short circuit current was blocked by CFTRinh-

172 followed by a further inhibition with NPPB. On the other hand, CFTRinh-172 had no 

influence on the short circuit current if NPPB was given first. 
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One explanation is based on the selective inhibition of Cftr by CFTRinh-172. Cftr mediated 

chloride secretion was blocked by CFTRinh-172 if it was applied first. Further reduction of the 

short circuit current by incubation with NPPB might be a consequence of inhibition of 

outwardly rectifying chloride channels (ORCC). ORCC is a type of chloride channel that is  

well defined electrophysiologically, however the molecular origin still needs to be clarified. 

ORCC is stimulated by elevation of intracellular cAMP concentration and can be inhibited by 

NPPB (HAYSLETT et al., 1987). ORCC was considered to be a modifier in CF 

(SCHWIEBERT et al. 1994). NPPB blocked both Cftr and ORCC related chloride secretion if 

it was applied first and so the following incubation with CFTRinh-172 could not influence the 

short circuit current. A discrepancy in this speculation is the high ratio (36%) of ORCC 

related chloride secretion in the secretory response to forskolin that is not to be expected in 

the C57BL/6J WT mouse strain.  

Alternatively CFTRinh-172 might not block the entire Cftr related chloride secretion and the 

following NPPB incubation inhibited the rest of the Cftr related chloride secretion together 

with inhibiting the ORCC activity. Lack of the CFTRinh-172 action following NPPB 

incubation might be explained again with the blocking effect of NPPB on both Cftr and 

ORCC. 50 µM of CFTRinh-172 was used in the present study which is the maximal reported 

concentration of the compound that had been used in electrophysiological experiments 

(THIAGARAJAH et al., 2004). The entire increase of the short circuit current evoked by 

forskolin could be diminished by 50 µM CFTRinh-172 in the latter study. Reasons for the 

discrepancy between the two studies might be difference of the mouse strains (CD1 vs. 

C57BL/6J), the localization (ileum vs. colon) or the concentration of forskolin (20 µM vs. 10 

µM). 

Altogether, partial inhibitory effect of CFTRinh-172 on the forskolin induced short circuit 

current change was demonstrated in the present study. NPPB was shown to inhibit the Cftr 

mediated chloride secretion irrespective of basolateral potassium transport. 

 

4.5.6 Analysis of the inhibitory effect of amitriptyline 

 

The aim was to clarify whether formation of ceramide enriched membrane platforms could 

play a role in the electrophysiological phenotype of the CftrTgH(neoim)Hgu mouse model. 
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Ceramide is generated from membrane sphingolipids by the enzyme acid sphingomyelinase 

that is sensitive to amitriptyline. Change of short circuit current stimulated by different 

secretogues was investigated in the presence and absence of amitriptyline. 

The carbachol induced change of short circuit current was nominally smaller after 

amitriptyline preincubation whereas the increase of short circuit current evoked by forskolin 

was slightly lower in the absence of amitriptyline. However, the differences were not 

significant both cases. 

There are some possible explanations for the lack of amitriptyline effect on both calcium and 

cAMP dependent chloride secretion. 

On the one hand, acid-sphingomyelinase is active only in acidic environment. Transport of 

colon from the Central Animal Facility of the Hannover Medical School to the Department of 

Physiology in the University of Veterinary Medicine Hannover was carried out in Krebs 

Henseleit solution with pH of 7.4 in order to maintain the viability of the tissue. The neutral 

pH blocks the activity of acid sphingomyelinase in a reversible way, however, it diminishes 

its efficiency (Gulbins E., personal communication). Thus, it might be that another 

experimental protocol is necessary to show the effect of amitriptyline in the CftrTgH(neoim)Hgu 

mouse model. 

On the other hand, physical interaction between CFTR and ceramide enriched membrane 

platforms (GRASSMÉ et al. 2003) as well as the functional impact of ceramide on chloride 

secretion (ITO et al. 2004) were shown in respiratory but not in intestinal epithelial cells. 

Altogether, the lack of amitriptyline action on the carbachol and forskolin induced short 

circuit current might be an evidence that ceramide enriched membrane platforms do not play a 

role in intestinal chloride secretion. Alternatively, amitriptyline had no impact on the short 

circuit current because of the primary lack of ceramide enriched membrane platforms in the 

intestines or because of the inactivation of acid sphingomyelinase due to the tissue transfer in 

a buffer with neutral pH. 
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4.6 Nutrient absorption in jejunum of the CftrTgH(neoim)Hgu mouse model 

 

Electrogenic nutrient absorption of alanine, glycyl-glutamine and glucose, as indicators of the 

basic absorptive functions of the small intestine, were the investigated phenotypes in jejunum 

of the CftrTgH(neoim)Hgu mouse model.  

 

4.6.1 Impact of the CftrTgH(neoim)Hgu mutation on electrogenic absorption of alanine 

 

Alanine evoked an increase in short circuit current and remained at an elevated level 

subsequently. This indicates that 5 mmol/l alanine is sufficient to keep the electrogenic 

transporters of alanine active for at least 20-25 minutes. In contrast, tissue conductance did 

not change during the experiments. 

The B0AT1, ASCT2 and PAT1 transporters were reported to be involved in the absorption of 

small neutral amino acids (e.g. alanine) in the small intestine. Presumably, the activity of the 

B0AT1 transporter contributed the most to the electrophysiological results of the present 

study. ASCT2 is an electroneutral transporter (UTSUNOMIYA-TATE et al. 1996), hence its 

activity could not affect the short circuit current. The highest activity of PAT1 was reported at 

pH 5.0 and decreased with increasing pH values. Its activity was barely detectable at pH > 7.5 

(CHEN et al. 2003). It is likely, that contribution of PAT1 to the transport of alanine was very 

low in the present study due to the fact that the pH of the buffers was 7.4. On the other hand, 

B0AT1 was reported to have its highest activity at pH 8.0 (BÖHMER et al. 2005).   

Electrogenic absorption of alanine was similar between the D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

and B6.129P2(CF/3)-CftrTgH(neoim)Hgu congenic CF strains and their WT controls. In 

accordance, the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain exhibited similar values to BALB/c 

mice. Electrogenic alanine absorption in the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains was lower than in the HsdOla:MF1 outbred strain. The difference was highly 

significant in the case of the CF/1-CftrTgH(neoim)Hgu strain and showed a tendency in CF/3-

CftrTgH(neoim)Hgu mice. 

Results of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu congenic 

strains indicated clearly that the CftrTgH(neoim)Hgu mutation did not influence the electrogenic 

absorption of alanine. Thus, it is to speculate that in the two CF inbred strains factors other 



Discussion 
113 

than the Cftr gene were related to the lower levels of electrogenic alanine absorption. The 

results of the congenic mouse strains were in agreement with a previous study, in which 

electrogenic absorption of alanine in the small intestine was not different between neonatal 

pups of the Cftrtm1Unc mouse model and WT controls (GRUBB et al. 1999). In contrast, 

electrogenic absorption of alanine was reported to be enhanced in CF patients (BAXTER et 

al. 1990). 

 

4.6.2 Impact of the CftrTgH(neoim)Hgu mutation on electrogenic absorption of glycyl-glutamine 

 

Short circuit current reached a plateau by incubation with Gly-Gln. This means that 5 mmol/l 

Gly-Gln is adequate to stimulate electrogenic transport of Gly-Gln continuously. On the other 

hand, tissue conductance remained at a stable level all the time, thus electrogenic absorption 

of Gly-Gln does not affect paracellular pathways. 

The only known transporter of oligopeptides in the brush-border membrane of the small 

intestinal mucosa is PEPT1 (ADIBI et al. 2003), thus one can suggest that alterations in the 

short circuit current were related to this transporter.  

Electrogenic absorption of glycyl-glutamine did not differ significantly between the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu congenic strains and 

their WT controls. Alike, the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain did not differ from the 

BALB/c strain. This was also true for the CF/1-CftrTgH(neoim)Hgu mouse strain, however the 

CF/3-CftrTgH(neoim)Hgu strain exhibited significantly lower values compared to HsdOla:MF1 

mice. 

