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Figure 5.23. brain morphology A-D 
Hematoxylin/eosin (H/E) stained brain 
sections from 1 year-old wild type and 
kcne3-/- mice. H/E stained brain sections 
showing hippocampus of wild type (A) 
and kcne3-/- mice (B) and cerebellum of 
wild type (C) and kcne3-/- (D) mice. Scale 
bars denote same lengths for kcne3-/- and 
wild type. No obvious morphological 
differences were observed between tissues 
from the two genotypes. To note that no 
degeneration neither apoptotic regions 
were observed in the kcne3-/- brain. 
 

 

Therefore, we further investigated the kcne3-/- brain morphology. We neither detected 

morphological brain abnormalities (Figure 5.23), nor in hippocampal neither in 

cerebellar region. Besides, no obvious neurological defects, balance problems or 

abnormal behavior were observed in kcne3-/- animals. 
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6 DISCUSSION 

6.1 Expression Pattern of KCNE3 

In recent years, the expression pattern of KCNE3 has been matter of debate (Abbott et 

al. 2001;Pannaccione et al. 2007; Sternberg et al. 2003; Jurkat-Rott and Lehmann-Horn 

2004; Jurkat-Rott and Lehmann-Horn 2007; Lundquist et al. 2005 and 2006). Part of 

these controversies might have arisen from the current absence of reliable tools to 

investigate KCNE3 expression pattern, namely a specific and reliable anti-KCNE3 

antibody and kcne3-/- mice. Kcne3-/- tissues from KO animals represent the optimal and 

most specific control to test and validate expression data. In the absence of KOs, 

controls by omission of primary antibodies, replacement with non-immune 

immunoglobulins, preadsorption with antigens, or staining with 2 different antibodies 

that recognized non-overlapping epitopes of the same protein, have been widely used to 

achieve some level of specificity in conventional biochemical and 

immunohistochemical techniques. These controls however do not provide definitive 

information about the specificity of the reactions (Fritschy 2008). 

The generation of a new, specific antibody tested against wild type and kcne3-/- tissues 

was necessary. Our anti-KCNE3 antibody proved to be specific in Western blot (Figure 

5.4 and 5.5) and immunohistochemistry (Figure 5.7, 5.9, 5.11 and 5.13), to perform a 

systematic analysis on KCNE3 expression in murine tissues by employing kcne3-/- 

samples as controls. By these means, KCNE3 expression has been restricted to 

gastrointestinal tissue and upper airways. Moreover, we addressed the subcellular 

localization of the KCNQ1/KCNE3 in these tissues.  

 

6.1.1 KCNE3 Subunits can be Detected only in Secreting Epithelia 

The kcne3 gene contains 4 exons, of which only exon 4 codes for the entire KCNE3 

protein. Exons 1 to 3 form part of the 5´UTR and undergo alternative splicing. This long 

UTR region might serve to tightly regulate KCNE3 gene expression at the translational 

level in different tissues. 

Most of the published work on KCNE3 expression has been performed at the mRNA 

level and the data were not further confirmed at the protein level, probably due to the 

lack 
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of reliable anti-KCNE3 antibodies. Besides, given that KCNE3 exons 1-3 undergo 

extensive splicing, it is not possible to design appropriate intron-spanning primers (that 

produce only one PCR product) for real-time quantitative PCR (RT-PCR) reactions. 

Intron-spanning primers are generally used in RT-PCR analysis to avoid co-

amplification of contaminating genomic DNA. The RT-PCR is a very sensitive method, 

where careful experimental design, application and validation are needed to avoid 

amplification of nonspecific PCR products that cause false-positive signals. We 

therefore believe that the majority of the KCNE3 expression studies reported by other 

groups, which were performed only at the mRNA level, should be further validated by 

using other complementary approaches to detect the KCNE3 protein as well. Therefore, 

our analysis on the expression pattern of KCNE3 was performed at both mRNA and 

protein level, by employing biochemical (e.g. Western and Northern Blotting) and 

immunohistochemical techniques (Preston et al. 2010). 

At the mRNA level, KCNE3 expression was observed in the entire gastrointestinal tract 

(stomach, duodenum, jejunum, ileum, caecum and colon; Figure 5.3), while a number of 

other tissues (brain, kidney, heart and skeletal muscle) were not positive for kcne3 

expression. Similarly, also at the protein level KCNE3 was found to be highly expressed 

in gastrointestinal tissues. Outside of the gastrointestinal tract, we observed KCNE3 

expression only in trachea, while kidney, skeletal muscle, heart, and brain were devoid 

of specific signals (Figure 5.5).  

In order to get additional evidence for the absence of KCNE3 in the above mentioned 

tissues, we performed immunohistochemical experiments. These experiments also failed 

to report KCNE3-specific signals (data not shown). In particular, multiple tests were 

performed aiming at improving the immunoreaction by varying methods of tissue 

fixation, tissue processing and stringency of the binding reaction. In none of the 

conditions tested we were able to observe specific signals above background levels 

(data not shown).  

 

Altogether, these data strongly support the absence of significant KCNE3 expression 

outside of the gastrointestinal tract, with the exception of tracheal tissue. These results 

are quite surprising, in view of recent works that reported KCNE3 expression and 

possible physiological role in murine and human brain (McCrossan et al. 2003; 

Pannaccione et al. 2005; Pannaccione et al. 2007); rat and human skeletal muscle 

(Abbott et al. 2001; Abbott et al. 2006); murine and human heart (Ohya et al. 2002; 
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Bendahhou et al. 2005; Lundquist et al. 2005; Lundquist et al. 2006); human kidney 

(Schroeder et al. 2000; Duranton et al. 2010). 

The discrepancies between the expression pattern of KCNE3 observed in human tissues 

and their murine counterparts (e.g. in heart, kidney and skeletal muscle) might be a 

consequence on species-specific differences. We however believe that the studies 

mentioned above suffer from major limitations, given the lack of appropriate controls 

(kcne3-/- tissues) which are necessary to perform a reliable study of KCNE3 expression 

pattern. Our data on the other hand provide a more direct and clear evidence for the 

presence or absence of KCNE3 in the analyzed tissues (Figure 5.3 and 5.5). 

