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I am very curious of things…………..





ABSTRACT
One of the most versatile biological signalling entities is the calcium ion, Ca2+. With a 

characteristic spatial and temporal signalling pattern, this universal second-messenger 

directs diverse cellular functions, e.g. secretion of neurotransmitters at the synaptic cleft 

to regulation of transcription and fertilization. The temporal feature of Ca2+signal can 

be described as oscillations occurring with periodicities ranging from µs to h. 

The bacterial exotoxin -haemolysin (Hly) is a pathophysiologically relevant protein 

known to induce Ca2+ oscillations that leads to production of pro-inflammatory 

cytokines in target cells. A role for this uropathogenic E.coli-encoded virulence factor 

was recently identified, as Hly was shown to modulate inflammatory responses in vivo.

In this thesis, we investigate the molecular details of signalling pathways activated by 

Hly. All functional domains of Hly are required for cell signalling, and we suggest that 

the Ca2+ binding domain interacts with the membrane-bound receptor glycophorin. 

Components of the LPS-recognition system are essential to recruit Hly to the cell 

membrane, where signalling is initiated in specialized microdomains termed lipid rafts. 

We show that the signalling pathway involves the small GTPase RhoA, the linker 

protein ezrin, and the cytoskeleton. Ca2+ oscillations are generated by concerted actions 

of Hly-activated voltage-operated Ca2+ channels in the plasma membrane and 

generation of the second-messenger IP3, which causes release of Ca2+ from the ER via 

the IP3-receptor.   

The “tool-kit” available to study the dynamic range of Ca2+ signals is limited. We 

envisaged that a powerful tool for such studies would be a device that is able to induce 

ion signalling with specified temporal and spatial resolution. To this end, we developed 

an organic electronic ion pump as a bio-interface to electronically induce Ca2+

signalling in neuronal cells. We show that the conjugated polymer PEDOT:PSS is bio-

compatible. A device is designed that is able to transport ions, e.g. H+, K+ and Ca2+,

with high degree of electronic control and ON/OFF ratios exceeding 300. By 

integrating this device with cells, electronic control of cellular Ca2+ influx is achieved, 

showing that an electronically controlled ion conductor circuit can trigger a biological 

output. A prototype is manufactured demonstrating that the ion pump can be used to 

achieve controlled oscillations of an ion concentration. We believe that these novel 

devices have great potential as tools to study Ca2+ signalling patterns with specific 

frequencies in biological specimens. But most importantly, this work shows a 

successful integration of two research fields, which has paved the path for the novel 

research area termed “Organic bioelectronics”. 
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1 INTRODUCTION – INFECTION BIOLOGY 

1.1 HISTORICAL PERSPECTIVES OF MICROBIAL PATHOGENESIS 

The world of microbial pathogenesis begun in 1674 when the Dutch biologist and 

father of the modern microscope, Antonie van Leeuenhoek decided to analyze a drop of 

drinking-water with one of his own manufactured microscopes. Before his eyes he saw 

millions tiny vibrating specimens he later called “animal-molecules” or “animalcules”. 

More than 50 years later German zoologist Christian Gottfried Ehrenberg designated 

them bacteria after the Greek word bacterion meaning “small staff”. In the end of the 

18th century, the Danish biologist Otto Müller extended the knowledge of van 

Leuenhoek´s first observation by organizing bacteria into genera and species according 

to the classification methods of Carl von Linnè. During the 19th century pioneering 

German pathologist Friedrich Henle proposed the “Germ Theory of disease”,  a criteria 

for proving that microorganisms were responsible for causing human disease. 

Contemporary scientists Robert Koch and Louis Pasteur confirmed this theory by a 

series of elegant experiments that proved that microorganisms were responsible for 

causing tuberculosis, cholera, plague, rabies and anthrax. By 1880s, bacteriology was 

formed as an official scientific discipline, much through the work of Robert Koch, who 

also discovered that bacteria could be grown in laboratory conditions on nutrition 

containing agar gels poured in petri dishes. He also stipulated the Koch’s postulate 

where he defined a four step procedure to identify an agent causing disease, a 

procedure by large still followed today. Louis Pasteur made important discoveries by 

disproving the “theory of spontaneous generation” where he showed that 

microorganisms cannot start to grow in nutrition broth without inoculation of bacteria. 

This was an important step in the knowledge of proper hygiene, contamination and of 

how infectious diseases spreads. As the name implies Louis Pasteur was the inventor of 

Pasteurization a method in which liquids are heated in order to be cleared from 

microorganisms. Pasteur was also a pioneer in vaccine development, where the initial 

discovery was made in an infection experiment with cholera in chickens. He found that 

chickens that wasn’t properly infected with the primary inoculum was almost 

impossible to re-infect despite very high doses of fresh bacteria meaning that the initial 

weak infection rendered the chickens immune to the disease. Pasteur continued his 

research and applied his discoveries to both smallpox and anthrax and he gave these 
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artificially weakened diseases the generic name of vaccines. Further development of the 

smallpox vaccine led to the official eradication of smallpox in 1979. These two initial 

steps was very important to increase the health standards in society and battle infectious 

diseases. The battle against the microbes started some 30 years earlier when Ignaz 

Semmelweis, a doctor at a Vienna hospital in 1847 discovered that mortality rates at 

birthing wards could be drastically lowered by introducing mandatory hand-washing by 

the doctors practicing at the ward. Using chlorinated lime solution as disinfectant he 

showed a drop in mortality rates from 10-35% to below 1%. Being a pioneer, his work 

earned widespread acceptance first after his death during the same time as the Germ 

Theory of Disease was acknowledged. All these discoveries in the late 19th century led 

to an extensive interest in microorganisms and their interactions with other forms of 

life; the field of cellular microbiology was born. 

In the beginning of the 20th century the “Germ theory of disease” was generally 

accepted and research was now focused on how to battle the microbes with this newly 

acquired knowledge. The era of chemotherapy begun when Nobel prize winner in 

medicine, German chemist Paul Ehrlich 1910 discovered the first anti-bacterial agent, 

arsphenamine (Salvarsan®), a compound effective against Treponema species that 

cause syphilis. The drug, which was also effective against other spirochaetal infections, 

is no longer in use in modern medicine. The first trembling steps towards the discovery 

of one of the most, if not the most important drug in the history of mankind, was taken 

by Ernest Duchesne in 1897 when he observed some anti-bacterial properties of 

Penicillin sp, but it was not until Alexander Fleming´s accidental discovery of 

Penicillin in 1928, its capabilities was further investigated and found to be very 

effective against most Gram-positive bacteria. Ernst Chain and Howard Florey took 

Fleming´s research one step further and came up with the purified form of penicillin, 

which granted them together with Fleming the Nobel prize in Medicine 1945. The 

discovery of penicillin was followed by that of sulfanilamide in 1935 and streptomycin 

in 1943. The practical use of penicillin was spurred by the urgent need in the second 

world war and mass production of the drug was rushed for front line use leading to 

thousands and thousands of lives saved that would otherwise be lost due to simple 

wound infections etc. Since then penicillin’s and other antibiotics have saved millions 

of lives to this day. During this time research has provided us with lots of knowledge 

within the field of microbial pathogenesis and the complexity is almost beyond the 
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limits of our imagination with thousands of different species of microbes known and 

hundreds known to cause serious human disease.  

Since the discovery of penicillin, numerous other effective anti-microbial drugs and 

vaccines have reached the clinics and served mankind. Despite this the infectious 

diseases continue to cause global suffering and mortality even today. The world health 

organization (WHO) Global Burden of Disease (GBD) 2002 report state that a fifth of 

global mortality is attributed to infectious diseases meaning almost  11 million annual 

deaths. Today, society face acute problems of growing antibiotic resistance among 

bacterial pathogens due to decades of extensive overuse. The first report of antibiotic 

resistance was in 1947 in a strain of Staphylococcus aureus after only four years of 

commercial antibiotic use. Since then resistance has been growing and in the late 1990s 

strains of Enterococcus faecium was found to be resistant against all known antibiotics. 

The growing resistance and that only derivatives of already known antibiotics has been 

developed during the last 35 years, makes the situation critical. 

The modern society also provides new niches for microbes to cause disease. This can 

be exemplified by Methicillin-Resistant Staphylococcus Aureus (MRSA) in hospitals 

and Legionella residing in the water pipe infrastructure and in air condition systems. 

The growing climate threat with global warming also poses a new threat. Geographical 

locations before protected by the climate environment are now potential sites for 

microbial epidemics. This show that the question of development of more effective 

therapies against infectious diseases is more important than ever.  

1.2 BACTERIA – HOST INTERPLAY AND THE IMMUNE SYSTEM 

In order to understand the mechanism of bacterial infections one need to understand the 

interplay between bacteria and host. Research in the mid 1980s started to focus on that 

interplay (Hagberg et al., 1983). Advances within the field of microbiology, cell 

biology and immunology led to ability to integrate this knowledge to a new field of 

research termed cellular microbiology (Cossart et al., 1996). Example of discoveries 

attributed to the field of cellular microbiology is the virulence function and mechanism 

of the type III secretion system of Shigella sp, Salmonella sp and EPEC (Kenny et al.,

1997; Menard et al., 1994). The technical advances during over the next 10-15 years 

played an important part where development of novel techniques within microscopic 

imaging and visualization allowed the scientist to monitor mechanisms of infections in 
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great detail and in real-time. Bacteria and host genetics including micro-array 

techniques, siRNA and other knock-down techniques allowed the evaluation of 

involved genes in the process of infection on both the host side as well as in the 

virulence of bacteria. Important topics of the research in cellular microbiology includes 

that of molecular signalling, both in the bacteria as well as in the host cell and how 

these pathways cross during an infection. 

During an infection the bacteria will encounter physiological barriers like skin, mucosal 

membranes, epithelium and pH as well as the tough defense of the immune system. 

Within the field of cellular microbiology it is of utmost importance to study the 

interaction between the bacteria and the immune system since this intrinsic system of 

cells, structures and molecules is the barrier that inhibits the establishment of an 

infection. Even though the body depends on a strictly controlled immune response as a 

protective measure against infection the immune system and the resulting acute 

inflammation can sometimes work against the host and in the favor of the invading 

bacteria if the control is lost. The strength of the immune system can also be its 

weakness when the bacteria takes advantage of a strong uncontrolled immune response 

often leading to tissue destruction. Example of this is endotoxic shock due to gram-

negative bacterial sepsis in which strong release of acute-phase inflammatory mediators 

causing capillary leakage, vasodilation, organ failure and often death (Tracey et al.,

1986). Another example is the heat-labile toxins of the gram-positive S. pygenes, which 

works as superantigens, which induces nonspecific activation of T cells leading to a 

strong immune response and subsequent organ destruction and tissue necrosis(Braun et 

al., 1993).  