The results of the two congenic strains referred clearly to the failure of the Cftr gene to affect 

the electrogenic absorption of Gly-Gln. Hence, it is likely that other modifiers lowered the 

electrogenic transport of Gly-Gln in the CF/3-CftrTgH(neoim)Hgu mouse strain. This result was 

consistent with a previous study reporting no difference in jejunal absorption of glycyl-l-

phenylalanine between CF children and healthy individuals using a steady-state perfusion 

technique (MILLA et al. 1983). 
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4.6.3 The impact of amastatine preincubation on the electrogenic absorption of glycyl-

glutamine 

 

The contribution of electrogenic amino acid transport to the increase in short circuit current 

evoked by incubation with Gly-Gln could not be excluded in the experiments investigated the 

effect of glycyl-glutamine in jejunum. Preincubation with amastatine, a well known peptidase 

inhibitor, was used to clarify whether glycine and glutamine derived from the hydrolysis of 

Gly-Gln by brush border membrane peptidases were transported in an electrogenic manner in 

substantial amounts. 

The presence of amastatine did not significantly affect the change in short circuit current, thus 

major absorption of Gly-Gln occurred as a dipeptide in the CftrTgH(neoim)Hgu mouse model. This 

result is in agreement with known data from the literature. The predominant mechanism for 

transport of Gly-Gln is absorption as intact dipeptide rather than hydrolysis in the human 

intestine. Rates of intraluminal appearance of products of Gly-Gln hydrolysis were smaller 

than 5% of the disappearance rate of the dipeptide in a perfusion study. In addition, Gly-Gln 

uptake was almost entirely as dipeptide in BBMVs (MINAMI et al., 1992). About 90% of the 

total activity against dipeptides is found in the cytosol and only 10% in the brush border. 

However, in the case of tripeptides a larger proportion of the activity, up to 60%, is found in 

the brush border. Peptidases in the cytosol have little or no activity against peptides of more 

than three amino acids (MATTHEWS and ADIBI, 1976). Thus, absorption of intact di- and 

tripeptides at the brush border seems to have physiological reasons. In contrast, amastatine 

caused a 20% reduction in the maximal response of short circuit current to Gly-Gln in pig 

jejunum (WINCKLER et al. 1999). However, the effect was apparent only at high 

concentrations of Gly-Gln and the difference seemed not to be so distinct at 5 mmol/l, the 

concentration that was used in the present study. 

 

4.6.4 Impact of the CftrTgH(neoim)Hgu mutation on electrogenic absorption of glucose 

 

Glucose was given following alanine or glycyl-glutamine incubation and induced an increase 

in short circuit current ending in a plateau. In these studies 10 mmol/l glucose was sufficient 
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to keep electrogenic glucose transport active till the end of the experiments. In contrast, tissue 

conductance was not changed excluding the stimulation of paracellular pathways. 

Absorption of glucose is facilitated by SGLT1 and GLUT2 in the small intestine. However, it 

is well known that GLUT2 is a facilitated glucose transporter, hence its action is not 

paralleled by the cotransport of any ions (MUECKLER et al. 1994). Moreover, it has been 

demonstrated that excision of jejunum for in vitro investigations (e.g. Ussing chamber 

experiments) results in a rapid loss of the majority of GLUT2 from the brush border 

membrane due to the inactivation of PKCβII. This can be prevented by perfusing the tissues 

with phorbol myristate acetate (PMA), a PKC agonist (KELLETT, 2001), however this was 

not done in the present study. Overall, the change in short circuit current should have been 

exclusively associated with the activity of SGLT1. 

Electrogenic absorption of glucose was not different between the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and DBA/2J as well as the B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C57BL/6J 

strains. Similarly, the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain did not vary from its WT control. 

However, both the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu inbred strains exhibited 

significantly lower values in comparison to the HsdOla:MF1 outbred strain. 

The results of the two congenic strains presented a clear evidence that the CftrTgH(neoim)Hgu 

mutation did not affect the electrogenic absorption of glucose. Accordingly, it is tempting to 

speculate that factors distinct from the Cftr gene were related to the lower levels of 

electrogenic glucose absorption in the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu inbred 

strains. The result of the present study was only partly in agreement with other reports, since 

there are conflicting data obtained from CF patients and CF murine models. Some authors 

reported enhanced electrogenic glucose absorption in CF patients (BAXTER et al. 1990; 

HARDCASTLE et al. 2003) others, however, found no difference between CF affected 

people and healthy individuals (BERSCHNEIDER et al. 1988; O'LOUGHLIN et al. 1991). 

Electrogenic glucose absorption was reported not to be different in the small intestine of adult 

mice from the CftrTgH(neoim)Hgu and Cftrtm1Unc mouse models (SMITH et al. 1995; GRUBB et 

al. 1997), however reduced electrogenic glucose absorption was demonstrated in neonatal 

pups carrying the Cftrtm1Unc mutation (GRUBB et al. 1999) and adult mice of the Cftrtm2Cam 

and Cftrtm1Eur mouse models, respectively (HARDCASTLE et al. 2003). 
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4.6.5 Factors influencing electrogenic nutrient absorption in the CF/1-CftrTgH(neoim)Hgu and 

CF/3-CftrTgH(neoim)Hgu inbred strains 

 

Results of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu congenic 

strains compared to DBA/2J and C57BL/6J mice demonstrated the obvious lack of the 

CftrTgH(neoim)Hgu mutation to affect electrogenic absorption of alanine, glycyl-glutamine and 

glucose.  

Numerous factors are known to influence electrogenic nutrient absorption, however only a 

few of them were investigated concerning cystic fibrosis. The impact of factors, such as diet 

composition or diabetes, on glucose and protein absorption are well characterized (ADIBI et 

al. 2003; KELLETT et al. 2005), however could not play a role in the present study. 

Surprisingly, both Na+- (glucose and alanine absorption) and H+-dependent (Gly-Gln 

absorption) transport mechanisms showed the same alterations in the CF/1-CftrTgH(neoim)Hgu 

and CF/3-CftrTgH(neoim)Hgu strains, thus one might speculate that factors which affect both 

transport pathways might have had an impact on the electrophysiological results. 

One possible explanation might be alterations in the cell membrane potential. The gradients 

established by the Na+/K+-ATPase enable K+ diffusion through K+ channels and thereby 

maintain an inside negative membrane potential that is essential for the activity of both Na+ 

and H+ dependent transport mechanisms. This was confirmed by experiments with ouabain, a 

well known blocker of the Na+/K+-ATPase. Ouabain was reported to inhibit active glucose 

transport in rat jejunum (ISHIKAWA et al., 1997), the uptake of glyclysarcosine in isolated 

chicken enterocytes (CALONGE et al., 1989) and was found to partially block the 

accumulation of alanine in horse cecal mucosa (FREEMAN et al., 1989). 

Likeweise, the KCNQ1/KCNE3 channel complex was suggested to be important for 

transepithelial transport in the small intestine by recycling potassium that is transported in the 

cell via the Na+/K+-ATPase. The KCNQ1/KCNE3 channel complex was shown to be located 

in the basolateral membrane of the murine small intestine (DEDEK and WALDEGGER, 

2001). Indeed, electrogenic absorption of glucose and phenylalanine was reported to be 

reduced in WT mice after the inhibition of KCNQ1 by chromanol 293B and in kcnq1 

knockout mice, respectively (VALLON et al., 2005). 
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On the other hand, the Na+/K+-ATPase affects not only the cell membrane potential but also 

the intracellular Na+ concentration. Alterations in the level of intracellular Na+ concentration 

might have played a role in the regulation of the electrogenic transport of the nutrients. Its 

impact on the absorption of alanine and glucose is obvious, however needs further 

explanation in the case of Gly-Gln transport. Although dipeptide transport is a proton-coupled 

process, it depends on the availability of Na+, since the Na+/H+ exchanger 3 (NHE3), located 

in the apical membrane, exports protons entering the cells via PEPT1. Accordingly, the 

dependence of hPEPT1 on NHE3 activity was observed in peptide absorbing Caco-2 cells. It 

was explained by the role of NHE3 in recovering from the intracellular acid load, thus 

maintaining an intracellular alkaline pH (KENNEDY et al., 2002). 