Interestingly, although we (Figure 5.5D) and others (Grahammer et al. 2001b) have 

shown expression of KCNE3 in trachea, we did not observe expression in lung tissue 

neither by Northern blot (Figure 5.3) nor by immunohistochemical techniques (data not 

shown). Although upper airways and lungs are part of the same functional system and 

share many common properties, they seem to differ in respect to the rates of mucus 

secretion. In contrast to lungs, upper airways can in fact produce higher amounts of 

mucus (Van der Schans 2007), which aids in the protection of the lungs by trapping 

foreign particles (e.g. dust, particulate pollutants, allergens, infectious agents, bacteria) 

that enter in the respiratory system during breathing (Mall 2008). Given this major 

functional difference, it is therefore conceivable to believe that trachea and lungs 

express a different subset of ion channels, which in turn might account for their 

differential secretory properties. In this regard, by being expressed only in trachea and 

not in lungs (Figure 5.3, 5.5 and 5.13), KCNE3 would be part of this molecular and 

functional heterogeneity. 

Nonetheless, it should be mention that very low KCNE3 mRNA or protein levels might 

have gone undetected in this study because they were below the detection limit of the 

techniques we employed. Low amounts of KCNE3 protein in a specific cell population 

might be indeed sufficient to achieve a specific function (e.g. in cardiac tissue). There 

might also be that in some organs KCNE3 is expressed only under very specific 

physiological or pathological circumstances (e.g. bacterial renal infections (Duranton et 

al. 2010)). 

 

Altogether, our analysis on the expression pattern of KCNE3, which has been validated 

by the use of kcne3-/- animals as controls, allowed us to draw a reliable picture of 

KCNE3 expression in murine tissues. By being highly enriched in the gastrointestinal 
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tract and in trachea, our data point to a general function of KCNE3 in supporting 

epithelial secretory functions together with its cognate subunit KCNQ1 (Figure 5.14). In 

all other tissues, we failed to detect KCNE3 expression (Figure 5.3 and 5.5). This is a 

valuable piece of evidence that contradicts previous reports and provides to date the 

most extensive and well validated analysis on the expression pattern of KCNE3 in 

mouse tissues.  

 

6.1.2 KCNE3 Expression in Gastric Epithelia 

Our data clearly demonstrate KCNE3 expression in stomach (Figure 5.3, 5.5 and 5.7), 

where it localizes to the basolateral membranes of epithelial cells found in basal gastric 

gland (Figure 5.7). These are the first data showing KCNE3 expression in gastric 

epithelia, which would suggest an involvement of this subunit in the secretory function 

of this organ. 

It is known that KCNQ1 is expressed together with KCNE2 in tubulovesicular and 

apical membranes of acid secreting parietal cells in the stomach (Grahammer et al. 

2001a; Heitzmann et al. 2004). The complex formed by KCNQ1/KCNE2 is 

constitutively open, and it is found in mid-apical parts of gastric glands. 

KCNQ1/KCNE2 currents are increased upon cAMP, PIP2 or acidic pH (Tinel et al. 

2000; Heitzmann et al. 2007). The channel complex has a major role in acid secretion, 

as it recycles the K+ ions necessary for the H+/K+ ATPase to secrete protons. Indeed 

animal models lacking one or other of the above mentioned components develop 

achlorhydria, gastric hyperplasia, and vitamin B12 deficit, and as a consequence 

macrocytic anemia (Lee et al. 2000, Roepke et al. 2006). 

It had never been shown before that KCNQ1 is also located in basolateral membranes of 

the epithelial cells at the bottom of gastric glands (Figure 5.7G-I). This localization 

pattern is consistent with a possible interaction of KCNQ1 with KCNE3 in basal glands, 

since we have shown that KCNE3 is also present in these membranes (Figure 5.7A, C 

and D). Interestingly, the staining in the parietal cells was found to be more 

cytoplasmatic, probably due to their high plasma membrane invaginations and abundant 

number of intracellular vesicular/tubular structures which were positive for 

KCNQ1/KCNE2 complex (Heitzmann and Warth 2008). On the other hand, cells 

located at the basal part of the gland displayed a KCNQ1 staining lining the plasma 

membrane, similar to the one observed for KCNE3. 
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Kcne3-/- mice did not show any aberrant gastric morphology (Figure 5.6), that differs 

from kcne2-/- and kcnq1-/- mouse models, where striking morphological alterations were 

evident (Lee et al. 2000, Roepke et al. 2006). Most probably the impaired acid secretion 

from parietal cells, where KCNQ1 (Figure 5.7H-I) and KCNE2 (Roepke et al. 2006) are 

co-expressed is the cause of these morphological alterations. The discrepancy between 

the phenotypes of the kcnq1-/- and kcne2-/- mice on one hand, and the kcne3-/- on the 

other seems also to correlate with the expression pattern of the respective proteins. The 

absence of morphological alterations in kcne3-/- stomach, together with the preserved 

gastric gland morphology and acid-secreting parietal cells morphology, indirectly 

suggest that acid production was not altered.  

We speculate that in analogy to its intestinal function, gastric KCNQ1/KCNE3 

localization at the bottom of the gastric glands is involved in salt- and fluid secretion. 

Such fluid secretion would flush and dilute the contents of the gastric gland up to the 

gastric pit and lumen.  

There is a possibility that the presence of electroneutral K+-Cl- cotransporter (known as 

KCCs) type 3 in the basolateral membranes of gastric gland cells (Fujii et al. 2008), 

together with the residual activity of KCNQ1 homooligomers, might suffice to carry out 

K+ efflux and possibly compensate for the lack of the KCNE3 subunit in kcne3 -/- mice. 

 

6.2 KCNQ1 in the Absence of KCNE3 

KCNQ1 expression and localization was not altered in the absence of its beta subunit 

KCNE3 (Figure 5.9, 5.11 and 5.14). This finding shows that the beta subunit KCNE3 is 

not required for correct targeting of its alpha subunit KCNQ1 to the plasma membrane. 

Our results show that KCNQ1 protein stability is not depending on KCNE3 interaction. 

However in some cases the beta subunit is required for the proper function of the 

channel. That is the case of ClC7, which interaction with Ostm1 is important for protein 

stability and essential for bone resorption and lysosomal function. In fact, loss of 

function of the ClC7 or Ostm1 gene cause osteopetrosis. 

On the same way, Barttin is an essential beta subunit for CLC-Ka and CLC-Kb which 

are coexpressed in K+ secreting epithelia of the inner ear and renal tubules (Estevez et 

al. 2001). Mutations on CLC-Kb or Barttin gene cause Bartter syndrome type III or IV 

respectively, the latter characterized not only by renal failure but also by sensorineural 

deafness. Barttin functions as an activator of CLC-K channels, changing CLC-K  
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biophysical properties and enhancing its membrane insertion (Waldegger et al. 2002). 