1.2.1 Innate Immunity 
Innate immunity is characterized by a rapid action of host effector molecules and 

leukocytes aimed at limiting the multiplication of invading microbial organisms and 

destroying them. The innate immune response is the earliest response to an bacterial 

infection. A complex interplay between many different cell types dictates activation 

mechanisms and subsequent elimination of the pathogen. 

A prerequisite for the swift response of the innate immunity is an efficient system to 

recognize a large palette of microbes with a limited number of receptors. As part of  the 

innate immunity, the eukaryotic host have evolved a group of cellular receptors able to 
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recognize molecular motifs, conserved and specifically found in microbes. These are 

termed Pathogen Associated Molecular Patterns (PAMPs) as they are pattern molecules 

shared by many microorganisms. To avoid cross-reactivity with self-antigens the 

Pattern Recognition Receptors (PRRs) recognize PAMPs that are distinct in structure 

and often part of the microbial metabolism or its physical structure (e.g membrane 

components) (Aderem and Ulevitch, 2000). One of the most studied of this group of 

receptors are the Toll-like receptors (TLRs), which among many things recognize outer 

membrane components of bacteria (see section 1.2.1.1). Nucleotide-binding 

oligomerization domain proteins (NOD-like receptors, NLRs) is another group of PRRs 

that are able to recognize intracellular bacteria. The recognition of PAMPs leads to 

cellular activation and release of effector molecules, e.g of pro-inflammatory 

molecules, which acts as chemo-attractors for immune cells like neutrophils and 

Natural killer cells (NK-cells) to the local site of infection (see section 1.2.1.3). The 

complement system is also play a pivotal role in innate immunity (see section 1.2.1.2). 

Another mechanism by which the innate immune system  use to eradicate bacteria is 

the release of antimicrobial peptides e.g defensins. LL-37 an antimicrobial peptide in 

the family of cathelicidins expressed in epithelial cells and in leukocytes such as 

monocytes, neutrophils, T cells and B cells is able to efficiently break up the cell 

membrane of both gram-negative and gram-positive bacteria. 

1.2.1.1 Toll-like receptors (TLRs) 

The Toll-receptor was discovered in the study of the fruit fly Drosophila melanogaster

(Anderson et al., 1985), which like all insects lack an adaptive immune system. Despite 

this the fruit fly can rally a strong immune response due to the swift recognition of 

microbes. Today 11 mammalian homolouges to the Toll-receptor (Toll-like receptors, 

TLR´s) are known, recognizing a wide flora of microbial components, by themselves or 

as homo or hetero dimers. The expression profile of the TLRs differ depending on the 

cell type and organ, and the reactivity if the innate immune system can be correlated to 

this expression pattern (Uhlén et al., 2000). TLRs are expressed on most professional 

immune cells, like macrophages and dendritic cells. It is also now known that epithelial 

cells with their expression of TLRs is much more active in the innate immune response 

than previously appreciated and are for example of great importance for the hosts 

ability to fend of bacterial infections in the urinary tract. Activation of TLRs leads to 

induction of intracellular signalling cascades resulting in production of inflammatory 
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cytokines like tumor necrosis factor (TNF- ), IL-6, IL-8,  IL-1 , Interferons (IFN) 

and chemokines.  

As TLR4 recognizes lipopolysaccharide (LPS) component of the outer membrane of 

gram-negative bacteria (Medzhitov and Janeway, 1997; Medzhitov et al., 1997), it is of 

major importance for protection against gram-negative bacterial infections. TLR4 was 

established as the LPS signalling receptor based on genetic evidence from the LPS-

insensitive mouse strain, C3H/HeJ, which has a single point mutation in the TIR 

domain of TLR4. In addition, the C57BL/10ScCr strain of mice has a null mutation in 

the TLR4 gene that also confers resistance to LPS (Poltorak et al., 1998). This was later 

elegantly confirmed with TLR4 knock-out mice that are highly susceptible to gram-

negativ infections. Recognition of LPS by TLR4 signalling is a multi-step process 

involving initial binding of LPS by LPS-binding protein (LBP). LBP is an acute-phase 

protein, which role is to bring LPS to the cell surface by binding to LPS and forming a 

ternary complex with the LPS receptor molecule, CD14. CD14 is found  in soluble 

form (sCD14) or as a glycosylphosphatidylinositol (GPI) anchored  receptor in the 

membrane of the host cell. CD14 then presents LPS to the TLR4/MD-2 complex and 

by that induces the intracellular signalling cascade through MyD88 leading to 

expression of inflammatory cytokines (Kawai and Akira, 2006). Other TLRs can 

recognize a wide spectra of microbial components (summarized along with adaptors in 

Figure1). 

Figure1. Summary of the 11 known human TLR´s, their adaptor proteins and ligands. 



  7 

TLR2, in concert with TLR1 or TLR6, recognizes various bacterial components, 

including peptidoglycan, lipopeptide and lipoprotein of Gram-positive bacteria. In 

particular, TLR1/2 and TLR2/6 discriminate triacyl lipopeptide and diacyl lipopeptide, 

respectively. TLR3 recognizes double-stranded RNA (dsRNA) that is produced from 

many viruses during replication. TLR5 recognizes bacterial flagellin.  Mouse TLR11 

recognizes yet unknown components of uropathogenic E. coli (UPEC) and has been 

shown to provide specific protection against UPEC within the kidneys (Wang et al.,

2004b). TLR7 and TLR8 recognizes synthetic single-stranded RNA (ssRNA) derived 

from human immunodeficiency virus type I (HIV-1) and some siRNAs. TLR9 

recognizes bacterial and viral CpG DNA motifs.  

1.2.1.2 Complement system 

The complement system represents a major pathway by which antigen recognition is 

converted into an effective defense, especially against extracellular bacteria. The 

complement system consists a number of plasma proteins and can by subdivided in 

three different pathways of activation: The classical pathway that is triggered by 

antibodies, the mannan-binding lectin (MBLectin) pathway and the alternative 

pathway. The MBLectin and the alternative pathway is not dependant on antibody 

reactions and is part of innate immunity. All pathways consists of an early sequence of 

cleavage reactions in which the product binds to the surface of the pathogen and 

converge at the formation of the C3 convertase enzyme which creates the active 

complement component C3b. The endpoint of the complement cascade is the 

membrane-attack-complex (MAC) which is extremely potent and able to efficiently 

lyse invading bacteria. Other components in the cascade also have potent immune-

stimulatory effects, e.g C5a and C3a, which mediate local inflammatory responses, 

recruiting fluid and activating phagcytic cells. Bacteria have evolved virulence factors 

to circumvent complement activation, e.g the poly-sialic acid capsule of E. coli K1 and  

S. pneumonia  that is anti-phagocytic and protects the bacteria from recognition  

(Pluschke et al., 1983). 

1.2.1.3 Cytokines and immune cell recruitment 

Cytokines plays an important role in the regulation of host defense and mediate the 

multi-cellular response of the immune system towards an bacterial infection. Many 

cytokines are endogenous pyrogens because they promote fever and enhances the 

inflammatory response. As with most parts in the hosts inflammatory response, a tight 
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regulation is crucial as overproduction of cytokines can have fatal consequences like an 

cytokine storm when a positive feedback loop between cytokines and activated immune 

cells leads to shock and tissue destruction (Suntharalingam et al., 2006). 

A key task of cytokines is to recruit immune cells to the site of infection. Cytokines 

create a chemotactic gradient leading to migration of e.g neutrophils from the blood 

stream towards the infection (Svanborg et al., 2001b; Svanborg et al., 2001a). In 

cystitis as well as pyelonephritis is the secretion of cytokines and the subsequent 

neutrophil infiltration critical for clearing an infection (Svanborg et al., 2001b; 

Svanborg et al., 2001a). Upon E. coli caused urinary tract infection the epithelium 

secretes cytokines like IL-8, IL-6, TNF-  and IL-1  inducing an early strong 

inflammatory response (Samuelsson et al., 2004; Brauner et al., 2001; Hedges et al.,

1995; Agace et al., 1993a; Agace et al., 1993b). IL-8 excert its effect through its 

receptors: CXCR1 and CXCR2 which both are expressed on bladder and kidney 

epithelium (Godaly et al., 2000b; Godaly et al., 2000a). CXCR1 homologue knock-out 

mice is defective in transepithelial neutrophil migration leading to bacteremia 

(Frendeus et al., 2000; Godaly et al., 2000b; Godaly et al., 2000a). Patients with low 

expression of CXCR1 are more prone to pyelonephritis further emphasizing the clinical 

importance of intact cytokine signalling during infection (Lundstedt et al., 2007a; 

Lundstedt et al., 2007b). 

Production of cytokies can also be induced by other forms of signalling. The E. coli

exotoxin -hemolysin (see section 2.3.1.1) induces Ca2+-signalling leading to 

production of both IL-8 and IL-6 through activation of transcription factor NF- B

(Uhlén et al., 2000). 

1.2.2 Adaptive Immunity 
In addition to the innate immunity the adaptive immune response has evolved, showing 

a more versatile means of defense that provides an increased level of protection from a 

subsequent re-infection with the same pathogen. The cells of the adaptive immune 

response consists of a clonal selection of antigen-specific lymphocytes, 

immunoglobulin producing B-cells and two types of T-cells. The clonal selection and 

expansion of antigen-specific clones gives the adaptive immunity much slower kinetics 

compared to the innate immunity but gains higher specificity and most important 

memory through the expansion of specific memory cells. Efficient signalling between 

the two branches of the immune system is of great importance as the cells of the innate 
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immune response play a crucial part in the initiation and subsequent direction of the 

adaptive immune  response. Most important is the fact that there is a delay of 4-7 days 

before the adaptive immune response takes effect. Here the innate immune response 

has a critical role in controlling the infection during this period. 

1.2.3 Urinary tract infections 
The human urinary tract is normally a sterile environment, protected from pathogens by 

the shear flow of urine, secreted and tissue-associated antibacterial factors, and the 

bactericidal activities of effector immune cells. However, even in populations with 

these natural defenses seemingly intact, and despite the increasing use of antibiotics, 

bacterial infection of the urinary tract is an exceedingly common problem. Among half 

of the worlds women will at some point in her life suffer from an  urinary tract infection 

(UTI). Even though women are significantly more likely to experience UTI than men, 

UTI is the most common bacterial infection in the world today (Foxman, 2003), this is 

also without consideration that many cases of UTI never get reported to the clinic 

making the statistics for UTI certainly on the low side. Nearly 1 in 3 women will have 

had at least 1 episode of UTI requiring antimicrobial therapy by the age of 24 years. 