A second explanation might be a generally impaired expression and trafficking of nutrient 

transporters in the CftrTgH(neoim)Hgu mouse model. In accordance, microarray analysis of the 

small intestine from the Cftrtm1Unc mouse model revealed downregulation of genes associated 

with lipid, amino acid and glucose metabolism as well as transport (NORKINA et al., 2004b). 

In addition, altered cellular lipid trafficking was observed in baby hamster kidney cells (BHK-

21) and Chinese hamster ovary cells (CHO-K1) transfected with ΔF508 CFTR. It was caused 

by the presence of misassembled mutant CFTR proteins in the distal secretory pathway rather 

than the absence of functional CFTR (GENTZSCH et al., 2007). 

Alterations in muscus production might also influence the absorption of all three nutrients. 

Generally, the histology of CF murine intestine reveals mucus accumulation on the surface, 

crypt dilatation, goblet cell hypertrophy and hyperplasia as well as eosinophilic 

concentrations in the crypts (DAVIDSON et al. 2001). However, the CftrTgH(neoim)Hgu mouse 

model was described as one of the two murine models of cystic fibrosis that displays a mild 

intestinal phenotype lacking most of the above mentioned characteristics (DORIN et al. 

1992).  Increased number of goblet cells per total epithelial cells were reported in the crypt 

region of both jejunum and ileum from the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu strains 

(LEVERKOEHNE et al. 2006). In contrast, goblet cell hypertrophy was found only in ileum 

but not in jejunum of the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu inbred strains 

(CHARIZOPOULOU et al. 2006). Thus, the observed electrophysiological phenotype of the 

CftrTgH(neoim)Hgu mouse model might be related to alterations in mucus production. In 
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accordance, enhanced glucose absorption in jejunum of cystic fibrosis patients was suggested 

to be related to abnormal mucus overlaying the intestinal mucosa (FRASE et al. 1985). 

 

4.6.6 The effect of nutrient application order on short circuit current in jejunum 

 

The order of nutrient application in jejunum was always the same in the present study. The 

intestinal tissues were incubated with alanine or glycyl-glutamine in the first step. This was 

followed by the addition of glucose that was also used to control the viability of the 

enterocytes. The question was raised whether a reversed order of nutrient addition would lead 

to differences in the electrogenic results. 

The change in short circuit current induced by glucose given as a first nutrient into the 

chambers was compared to results when glucose was given as a second substrate following 

alanine or glycyl-glutamine. No difference could be found between the two groups. In the 

next step, results of the regular experiments with alanine and glycyl-glutamine (i.e. given 

first) were compared with experiments in which the addition of both nutrients followed the 

incubation of glucose. No significant effect was seen in any of the cases. 

Hence, the change of short circuit current evoked by the incubation with alanine, glycyl-

glutamine and glucose is not dependent on the order of substrate application in the 

CftrTgH(neoim)Hgu mouse model. This means that a previous stimulation of Na+-dependent 

nutrient absorption does not interfere with Na+-dependent absorption of another nutrient in the 

concentrations tested here. 

 

4.6.7 The effect of pH on the electrogenic nutrient absorption  

 

A fairly stable but slightly acidic surface pH (pH 6.1-6.5) microclimate was reported to be 

found in the intact small intestine (LUCAS, 1983). Electrogenic absorption of alanine, glycyl-

glutamine and glucose was investigated at two different pH levels in order to clarify whether 

acidic pH has an impact on electrogenic nutrient absorption in mice. Changes in short circuit 

current as a function of increasing nutrient concentrations was investigated at pH 7.4 and 5.4. 

Electrogenic absorption of all three nutrients showed similar tendencies. It became clear that 

10 mmol/l alanine or Gly-Gln as well as 20 mmol/l glucose are too low concentrations to 
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saturate the electrogenic transporters. Furthermore, electrogenic absorption of alanine, glycyl-

glutamine and glucose were not different at pH 7.4 and pH 5.4 in the present study. 

Alanine can be transported via B0AT1 and PAT1 in an electrogenic manner in the small 

intestine. The activity of B0AT1 has a maximum at pH 8.0 which is 5 fold higher than the 

minimum observed at pH 5.0 (BRÖER et al. 2004). In contrast, the activity of PAT1 was 

reported to be highest at pH 5.0 and was hardly detectable at pH above 7.5 (CHEN et al. 

2003). Accordingly, it is likely that at pH 7.4 alanine is transported via B0AT1 almost 

exclusively, whereas at pH 5.4 PAT1 is the major pathway for the electrogenic transport of 

the amino acid. Hence, alternating activities of B0AT1 and PAT1 at pH 7.4 and 5.4 might 

explain the unaltered level of electrogenic alanine absorption.  

No change in the level of glycyl-glutamine transport at pH 7.4 and 5.4 might seem to be 

conflicting at the first sight. PEPT1 is the only transporter of dipeptides in the small intestine 

and acts in a proton dependent manner. Thus, one might assume that at lower pH levels the 

activity of the transporter would be enhanced. Indeed, this is the case with anionic dipeptides, 

however not with neutral dipeptides at low substrate concentrations. Glycyl-glutamine is 

zwitterionic at neutral pH and shows typical bell-shaped pH dependence. A pronounced 

increase of substrate uptake was observed when the extracellular pH was decreased from 

neutrality to pH values of 6.5 to 6.0. A further lowering of extracellular pH (<6.0) decreased 

transport activity and was generally explained as a pH-dependent inactivation of the carrier 

(DANIEL, 2004). Accordingly, current responses in voltage clamped Xenopus laevis oocytes 

expressing PEPT1 were reported to be very similar at pH 7.4 and 5.5 after perfusion with Gly-

Gln (AMASHEH et al., 1997). Thus, the result of the present study, i.e. no difference in the 

electrogenic transport of  Gly-Gln at pH 7.4 and 5.4 confirms the results of previous reports. 

Electrogenic transport of glucose occurs via SGLT1 in the small intestine. Change of the short 

circuit current was very similar at both pH values. The transporter is known as a Na+ 

dependent active glucose transporter, however SGLT1 was reported to function also in a H+-

coupled mode. Glucose-stimulated phlorizin-sensitive current in Xenopus laevis oocytes 

expressing rabbit SGLT1 was enhanced by decreasing extracellular pH in the absence of 

extracellular Na+. Although the affinity of SGLT1 for H+ is approximately 500 times greater 

than for Na+, the H+-coupled mode plays hardly a role in glucose absorption due to the 

approximately 25 times lower affinity for glucose in the H+-coupled compared with Na+-
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coupled mode (HIRAYAMA et al., 1994). In addition, the maximum transport rate of the high 

affinity glucose transport pathway was reported not to be different at pH 6.0 and 7.0 in 

BBMV of rabbit kidney (OULIANOVA et al., 2001). Thus, results of the present study are in 

agreement with known data from the literature. 

 

4.7 Impact of the CftrTgH(neoim)Hgu mutation on weight of mice 

 

Variation in the weight of the strains was of greater interest. The males of the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu congenic strains had 

lower body weight than the DBA/2J and C57BL/6J strains, whereas the females of the two CF 

strains did not differ from their WT controls. The C.129P2(CF/3)-CftrTgH(neoim)Hgu mouse 

strain was significantly heavier, whereas CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu mice 

were significantly lighter compared to their WT controls. Nevertheless, interpretation of the 

comparisons of the latter three CF strains with their WT controls is difficult due to their 

mixed genetic backgrounds. 

The higher body weight of the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain compared to its WT 

control could be explained by the fact that the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain is a 

hybrid of the BALB/c and CF/3-CftrTgH(neoim)Hgu strains. Accordingly, the combinations of 

BALB/c and CF/3-CftrTgH(neoim)Hgu related alleles allow more variations in the genetic 

background and it might be advantageous for the phenotype of the C.129P2(CF/3)-

CftrTgH(neoim)Hgu strain. 