Unlike KCNQ1, CLC-Kb is retained in the Golgi apparatus in the absence of its beta 

subunit. Instead, CLC-Ka is able to travel to the plasma membrane but shows a reduced 

unitary conductance and altered voltage dependence of activation without Barttin 

(Scholl et al. 2006). 

In conclusion, KCNQ1 alone can reach the plasma membrane, probably via the default 

secretory pathway without requiring pre-assembly with a beta subunit. This is supported 

by the fact that KCNQ1 homomers are functionally expressed in the plasma membrane 

in hetereologous systems (Barhanin et al. 1996; Sanguinetti et al. 1996). 

 

The KCNE localization in the absence of KCNQ1 is source of controversy. Schroeder et 

al. (2000) reported that in the absence of its alpha subunit KCNQ1, KCNE3 was not 

targeted to the plasma membrane but accumulated in the ER compartment. A recent 

publication however showed that KCNE3 targeted to membrane lipid rafts when 

expressed alone in mammalian cells (Roura-Ferrer et al. 2010). Both are in vitro studies 

that use similar overexpression systems but show contradictory data. To resolve this 

issue, it would be interesting to analyze KCNE3 protein localization in kcnq1-/- 

epithelial cells.  

In vivo, the heteromers formed by KCNQ1/KCNE1 (Chouabe et al. 1997) and 

KCNQ1/KCNE2 (Heitzmann et al. 2004) reside in apical surfaces of marginal cells in 

the stria vascularis and in intracellular canalicular membranes of parietal cells in the 

gastric epithelia respectively. However, the abilility of KCNE subunits to target 

KCNQ1 channels to specific subcellular compartments is still a matter of debate. It had 

been reported that in MDCK (Madin-Darby Canine Kidney) cells, KCNQ1 was able to 

travel alone to basolateral membranes and that KCNQ1 targeting was not affected by 

KCNE co-expression (Jespersen et al. 2004). However, other groups showed by 

colocalization studies in hetereologous systems (Roura-Ferrer et al. 2010) and by 

analysis of KCNE1 mutants that impair KCNQ1 surface expression (Krumerman et al. 

2004) that KCNE subunits provide additional signals for intracellular targeting of the 

KCNE/KCNQ1 complex. More invetigations are however needed to elucidate the 

dependence of KCNQ1/KCNE complex targeting on the KCNE subunit and its cell type 

specificity.   

 



______________________________________________________________Discussion 

105 
 

6.3 KCNQ1/KCNE3 Channels in Transepithelial Ionic Transport 

6.3.1 KCNE3 in Colonic Epithelial Ionic Transport 

Pharmacological experiments using chromanol 293B suggested KCNQ1 as an important 

player in epithelial transport (Lohrmann et al. 1995). Because KCNE3 had not yet been 

identified as a β-subunit for KCNQ1, it was first hypothesized that KCNQ1/KCNE1 

complexes were involved in transepithelial ion transport (Suessbrich et al. 1996; Busch 

et al. 1997). However, in contrast to KCNE3, KCNE1 could be detected neither in 

colonic nor in tracheal tissues (Grahammer et al. 2001b), and the kcne1-/- mice did not 

show any impairment in forskolin-stimulated intestinal Cl- secretion (Arrighi et al. 

2001; Warth et al. 2002). Moreover, KCNQ1/KCNE1 channels activate at membrane 

potential of -20 mV, and the negative membrane potential of intestinal epithelial cells 

would prevent the channel complex from being open. 

Assembly of KCNQ1 with KCNE1 renders the complex voltage dependent (Barhanin et 

al. 1996; Sanguinetti et al. 1996). KCNE1 slows KCNQ1 activation kinetics, and 

dramatically increase KCNQ1 current amplitude without altering the deactivation tail 

currents. KCNE1 shifts the activation threshold potential -40 mV (for KCNQ1) to -20 

mV (for KCNQ1+KCNE1) allowing the channel to be fully open in apical membranes 

of the marginal cells of the stria vascularis where the membrane voltage reaches +5 mV 

(Vetter et al. 1996). This voltage dependency however predicts that the channel will be 

closed at the membrane potential of epithelial cells in colon (-60 mV) (Greger et al. 

1997) or in upper airways (-35 mV) (Rickheit et al. 2008), thereby rendering a 

functional involvement of KCNQ1/KCNE1 complexes in these tissues unlikely. 

On the other hand, KCNQ1/KCNE3 heteromers are constitutively open (Schroeder et al. 

2000): their voltage independence is compatible with the expression in non-excitable 

tissues, like gut or airway epithelia. In addition, several studies have speculated a 

possible role of KCNQ1/KCNE3 complexes in basolateral K+ recycling. Our work 

represents the first genetic study that addresses the function of the KCNE3 subunit, and 

provides strong evidence supporting the involvement of basolateral KCNQ1/KCNE3 

heteromers in colonic Cl- secretion. Our Ussing chamber experiments showed that 

current response to forskolin stimulation was almost completely abolished in kcne3-/- 

colonic tissues, with ~80% reduction in the elicited averaged currents compared to 

control values (Figure 5.15). This residual current might result from secretion of another 

anion (like HCO3
-). 
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Additional lines of evidence come from the colocalization of KCNQ1 and KCNE3 in 

basolateral membranes of colonic epithelia (Figure 5.11), and the nearly complete loss 

of chromanol 293B-inhibitable currents in kcne3-/- mice (Figure 5.15). 

The fact that kcne3-/- mice exhibit strongly reduced transepithelial transport in colonic 

tissue, although neither KCNQ1 expression nor localization were altered indicates that 

KCNQ1 homomers are not able to support K+ recycling in the absence of KCNE3. As 

predicted by their outward-rectification properties, KCNQ1 homomers are in fact 

incompatible with a role in transepithelial transport in both colonic and tracheal 

epithelia, since in these tissues they are predicted to be largely closed at resting 

membrane potential (Greger et al. 1997; Barhanin et al. 1996; Sanguinetti et al. 1996). 

Moreover, KCNQ1/KCNE3 channels mediate currents that are 3 times larger than 

homomeric KCNQ1 channels in overexpressing COS (Bendahhou et al. 2005) or CHO 

(Ohno et al. 2009) cells. 