Most of these episodes are cystitis-like (infection of the bladder), but some of them 

may become complicated by acute pyelonephritis (infection of the kidney), a serious 

condition that might lead to urosepsis, renal scarring and subsequent permanent 

damage to the kidney function. Pyelonephritis is one of the most common febril 

diseases in children (Wing, A. J. in Oxford Textbook of Clinical Nephrology). The 

frequency of acute cystitis among young women is 0·5–0·7 episodes per person per 

year in the western world (Hooton et al., 1996), representing a main source of health-

care costs in the population. In Sweden we have about 1 million cases per year 

according to the Swedish institute for infectious disease control (SMI). 

UTI can be caused by many bacterial species, ranging from opportunists to pathogens. 

The majority of cases (about 80%) (Mims, 2004; Ferry et al., 1988), is caused by 

uropathogenic E. coli (UPEC). Bacteria that are responsible for the remaining cases are 

among others Proteus sp, Klebsialla sp and Enterobacter sp. There are many factors, 

both on the host side as well as in the pathogen that are predisposing for UTI. This can 

be virulence factors (see section 1.2.4.1) expressed by the pathogen. On the host side 

behavioral risks of the host, like voiding dysfunction, anatomic abnormalities, like 

urine reflux (VUR) (Finer and Landau, 2004) and genetic variations in the host, like 
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different expression patterns of immune receptors e.g CXCR1 influence susceptibility 

to infection (Lundstedt et al., 2007a; Lundstedt et al., 2007b).  

Figure 2. Factors affecting the pathophysiology of UTI. 

1.2.4 Uropathogenic E.coli
Escherichia coli are a very diverse species of bacteria found naturally in the intestinal 

tract of all humans and many other animal species. A subset of E. coli are capable of 

causing enteric/diarrhoeal disease, and a different subset cause extra-intestinal disease 

(EXPEC), including urinary tract infection (UTI) and meningitis. E. coli  that cause 

enteric/diarrhoeal infections are: enteropathogenic E. coli (EPEC), enterohemorrhagic 

E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), 

enteroinvasive E. coli (EIEC) and diffusely adherent E. coli (DAEC). Each pathotype 

of E. coli causes disease using different combinations of virulence factors, with 

different molecular pathways, and in some but not all cases resulting in disease 

symptoms that can be distinguished from each other 

The vast majority of UTIs are caused by UPEC (within the group of EXPEC), a 

surprisingly heterogeneous group of pathogens. It is believed that most UPEC reside in 

the colon, and are later introduced through the urethra to the bladder and further to the 

kidneys (Jantunen et al., 2001; Yamamoto et al., 1997). The expression of virulence 

genes clustered on pathogenicity islands (PAI´s) greatly determine the region in which 

the E. coli strain cause disease. This is apparent when comparing the genome of a 
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pyelonephritogenic isolate (CFT073) with that of an EHEC isolate showing that they 

share only 39.2% of their protein coding sequences (Welch et al., 2002). Many of the 

genomic differences among UPEC and other E. coli isolates likely reflect changes that 

have enabled UPEC isolates to better colonize and evade the immune system  in the 

unique and varied environmental niches found within the urinary tract and by that be 

able to cause infection. These niches include the epithelia lining of the urethra, bladder 

and ureters, as well as the renal proximal and distal tubule cells and the collecting ducts 

of the kidneys. 

1.2.4.1 Virulence factors of Uropathogenic E. coli 

UPEC isolates encode a variety of virulence factors that facilitate colonization of the 

urinary tract. To date, however, no single virulence factor has been shown to be 

specifically unique to UPEC. The type III secretion systems often elaborated by enteric 

E. coli pathogens such as EHEC as a means of delivering bacterial products into target 

host cells are with a very few exceptions  missing from UPEC isolates, as are many of 

the toxins encoded by enteropathogenic strains (Miyazaki et al., 2002; Welch et al.,

2002). UPEC instead express a number of virulence factors that enteric pathogens often 

lack. This includes specific adhesion organelles, including P (Pap), type 1 and other 

fimbriae (such as F1C, S, M and Dr) that seem to aid in colonization. Type 1 fimbriae 

are important for cystitis as the tip, adhesin FimH bind to mannose moieties of the 

uroplakin receptors that coat bladder epithelial cells (Zhou et al., 2001; Mulvey et al.,

1998). P fimbriae is the virulence factor that best correlates with pyelonephritis. The P 

fimbriae adhesin PapG binds to digalactoside receptors that are expressed on the kidney 

epithelium (Roberts et al., 1994; Dowling et al., 1987; Lund et al., 1987). 

Several toxins are produced by UPEC, including -haemolysin (Hly), cytotoxic 

necrotizing factor (CNF-1) and an autotransported protease (Sat). Hly will be discussed 

in greater detail in section 2.3.3.1. 

UPEC uses capsule-forming high-weight polysaccharides for immune evasion, The 

capsular antigen, which forms the basis for classification into K serotypes uses 

molecular mimicry to host cell components and shear bulk to shield immunogenic 

structures from recognition of the complement system to mention a few mechanisms. 

K1, K2, K, K5, K12, and K13are the most common serotypes attributed to 

pyelonephritogenic strains (Sandberg et al., 1988). 

A major virulence factor of UPEC as well as of many other gram-negativ bacteria are 

LPS, also referred to endotoxin in its role as an virulence factor and is highly 
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immunogenic. LPS is a large phosphoglycolipid, composed of the acylated, 

hydrophobic lipid A component, the LPS-core and the O-polysaccharide antigen (Jann 

and Jann, 1987). The O-polysaccharide antigen (O) together with the capsular antigen 

(K) and the flagellar antigen (H) determines the complete serotype of E. coli (O:K:H). 

Lipid A anchors the LPS molecule to the outer membrane via fatty acids (lauric, 

myristic) and is crucial for the viability of the bacteria (Wyckoff et al., 1998). The 

Lipid A portion is the most immunogenic structure of LPS and is crucially important 

for the immune response in against E. coli infection as it is a PAMP molecule 

recognized by the PPR TLR4. By using mutant strains (waaN-) expressing penta-

acylated lipid A the host response to LPS can be experimentally abrogated (Uhlén et 

al., 2000; Hedlund et al., 1999). 

Other components denoted as virulence factors are iron-acquisition systems 

(siderophores) and phase-switch recombinases.  

All these virulence factors are found  in differing percentages among various subgroups 

of UPEC and listed below in Table 1. 

Table 1. 

Virulence factor Function 

CNF-1 Cytotoxicity, stress fiber formation and internalization 

Hly Cytolysis and induction of cytokine production 

Sat Vacuolating cytotoxicity 

Vat Vacuolating autotransporter toxin 

Curli/Cellulose Bio-film formation, adhesion and resistance 

Flagellum Motility 

P fimbriae Adhesion to uroepithel 

S fimbriae Adhesion to epithelium and endothelium 

F1C fimbriae Adhesion to epithelium and endothelium, induction of cytokines 

Type 1 fimbriae Adhesion to epithelium and endothelium, invasion 

Dr adhesion Adhesion, ligand to decay acceleration factor 

LPS Induction of immune responses, O-antigen coupled complement 

resistance 

Capsular antigen Complement resistance, immune recognition and antiphagocytic 

IroN Iron siderophore receptor, iron metabolism 
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2 CELL SIGNALLING 

Signalling within and between cells is critical for the living organism to function. The 

inter- and intracellular pathways have evolved to a complex system able sense and react 

and through positive and negative feedback-loops respond to stimuli. 

The binding of most signalling molecules to their receptors initiates a series of 

intracellular reactions that regulates virtually all aspects of cell behavior, including 

metabolism, movement, proliferation and differentiation. Investigation of the molecular 

mechanisms of these pathways has thus become a major area of research. Within 

infection biology, understanding of cell signalling pathways is critical as many 

pathogens utilize and /or exert their effect on them. The hope is that increased 

knowledge of signalling occurring between bacteria and host leads to novel insights of 

mechanisms to target for future anti-microbial therapies. 

2.1 INTRACELLULAR SIGNALLING 

One of the most widespread pathways of intracellular signalling is based on second 

messengers. Phosphatidylinositol 4,5-bisphosphate (PIP2) is a minor component of  the 

plasma membrane and forms the basis for many second messengers. A number of 

hormones and growth factors stimulates hydrolysis of PIP2 by phospholipas C (PLC), 

which produces the two second messengers diacylglycerol (DAG) and inositol 1,4,5-

trisphosphate (IP3). DAG and IP3 stimulate distinct downstream signalling pathways 

e.g activation of protein kinase C (PKC) and Ca2+ mobilization (see section 2.3). Thus, 

by alterning the kinetics of hydrolysis,  PIP2 can trigger two different intracellular 

signalling cascades (Oancea and Meyer, 1998; Divecha and Irvine, 1995; Maeda et al.,

1990). Another important target for PKC regarding the inflammatory cascade is its 

activation of transcripton factor NF- B (Beg et al., 1993). In its inactivation state NF-

B is retained in the cytoplasm as a complex with I B. Activation of PKC leads 

indirectly to phosphorylation of I B, which targets I B for degradation. Destruction of 

I B allows NF- B to translocate to the nucleus where it regulates transcription of its 

target genes. 
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2.1.1 Regulation of the actin cytoskeleton 
The actin cytoskeleton plays an important part in intracellular signalling by linking 

siganalling complexes and conveying signals within the cell. This control is achieved 

by the actin cytoskeleton- regulating proteins, termed small-GTPases. Three members 

of this family, RhoA, Rac and Cdc42 regulate different aspects of actin reorganization; 

filopodia (Cdc42), lamellipodia (Rac), focal adhesion and stress fibers (RhoA) (Bishop 

and Hall, 2000). Trancduction of signalling through RhoA is also involves PIP2 and 

PLC, showing that cytoskeleton mediated signalling is coupled to Ca2+ mobilization  

(Saci and Carpenter, 2005). The ERM family of proteins (ezrin, radexin and moesin) is  

a group of linker proteins that mediates signals to the cytoskeleton (Bretscher et al.,

2002; Bobacka et al., 2000; Takeuchi et al., 1994b). ERM proteins have an N-terminal 

FERM domain and a C-terminal actin-binding domain and the intra-molecular 

interaction between these domains is believed to regulate ERM activity. The ERM 

proteins all have regulatory activity on the small-GTPases, e.g ezrin which interacts 

with RhoA (Speck et al., 2003). 

2.1.2 Lipid rafts 
For signalling to occur within the cell it is critical for the signalling components to 

interact. Lipid rafts have been suggested to constitute a signalling platform in the 

plasma membrane of eukaryotic cells. High levels of sphingolipids results in a tightly 

packed cholesterol rich domain with high rigidity. Many groups of signalling 

membrane proteins have higher affinity for lipid rafts including GPI-anchored proteins, 

creating a high concentration of signalling molecules in so called signalosomes 

(Simons and Toomre, 2000). It is recently shown that CD14 directs LPS to lipid rafts 

for recognition by TLR4 and  induction of signalling (Triantafilou et al., 2002). The 

small-GTPase RhoA is also described to concentrate in lipid rafts (Palazzo et al., 2004). 