The body weight of different CF mouse models was reported to be reduced or unaltered 

compared to WT controls (DAVIDSON et al. 2001). Hence, the phenotype of the  

D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu congenic strains was in 

agreement with known data. In addition, reduced body weight of the CF/1-CftrTgH(neoim)Hgu and 

CF/3-CftrTgH(neoim)Hgu mice compared to the HsdOla:MF1 strain as control animals was also 

observed in earlier reports (LARBIG et al. 2002; BLEICH et al. 2007). 

Many factors can influence the body weight, some of them were already shown to affect the 

phenotype of CF mouse models. Lower body weight was thought to be due to intestinal 

complications in mice, since a certain group within the Cftrtm1Unc strain in which the defect 

has been corrected by intestine-specific CFTR transgenesis were of the same weight as non-
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CF littermate controls (ZHOU et al., 1994). Reduction in lipid resorption and particularly in 

fatty acid uptake was suggested to be the reason for lower body weight of CF mouse models 

(BIJVELDS et al., 2003). Gain of body weight was significantly improved by application of 

antibiotics in mice carrying the Cftrtm1Unc mutation. Antibiotics reduced the enhanced bacterial 

load and the accompanying inflammation in the small intestine and ameliorated several 

parameters of CF pathology (NORKINA et al., 2004a). Reduced electrogenic glucose 

absorption might have also contributed to lower body weight in the Cftrtm2Cam and Cftrtm1Eur 

mouse models (HARDCASTLE et al. 2003). 

Electrogenic absorption of alanine, glycyl-glutamine and glucose in the present study did not 

always parallel the observed body weight of both CF and WT mice. The C.129P2(CF/3)-

CftrTgH(neoim)Hgu strain was heavier than BALB/c mice, although the electrogenic nutrient 

absorption was not different among them. 

One might speculate that carriers which are distinct from electrogenic transporters might have 

affected nutrient absorption in the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain beside the above 

mentioned other modifying factors. 

A known electroneutral transport mechanism for alanine is its absorption via the ASCT2 

transporter. Improved activity of this transporter might have contributed to physiological 

levels of alanine absorption. Furthermore, alanine is a non essential amino acid, thus its 

reduced transport in the small intestine might have been compensated by increased absorption 

of other amino acids without substantial physiological consequences. 

The only known transporter of dipeptides is PEPT1 in the small intestine. Gly-Gln is often 

used to examine the activity of this transporter, thus it is a well characterized indicator of 

PEPT1 functioning. No transporter is known that might have compensated the reduced levels 

of dipeptide absorption via PEPT1. 

Glucose is absorbed via SGLT1 and GLUT2 in the small intestine. It might be possible that 

the reduced level of glucose absorption via the electrogenic SGLT1 was compensated by the 

action of GLUT2. 
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4.8 Impact of the CftrTgH(neoim)Hgu mutation on basal short circuit current in colon and jejunum  

 

The basal short circuit current is generated by various electrogenic transport processes. 

Known elements are spontaneous electrogenic chloride secretion as well as transport of 

hydrogencarbonate through the Cftr channel induced by neurotransmitter release from the 

enteric nervous system (GRUBB et al. 1997). 

Basal short circuit current of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain was reduced in the 

colon but not in the jejunum compared to the DBA/2J strain. Values of the B6.129P2(CF/3)-

CftrTgH(neoim)Hgu and C.129P2(CF/3)-CftrTgH(neoim)Hgu strains reached the level of C57BL/6J and 

BALB/c mice. The basal short circuit current was reduced in the colon of the CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains compared to the HsdOla:MF1 strain and were 

negative in the jejunum differing significantly from the positive values of the HsdOla:MF1 

strain. 

The basal short circuit current was reported to be lower in most of the CF mouse models, 

however it did not differ from WT controls in mice carrying the Cftrtm1Bay and Cftrtm1Kth 

mutations (O'NEAL et al., 1993; ZEIHER et al., 1995). One could speculate that the presence 

of a certain electrogenic transport mechanism in the B6.129P2(CF/3)-CftrTgH(neoim)Hgu and 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strains as well as optionally in the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu strain allowed reaching the basal values of WT mice without affecting the 

chloride secretory response to secretogues, since differentiation between WT and CF strains 

remained possible after carbachol stimulation. In addition, the similar basal short circuit 

current values of the CF strains compared to WT values were in accordance with the mild 

phenotype of these three CF strains. 

On the other hand, negative mean values of basal short circuit current in the CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains were in contrast with a previous study 

investigating ion secretion in ileum of the two inbred CF strains (CHARIZOPOULOU et al. 

2006). The discrepancy between the two studies could be due to differences in the protocol of 

preparation (stripped vs. not stripped), in the localisation of the mounted tissues (jejunum vs. 

ileum) or in the used buffers. 

Negative basal short circuit currents were observed in jejunum in some mice of each WT and 

CF strains, however their proportion was unusually high in the CF/1-CftrTgH(neoim)Hgu and 
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CF/3-CftrTgH(neoim)Hgu strains resulting in negative mean values. The origin of the negative 

short circuit current is not known, it might refer to cation secretion. A possible explanation 

might be K+ secretion in the small intestine of the CF/1-CftrTgH(neoim)Hgu and CF/3-

CftrTgH(neoim)Hgu strains. 

Intermediate conductance calcium-activated potassium channels (IK) were found in both 

apical and basolateral membrane of rat small intestine (FURNESS et al., 2003). Contribution 

of these channels to the negative basal short circuit current by secreting K+ can not be 

excluded. 

 

4.9 Impact of the CftrTgH(neoim)Hgu mutation on tissue conductance in colon and jejunum  

 

Tissue conductance was not different between any of the CF strains and their WT controls in 

jejunum. 

Similarly, the tissue conductance of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain as well as the 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain after carbachol stimulation in colon did not differ from 

their WT controls. In contrast, the tissue conductance of the B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

strain before carbachol stimulation as well as the C.129P2(CF/3)-CftrTgH(neoim)Hgu, CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains differed from their WT controls. Thus, the 

similar tissue conductance values prior to carbachol stimulation in colon of the latter three CF 

strains correlates well with the similar genotypes among the C.129P2(CF/3)-CftrTgH(neoim)Hgu, 

CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains, since the genome of the CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains were highly similar (CHARIZOPOULOU et 

al. 2006) and the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain carried also several alleles derived 

from the CF/3-CftrTgH(neoim)Hgu strain. 

Differences in the paracellular pathways might explain the higher tissue conductance 

observed in some of the CF strains. On the other hand, the basal tissue conductance was 

reported to be similar between the Cftrtm1Unc mouse model and WT mice (GRUBB et al. 1995) 

or in the colon of CF patients and healthy individuals (BERSCHNEIDER et al. 1988; 

BAXTER et al. 1990). In accordance, similar basal tissue conductance values were reported 

in the small intestine of the CftrTgH(neoim)Hgu and Cftrtm1Unc mouse models and their WT 

controls (GRUBB et al. 1995; SMITH et al. 1995) 
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4.10 Evaluation of electrophysiological phenotype comparisons among the WT and among 

the CF strains 

 

Results of genotyping by low density SNP scan and by polymorphic intragenetic 

microsatellite markers allowed the evaluation of genotype-phenotype comparisons among the 

WT and among the CF strains. 

Comparison of the electrophysiological phenotypes among the WT strains allowed the 

investigation of differences between inbred and outbred strains. In general, inbred WT strains 

are more suitable for electrophysiological investigations, however the major part of the 

genetic backgrounds of the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains were 

derived from the HsdOla:MF1 strain, thus the latter strain was the best available control of the 

two inbred CF mouse strains. Comparison of the DBA/2J, C57BL/6J and BALB/c inbred WT 

strains to the HsdOla:MF1 outbred strain was a proper analysis. Differences in the 

electrophysiological features between the three inbred and the one outbred strains represented 

the impact of the distinct genetic backgrounds on the electrophysiological phenotype. In 

addition, the Cftr gene as a modifier of the electrophysiological phenotype could be excluded 

at these comparisons, since all of them carried WT Cftr genes, although the alleles carried at 

this locus differed among the three inbred strains confirming the genetic variability of these 

strains.  