Altogether, our functional analysis of transepithelial transport in kcne3-/-colonic tissue 

enabled us to clearly assign a functional role to KCNQ1/KCNE3 complexes in 

basolateral K+ extrusion, a recycling pathway that is necessary to provide 

electrochemical driving force for Cl- secretion. 

 

6.3.2 Calcium Stimulated Chloride Secretion in Colonic Mucosa 

Our Ussing chamber experiments on ex vivo tissue preparations show that carbachol 

application induced a similar increase in Cl- efflux in both wild type (after C293B 

addition) and kcne3-/- epithelia (Figure 5.15). These results indicate that, while cAMP-

stimulated Cl- secretion is strongly impaired in kcne3-/- colon, Ca++ stimulated secretion 

is largely unaffected. It seems therefore plausible that Ca++ is able to activate basolateral 

K+ conductances, which can compensate for the loss of functional KCNQ1/KCNE3 

complexes in KO tissues. Recent reports suggest that intermediate conductance, Ca++-

sensitive KCNN4 K+ channels are activated in intestinal cells by stimulation of 

muscarinic receptors (Warth et al. 1999; Flores et al. 2007). Therefore, activation of 

KCNN4 by carbachol would facilitate an alternative K+ recycling pathway and allow Cl- 

secretion in cAMP stimulated kcne3-/- epithelia. Note that Ca++ stimulated Cl- secretion 

requires coactivation of CFTR by cAMP.  

In conclusion, our ex vivo (Figure 5.15) and in vivo data (Figure 5.18) provide a strong 

evidence for a cooperativity of the two Ca++ and cAMP mediated responses. Effects of 
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the second messenger cAMP and Ca++ in intestinal epithelia promote a massive Cl- 

secretion that is reduced by 50% in kcne3-/- animals. In particular, given that KCNE3 

deletion mutant mice did not show any obvious deficit in intestinal physiology in vivo, 

and that cholera toxin stimulated fluid loss occurred normally in KO animals (Figure 

5.18), we believe that this remaining Ca++ stimulated Cl- secretion is able to compensate 

for impaired cAMP cascade under basal and pathophysiological conditions.  

Along this line kcnn4-/- mice, though suffering from impaired Ca++-stimulated intestinal 

Cl- secretion, do not display any major intestinal complication in vivo (Flores et al. 

2007). The lack of major in vivo effects of the KCNE3 and KCNN4 deletions indicates 

that in the gastrointestinal tract Ca++ and cAMP work synergistically, thereby masking 

individual signaling cascade defects in the single mutants.  

 

6.3.3 KCNE3 and Cholera Toxin-Stimulated Cl- Secretion 

Cholera toxin (CT) directly stimulates cAMP-stimulated Cl- secretion in enterocytes, 

which ultimately results in water loss and diarrhea, by activating adenylate cyclase 

(Cassel and Pfeuffer 1978; Gill and Meren 1978). Intracellular cAMP levels increase 

CFTR open probability by PKA induced phosphorylation (Clarke et al. 1992). cAMP 

also stimulates NKCC1, the basolateral Na+/2Cl-/K+ cotransporter (Lytle and Forbush 

1992), by enhancing its insertion into the membrane from intracellular storage sites 

(Reynolds et al. 2007). Increased cAMP, via PKA-induced phosphorylation, activates 

KCNQ1/KCNE3 complex (Schroeder et al. 2000) that will repolarize the cell membrane 

counteracting the depolarizing effect of opening an apical Cl- channel.  

Selective and specific molecular therapies have been designed to block CFTR 

activation, thus effects of cholera toxin (Ma et al. 2002; Li and Naren 2005; Li et al. 

2007). An alternative approach could target instead basolateral K+ channels, whose 

activity is necessary to provide the electrochemical driving force for Cl- extrusion. Our 

experiments indicate that one potential target might be the KCNQ1/KCNE3 complex 

(Figure 5.15 and 4.17). To directly test if the functional lack of this complex has an 

impact on the cholera toxin-induced water-loss phenotype, we performed in vivo 

experiments in kcne3-/- intestine. Our experiments however showed that kcne3-/- and 

wild type colon responded very similarly to cholera toxin injections (Figure 5.18), 

indicating that in vivo KCNE3/KCNQ1 activity does not play a major role on cholera 

toxin stimulated fluid loss. 



______________________________________________________________Discussion 

108 
 

Plausibly, in vivo cholera toxin effects are complex and do not simply rely on 

stimulation of adenylate cyclase in epithelial cells. Cholera toxin might act on multiple 

signaling pathways (Pothoulakis et al. 1998; Farthing et al. 2004) and its effect could be 

possibly mediated by multiple cell types. Cholera toxin might not only act on adenylate 

cyclase in epithelial cells, but also in enterochromaffin cells. These cells would 

consequently secrete serotonin, which leads to enteric nervous system stimulation and 

local acetylcholine and vasoactive intestinal peptide (VIP) secretion that cause smooth 

muscle contractions and promote intracellular cAMP and Ca++ cascades also in 

epithelial cells. Besides, activation of mast cells that secrete histamine would lead to 

general epithelium inflammation and prostaglandins release, also increasing cAMP and 

Ca++ intracellular levels. Under these circumstances, Na+ and Cl- absorption will be 

prevented in the surface epithelia, whilst the crypts will be flushed with Cl- and water 

secretion. In addition, it had been suggested that cholera toxin might directly promote 

Ca++ stimulated Cl- secretion cascade, thereby producing a synergistic cascade and 

massive fluid loss (Nocerino et al. 1995; Field 2003). 

In agreement with our conclusions other ligated-loop experiments, where fluid secretion 

could be blocked only by coinjection of cholera toxin with either CFTR inhibitors (Ma 

et al. 2002) or clotrimazole, an inhibitor for both KCNQ1/KCNE3 and KCNN4 

channels (Rufo et al. 1997). This evidence further supports the cooperativity of cAMP 

and Ca++ signaling to produce a synergistic action in vivo, since blocking both recycling 

pathways was shown to be necessary to prevent the effects of cholera toxin injection in 

intestinal fluid secretion. 

 

6.3.4 KCNE3 Function at the Single Cell Level: Whole Cell 

Recordings of Colonic Crypts 

Whole-cell recording from intact colonic crypt cells is a challenging technique used to 

study ion channel activity at the single cell level (Schroeder et al. 2000; O'Mahony et al. 