2.2 ION SIGNALLING 
The smallest signalling enteties in the cell is the ion. Inorganic ions of the cell, 

including protons (H+), sodium (Na+), potassium (K+), magnesium (Mg2+), calcium 

(Ca2+), phosphate (HPO4
2-) and chloride (Cl-) are all involved in the cell signalling and 

metabolism.  
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Despite its moderate size there are three main characteristics that give the ion its power 

as signallig conveyor: 

1. Speed: Because of its small size, transport of ions is extremely rapid. More than 

1x106 ions can flow through an ion channel per second, a flow rate that is 1000 

times faster than that of a carrier protein. 

2. Selectivity: Signalling mediated by ion channels are highly selective as the 

narrow pores restrict ions of appropriate size and charge. The spatial and 

temporal signalling pattern further enhances the specificity of the signal. 

3. Regulation: Ion signalling are highly regulated by ion channels and ion binding 

proteins. Ion channels are regulated by gates that transiently open to a specific 

stimuli. This can be molecular stimuli in receptor-operated channels (ROCC´s) 

e.g neurotransmitters, or physiological events e.g voltage-operated channels 

(VOCC´s) that open due to changes in the electrical potential across the cell 

membrane.  

The action potential initiated by neurotransmitter release in the synaptic cleft of nerve 

cells represents one of the fastest ion signalling mechanisms. The membrane potential 

is altered from -60mV to +30mV in >1ms as a result from rapid sequential opening and 

closing of voltage-operated Na+ and K+ channels. The altered membrane potential 

opens of voltage-operated Ca2+ channels (VOCC´s), leading to increase of  cytosolic 

Ca2+ and subsequent intracellular signalling. 

2.3 CALCIUM SIGNALLING 
The Ca2+ ion is the hallmark of an signalling ion, being an universal intracellular 

messenger controlling a diverse range of cellular processes (Hisatsune and Mikoshiba, 

2005; West and Galloway, 1998; Bootman and Berridge, 1995). The ability of the Ca2+

ion to play such a pleitropic role results from the fact that cells module Ca2+ signals in 

the dimensions of space, time and amplitude using a Ca2+ signalling “toolkit” (Berridge

et al., 2003; Berridge et al., 1998). The toolkit comprises of Ca2+ sensory mechanisms, 

Ca2+ channels and Ca2+ transporters that together regulate the Ca2+ concentration across 

the plasma membrane as well as between the cytosol and intracellular compartments. 
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The intracellular Ca2+ concentration [Ca2+] in resting state is ~100 nM but upon 

activation of signalling this can increase to 1 M or more, creating a large gradient 

between on and off state (~104 to 1). Ca2+ signalling manifest itself as short Ca2+ sparks 

or puffs (Tovey et al., 2001), Ca2+ waves and Ca2+ oscillations to prevent the cell from 

sustained high [Ca2+], which is toxic for the cell. Intracellular Ca2+ oscillations activate 

processes like secretion (periodicity of s), contraction, transcription, proliferation and 

fertilization (periodicity of hrs). Global Ca2+ signals can also pass between cells via gap 

junctions, to coordinate the activities of whole tissues or organs. Such waves mediates 

e.g activation of cilia on epithelial cells along the trachea (Boitano et al., 1992). 

2.3.1 Regulation of Ca2+ signalling 
Cells utilize different types of Ca2+ channels for its on and off mechanisms.  Influx of 

extracellular Ca2+ is one source to increase cellular [Ca2+] and this is mediated by 

channels in the plasma membrane. VOCC´s are sensitive to depolarization of the 

plasma membrane and are accordingly key channels in excitable cells such as neuronal 

or muscle cells. VOCC´s are also expressed in no-excitible cells like kidney epithelia 

cells where they play a pivotal role (Zhao et al., 2002; Yu et al., 1992). Receptor-

operated Ca2+-channels (ROCC´s) are activated by binding of the proper ligand to the 

extracellular domain of the channel. The different ROCC´s are activated by a wide 

variety of ligands e.g acetylcholine, glutamate and ATP. Well known ROCC´s include 

the nicotinic acetylcholine receptor and N-methyl-D-aspartate receptor (NMDA) 

(Murphy et al., 1992). Store-operated Ca2+-channels (SOCC´s) are activated in 

response to depletion of the intracellular Ca2+ store, either by Ca2+ mobilizing 

messengers or pharmacological agents. The mode by which SOCC´s respond to 

depletion is called capacitative Ca2+ entry (CCE) (Miyakawa et al., 2001). The 

mechanism in which SOCC´s are able to sense the filling status of the intracellular Ca2+

pool is under debate and subject for intense research. One suggestion is either 

activation in close proximity of, or a direct coupling to the endoplasmatic reticulum 

(ER) (Bolotina and Csutora, 2005; Berridge et al., 2000a; Berridge et al., 2000b; 

Boulay et al., 1999). Efflux of Ca2+ from the cytoplasm during “off” mechanisms 

involves ion pumps and ion exchangers e.g Ca2+-ATPase and the Na+/Ca2+ exchanger 

that transports Ca2+ out of cells. 

Another major source of Ca2+ is the intracellular stores e.g ER. Release from ER is 

mainly mediated by the IP3-receptor (IP3R) or ryanodine receptors (Maeda et al., 1990; 
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Furuichi et al., 1989; Lai et al., 1988). Three different subtypes of the IP3R have been 

identified (IP3R1, IP3R2 and IP3R3) and their expression pattern differs depending on 

tissue and cell type (Monkawa et al., 1998; Bush et al., 1994). The IP3R subtypes have 

also been attributed different roles in conveying the intracellular Ca2+ signal (Yamada

et al., 1994; Yamamoto-Hino et al., 1994), where the ratio aspects between the 

expression of the subtypes affect the amplitude and frequency of Ca2+ oscillations 

(Hattori et al., 2004). IP3 is the ligand for the IP3R and is as previously described a 

product of the PIP2 signalling pathway (see section 2.1). IP3 induces conformational 

changes of the IP3R upon activation leading to opening of the channel and outflow of 

Ca2+ into the cytosol (Sato et al., 2004; Hamada et al., 2003). The N-terminal domain 

of IP3R contains high-affinity binding sites for Ca2+. This mode of activation is called 

Ca2+ induced Ca2+ release (CICR) and further enhances the IP3R´s functional diversity. 

To refill the intracellular stores, Ca2+-ATPases located in the ER membrane pumps 

back Ca2+ from the cytosol. Mitochondria are also considered as intracellular Ca2+

stores. These organelles have substantial capacity for Ca2+ and can when needed 

significantly buffer cytosolic Ca2+ increases (Montero et al., 2000). 

2.3.2 Ca2+ signalling regulates gene transcription 
One of the major functions of Ca2+ signalling is the activation of signalling pathways 

leading to gene transcription (Dolmetsch, 2003; West et al., 2002). Today almost 400 

genes together with over 30 transcription factors are known to be regulated by Ca2+

signalling (Berridge et al., 2003; Dolmetsch, 2003; Feske et al., 2001; Crabtree, 1999; 

Dolmetsch et al., 1997). Ca2+ oscillations activate proteins that regulate transcription 

factors as well as modulating chromatin structure. These proteins are able to sense 

changes in [Ca2+] by various mechanisms (Berridge et al., 2003; Bootman et al., 2001).  

Calmodulin (CaM) is a Ca2+ binding protein, 

activated by cytosolic Ca2+ increase of about 0.5 

M. CaM changes conformation when 

complexed with Ca2+ in its active form (See 

Figure 3) and binds to a variety of proteins 

including protein kinases, VOCC´s and the IP3R

(Zotti et al., 2003; Taylor and Laude, 2002; 

Matters et al., 1999; Zuhlke et al., 1999).  
Figure 3. CaM changes conformation when 
complexed with Ca2+ in its active form. 
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CaM-dependant protein kinase II and PKC are also suggested to sense the frequency of 

Ca2+ oscillations (De Koninck and Schulman, 1998; Oancea and Meyer, 1998) and 

activate transcription factors CREB (Dolmetsch et al., 2001; West et al., 2001) and NF-

B respectively. Transcription factor NF- B together with NF-AT and Oct/OAP was 

furthermore shown to be regulated differently depending on the frequency of the Ca2+

signal (Dolmetsch et al., 1998; Dolmetsch et al., 1997). The importance of Ca2+

signalling in inflammation was demonstrated by the finding that expression of the pro-

inflammatory cytokine IL-8 depends on Ca2+ frequency regulated activation of NF- B. 

2.3.3 Bacterial Toxins 
Bacterially expressed exotoxins are virulence factors that affect the host directly or 

indirectly. Although exotoxins aid in bacterial colonization and defense against 

neutrophils, their signalling activity also aid bacteria to reach deeper tissues as the 

epithelial lining loses its integrity during the inflammatory response. One group of 

pore-forming exotoxins have drawn much attention during recent years by being able to 

induce Ca2+ signalling in the target cell, attributing them with a more complex 

pathiophysiological role besides their cytolytic effect. 

2.3.3.1 E. coli Hemolysin 

The E. coli -hemolysin (Hly) belongs to the family of RTX-toxins (repeats in toxin), 

which refers to the shared characteristics of a number of amino acid repeats, Gly-Gly-

X-Gly-Asp/Asn-Asp-X (where X is any amino acid) in its Ca2+-binding domain. Hly is 

the most studied RTX-toxin and is considered  a major virulence factor of ExPEC E. 

coli (Menestrina et al., 1994b; Menestrina et al., 1994a). This includes UPEC, where 

50% of the strains express Hly (Brauner et al., 1990; Hughes et al., 1983). The 

assumptions of its role as a virulence factor came from early reports that described 

Hly´s cytolytic effect on artificial lipid bilyers, erythrocytes (hence is name) and 

epithelial cells (Mobley et al., 1990; Bhakdi and Tranum-Jensen, 1988; Hughes et al.,

1983). Later it was discovered that Hly have the ability to induce Ca2+ signalling in 

renal epithelial cells. Thus Hly´s mode of action is biphasic. High concentrations of 

Hly is cytolytic, while sublytic concentrations initiates Ca2+ oscillations with a 

periodicity of 12.0±0.7 min leading to production of IL-6 and IL-8 by frequency 

modulated activation of NF- B (Uhlén et al., 2000). Hly was the first 

pathiophisiological protein reported to induce Ca2+ signalling. Its role in vivo as 
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modulator of renal inflammatory responses have recently been described using multi-

photon microscopy techniques (Mansson et al., 2007). 

Hly is genetically organized in an operon consisting of four linked genes, hlyCABD.