Comparison of the electrophysiological phenotypes of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu, 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu, C.129P2(CF/3)-CftrTgH(neoim)Hgu, CF/1-CftrTgH(neoim)Hgu and 

the CF/3-CftrTgH(neoim)Hgu strains among each other was also a proper analysis. It allowed the 

dissection of effect of the distinct genetic backgrounds on the electrophysiological phenotypes 

in the CF mice. Nevertheless, a clear evaluation of the influence of the genetic backgrounds 

was possible only in the two CF congenic strains, since only they had a uniform genetic 

background. The C.129P2(CF/3)-CftrTgH(neoim)Hgu as well as the two inbred CF strains had 

mixed genetic backgrounds, thus the influence of their genome on the phenotype could have 

been related to alleles which were derived from different strains. Furthermore, the same 

CftrTgH(neoim)Hgu mutation was carried in all CF mouse strains, thus it could not be responsible 

for differences in the electrophysiological phenotypes. 
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Overall, differences in the electrophysiological phenotypes among the WT and among the CF 

strains represented the impact of the distinct genetic backgrounds on the electrophysiological 

phenotypes. The potential impact of Cftr as a modifier of the electrophysiological phenotype 

could be excluded at these phenotype comparisons among the WT and among the CF strains, 

since all WT mice carried the WT Cftr gene and all CF mice carried the same CftrTgH(neoim)Hgu 

mutation. 

 

4.11 Impact of genetic backgrounds on the Cftr mediated short circuit current change 

 

The already known data of Cftr mediated chloride secretion (discussed in chapter 4.5.1) were 

analysed by comparing the WT strains to each other and the CF strains to each other. 

Comparison of the Cftr mediated chloride secretion of the DBA/2J, C57BL/6J, BALB/c and 

HsdOla:MF1 strains showed no significant differences among the strains. 

On the other hand, comparison among the five CF strains revealed a highly significant 

variation in the Cftr mediated chloride secretion. The D2.129P2(CF/3)-CftrTgH(neoim)Hgu strain 

showed far the highest increase exhibiting a twofold value compared to CF/3-CftrTgH(neoim)Hgu 

mice. 

Comparisons of the Cftr mediated chloride secretion among the WT and among the CF strains 

represented the impact of the genetic backgrounds on the electrophysiological phenotype of 

the mice. Furthermore, the WT Cftr gene among the WT strains and the disrupted Cftr gene 

among the CF strains could be excluded as a modifier of the electrophysiological phenotype 

at these analyses. Variation in the Cftr mediated chloride secretion among the CF strains was 

a striking phenotype since all of them carried the same CftrTgH(neoim)Hgu mutation. Surprisingly, 

the transfer of the CftrTgH(neoim)Hgu mutation to the completely different DBA/2J, C57BL/6J 

and BALB/c genetic backgrounds resulted in an increased Cftr mediated chloride secretion in 

all three WT genetic backgrounds compared to the CF/3-CftrTgH(neoim)Hgu strain. Thus, the Cftr 

mediated chloride secretion did not depend exclusively on the Cftr gene but also on Cftr 

independent genetic modifiers. On the other hand, the similar values of Cftr mediated chloride 

secretion among the WT strains referred to a low contribution of the these genetic modifiers 

to the electrophysiological phenotype in WT mice that expressed Cftr completely. 
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The origin of these modifiers was not identified in the present study, however it is to 

speculate that different mechanisms led to similar electrophysiological phenotypes in the 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu, B6.129P2(CF/3)-CftrTgH(neoim)Hgu and C.129P2(CF/3)-

CftrTgH(neoim)Hgu strains, since the Cftr mediated chloride secretion is a very complex 

electrophysiological phenotype (discussed in chapter 4.11.1). 

 

4.11.1 Genetic modifiers of the Cftr mediated short circuit current change 

 

The Cftr mediated chloride secretion as electrophysiological phenotype observed in the 

present study is very complex and hence can be modified by many factors. Pre- and / or 

posttranscriptional regulation of CFTR was intensively examined in the past mostly focusing 

on the human protein, although some data are available concerning the murine homologue as 

well.  

Investigation of the CFTR promoter region revealed the lack of classical promoter elements 

for the control of tissue specific expression. On the other hand, it exhibits high GC content 

(65%), no TATA box, multiple transcriptional start sites and several potential Sp-1 and 

activator protein-1 (AP-1) binding sites (MCCARTHY and HARRIS, 2005). The latter two 

transcription factors were shown to affect CFTR expression in several studies (TRAPNELL et 

al., 1991; CHOU et al., 1991; BIENVENU et al., 1994). Variation in the transcription start 

side was also reported to influence the amount of WT CFTR mRNA in cell cultures (KOH et 

al., 1993) or along the murine intestine (WHITE et al., 1998). 

The functional significance of both cAMP response element and CCAAT elements was 

shown in several studies (PITTMAN et al., 1995; MCDONALD et al., 1995; MATTHEWS 

and MCKNIGHT, 1996) and was supported by the fact that a 34 bp region spanning these 

elements is conserved in the human, mouse, rat, sheep, pig and cow CFTR genes 

(MCCARTHY et al. 2005). 

Eleven DNase I hypersensitivity sites (DHS) have been identified within CFTR introns 1, 2, 

3, 10, 16, 17a, 18, 20, 21. DHS in intron 1, 20 and 21 were reported to augment promoter 

activity in different cell lines (SMITH et al., 1996; PHYLACTIDES et al., 2002) and in 

murine intestinal epithelium but not in lung tissues in vivo (ROWNTREE et al., 2001). 
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In addition, seven predicted binding sites for hepatocyte nuclear factor 1 (HNF1) were found 

in introns 10, 17a and 20 of the CFTR gene. In agreement, HNF1α was reported to augment 

CFTR expression in cell cultures (MOUCHEL et al., 2004) 

Different binding domains were identified on the C terminus of CFTR protein including a 

PDZ interacting domain, a protein phosphatase-2A (PP2A) binding domain and a site for 

interaction with AMP-activated protein kinase (AMPK). In agreement, different isoforms of 

the Na+/H+ exchanger regulatory factor (NHERF) as well as PP2A and AMPK were shown to 

affect CFTR channel function in cell cultures and Ussing chamber experiments (WANG et 

al., 2000; WALKER et al. 2003; THELIN et al. 2005). Changes in intracellular trafficking of 

CFTR could also have an impact on the electrophysiological phenotype of the present model. 

Trafficking of CFTR within the cell is a very complex process affected by many factors 

including members of the SNARE machinery, PDZ domain containing proteins and Rab 

GTPases (MOYER et al. 2000; WEBER et al., 2001; GUGGINO et al. 2006). 

 

4.12 Impact of genetic backgrounds on the CaCC mediated short circuit current change 

 

The observed data of CaCC mediated chloride secretion (discussed in chapter 4.5.3) was 

analysed also by comparing the WT strains to each other and the CF strains to each other in 

order to reveal the impact of the genetic backgrounds on the phenotype of the mice. 

Due to the relatively low levels of the exhibited electrophysiological values, all WT and all 

CF strains were tested whether they differed from zero. 

None of the WT strains differed from zero. In contrast, the C.129P2(CF/3)-CftrTgH(neoim)Hgu 

strain was significantly different from zero, and the CF/1-CftrTgH(neoim)Hgu strain showed a 

tendency to differ from zero within the CF group. 

Thus, disruption of the Cftr gene seems to stimulate an alternative chloride conductance in the 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strain and might be observed also in CF/1-CftrTgH(neoim)Hgu 

mice according to this analysis. 
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4.12.1 Molecular origin of the calcium activated chloride secretion 

 

The CLCA gene family, the bestrophin family and the tweety family are considered to be 

molecular candidates of CaCC. 