2007). The recorded current is the resultant of many different ionic conductances across 

the plasma membrane. In this configuration, it is therefore complex to resolve the 

contribution of individual ionic conductances to the total measured current. Selective 

removal of specific ions from bath and/or internal solution has been a useful way to 

circumvent this problem. Unfortunately, in our preparation of mouse colonic crypts, we 

were not able to cancel out Cl- conductances as other groups did with rat or rabbit 
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colonic by substituting Cl- for gluconate from the bath solution (Schroeder et al. 2000), 

since this had deleterious effects on the quality of the preparation and on the stability of 

the recordings. Murine colonic crypts seem therefore to be more sensitive than their 

equivalent preparations in rabbit or rat, to Cl- removal. Our experiments were therefore 

performed in the presence of physiological Cl- concentrations, both intracellular and 

extracellular (see material and methods for further details).  

Forskolin application promoted a general membrane depolarization in both genotypes 

compatible with prominent Cl- secretion through CFTR activation (Figure 5.17C). 

Surprisingly, total whole-cell current was not increased by forskolin, though cAMP 

should increase currents through both CFTR and KCNQ1/KCNE3. Another group 

obtained similar results described previously in comparable preparations (Diener et al. 

1996). 

This paradoxical whole cell effects of forskolin can be explained by assuming that in 

addition to promote Cl- secretion, raising intracellular cAMP concentration might as 

well lead to inactivation of other conductances in the cell, which are active before 

forskolin addition (e.g. KCNN4 and ENaC). On one hand, inactivation of Ca++ activated 

K+ channels KCNN4, which opened because of increases in intracellular Ca++ (because 

of cell swelling, or through stretch-activated channels (Hoyer et al. 1994), possibly due 

to mechanical pressure exerted by the patch pipette onto the plasma membrane), could 

lead to decreased total currents. On the other hand, inhibition of Na+ conductances 

through ENaC, as an indirect effect of cAMP-stimulated Cl- efflux, could also 

negatively affect whole cell conductances. Although, the epithelial sodium channel 

ENAC is reported to be expressed mostly in surface epithelial cells (Amasheh et al. 

2009). 

As expected, while in wild type the C293B-sensitive K+ current displayed a reversal 

potential of about -75 mV, which is close to the K+ reversal potential (-86 mV), in 

kcne3-/- cells this current was completely abolished (Figure 5.17E). 

Altogether, our data from whole-cell recording of intestinal crypt cells clearly showed 

the lack of chromanol 293B sensitive K+ channel activity in the kcne3-/- mouse. This is 

consistent with loss of functional KCNQ1/KCNE3 complexes in colonic tissue. 
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6.3.5 KCNE3 and Small Intestine Function 

Small intestine and colon are specialized segments of the intestinal tract, which have 

distinct biophysical properties and serve different functions. While the first is mainly 

responsible for nutrient absorption, the last is involved in fluid and electrolyte 

absorption (Heitzmann et al 2004). 

For these reasons, the contribution of specific basolateral K+ channels to the secretory 

response may differ between colon and small intestine. Whereas the cAMP-stimulated 

current component is almost totally dependent on KCNQ1/KCNE3 channels in colon, 

we believe that in small intestine the contribution of KCNQ1/KCNE3 is much lower. 

Recent work on bioelectrical properties of small intestine have shown that  forskolin 

stimulated currents were reduced by only about ~50% in kcnq1-/- animals (Grubb et al. 

2000; Vallon et al. 2005) instead of being completely abolished as it would be expected 

if KCNQ1-containing channels were the only conductance supporting basolateral K+ 

recycling. In addition, also nkcc1-/- small intestine displayed a similar phenotype, with 

only a partial impairment in cAMP stimulated Cl- secretion (Grubb et al. 2000) though 

in this case nkcc1-/- suffer of mild intestinal obstruction (Flagella et al. 1999).  

These experiments clearly indicate that in small intestine alternative basolateral K+ and 

Cl- conductances are activated under cAMP stimulation, as was also suggested by 

electrophysiological and pharmacological experiments in isolated crypt cells 

(McNicholas et al. 1994; Heitzmann et al. 2004).  

In particular, cAMP stimulated Cl- secretion is not fully dependent on KCNQ1/KCNE3 

channels, but there seems to be extensive functional redundancy between alternative 

cotransporters in this epithelium. Although we did not directly test this hypothesis, we 

believe that, the overall impact of the KCNE3 deletion in cAMP-stimulated Cl- 

secretion in the small intestine would be minor than in colon. 

Given absorptive function of the small intestine, a functional impairment is expected to 

have major consequences on growth and ionic homeostasis. However, kcne3-/- animals 

did not suffer from any malnutrition, growth retardation, abnormal intestinal 

morphology and all the analyzed parameters in serum, feces and urine samples were 

within the normal range. In comparison, kcnq1-/- mice suffered from fecal loss of Na+ 

and K+ (Vallon et al. 2005) and kcnn4-/- present decreased Na+ and water contents in the 

feces (Flores et al. 2007). Although these altered parameters, neither kcnq1-/ nor kcnn4-/- 
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show any intestinal impairment (besides the reduced Cl- secretion), and its overall 

intestinal morphology was preserved. 

In small intestine there should exist some yet unknown alternative pathways for 

basolateral K+ transport that partially compensate for the loss of KCNQ1 and KCNE3 in 

the respective KO mouse models. Although this hypothesis has not yet been tested, this 

compensatory role might be played by other cAMP stimulated basolateral K+ 

conductances and/or for instance by the electroneutral KCC cotransporter. 

 

6.3.6 Genetic Evidences for the Biophysical Cell Model of Epithelial 

Chloride Secretion 

In a simplified biophysical model of transepithelial transport, only KCNQ1/KCNE3 

would provide the basolateral K+ conductance and CFTR would be the sole apical Cl- 

channel (Figure 6.1). This basic model can be extended by taking into account the 

contribution of KCNN4, a Ca++ activated basolateral K+ channel, which sustains Ca++ 

stimulated Cl- secretion. This model for K+ recycling has been supported by several 

genetic evidences.  