The hlyA gene encodes the protein, while hlyB and hlyD together with the distant tolC

encodes the type I secretion  apparatus (Koronakis, 2003). Hly is synthesized as an 

inactive 110 kDa protein. Post-translational activation involves HlyC-mediated 

attachment of two fatty acyl chains (Stanley et al., 1998; Stanley et al., 1994; Issartel

et al., 1991). Upstream of hlyCABD is hlyR located, which acts as an enhancer by 

stabilizing the mRNA transcripts (Vogel et al., 1988). The active Hly protein have 

three functional domains (Figure 4). 

Figure 4. The active form of E. coli Hly have three functional domains 

The hydrophobic domains (amino acids 238-410) have been suggested to be involved 

in pore-formation as they form transmemrane amphiphatic -helices (Ludwig et al.,

1991; Boehm et al., 1990a). The fatty acyl groups (myristic C14) are essential for the 

activity but also for the stabilization of a membrane pore (Welch, 2001; Ludwig et 

al., 1996). The Ca2+-binding domain consists of 13 tandemly repeated glycin-rich 

units (amino acids 739-849). Binding of Ca2+ to this domain induces a conformational 

change in the toxin required for its action on the target cell membrane (Schindel et 

al., 2001; Boehm et al., 1990b; Ludwig et al., 1988). The Ca2+-binding domain have 

also been suggested to constitute a receptor-binding domain of the toxin (Ludwig et al.,

1988). A receptor for Hly on the cell membrane have long been debated and many 

suggestions are reported (Koschinski et al., 2006; Cortajarena et al., 2001; Lally et al.,

1997). It has been suggested that other bacterial components interact with Hly and take 

part in its action. One such component is LPS, that has been suggested to prevent 

aggregation and degradation of Hly, as well as to promote an active conformation of 

the toxin (Peyrl et al., 2003; Czuprynski and Welch, 1995; Bohach and Snyder, 1985). 

Whether there is a molecular function of LPS in Hly induced signalling hitherto 

unknown. 
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2.3.3.2 S. pneumonia Pneumolysin 

Pneumolysin (Ply) is a major virulence factor of Pneumococci. The effects of Ply 

are mediated by two mechanisms: binding to membranes leading to damage through 

pore formation, and activation of the complement system in a non-immunospecific 

manner (Rossjohn et al., 1998; Mitchell et al., 1991). Ply induces Ca2+ signalling in 

both neuronal cells and neuroblastoma, inducing apoptosis-inducing factor-dependent 

(AIF-dependant) apoptosis and activation of the p38 mitogen-activated protein kinase 

(MAPK) signalling pathway (Braun et al., 2002; Stringaris et al., 2002). 

2.3.3.3 E. coli Cytolysin 

E. coli cytolysin (ClyA) is expressed by both pathogenic and non-pathogenic E. coli,

even though the pathogenic strains show elevated expression levels (Oscarsson et al.,

2002). Various serovars of Salmonella sp and Shigella sp also express the toxin 

(Oscarsson et al., 2002; del Castillo et al., 2000). ClyA is exported in outer-membrane 

vesicles and induces Ca2+ oscillations with a periodicity of 22.9±0.9 min (Wang et al.,

2004b; Uhlén et al., 2000). 

2.3.3.4 Listeria monoctytogenes Listeriolysin 

Listeriolysin (LLO) is a crucial virulence factor for the pathogenicity of Listeria 

monocytogenes. It is required for invasion (Cossart et al., 2003) and escape from the 

primary phagocytic vacuole of macrophages (Camilli et al., 1993). LLO induces Ca2+

signalling in human embryonic kidney cells (HEK) and Hep-2 epithelial cells(Dramsi 

and Cossart, 2003; Repp et al., 2002). Ca2+ signalling induced by LLO in 

macrophages is shown to be dependent of ROCC`s and formation of DAG 

(Wadsworth and Goldfine, 1999). 
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3 CONTEMPORARY METHODS TO REGULATE AND 
RECORD CELL SIGNALLING 

Fluorescence-based techniques are valuable tools for studying cellular structure and 

function, as well as interactions of molecules in biological systems. Fluorescence forms 

also the foundation in the detection and quantification of nucleic acids and proteins in 

gel electrophoresis, microarrays, and various imaging technologies. With microscopes, 

it is possible to visualize and measure the amount of fluorescence in samples as small 

as individual cells using multiple fluorescent colors simultaneously. The combination 

of specialized fluorescent chemicals and instruments has given us an unprecedented 

detailed view of cells. 

The complex interplay of ion signalling has been studied using several different 

technology platforms. The most common for real-time measurements is a technique 

based on fluorescent indicators. Cells pre-loaded with the fluorescent probe are exposed 

to stimuli that are manually added to the recording chamber, while the concomitant 

cellular response is recorded in the microscope. Another technology includes patch-

clamp, as well as voltage and current clamp, where a thin electrode-pipette is used to 

record ion fluxes and membrane potential in single cells. 

3.1 RATIOMETRIC ION IMAGING 

The sensitivity of microscopy-based techniques can be enhanced by detection of 

fluorescence, which occur as the result of luminescense excited by radiation. Studies 

presented in this thesis rely on the possibility to perform real-time fluorescence imaging 

of cell signalling events. We have used an imaging system based on a highly sensitive, 

cooled CCD-camera coupled to a image-intensified microscope. A computer-controlled 

monochromator coupled to a high energy xenon lamp was used for probe excitation 

and imaging software was used for image acquisition. Fura-2 AM and PBFI are 

fluorescent probes detecting Ca2+ and K+ respectively. Both probes are ratiometric, 

meaning that the maximum excitation spectra is altered upon binding to the ion. 

Ratiometric measurements are advantageous as compared to the use of classic 

fluorescence probes, as they eliminate distortions of data caused by photobleaching and 

variations in probe loading/retention, as well as by instrumental factors such as 
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illumination stability. Fura-2 AM and PBFI have similar excitation spectra, where 

emission at 510 nm is maximized as a result of excitation at 340 nm (ion-bound probe ) 

or 380 nm (only probe). The AM-form of Fura-2 has the additional advantage that it 

easily pass the cell membrane. Once inside, the probe is trapped because endogenous 

esterase’s cleaves off the AM group, giving a hydrophilic nature of the probe. The 

temporal resolution of the real-time measurements is determined by the speed of the 

excitation and the sensitivity of image acquisition. Although visualization of ion fluxes 

is a powerful tool and as such has revolutionized the study of ion signalling, it clearly 

has some limitations as well. By being a passive observer, this imaging technique can 

only be used to study naturally occurring signalling events or those triggered by known 

inducers. 

3.2 PATCH-CLAMP 

The patch-clamp technique is the one of few contemporary methods that induce ion 

signalling in cells as well as record a response. A patch-clamp microelectrode is a 

micropipette with a relatively large tip diameter. The microelectrode is placed next to a 

cell, and gentle suction is applied through the microelectrode to draw a piece of the cell 

membrane (the “patch”) into the microelectrode tip. The glass tip forms a high 

resistance 'seal' with the cell membrane. This configuration is the “cell-attached” mode, 

and it can be used for studying the activity of the ion channels that are present in the 

patch of membrane. If more suction is applied, the small patch of membrane in the 

electrode tip can be displaced, leaving the electrode sealed to the rest of the cell. This 

“whole-cell” mode allows very stable intracellular recording. A disadvantage is that the 

intracellular fluid of the cell mixes with the solution inside the recording electrode, 

causing dilution of the intracellular fluid. The patch-clamp technique has high 

sensitivity and can with great specificity induce and record events in single cell. 

Despite the many advantages of the “clamp” techniques they are also attributed with 

several disadvantages. Only highly skilled staff can use the technology, it is extremely 

cumbersome and expensive, and the technical devices require continuous maintenance. 

The “clamp” techniques can only be performed on one single cell, lacking the ability to 

sense the dynamics of a whole cell population. The invasiveness of the technique is 

also a limiting factor. 
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3.3 A NEED FOR NOVEL TECHNOLOGIES 

Based on the above-mentioned limitations, the need for novel technologies for the 

studies of the complex dynamics of ion signalling is apparent. Today, stimuli are 

delivered to a population of cells by means of a manual pipette, which is neither exact 

nor especially delicate. There is a need for a simple, yet highly specific delivery 

system, which is tightly controlled at the temporal level and can be automated or 

programmed. The device should be able to achieve global signalling events in a 

population of cells and in addition have the sufficient resolution to address individual 

cells. Novel materials developed for organic electronics applications hold great 

promises to be integrated with biological specimens. Such organic electronic devices 

meet many wanted requirements for new tools and applications to study cell 

signalling, as they are easy to manufacture, possible to miniaturize, and they can be 

produced at a low cost. 
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4 ORGANIC ELECTRONICS – A BACKGROUND 

Plastics are large molecules consisting of polymers of large carbon based monomers. 

Polymers are abundant in nature, where DNA is the most well known example. 

Syntetic polymers revolutionized the field of materials in the beginning of the 20th

century. The first commercial plastic was bakelite that started its career as a new 

wonder material in weapons industry, where its lightweight properties would 

potentially outmatch iron and steel in many applications. Bakelite also became 

commercially available and was first used as electrical insulators as this property 

proved better than anything then available at that time. Today, bakelite is still used 

because of its features of being electrically resistant, chemically and heat stable, and 

shatterproof. Today, polymers have developed into thousand of commercially available 

forms and is found in all aspects of our daily lives. 

The second breakthrough came in 1977 when Heeger, MacDiarmid and Shirikawa 

achieved conductivity in polymers, for which they were awarded the Noble prize year 

2000. This finding opened for the use of polymers in completely new areas such as the 

electronic industry. Since then the field of Organic electronics (because of its carbon 

based structure) have grown and today a wide array of conducting polymers are 

synthesized, whose different levels of conductivity varies between almost insulators to 

good conductors. Conductive polymers have attracted much attention because of its 

unique electrochemical properties leading to applications that include that of field-

effect transistors (FET) (Matters et al., 1999), polymer batteries (Murata et al., 2000), 

electrochromic displays (Andersson et al., 2002), sensors (Mabeck and Malliaras, 

2006; Nilsson et al., 2002b; Nilsson et al., 2002a) and actuators (Isaksson et al., 2004; 

Jager et al., 2000). The novelty of organic electronics results in part from the fact that 

this technology offers new or improved electroactive and opto-electronic features 

compared to the inorganic counterparts as they are flexible (Gustafsson et al., 1992) 

and can be manufactured using printing tools (Berggren et al., 2007). 

4.1 CONJUGATED POLYMERS 
What makes a polymer conductive? In what way does it differ from the polymers used 

in plastic toys? The key to conductivity is alternating double bonds in the polymer. 

Polyethylene is a good insulator and is built of chains of monomers of two carbons 



  25 

bound to each other together with four hydrogen atoms (Figure 5a). The symmetrical 

structure yields four equivalent hybrid orbitals resulting in that each carbon valence 

electron is occupied in the bonds to the surrounding atoms. In this case there is no 

electron left to transport current, thus rendering polyethylene non-conductive. In the 

case of polyacetylene, where the monomer consists of two carbons joined with a double 

bond and two hydrogen atoms, resulting in each carbon binds three atoms (alternating 

double bonds) (Figure 5b). Since carbon have four valence electrons there is one left in 

a non-hybridized orbital which can participate in transporting current, resulting in a 

conductive polymer. 