 

4.12.1.1 The tweety gene family 

 

Members of the tweety family encode proteins that exhibit large single channel conductance 

(260 pS) and are not expressed in the large intestine. Thus, the tweety family is not considered 

to be involved in the chloride secretory response in the colon of the CftrTgH(neoim)Hgu mouse 

model. 

 

4.12.1.2 The CLCA gene family 

 

Three members of the murine Clca gene family are expressed in the large intestine thus might 

have been involved in the DIDS dependent electrogenic chloride secretion in the present 

study. Clca3, Clca4 (LOEWEN et al. 2005) and Clca6 (EVANS et al. 2004) were reported to 

be present in the large intestine, however Clca4 is expressed in smooth muscles, hence could 

not contribute to the electrophysiological phenotype of the CF mice. Clca2 and Clca3 were 

considered as modifiers of the small intestinal phenotype in the CftrTgH(neoim)Hgu mouse model 

in a previous study (LEVERKOEHNE et al. 2006). Unfortunately Clca6 were not included in 

the investigations of the latter work. Furthermore the human CLCA locus was shown to be a 

modifier of CF phenotype (RITZKA et al. 2004b). 

On the other hand, pCLCA1, hCLCA1 and Clca3 were shown not be bona fide chloride 

channels in different heterologous expression systems. However inherent chloride channel 

activity is not essential to be a modifier of CF. CLCA proteins contain different domains that 

could play a role in protein-protein interactions. Clca3 and hCLCA1 were shown to posses 

von Willebrand factor, type A (VWA) domain that is often found in cell adhesion and 

extracellular matrix proteins. More distantly related VWA domains were demonstrated in 

intracellular proteins being components of multi-protein complexes. Fibronectin type III 

(FnIII) domain is another site that was found in Clca3 and hCLCA1. This domain belongs to 
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proteins that are involved in cell surface binding or are receptor protein tyrosine kinases 

(GIBSON et al. 2005). 

Accordingly, members of the CLCA gene family were reported to interact with different 

proteins leading to alterations of functional properties. Co-expression of Clca1 with the β-

subunit of KCNMB1, a Ca2+-dependent K+ channel, altered the kinetics of Clca1 response 

evoked by elevation in intracellular calcium concentration in human embryonic kidney cells. 

In addition, physical association between Clca1 and KCNMB1 was demonstrated using the 

mammalian two hybrid technique (GREENWOOD et al. 2002). 

The effect of the Clca locus on the CaCC mediated chloride secretion was investigated in the 

present study. The C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was the only strain that showed a 

pregnant proportion of CaCC mediated chloride secretion within the entire chloride secretory 

response after carbachol stimulation investigated by comparing the C.129P2(CF/3)-

CftrTgH(neoim)Hgu strain to the BALB/c strain and also to the other CF strains in the present 

study. However, the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain turned out not to be a congenic 

strain and the mice investigated electrophysiologically carried also different alleles at their 

Clca cluster. Analysis of the genotype-phenotype association could not confirm any 

relationship between the Clca cluster and the CaCC mediated chloride secretion in the 

C.129P2(CF/3)-CftrTgH(neoim)Hgu strain. 

 

4.12.1.3 The bestrophin gene family 

 

Members of the murine bestrophin gene family were shown to be expressed in the colon of 

C57BL/6J mice. mRNA of Best1, Best2 and Best3 were reported to be found in various 

mouse tissues, whereas Best4 was suggested to be a non functional pseudogene. Significant 

amount of Best1 and Best2 were found in the murine large intestine. Moreover, expression of 

Best2 was highest in the colon among all organ samples (KRÄMER et al. 2004). The 

presence of a calcium activated chloride current was paralleled with the expression of both 

Best1 mRNA and protein in the proximal colon of C57BL/6J mice in a recent study, however 

the DIDS dependence of the chloride current was not demonstrated (BARRO SORIA et al., 

2007). It was speculated that Best1 may be related to CaCC either by being a chloride channel 

itself or by being a component of a chloride channel complex. 
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Bestrophins are considered to be a structural part of the chloride conducting pore based on the 

result of mutagenesis studies demonstrating the effect of point mutations on the bestrophin 

induced currents (SUN et al., 2001). Bestrophins are even considered to be bona fide chloride 

channels by some authors (QU et al. 2004; PUSCH, 2004). 

Overall, members of the murine bestrophin family might have been involved in the chloride 

secretory response to carbachol in the colon ascendens of the CftrTgH(neoim)Hgu mouse model. 

They might have acted as chloride channels on their own or as members of a chloride channel 

complex. 

 

4.13 Impact of genetic backgrounds on electrogenic nutrient absorption 

 

Electrogenic absorption of alanine, Gly-Gln and glucose were greater in the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains than in CF/1-CftrTgH(neoim)Hgu and 

CF/3-CftrTgH(neoim)Hgu mice. The C.129P2(CF/3)-CftrTgH(neoim)Hgu strains did not differ from any 

of the CF strains with the exception of electrogenic glucose absorption. The electrogenic 

transport of this nutrient was lower in the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain than in 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu mice and higher than values of the CF/1-CftrTgH(neoim)Hgu and 

CF/3-CftrTgH(neoim)Hgu strains. 

On the other hand, electrogenic absorption of alanine, glycyl-glutamine and glucose did not 

differ among the WT strains. This means that DBA/2J, C57BL/6J, BALB/c and HsdOla:MF1 

genetic backgrounds exhibit the same electrophysiological phenotype related to the absorption 

of alanine, Gly-Gln and glucose. However it may give some clues about the origin of the 

modifiers resulting in lower levels of electrogenic nutrient absorption in the CF/1-

CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains. The genetic background of both mouse 

strains is a mixture of the 129/Sv, C57BL/6J and HsdOla:MF1 strains. It has been shown in 

the present study that the C57BL/6J and HsdOla:MF1 strains have the same characteristics of 

electrogenic nutrient absorption that is not different from the properties of the DBA/2J and 

BALB/c strains. Thus, it tempts to speculate that lower levels of electrogenic nutrient 

absorption in the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains might be associated 

with alleles of 129/Sv strain. 
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4.14 Impact of genetic backgrounds on the weight of mice 

 

The HsdOla:MF1 outbred strain was far heavier than the DBA/2J, C57BL/6J and BALB/c 

inbred strains. Higher body weight of outbred strains compared to inbred mice is a well 

known phenomenon (CHIA et al., 2005) and was already described investigating the above 

mentioned WT mouse strains as well (BLEICH et al. 2007). 

On the other hand, the higher body weight of the HsdOla:MF1 strain compared to the other 

three inbred WT strains did not correlate with the results of the electrophysiological 

experiments, since the electrogenic absorption of alanine, glycyl-glutamine and glucose 

seemed to be the smallest in the outbred strain among all WT strains. 

Weight of the CF mice varied significantly among the strains. The C.129P2(CF/3)-

CftrTgH(neoim)Hgu strain was a hybrid of the BALB/c and CF/3-CftrTgH(neoim)Hgu strains, thus the 

highest body weight of this strain within the CF group might be explained by this fact. The 

CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains were heavier than the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains. This might be related to the high 

proportion of the HsdOla:MF1 background in their genomes, since this outbred strain was far 

heavier than the DBA/2J and C57BL/6J strains. 

Nevertheless, the highest body weight of the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain among the 

CF strains did not correlate with the results of the electrogenic absorption of alanine, glycyl-

glutamine and glucose. Furthermore, the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains exhibited the lowest levels of electrogenic nutrient absorption within the CF group, 

however their body weight was not the smallest among all CF strains. These discrepancies 

might be explained by the alteration of the activity of electroneutral nutrient transport systems 

that were not examined in the present study. 