 

Figure 6.1. Cell model for Cl- secretion 
by a colonic/tracheal epithelial cell. 
Driven by the Na+ gradient established 
by the basolateral Na+/K+-ATPase,  Na+ 
powers the basolateral NKCC1 
cotransporter, raising intracellular Cl- 
above its electrochemical equilibrium. 
Hence, Cl- can exit the cell passively 
through apical, cAMP-stimulated CFTR 
Cl- channels (and/or Ca++-activated Cl- 
channels in airway), resulting in Cl- 
secretion. Basolateral K+ channels are 
needed to recycle K+. These channels 
additionally render the cell interior more 
negative, increasing the driving force for 
apical Cl- exit. Epithelial cells express 
both cAMP activated KCNQ1/KCNE3 
K+ channels and Ca++-activated KCNN4 
(SK4, KCa3.1) K+ channels. The 
epithelial sodium channel Note that, 
ENaC, is expressed at low level in 
colonic crypt cells. 
 

 

In kidney, KCNQ1 is expressed in mid and late proximal tubules, together with KCNE1 

(Arrighi et al. 2001; Demolombe et al. 2001). However interesting to notice that the 
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animal models for each protein showed dissimilar kidney phenotypes. While kcnq1-/- 

mice suffered from impaired kidney function only under pathological substrate overload 

conditions (Vallon et al. 2005), kcne1-/- mice not only displayed high aldosterone levels 

under basal conditions, but also hypokalemia, Na+ and glucose renal excretion, and 

fecal loss of Na+ and K+ loss (Arrighi et al. 2001). The reasons for these discrepancies 

are currently unknown. 

On the other hand, the fact that we could not detect KCNE3 in murine kidney (Figure 

5.3 and 5.5) is consistent with the balanced ionic homeostasis and body fluids 

composition observed in kcne3-/- mice (table 5.1). In particular, unlike the KCNQ1 

deletion, K+ and Na+ excretion and homeostasis were unaffected by the KCNE3 

deletion. The fact that in colon ENaC is expressed in surface epithelial cells (Greig et al. 

2004) and not in colonic crypts, the predominant site of KCNQ1/KCNE3 expression, 

would already argue against a major impact of the KCNE3 deletion on aldosterone-

induced colonic Na+ absorption. 

In addition, the analysis of kcnn4-/- mice has provided insights into the molecular 

mechanisms of Cl- secretion, revealing that under KCNQ1/KCNE3 inhibition, Ca++ 

stimulated Cl- secretion was completely abolished in absence functional KCNN4 

channels (Flores et al. 2007). However, the fact that KCNQ1/KCNE3 conductances 

were inhibited by C293B throughout the experiment makes the contribution of 

individual channel difficult to assess.  

CFTR is believed to be the major player in both cAMP and Ca++ stimulated Cl- 

secretion in the intestine. As expected, CFTR deletion leads to major defects in 

transepithelial transport, and to massive degeneration of the tissue (Clarke et al. 1992). 

These degenerative effects of the mutation have not been described neither for KCNE3 

(Figure 5.8 and 5.10) nor for KCNN4 deletions. In particular, in kcne3-/- we did not 

observe any atypical immune cell infiltration or mucus accumulation (Figure 5.10), as it 

would be expected in intestinal obstructive or irritative pathologies, as seen in the cftr1-/- 

or nkcc1-/-mice. 

Altogether, our data corroborate the biophysical model for Cl- secretion from intestinal 

epithelial cells, and provide additional evidence concerning the molecular nature of the 

ion channels involved in basolateral K+ recycling. This is an important contribution that 

extends our understanding towards an emerging global picture of intestinal 

transepithelial transport. 

 



______________________________________________________________Discussion 

113 
 

6.4 KCNE3 and Airways Physiology 

The present study shows that in mouse trachea KCNQ1/KCNE3 channels contribute 

significantly to the driving force for apical Cl- exit through either CFTR or Ca++-

activated Cl- channels. 

For the first time KCNQ1/KCNE3 complex was immunolocalized to the basolateral 

membrane of the lining epithelia of the trachea. Other groups detected KCNE3 

expression in trachea by PCR some years ago (Grahammer et al. 2001b; Cowley and 

Linsdell 2002). In addition, KCNQ1/KCNE3 mediated hyperpolarization should 

increase Na+ absorption, but in our Ussing chambers experiment  (Figure 5.19C) 

differences between the amiloride sensitive currents of WT and KO tracheas were not 

statistically significant. However, there is a borderline effect on kcne3-/- amiloride-

sensitive currents, indicating that KCNQ1/KCNE3 complex might contribute in Na+ 

absorption.  

In trachea there is not only cAMP stimulated Cl- secretion via CFTR, but also there is 

an important contribution from Ca++-activated Cl- channels ( probably TMEM16A 

(Rock et al. 2009)). This secretion is supported by K+ extrusion by either cAMP 

stimulated KCNQ1/KCNE3 complex or Ca++ activated K+ channel, probably KCNN4 

(Thompson-Vest et al. 2006). Therefore, in trachea, unlike in colonic epithelia, cAMP 

and Ca++ signaling can independently stimulate Cl- secretion through different Cl- 

channels. In this tissue, in fact carbachol is able to induce Cl- secretion also in absence 

of forskolin.  

Stimulation of Cl- secretion by either forskolin or carbachol application was drastically 

reduced in kcne3-/- tracheal tissues compared to controls (Figure 5.20 and 5.21), 

indicating that, in contrast to what we observed in colon (Figure 5.15), in tracheal tissue 

KCNQ1/KCNE3 complexes are also needed to sustain Ca++ stimulated Cl- secretion. 

This functional difference between these two epithelia might be explain in part by the 

presence in trachea of the Ca++ stimulated Cl- channel which operates in parallel to 

CFTR. Moreover, KCNN4 would not fully compensate the loss of functional 

KCNQ1/KCNE3 as seen in kcne3-/- colonic epithelia. Therefore, in trachea it seems that 

the basal activity of KCNQ1/KCNE3 (without cAMP-stimulation) would contribute to 

the driving force for Cl- secretion through Ca++ stimulated Cl- secretion. 

To closely mimic the in vivo situation, we also monitored Cl- secretion under ATP 

stimulation. Application of ATP, which leads to increase of intracellular Ca++ and 
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cAMP  (Kottgen et al. 2003; Mounkaila et al. 2005) promoted a massive Cl- secretion 

through both CFTR and CaCC that was reduced by 50% in kcne3-/- tissues compared to 

controls (Figure 5.20B and D). The response to ATP does not only involve apical Cl- 

secretion via CFTR or CaCC, but also basolateral K+ recycling, activating both K+ 

channels.  