Figure 5. A) Polyethylene B) Polyacetylene

4.1.1 Doping 
Most conjugated polymers are semiconductors, meaning that their conductivity is rather 

limited and far from that of metals. Heeger, MacDiarmid and Shirikawa discovered that 

by doping conjugated polymers the conductivity could be increased several orders of 

magnitude to almost reach the level of metals (Figure 6). 

Figure 6. 
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Doping of a conjugated polymer means that another molecule is added that form an 

ionic complex with the polymer chain and either adds or frees one valence electron to 

the complex, to further enhancing the conductivity. Positive-doping (p-doping) of a 

conjugated polymer means that one electron is removed from the valence band, while 

addition  of one electron to the valence band is termed negative-doping (n-doping). 

4.1.2 PEDOT:PSS 
One important conjugated polymer is p-doped poly(3,4-ethylenedioxythiophene) 

(PEDOT) (Figure 7a), which is used in electrochemical devices, such as light-emitting 

diodes (LED´s) (Dodabalapur, 1997), FET´s (Drury et al., 1998), smart windows 

(Gustafsson-Carlberg et al 1995), electrochemical displays (Somani and 

Radhakrishnan, 2003) and transistors (Nilsson et al., 2002b). PEDOT is useful because 

of its chemical stability and high conductivity. The conductivity can be further 

enhanced by addition of a counter-ion, that can be a small molecule or a polymer itself 

(Aleshin et al., 1997a; Aleshin et al., 1997b). PEDOT:PSS is a polymer-polyelectrolyte 

consisting of a mix of PEDOT and the charge-balanced counter-ion poly(styrene 

sulphonate) (PSS-) (Figure 7b), which offers high stability, high conductivity as well as 

water solubility (Groenendaal et al., 2000). PEDOT:PSS is commercially available 

from different companies e. g Bayer (Baytron P™, PEDOT:PSS solution) and AGFA 

(Orgacon™, PEDOT:PSS thin film on polyester carrier). 

Figure 7. A) poly(3,4-ethylenedioxythiophene) (PEDOT)  

B) poly(styrene sulphonate) (PSS-)

4.1.3 Ionic conductivity 
PEDOT:PSS and other conjugated polymers can in addition to electrons also conduct 

ions when doped. This is in sharp contrast to metal and inorganic electronics that purely 

rely on electrons as charge carriers.  
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The ability of PEDOT:PSS to conduct ions comes from the fact that when biased in a 

electrochemical cell, PEDOT:PSS undergo the following half-reaction: 

PEDOT+ PSS- + M+ + e-  PEDOT0 + M+:PSS-

where M+ represents a monovalent cation and e  an electron. The arrow to the right 

indicates reduction of  PEDOT, while the arrow to the left indicates oxidation of 

PEDOT. Thus, switching PEDOT between reduced and oxidized state requires 

transport of both cations and electrons to the reaction site, whereas the polymer 

chains themselves are effectively immobile. The red-ox switch can therefore be used 

to initially charge the polymer with ions and then subsequently switch them out e.g in 

a aqueous solution. The ion conductivity of PEDOT:PSS have to a lesser extent been 

studied in different experimental setups (Wang et al., 2004a; Lisowska-Oleksiak and 

Kupniewska, 2003). 

4.2 ORGANIC BIOELECTRONICS; PRESENT APPLICATIONS 
Ever since Luigi Galvani performed his famous experiments in the 17th century where 

he successfully used charges of lightning to induce muscle tension in frog legs, scientist 

have continued to develop electronic devices to integrate with biological systems. The 

properties of organic electronic devices have gained much attention as possible 

candidates for such bio-electronic devices. Conjugated polymers have the advantage of 

being carbon based (organic) which suggest a possibility to achieve high level of 

biocompatibility. Other special characteristics that make organic electronic materials 

truly unique and promising as active material in bioelectronics include (Adopted from 

Berggren and Richter-Dahlfors, 2007):  

1. Functionality can easily be defined at the materials level, giving that chemical 

biosignals can be translated into electronics signatures or signals within the 

material itself. 

2. In the thin-film state organic electronic materials are often transparent, which 

allows optical transmission imaging and use of various microscopy-based 

techniques when analyzing biological specimens interacting with the device. 
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3. Organic electronic materials are soft and can be (self-)assembled and (self-

)organized to mimic biological structures. 

4. Organic electronic materials conduct electrons as well as ions. 

5. Organic electronic materials can be decorated with (bio-)molecular side-

groups to promote cell viability. 

The field of organic bioelectronics is still in its cradle but collectively hold great 

promises for the discovery of novel tools to study biology and its mechanisms. 
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5 AIM 

The aim of this thesis is to study various aspects of Ca2+ signalling induced by bacterial 
toxin or organic bioelectronic devices. More specifically my work includes: 

I. Investigate the molecular mechanisms behind  E. coli Hly induced Ca2+

signalling. 

II. Develop an organic electronic bio-interface that can work as an ion pump 
device. 

III. Use this ion pump device to integrate electronic control to biological cell 
signalling events. 
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6 RESULTS AND DISCUSSION 

6.1 CA2+ SIGNALLING INDUCED BY E.COLI HLY (PAPER I AND II) 

UPEC Hly was among the earliest exotoxins that was characterized as a virulence 

factor (Bhakdi et al., 1986; Felmlee et al., 1985; Hacker et al., 1983; Welch et al.,

1981). Since then new findings have shed light on the effect of Hly, attributing it novel 

signalling roles besides that of cytolysis. Hly was the first pathophysiologically relevant 

protein demonstrated to induce intracellular Ca2+ oscillations (Uhlén et al., 2000). 

Althoughit was shown that Hly induced Ca2+  oscillations induce production of the pro-

inflammatory cytokines IL-6 and IL-8 (Uhlén et al., 2000), few details are known 

regarding  the signalling mechanism. In paper I and II we investigate this signalling 

mechanism, using fura-2 AM based Ca2+ imaging (Figure 8) of a physiological relevant 

model system based on primary preparations of rat renal proximal tubule cells (PTC). 

Figure 8. Intracellular [Ca2+] fluctuation visualized by ratiometric imaging in a single PTC 

upon Hly stimulation. The pseudo-colored cell shows the basal level of intracellular [Ca2+]

as blue, while increases in intracellular Ca2+ are depicted as yellow, red, and black.

Our studies focus on bacteria, recruitment of Hly to the cell membrane, signalling at the 

cell membrane to the identification of components involved in the intracellular 

signalling cascade. As it previously has been shown that mutations within the three 

functional domains of Hly affects cytolysis of erythrocytes exposed to high 

concentrations of the toxin (Ludwig et al., 1988; Vogel et al., 1988; Ludwig et al.,

1987). We analyzed whether these domains also were involved in the induction of Ca2+

signallig. In paper II we used three set of mutants each harboring defined deletions 

within the hydrophobic domain, fatty-acyl groups or the Ca2+ binding domain (Paper II 

Table 1). When analyzing their capacity to promote Ca2+ oscillations in PTC, we found 

that neither one were able to induce Ca2+ oscillations. Next, competition experiments 
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where performed cells Ca2+ was recorded in cells exposed to mutant Hly followed by 

the addition of wild-type (wt) Hly. Hly with mutations within the hydrophobic domain, 

or lacking the fattyl acyl groups,  both prevented subsequent induction of Ca2+

oscillation by wt Hly. As these mutants harbours an intact Ca2+ binding domain these 

results indicated that these mutants are able to interact with the target cell membrane, 

thus preventing wt Hly to exert its effect (Ludwig et al., 1991). The opposite was found 

for Hly containing a deletion within the Ca2+ binding domain which could not block 

subsequent induction of Ca2+ oscillations by wt Hly. This suggests that this mutant Hly 

fails to bind to the cell. This is in accordance with previous discussions that Ca2+

binding domain is important for binding to a putative receptor on the cell membrane 

(Cortajarena et al., 2003; Ludwig et al., 1988) (Figure 10). 

Figure 10.  Schematic model of Hly´s interaction with the cell membrane, where the Ca2+-

binding domain interacts with a membrane receptor (R).

Hly is found associated with the outer membrane of bacteria, in the supernatant of 

bacterial cultures, and in outer membrane vesicles. In all these situations Hly is tightly 

associated with LPS (Balsalobre et al., 2006; Oropeza-Wekerle et al., 1989). To further 

study the mechanisms of Hly interaction with the target cell we investigated the role of 

LPS for Hly induced Ca2+ signalling (paper I). We show that ultra-pure preparations of 

Hly, with extremely low amounts of contaminating LPS failed to induce Ca2+

oscillations. In addition, induction of Ca2+ oscillations by the “normal” LPS-containing 

Hly preparation was abrogated if the toxin was treated with excess amounts of LPS or 

polymyxinB. This shows that the tight interaction between Hly and LPS must be 

maintained for Ca2+ signalling to occur. Since LPS is essential for induction of Ca2+

oscillations it is tempting to analyze the role of the LPS recognition system in this 

context. Using increasing amounts of recombinant CD14 or blocking antibodies 

directed towards the binding sites for CD14 and LBP on LPS we show that these 
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components are essential for recruiting the Hly-LPS complex to the cell membrane 

where Ca2+ signalling is initiated. Interestingly, we found that Hly-LPS mediated Ca2+

signalling occur independently of TLR4. We conclude that CD14/LBP facilitates Hly´s 

recruitment to the cell membrane where interaction with a hitherto unknown receptor 

induces Ca2+ signalling. It is, however, unlikely that CD14 functions as a signalling 

receptor since this GPI-anchored protein lacks an intracellular signalling domain 

(Triantafilou and Triantafilou, 2002).  

It has previously been reported that a receptor is needed for Hly to initiate Ca2+

signalling in PTC (Laestadius et al., 2002). The integral membrane protein glycophorin 

has been suggested as a receptor for Hly in erythrocytes (Cortajarena et al., 2003; 

Cortajarena et al., 2001). We show that glycophorin indeed is expressed on PTC as 

well. Blocking with glycophorin-specific antibodies intervene with Hly´s action, 

thereby blocking induction of Ca2+ oscillations. Also, sequestration of Hly with soluble 

glycophorin had the same effect. As glycophorin is a highly glycosylated membrane 

protein, we chemically depleted glycophorin of its carbohydrate structure and found 

that this treatment prohibited Hly from induction of Ca2+ oscillations, while the 

cytolytic effect of Hly was unaltered. Taken together, these findings support the model 

proposed by Moayeri and Welch, depicting that two distinct conformations of cell-

associated Hly exists when the toxin-binding results in a non-lytic versus lytic event on 

the target cells (Moayeri and Welch, 1997). Collectively we suggest that glycophorin is 

the receptor for Hly on PTC leading to induction of Ca2+ oscillations (Paper II).  Recent 

data explain that the promiscuity of Hly depends on 9 amino-acid shift domains in the 

protein sequence that gives the toxin specificity for different cell types (Herlax and 

Bakas, 2007). This may explain the diverse suggestions previously reported for a 

membrane receptor for Hly (Koschinski et al., 2006; Valeva et al., 2005; Cortajarena et 

al., 2001; Lally et al., 1997).  