Numerous loci were identified throughout the murine genome as modifiers of body weight 

and intestinal distress in the Cftrtm1Unc mouse model by quantitative trait loci mapping 

strategy. Many of them acted in a sex specific manner and were presumed to be CF specific in 

their effects due to the failure of influencing the weight of control mice (HASTON et al., 

2002a; HASTON and TSUI, 2003). Thus, it is to speculate that some genetic modifiers might 

have had an impact on the weight of the C.129P2(CF/3)-CftrTgH(neoim)Hgu, CF/1-CftrTgH(neoim)Hgu 

and CF/3-CftrTgH(neoim)Hgu strains. 
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4.15 Impact of genetic backgrounds on the basal short circuit current in colon and jejunum 

 

Basal short circuit current was similar among the WT strains in both colon and jejunum. This 

might confirm the major role of Cftr mediated chloride secretion in the generation of the basal 

short circuit current, since all WT mice carried the same WT Cftr gene and the contribution of 

genetic modifiers influencing the Cftr mediated chloride secretion in the WT strains were 

already shown in this study to be irrelevant.  

Although the CF strains varied from each other to some extent, the overall difference within 

the CF  group was not significant in colon, whereas the variation was high in jejunum due to 

the mean negative values in the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains. The 

possible reasons of negative basal short circuit current values were already discussed in 

chapter 4.8, however comparisons among the CF strains might give a clue about the genetic 

origin of these factors. The background of the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu 

strains is a mixture of the 129/Sv, C57BL/6J and HsdOla:MF1 strains. Both latter two strains 

were characterised electrophysiologically in the present study and none of them showed 

negative mean values as basal short circuit current. Hence, one might speculate that factors 

originating from the 129/Sv mouse strain were responsible for the observed negative mean 

values of basal short circuit current. 

 

4.16 Impact of genetic backgrounds on the tissue conductance in colon and jejunum 

 

Tissue conductance of the HsdOla:MF1 strain was lower than values of the DBA/2J strain 

before carbachol stimulation in colon. On the contrary, after carbachol stimulation, the 

outbred strain differed from all three inbred strains in colon representing a good example of 

differences between the inbred and outbred strains. 

Tissue conductance of the CF strains did not vary among each other in colon, although the 

variation reached the level of statistical significance after incubation with carbachol, however 

the post hoc Tukey’s test did not find any strain being significantly different from another 

one. In contrast, certain differences became apparent after the investigation of jejunum. The 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu strain had the highest value and differed significantly from 

the other four strains which correlated well with the highest value of C57BL/6J mice among 
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the WT strains. Thus, increased jejunal tissue conductance in the C57BL/6J and 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu mouse strains seems to be a strain specific feature, since both 

strains exhibited the highest tissue conductance in comparison to the other members of their 

group. 

 

4.17 Genetic distance and difference in the electrophysiology of the CftrTgH(neoim)Hgu mouse 

model 

 

The results of genotyping the five CF strains had shown that the D2.129P2(CF/3)-

CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains were congenic mouse strains, 

whereas the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain was not a congenic mouse strain. 

Comparison of the electrophysiological phenotypes among the five CF mouse strains 

confirms the results of this genotyping. 

The carbachol induced short circuit current change both in the presence and absence of DIDS 

did not differ between the C.129P2(CF/3)-CftrTgH(neoim)Hgu and the CF/1-CftrTgH(neoim)Hgu and 

CF/3-CftrTgH(neoim)Hgu strains (Appendix: Table V, VIII). Furthermore, electrogenic absorption 

of alanine and glycyl-glutamine were also not different between the C.129P2(CF/3)-

CftrTgH(neoim)Hgu, CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains. In contrast, both 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu strains differed from 

the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains in almost all cases (Appendix: 

Table XX, XXIII, XXVI). 

Differences in the genetic background were the explanation for this discrepancy. The genetic 

backgrounds of the D2.129P2(CF/3)-CftrTgH(neoim)Hgu and B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

strains were derived from the DBA/2J and C57BL/6J strains that were completely different 

from the alleles of the CF/1-CftrTgH(neoim)Hgu and CF/3-CftrTgH(neoim)Hgu strains leading to 

significant differences in both Cftr dependent and independent electrophysiological features. 

On the contrary, the genetic background of the C.129P2(CF/3)-CftrTgH(neoim)Hgu strain contains 

CF/3-CftrTgH(neoim)Hgu derived alleles to a significant extent, thus similarities in the genetic 

backgrounds of the C.129P2(CF/3)-CftrTgH(neoim)Hgu, CF/1-CftrTgH(neoim)Hgu and CF/3-

CftrTgH(neoim)Hgu strains lead to the lack of significant differences in both Cftr dependent and 

independent electrophysiological characteristics. 
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4.18 Genetic distance and difference in the electrophysiology of the wild-type mouse strains 

 

The WT mouse strains can be divided into two groups. The first one contains the DBA/2J, 

C57BL/6J and BALB/c inbred mouse strains, whereas the second one consists of the 

HsdOla:MF1 outbred strain. 

Comparison of the electrophysiological phenotypes among the inbred and outbred WT mouse 

strains was in accordance with the differences in their genotypes only in a few cases. Both 

chloride secretion in colon and electrogenic nutrient absorption in jejunum showed nominally 

the lowest values in the HsdOla:MF1 outbred strain among the WT strains, however, the 

difference within the WT group reached the level of statistical significance only in few cases. 

The change of short circuit current induced by carbahol in the absence of DIDS in colon was 

significantly different among the WT strains. Alike, the increased tissue conductance induced 

by carbachol in colon differed significantly between the inbred WT strains and the 

HsdOla:MF1 outbred strain. 

The lack of statistical significance in the remaining electrophysiological investigations might 

be explained by the similar extent of chloride secretion in colon and electrogenic nutrient 

absorption in jejunum in the DBA/2J, C57BL/6J and BALB/c inbred mouse strains. 
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5. Appendix 
 

Table I. Comparison of the carbachol induced short circuit currents in the presence of DIDS in colon 

between the WT and CF mouse strains by unpaired t-test. 

 

I. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.002 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.003 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu <0.001 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.021 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.004 

 

 

Table II. Comparison of the carbachol induced short circuit currents in the presence and absence of 

DIDS in colon of the WT and CF mouse strains by unpaired t-test. 

 

II. Comparison within in the following strains unpaired t-test (p=) 

DBA/2J 0.695 

C57BL/6J 0.599 

BALB/c  0.918 

HsdOla:MF1 0.784 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.519 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.051 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.117 

CF/1-CftrTgH(neoim)Hgu 0.131 

CF/3-CftrTgH(neoim)Hgu 0.443 

 

 

Table III. Comparison of the DIDS inhibitable components of the short circuit currents induced by 

carbachol in colon between the WT and CF mouse strains by unpaired t-test. 

 

III. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.992 
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C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.644 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.220 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.080 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.355 

 

 

Table IV. Comparison of the carbachol induced short circuit currents in colon in the absence of DIDS 

between the WT and CF mouse strains by unpaired t-test. 

 

IV. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.003 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.003 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.0008 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.116 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.010 

 

 

Table V. Comparison of the carbachol induced short circuit currents after DIDS preincubation within 

the CF group by one way ANOVA. 

 

V. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

0.0006 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.05 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.05 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.001 
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Table VI. Comparison of the carbachol induced short circuit currents in colon in the presence of 

DIDS among the WT mouse strains by one way ANOVA. 

 

VI. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.206 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table VII. Testing whether the mean of the DIDS dependent component differs from zero in the WT 

and CF strains by one sample t-test. 

 

VII. Testing within the following strains one-sample t-test (p=) 

DBA/2J 0.626 

C57BL/6J 0.326 

BALB/c  0.864 

HsdOla:MF1 0.502 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.725 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.124 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.047 

CF/1-CftrTgH(neoim)Hgu 0.078 

CF/3-CftrTgH(neoim)Hgu 0.524 

 

 

Table VIII. Comparison of the carbachol induced short circuit currents in colon in the absence of 

DIDS among the CF mouse strains by one way ANOVA. 

 

VIII. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

0.005 
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C.129P2(CF/3)-CftrTgH(neoim)Hgu  

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.01 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

 

 

Table IX. Comparison of the carbachol induced short circuit currents in colon in the absence of DIDS 

among the WT mouse strains by one way ANOVA. 