Interestingly, ATP and carbachol induced currents three times larger than currents 

obtained under forskolin stimulation, indicating that first, Ca++ mediated response 

promotes larger Cl- secretion than cAMP; second, Ca++ and cAMP have a synergistic 

effect on Cl- secretion. In agreement with these conclusions, ATP and carbachol 

stimulated secretion were decreased to a lesser (50%) extent by the KCNE3 deletion 

compared to forskolin stimulated currents (80%).  

In summary, seeing that current responses to forskolin, carbachol and ATP applications 

in our Ussing chamber experiments were strongly reduced in kcne3-/- animals, we 

conclude that KCNE3 deletion has a strong impact on tracheal Cl- secretion.  

 

6.5 Mucociliary Clearance Experiments 

In order to functionally characterize the impaired Cl- secretion we observed in ex vivo 

tracheal tissue preparations from kcne3-/- animals, we performed mucociliary clearance 

(MCC) experiments. These experiments consist in quantifying the transport of small 

microspheres on the tracheal epithelial surface, to assess defects in the self-clearing 

mechanism of airways tissues.  

These experiments did not reveal any functional impairment in kcne3-/- tissues compared 

to controls (Figure 5.22). Both carbachol and ATP applications, which in Ussing 

chambers promoted massive Cl- secretion that was reduced to 50% in the kcne3-/- 

trachea, stimulated MCC with similar efficiencies in both genotypes (Figure 5.22). It is 

interesting to mention however that the MCC observed in kcne3-/- tissues by ATP 

appeared to be much less pronounced than the effect observed in control tissues, 

although this difference did not reach statistical significance. This trend in our data set 

might indicate that minor effects of the mutation could have gone undetected, possibly 

due to the scarse sensitivity of the MCC assay.   

The discrepancy between Ussing chamber and MCC experiments might however be due 

to different tissue preparations. In the Ussing chamber experiments the net ion transport 

across the membrane were analyzed in an epithelium devoid of muscular layer and 
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innervations. Instead, MCC experiments were performed on intact tissue, where ATP 

not only promotes epithelial Cl- secretion but also stimulates neuromuscular activity, 

which might in turn boost mucociliary transport and render it quite insensitive to minor 

ion transport impairments in epithelial cells.  

In addition, the lack of a functional impairment in kcne3-/- tracheas, assessed by MCC 

experiments, might be due to the remaining activity of Ca++ stimulated Cl- secretion in 

this tissue (Figure 5.21). We speculate that in murine trachea in vivo, Ca++ activated Cl- 

channel would take over loss of CFTR function (Clarke et al. 1994; Grubb et al. 1994), 

hereby avoiding the dramatic phenotype seen in the human CF patients. 

In addition to the absence of an obvious impairment in respiratory phenotype, kcne3-/- 

mice also did not show any sign of diseased upper airway morphology, nor mucus 

accumulation or immune cells infiltration in this tissue (Figure 5.12).  

Altogether, these evidences suggest that the remaining Cl- secretion that we observe in 

ex vivo tissue preparations from kcne3-/- animals seems to be sufficient to support 

normal trachea physiology in vivo. We cannot exclude however that this impairment in 

Cl- secretion becomes crucial under altered physiopathological conditions, or in 

combination with other genetic manipulations (e.g. KCCN4 deletion). 

 

6.6 KCNE3 and Skeletal Muscle 

The present study contradicts the hypothesis of Kv3.4/KCNE3 K+ channel complex 

being involved in setting the resting membrane potential of skeletal muscle and being a 

cause of a genetically heterogeneous human disease called periodic paralysis (Abbott et 

al 2001 and 2006). 

First of all, neither KCNE3 mRNA nor protein was detected in murine skeletal muscle 

(Figure 5.3 and 5.5). Second, kcne3-/- animals did not show any uncoordinated 

movement, myotonia or periodic paralysis before, during or after exercise as seen in 

rotarod experiments performed also under hypokalemic diet conditions (Figure 5.23). 

Third, histological analysis of skeletal muscle from kcne3-/- mice did not reveal any 

morphological abnormalities. In particular, we did not observe any vacuoles or tubular 

aggregates similar to the ones reported in muscle biopsies from human patients affected 

by periodic paralysis (Abbott et al. 2001). 

In addition to our study, other groups have provided evidence against a functional 

involvement of KCNE3 in muscle physiology and periodic paralysis in humans. The 
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R83H substitution in the KCNE3 gene was shown to be a benign polymorphism, rather 

than a mutation linked to periodic paralysis, since it had been found in healthy 

individuals (Sternberg et al. 2003; Jurkat-Rott and Lehmann-Horn 2004). Indeed, it had 

been reported at frequency of 1% in healthy controls. Also the expression of KCNE3 in 

human skeletal muscle has been recently questioned by the work of Lundquist and 

collaborators, which failed to detect KCNE3 expression in this tissue (Lundquist et al. 

2006). 

 

6.7 KCNE3 and the Central Nervous System  

Several groups had reported KCNE3 to be highly expressed in the mammalian brain, 

and proposed its functional interaction with Kv2.1 and Kv3.1 (McCrossan et al. 2003), 

Kv3.1 and Kv3.2 (Lewis et al. 2004) or Kv3.4 K+ channels (Pannaccione et al. 2007). 

The latter complex had been also implicated in Alzheimer disease, since it had been 

shown to be upregulated by direct action of the beta amyloid peptide (Pannaccione et al. 

2007). Furthermore, single nucleotide polymorphisms (SNPs) in KCNE3 gene had been 

related to Ménière’s disease (MD) (Doi et al. 2005), a disorder of the inner ear 

characterized by tinnitus, vertigo, and sensorineural hearing loss. However, it has been 

recently reported that SNPs in KCNE3 are not associated with MD (Campbell et al. 

2010). 

These studies however suffer from major technical limitations. Most of the conclusions 

were in fact based on in vitro experimental evidences from heterologous expression 

systems and electrophysiological analysis from transfected cells. Systems that rely on 

overexpression of the protein(s) of interest are often prone to artifacts and, although 

very valuable for collection of preliminary data, these approaches should be routinely 

supported by evidences from in vivo or intact tissues. 

Our study on the other hand provides well validated in vivo evidences for the absence of 

KCNE3 expression and function in the mouse brain. Not only KCNE3 mRNA and 

protein were not detected in murine brain (Figure 5.3 and 5.5), but also we did not 

detected any obvious neurological defects in rotarod performances, which requires good 

sensorimotor coordination and is sensitive to cerebellar and basal ganglia dysfunction 

(Crawley 1999). We observed neither impaired neurological reflexes nor morphological 

abnormalities in brains from young and aged kcne3-/- animals (Figure 5.24). Altogether, 



______________________________________________________________Discussion 

117 
 

these evidences suggest that KCNE3 protein does not play a major role in murine CNS 

physiology. 