Hly induced  Ca2+ oscillations have been shown to affect gene expression (Uhlén et al.,

2000). Consequently we analysed the effect of Hly-induced Ca2+ oscillations on the 

global gene expression pattern in PTC. We found in three separate microarray-based 

experiments that the mRNA encoding ezrin was consistently increased three-fold, as 

compared to control cells exposed to heat-inactivated toxin (no Ca2+ oscillations). This 

observation was confirmed and quantified in ribonuclease protection assays, showing 

that Hly-induced Ca2+ oscillations caused a 2.9-fold increase of ezrin-specific mRNA, 
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as compared to cells exposed to heat-inactivated toxin. Using anti-ezrin antibodies in a 

western blot experiment revealed that the total ezrin concentration was increased 1.4 

and 1.8 times 1h and 3h after onset of the Hly-induced Ca2+ oscillations. Interestingly 

studies in erythrocytes reveal that proteins belonging to the ERM family links the 

glycophorin to the cytoskeleton (Bobacka et al., 2000; Takeuchi et al., 1994a). Ezrin 

anchors trans-membrane proteins to the underlying filamentous actin in the cortex 

(Bretscher et al., 2002).To investigate whether the actin cytoskeleton was important for 

transduction of the Hly-induced signal, the dynamics of the cytoskeleton was destroyed 

with  jasplakinolide (Paper I). Performing Ca2+ imaging on jasplakinolide-treated cells 

revealed that this abrogates Hly-induced Ca2+ oscillations. 

Modulation of the actin cytoskeleton in response to extracellular signals involves the 

regulatory action of the small GTPases RhoA, Rac and Cdc42. This can be exemplified 

by RhoA, which is an important activator of ezrin (Speck et al., 2003; Matsui et al.,

1998). RhoA is also the target of the E. coli toxin CNF-1.To investigate whether any of 

the small GTPases are involved as mediators in Hly-induced Ca2+ signalling, affinity-

precipitation was performed on cells exposed to sub-lytic concentrations of Hly. We 

found that RhoA was up-regulated 2-fold, while no effect was observed on Rac or 

Cdc42. To confirm the molecular involvement of RhoA aa well as ezrin in Hly induced 

signalling, functional assays were performed on cells transfected with EGFP-tagged 

constructs expressing either the dominant negative form of RhoA or of ezrin (Paper I 

and II). In both situations cells transfected with the dominant negative constructs 

became non-responsive to Hly. 

RhoA has been shown to concentrate in lipid rafts (Speck et al., 2003; Matsui et al.,

1998). This membrane domain is a hot-spot for signal-transduction events to occur. 

CD14 is known to direct LPS to lipid rafts for induction of cell signalling, and the same 

is true for several bacterial toxins, e.g cholera toxin and LLO (Gekara et al., 2005; 

Abrami et al., 2003; Triantafilou et al., 2002). We therefore investigated whether Hly-

induced Ca2+ signalling requires intact lipid rafts using cholesterol-depleting agent 

methyl- -cyclodextrin. As this treatment abrogated the response we conclude that the 

signal transduction initiated by Hly occurs in lipid rafts. 

One key effector in transducing extracellular signals into Ca2+ oscillations is IP3.

Previously, we have shown that interaction of this PLC-derived second messenger with 

IP3R in ER is required to obtain Ca2+ oscillations (Uhlén et al., 2000). However, the 
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IP3R inhibitor we used in that study, 2-aminoethyl diphenylborate (2-APB), was later 

shown as somewhat unspecific, as it also inhibits store operated Ca2+ channels 

(SOCCs) and capacitative Ca2+ entry (Iwasaki et al., 2001). Instead, in paper II, we  

used an approach based on transfection of PTC with a EGFP-tagged plasmid 

expressing the IP3 high-affinity binding site from IP3R1. Ratiometric Ca2+

measurements of Hly-treated cells revealed that sequestration of IP3 inhibited Ca2+

oscillations, while an oscillatory response was readily detected in non-transfected cells 

present in the same cell cluster (Figure 11). Thus, two different methods, both points to 

the importance of  IP3 for Hly induced Ca2+ oscillations. 

Figure 11. Sequestration of IP3 prohibits Hly-induced Ca2+ oscillations (solid line) while non-

transfected cells (dotted line) recorded in the same experiment respond with Ca2+ oscillations. 

6.1.1 An integrated picture of signalling pathways activated by Hly 

Although the picture is still incomplete, the data reported in paper I and II show that we 

have identified several key effector molecules involved in Hly-induced Ca2+ signalling. 

We show that all functional domains of the Hly protein are essential for initiation of 

signalling and that the Ca2+ binding domain of the toxin is important for the interaction 

with the receptor glycophorin. To approximate Hly to the receptor, we demonstrate a 

novel TLR4-independent function of the LPS-recognition system as it recruits Hly to 

the cell membrane (Figure 12). This may represent a general mechanism for activation 

of signal-transduction events by other LPS-associated microbial molecules as well. 
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Figure 12. We propose a model in which the Hly-LPS complex is recruited by LBP and CD14 

to the cell membrane where interaction with the receptor glycophorin occur. 

The specialized cell membrane microdomains termed lipid rafts are shown to be 

essential for the initiation of Hly-induced signalling, suggesting that recruitment of Hly 

by CD14, and binding of Hly to the receptor glycophorin is initiated within this 

signalosome. We find that the small GTPase RhoA is concentrated in lipid rafts, where 

it is likely to activate the protein-cytoskeleton linker protein ezrin. Indeed, we find that 

ezrin and RhoA are up-regulated in cells exposed to Hly and both are required to 

convey Hly-induced Ca2+ signalling. The ERM family of proteins have been shown to 

link glycophorin to the cytoskeleton, suggesting a similar function for ezrin in Hly-

glycophorin mediated signalling. This picture is further enhanced by the fact that 

hyper-polymerization of the actin filaments blocks the Hly-induced signalling cascade. 

Activation of ERM proteins requires local elevations of PIP2, a second-messenger that 

is generated by PLC. Previously reported data from our group shows that PLC is 

involved in Hly-induced Ca2+ signalling (Fievet et al., 2004; Uhlén et al., 2000). 

Collectively, these findings efficiently connects these components to those involved in 

intracellular Ca2+ signalling. The cytoskeleton is also a key player in Ca2+ signalling, as 

it has been reported to be involved in CCE and IP3R –induced Ca2+ release from the 

ER, as well as in store operated Ca2+ release (Wang et al., 2002). We further 

demonstrate a central role of the Ca2+ regulating second-messenger IP3 in Hly induced 

Ca2+ oscillations. This suggests that release of Ca2+ from intracellular stores is critical 

to maintain Ca2+ oscillations, in addition to the initial influx of Ca2+ that occur via 
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VOCC´s presumably activated by transient pore-formation generated by the pore-

forming domain of Hly (Uhlén et al., 2000). These new details of the signalling 

mechanism of Hly is especially interesting in the context of the in vivo situation, where 

a recent publication from our group demonstrates i) that Hly is expressed in vivo when 

bacteria reside inside the renal tissue, and that ii) a striking immune-modulatory effect 

of the toxin is demonstrated (Mansson et al., 2007). 

6.2 CA2+ SIGNALLING INDUCED BY AN ORGANIC ELECTRONIC ION 
PUMP (PAPER III AND IV) 

Ca2+ is a key second-messenger in cell signalling. This signal acquires its specificity by 

varying its spatial and temporal properties, locally and globally. Although many stimuli 

are known to induce Ca2+ signals, the spatial and temporal features of induced signals 

have only been assigned to a fraction of them. Furthermore, knowledge of the down-

stream effects the signals have, e.g. on transcription and fertilization, is limited. 

Researchers are currently investing a lot of time and efforts to map these unknown 

areas to further their understanding of the dynamics of Ca2+ signalling. To aid in this 

process, we decided to make an attempt to develop a novel technology, where specific 

Ca2+ signalling patterns could be induced electronically. This would generate a system 

where intracellular Ca2+ oscillations could be induced with defined spatio-temporal 

properties. The ensuing cellular out-put could then be recorded by molecular biology 

tools. 

Paper III and IV describe our development of an electrophoretic ion pump that 

functions as an actuator to pump H+, K+ and Ca2+. This prototypic device is designed as 

a bio-interface to convert an electronic signal to a biological output. The conjugated 

polymer PEDOT:PSS is used as the active material in the device because it has good 

electronic and ionic conductivity, it is a stable, yet flexible material which is easy to 

manufacture. A critical concern when selecting a material is the biocompatible features. 

Many conjugated polymers have been shown to be biocompatible; e.g poly-pyrrole 

(PPy) (George et al., 2005; Wang et al., 2004b) and PEDOT:PSS (Cui and Martin, 

2003; Nyberg et al., 2002). To analyze the biocompatible potential of PEDOT:PSS in 

this application, the adhesion, morphology and viability of cells were studied. The 

neuronal cell line HCN-2 were chosen as these cells are known to be easily excitable, 

and they have retained many properties of primary neurons, such as cell morphology 
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and expression of neuronal markers (Peyrl et al., 2003; Ronnett et al., 1994). In 

biocompatibility experiments, cells cultivated on PEDOT:PSS for 24 and 48 h were 

analyzed. We found that cell adhesion and cell viability on PEDOT:PSS were 

identical to those on silica and polystyrene plastic. These biocompatible features of 

the organic electronic material were found to be generally applicable for a variety of 

different cell types, as epithelial cells (HeLa), endothelial cells (BCE-hTERT+), 

fibroblasts (TGR1), macrophage-like cells (THP-1) and T cells (Jurkat) all showed 

similar results. Morphological analysis of neuronal cells cultured on PEDOT:PSS 

indicates that neurites are developed without the formation of stress fibers, suggesting 

that this polymer exhibits proper biocompatibility for the current application. Another 

conjugated polymer; poly-aniline (PANI) was also tested as a candidate material for 

the ion pump, however, poor cell viability disqualified this material (Peter Kjäll, 

unpublished observation). 