 

IX. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.027 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

DBA/2J vs. HsdOla:MF1 < 0.05 

 

 

Table X. Comparison of colonic basal short circuit currents before stimulation by carbachol between 

the CF and WT strains in proximal colon by unpaired t-test. 

 

X. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.0004 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.719 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.799 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.0004 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.006 
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Table XI. Comparison of basal short circuit currents in colon before stimulation by carbachol within 

the CF group by one way ANOVA. 

 

XI. Comparison within the CF croup containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu  

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

0.063 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XII. Comparison of colonic basal short circuit currents before stimulation by carbachol within 

the WT group by one way ANOVA. 

 

XII. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.634 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XIII. Comparison of basal transepithelial conductance in colon ascendens before stimulation by 

carbachol between the WT and CF strains by unpaired t-test. 

 

XIII. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.618 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.020 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.0001 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.028 
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HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.030 

 

 

Table XIV. Comparison of transepithelial conductance after carbachol stimulation in colon ascendens 

between the WT and CF strains by unpaired t-test. 

 

XIV. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.873 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.334 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.007 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu < 0.0001 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu < 0.0001 

 

 

Table XV. Comparison of colonic basal transepithelial conductance before stimulation with carbachol 

within the CF group by one way ANOVA. 

 

XV. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

0.092 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XVI. Comparison of transepithelial conductance after carbachol stimulation in colon ascendens 

within the CF group by one way ANOVA. 

 

XVI. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

0.045 
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C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XVII. Comparison of colonic basal transepithelial conductance before stimulation with 

carbachol within the WT group by one way ANOVA. 

 

XVII. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.018 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

DBA/2J vs. BALB/c < 0.05 

DBA/2J vs. HsdOla:MF1 < 0.05 

 

 

Table XVIII. Comparison of transepithelial conductance after carbachol stimulation in colon 

ascendens within the WT group by one way ANOVA. 

 

XVIII. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

< 0.0001 

Significant differences between the following strains indicating by the post hoc Tukey’s test (p=) 

DBA/2J vs. HsdOla:MF1 < 0.001 

C57BL/6J vs. HsdOla:MF1 < 0.001 

BALB/c vs. HsdOla:MF1 < 0.001 
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Table XIX. Comparison of short circuit current changes induced by alanine in jejunum between the 

WT and CF strains by unpaired t-test 

 

XIX. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.978 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.630 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.502 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.0008 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.096 

 

 

Table XX. Comparison of the alanine induced short circuit currents within the CF group by one way 

ANOVA. 

 

XX. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

0.0003 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.01 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.01 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

 

 

Table XXI. Comparison of the change of short circuit currents evoked by alanine within the WT 

group by one way ANOVA. 

 

XXI. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

0.203 
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BALB/ c 

HsdOla:MF1 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XXII. Comparison of short circuit current changes evoked by glycyl-glutamine in jejunum 

between the WT and CF strains by unpaired t-test 

 

XXII. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.752 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.064 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.655 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.221 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.001 

 

 

Table XXIII. Comparison of the glycyl-glutamine induced short circuit currents in jejunum within the 

CF group by one way ANOVA. 

 

XXIII. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

0.0005 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.01 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.001 
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Table XXIV. Comparison of the glycyl-glutamine induced short circuit currents in jejunum within the 

WT group by one way ANOVA. 

 

XXIV. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.538 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XXV. Comparison of short circuit current changes induced by glucose in jejunum between the 

WT and CF strains by unpaired t-test 

 

XXV. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.664 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.110 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.434 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.001 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.0003 

 

 

Table XXVI. Comparison of short circuit current changes in jejunum evoked by glucose within the 

CF group by one way ANOVA. 

 

XXVI. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

<0.0001 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 
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D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.001 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.001 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.05 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.001 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.001 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.01 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.01 

 

 

Table XXVII. Comparison of the glucose induced short circuit currents in jejunum within the WT 

group by one way ANOVA. 

 

XXVII. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.330 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XXVIII. Comparison of jejunal basal short circuit currents between the WT and CF strains by 

unpaired t-test 

 

XXVIII. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.269 

C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.949 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.389 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.048 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.015 
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Table XXIX. Comparison of basal short circuit currents in jejunum within the CF group by one way 

ANOVA. 

 

XXIX. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

0.0006 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.01 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.05 

 

 

Table XXX. Comparison of jejunal baseline short circuit currents among WT mice by one way 

ANOVA. 

 

XXX. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.998 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

in all of the comparisons > 0.05 

 

 

Table XXXI. Comparison of tissue conductances in jejunum between the WT and CF strains by 

unpaired t-test 

 

XXXI. Comparison between the following strains unpaired t-test (p=) 

DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.692 
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C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.549 

BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu 0.732 

HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.056 

HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.064 

 

 

Table XXXII. Comparison of jejunal tissue conductances within the CF group by one way ANOVA. 

 

XXXII. Comparison within the CF group containing the following strains One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

<0.0001 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.05 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.05 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.001 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.001 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.05 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

 

 

Table XXXIII. Comparison of tissue conductances in jejunum among WT mice by one way ANOVA. 

 

XXXIII. Comparison within the WT group containing the following strains One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

0.014 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

DBA/2J vs. C57BL/6J < 0.05 

HsdOla:MF1 vs. C57BL/6J < 0.05 
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Table XXXIV. Comparison of weight between the males and females of the WT and CF mouse 

strains by unpaired t-test 

 

XXXIV. Comparison between the following strains unpaired t-test (p=) 

female: DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.485 

male: DBA/2J vs. D2.129P2(CF/3)-CftrTgH(neoim)Hgu 0.03 

female: C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.450 

male: C57BL/6J vs. B6.129P2(CF/3)-CftrTgH(neoim)Hgu 0.006 

female: BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu <0.0001 

male: BALB/c vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu <0.0001 

female: HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.0007 

male: HsdOla:MF1 vs. CF/1-CftrTgH(neoim)Hgu 0.001 

female: HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.0008 

male: HsdOla:MF1 vs. CF/3-CftrTgH(neoim)Hgu 0.001 

 

 

Table XXXV. Comparison of weight among the females of the CF group by one way ANOVA. 

 

XXXV. Comparison of weight among the females of the CF group 

containing the following strains 
One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

<0.0001 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.001 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.05 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.001 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.01 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 
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Table XXXVI. Comparison of weight among the males of the CF group by one way ANOVA. 

 

XXXVI. Comparison of weight among the males of the CF group 

containing the following strains 
One way ANOVA (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu 

C.129P2(CF/3)-CftrTgH(neoim)Hgu 

CF/1-CftrTgH(neoim)Hgu 

CF/3-CftrTgH(neoim)Hgu 

<0.0001 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.001 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.05 

D2.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.01 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. C.129P2(CF/3)-CftrTgH(neoim)Hgu < 0.001 

B6.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.05 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/1-CftrTgH(neoim)Hgu < 0.001 

C.129P2(CF/3)-CftrTgH(neoim)Hgu vs. CF/3-CftrTgH(neoim)Hgu < 0.01 

 

 

Table XXXVII. Comparison of weight among the females of the WT strains by one way ANOVA. 

 

XXXVII. Comparison of weight among the females of the WT group 

containing the following strains 
One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

< 0.0001 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

DBA/2J vs. HsdOla:MF1 < 0.001 

C57BL/6J vs. HsdOla:MF1 < 0.001 

BALB/c vs. HsdOla:MF1 < 0.001 
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Table XXXVIII. Comparison of weight among the males of the WT strains by one way ANOVA. 

 

XXXVIII. Comparison of weight among the males of the WT group 

containing the following strains 
One way ANOVA (p=) 

DBA/2J 

C57BL/6J 

BALB/ c 

HsdOla:MF1 

< 0.0001 

Significant differences between the following strains indicated by the post hoc Tukey’s test (p=) 

DBA/2J vs. HsdOla:MF1 < 0.001 

C57BL/6J vs. HsdOla:MF1 < 0.001 

BALB/c vs. HsdOla:MF1 < 0.001 
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