 

6.8 KCNE3 and Cardiac Function  

Unlike the present study, experimental evidences on KCNE3 expression in heart are 

weakened by the lack of optimal controls (e.g. kcne3-/- tissues) or by the use of 

questionable approaches for mRNA detection (e.g. RT-PCR to amplify internal exonic 

sequences) (Franco et al. 2001; Bendahhou et al. 2005; Lundquist et al. 2005; de Castro 

et al. 2006; Radicke et al. 2006). In addition, some conclusions have been solely based 

on experimental evidences from heterologous expression systems, and non conclusive 

genetic studies of single patients or families carrying putative mutations in the KCNE3 

gene missing statistical linkage analysis (Delpon et al. 2008; Lundby et al. 2008; Ohno 

et al. 2009). 

In conclusion, we believe that further investigations are necessary to clearly elucidate 

the putative functional involvement of KCNE3 in cardiac physiology.  

We did not observe KCNE3 expression in murine heart, neither at mRNA nor at the 

protein level, and kcne3-/- mice reached about 2 years of age without any major 

pathological consequences, and did not display any obvious phenotype. Our findings 

therefore arise some doubts concerning the implication of KCNE3 in cardiac muscle 

repolarization and its link to cardiac pathologies. 
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7 CONCLUSIONS 

 

The present analysis of kcne3-/- mice strongly supports a crucial role of 

KCNQ1/KCNE3 channels in salt- and fluid secretion across intestinal and airway 

epithelia. In particular, we found that KCNQ1/KCNE3 heteromers are present in 

basolateral membranes of intestinal and tracheal epithelial cells where they facilitate 

transepithelial Cl- secretion through basolateral recycling of K+ ions and by increasing 

the electrochemical driving force for apical Cl- exit. Because the abundance and 

subcellular localization of KCNQ1 was unchanged in kcne3-/- mice, the modification of 

biophysical properties of KCNQ1 by KCNE3 is essential for its role in intestinal and 

tracheal transport. Whereas inhibition of KCNQ1/KCNE3 channels is unlikely to be 

useful in treating cholera or other severe forms of diarrhea, specific activators of these 

channels in combination with other therapies, might hold promise in alleviating the 

pulmonary symptoms of cystic fibrosis.  

In addition, our work does not support the postulated role of KCNE3 heteromers in 

skeletal muscle, heart and CNS physiology, and raises considerable doubts concerning 

its implication in human pathologies which affect these tissues (Abbott et al. 2001; 

Ohno et al. 2009; Delpon et al. 2008; Lundby et al. 2008; Pannaccione et al. 2007). 
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Abbreviations 

 
Amino acid code 
 
A Alanine M Methionine 
C Cysteine N Asparagine 
D Aspartic acid P Proline 
E Glutamic acid Q Glutamine 
F Phenyl alanine R Arginine 
G Glycine S Serine 
H Histidine T Threonine 
I Isoleucine V Valine 
K Lysine W Tryptophan 
L Leucine Y Tyrosine 
 
Units 
 
A Ampere (current) kDa Kilodalton 
bp Base pair L Liter  
°C Grad Celsius (temperature) M Meter  
Ci Curie M mol/l (molarity) 
cpm Counts per min Min Minute  
F Farad (capacitance) Ω Ohm (resistance) 
G Gram  Rpm Revolutions per min  
H Hour S Seconds 
Hz Hertz (frequency) U Enzymatic activity 
kb Kilobase V Volt (voltage) 
 
Other 
 
Amp Ampicilline 
ATP Adenosine triphosphate  
BCA Bicinchoninic acid 
BSA Bovine serum albumin 
cAMP Cyclic adenosine triphosphate 
CCHO Carbachol (2-carbamoyloxyethyl- trimethyl- azanium) 
cDNA Deoxyribonucleic acid 
CFTR Cystic Fibrosis Transmembrane Conductance Regulator 
CTx Cholera toxin 
Chromanol 293B Trans-6-cyano-4-(N-ethylsulfonyl-N-methylamino)-3-hydroxy-

2,2-dimethyl-chromane 
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C-Terminus Carboxy terminus 
dCTP Deoxycytidine triphosphate 
DEPC Diethylpyrocarbonat 
DMEM Dulbecco’s modified Eagle Medium 
DMSO Dimethylsulfoxid 
DNA Deoxyribonucleic acid 
dNTP Deoxynucleotide triphosphate 
DTT Dithiothreitol 
EDTA Ethylenediaminetetraacetic 
ENac Epithelial sodium channel 
ES Embryonic stem cells 
EST Expressed sequence tag 
FSK Forskolin 
HA Influenza hemagglutinin-epitope 
HE Hematoxilyn-Eosin 
HEPES N-(2-Hydroxyethyl)piperazin-N’-2-ethansulfonic acid 
HRP Horse radish peroxidase 
IBMX 3-isobutyl-1-methylxanthine 
Isc  Short-circuit current 
KO Knock-Out 
LB Luria Broth 
Lox Locus of crossover in P1 
µ Micro 
MCC Mucociliary clearance 
MEF Murine embryonic fibroblast 
mRNA Messenger RNA 
N Nano 
Neo Neomycin-resistance gene 
NGS Normal goat serum 
NP-40 Nonidet P40 
N-Terminus Aminoterminus 
P Pico  
PBS Phosphate buffer saline 
PCR Polymerase chain reaction  
PFA Paraformaldehyde 
pH Negative decimal logarithm of the hydrogen ion activity in a 

solution 
PNGase peptide N-glycosidase F 
qRT-PCR Quantitative real-time polymerase chain reaction 
RNA Ribonucleic acid 
RNase Ribonuclease 
RT Room temperature  
RT-PCR Reverse transcriptase polymerase chain reaction 
SDS Sodiumdodecylsulfate 
SDS-PAGE Sodiumdodecylsulfate-polyacrylamide gel electrophoresis 
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SEM Standard error of mean 
TAE Tris-Acetat-EDTA-buffer 
Taq Thermus aquaticus 
TE Tris-EDTA-buffer 
TEVC Two electrode voltage clamp 
UV Ultraviolet 
v/v Volume per volume 
WB Western Blot 
WT Wild type  
w/v Weight per volume 
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