The goal for the ion pump is to utilize electronic addressing signals to control and 

drive an ionic current. Such translation of an electronic signal into ion fluxes allows 

the delivery of ions to cells growing on the polymer without any convection effects 

(Paper III). A schematic picture of the ion pump developed in paper III is shown in 

Figure 13a and 13b. The four 200 nm thin polymer electrodes denoted A-D are biased 

with three voltages (VAB, VBC and VCD). The source electrolyte, AB, is the reservoir 

containing high concentration of the ion to be transported into the receiving 

electrolyte, CD. The CD electrolyte contains either other cation(s) or it can be 

replaced by a electrolyte of choice for the specific application e.g cell culturing media 

such as RPMI-1640. To restrict the conductivity between the AB and CD electrode to 

ions, the electrodes are separated by an over-oxidized PEDOT:PSS barrier unable to 

conduct electrons (Figure 13). The remaining parts of the ion pump are coated with 

the hydrophobic photoresist SU-8 to keep the AB and CD electrolytes separated. 

When applying the VBC potential, the B electrode is oxidized while the C electrode is 

reduced. Consequently, cations in the AB reservoir are transported in the electric field 

through the solid state polymer electrolyte into the target electrolyte CD. When the 

ions reach the edge of the polymer electrolyte, they are released from the solid state 

polymer and spread by diffusion into the CD electrolyte. VAB and VCD are used to 

continuously regenerate electrode B and prevent electrode C from becoming 

completely reduced. 
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Figure 13. A)and B)Schematic view of the ion pump shown as separated layers. The four 
PEDOT:PSS electrodes are labeled A to D. PEDOT:PSS in the over-oxidized region (pink) 
between B and C conducts ions but not electrons. C)Top view with voltages applied, 
dimensions: x =7 mm, y =12 mm, z =4mm or 50 m and w =2 mm. D) Schematic cross-
section of electrodes B and C. M+ and C+ are cations, P=PEDOT. 

The capabilities / characteristics of the ion pump were assessed by i) measuring 

transported charges in relation to applied voltages using atomic absorption 

spectroscopy of the CD electrolyte and ii) by real-time fluorescence microscopy using 

ion-specific fluorescent probes in the CD electrolyte. Both techniques allowed us to 

quantify the increased concentration of transported ions in the CD electrolyte (Paper 

III). A high starting concentration of the cation in AB increases the transport rate of 

that particular ion. The initial cation concentration in CD on the other hand, does not 

influence the transport at all, as the diffusion rate through the polymer is almost 

negligible as compared to electro-migration. This is particularly interesting when the 

initial ion concentrations in AB and CD are equal. Figure 14a shows that it is possible 

to pump ions against a concentration gradient, denoting the device’s true pumping 

properties. The correlation between total charge and the amount of transported ions 

after 10 min of operation is shown in Figure 14b. If no voltages are applied, the 

diffusion/leakage of K+ from the AB electrolyte to the target electrolyte is very small. 

Thus, the on/off ratio of the ion transport exceeds 300. 

J Isaksson, used with permission 
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The relatively low optical absorbance of PEDOT:PSS thin films makes this material 

suitable for microscopy studies. To measure the increase of [K+] in real-time in the 

target electrolyte, the K+ sensitive probe PBFI was added to the CD electrolyte. As 

the ion pump was activated, the altered fluorescence of PBFI was measured at the 

polymer/electrolyte release barrier. Figure 14c shows that the [K+] starts to increase 

after only a few minutes (solid line). This increase is stopped when the voltages are 

turned off, while it subsequently starts to increase 10 min later when voltages again 

are applied (dashed line). This corroborates the previous results, showing that leakage 

of ions in the polymer electrolyte bridge between B and C is close to zero. By 

integrating the BC current, it is possible to count the number of transported ions. 

Interestingly, the tight correlation of charge and transported ions show a transporting 

efficiency close to 100%, a unique number compared to other molecular deliver 

systems. Characterization of Ca2+ transport through the pump was shown using a 

similar approach. 

Figure 14. A) Comparison of [K+] in AB and CD when starting with identical electrolyte 
solutions in both. Off indicates that no voltages were applied and on means VAB =1 V, VBC
=10 V, VCD =1 V.B) Corresponding relationship between transported K+ and total B–C 
charge after 10min. The middle line shows the linear fit and the outer lines represent the 95% 
confidence interval. C) Time-lapse microscopy of ion-pump-mediated K+ transport from AB 
(0.1M KCl) to CD electrolyte (0.1M Ca2+ acetate containing the K+-sensitive probe PBFI) at 
VBC =10 V (solid line). Dotted line: dH2O as AB electrolyte, where increased fluorescence at 
60 min results from manual addition of 50mM KCl directly to the CD electrolyte. Dashed 
line: Activation of the ion pump for 15 min, followed by a switch to the off state causes the 
fluorescence increase to stop. Reactivation of the pump 10 min later causes the [K+] increase 
to continue. 

K+ is an activator of excitable cells such as HCN-2 neuronal cells. High extracellular 

[K+] depolarizes the plasma membrane, and subsequently activates VOOC´s in the 

cell membrane. This allows for a rapid influx of Ca2+ from the extracellular 

environment into the cytoplasm (Bootman et al., 2001; Eckert and Ewald, 1982). 

Neurons cultivated on the C electrode in cell-culturing medium were prepared for 
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single-cell recordings of intracellular [Ca2+] by loading the cells with the Ca2+-

sensitive probe FURA-2 AM. Using fluorescence imaging, the basal intracellular 

level of Ca2+ was initially recorded. Thereafter the ion pump was activated by 

applying constant VBC =10 V (VAB and VCD =off). Approximately 15 min later, an 

increase of the intracellular [Ca2+] was observed indicating that increased [K+] caused 

depolarization of the membrane and subsequent influx of Ca2+ via VOCCs occurred 

(Figure 15a solid line). The 15 min lag time was reduced to 2–4 min when increasing 

the K+ transport rate by application of all three potentials (VBC =10 V, VAB and VCD = 

1 V) (Figure 15a dotted line). The amplitude of the Ca2+ increase resembled the 

response obtained by manually increasing the extracellular [K+] to the physiological 

concentration of 50mM in the CD electrolyte (Figure 15a dashed line).  

To exclude the possibility that the Ca2+ response was induced by the applied 

potentials rather than ion transport, the same experiment was repeated using dH2O as 

AB electrolyte; however, no Ca2+ response was observed (Figure 15a dashed-dotted 

line). To analyze the physiological relevance of Ca2+ influx in response to ion-pump-

transported K+, we used pharmacological substances known to inhibit ion channels in 

the cell membrane. Gd3+, commonly used to block VOCC´s and SOCC´s (Flemming

et al., 2003), abrogated extracellular Ca2+ influx when cells were exposed to 

increased [K+] (Figure 15b solid line) A similar effect was observed using nifedipine, 

an inhibitor of L-type VOCC´s (Miller, 1987) (Figure 15b dotted line). 

Besides temporal control, spatial control of ion fluxes is of utmost importance for 

conveying the signal to cells. The ion pump delivers ions to the target electrolyte at 

the boundary between the polymer /liquid electrolyte, resulting in a high local 

concentration at this interface. This effect is qualitatively visualized using H+

transport from HCl in the AB electrolyte (pH 1) to the CD electrolyte (KCl, pH 5). 

The altered color of a pH-sensitive indicator paper placed on top of electrode C in the 

CD electrolyte indicates delivery of protons (Figure 15c). A continuous increase of 

H+ close to the delivery line occurs, whereas diffusion slowly creates a pH gradient 

along the C electrode. To investigate whether spatial control also can be achieved 

when K+ is used to induce Ca2+ fluxes in cells, Ca2+ imaging of FURA-2 AM-loaded 

cells located at different distances from the delivery line was performed. Cells located 

within a few µm of the barrier responded as expected with increased intracellular 

[Ca2+] (Figure 15d solid line), whereas cells located 1 mm and 2 mm away from the 

barrier were unresponsive (Figure 15d dotted and dashed line).  
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Figure 15. A) Intracellular Ca2+ fluxes in FURA-2-AM-loaded HCN-2 cells in cell-culturing medium on the 
CD electrode resulting from ion pump delivery of K+ from the AB electrolyte. Solid line: Intracellular Ca2+

response when only VBC =10 V is applied. Dotted line: Increased K+ transport rate (VBC =10 V, VAB and VCD =1 
V) causes a pronounced Ca2+ response in cells. Dashed line: Inactive ion pump causes no cellular response (off 
state), whereas increased fluorescence at 30 min results from manual addition of 50mM KCl to CD electrolyte. 
Dashed–dotted line: dH2O as AB electrolyte causes no Ca2+ response in HCN-2 cells. B) Intracellular Ca2+ fluxes 
result from K+-mediated depolarization of the cell membrane. Dashed line: Ca2+ response in FURA-2 AM-loaded 
cells on the CD electrode results from K+ transported from AB to CD electrolyte. Solid line: Experiment in the 
presence of GdCl3 in the CD electrolyte. Dotted line: Experiment in the presence of nifedipine in the CD 
electrolyte. C) Visualization of the pH gradient formed in the CD electrolyte during pumping of protons. Deep red 
color indicates pH~2 and clear yellow pH~5. D) The ion pump provides spatial control of cellular responses. 
Solid line: Time-lapse microscopy of intracellular [Ca2+] in FURA-2-AM-loaded HCN-2 cells located adjacent to 
the 4-mm-wide barrier. Dotted and dashed lines: Cells located 1mm (dotted line) and 2mm (dashed line) from the 
barrier.

As ion transport is currently confined to the width of the channel between electrodes 

B and C (4 mm in the present device), the ion pump device must be further developed 

to obtain spatial control at the cellular level. By fabricating a 50- m-wide 

microchannel, we showed that stimulation at the single cell level could be achieved. 

This represents a first step towards miniaturization of the ion pump. Depending on 

the processing conditions of the conducting polymer, PEDOT and PSS form 

segregated phases ranging from approximately three to tenths of nanometers 
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(Greczynski et al., 2001), a length scale that will define the lower limit for 

miniaturization, as ion migration is expected to occur primarily in the PSS phase. 

In a majority of cellular Ca2+ signalling events, the ion flux shows an oscillating 

character with repetitive increase and decrease of intracellular [Ca2+] occurring at a 

specific frequency. In paper IV we investigate the ion pumps ability to transport and 

deliver ionic species in such an oscillatory pattern using H+ transport and detection. 

By placing a pH-sensitive paper on top of the C electrode in the CD electrolyte and 

by biasing the electrodes in square-wave pulses, we detected oscillation of the H+

concentration and subsequently the pH in the target electrolyte dropped. The 

oscillations showed a periodicity of 5 min and an approximate amplitude of pH 0.5 

(Figure 16). This proof-of-principle demonstrates that the ion pump can be used to 

create artificial ion oscillations, which can be applied to cell or tissue systems. 

Figure 16. Electronically controlled oscillating ion signal. Short pulses creates proton 

oscillations in the CD electrolyte close to the release line with a periodicity of ~300 seconds. 

Collectively, data presented in paper III and IV demonstrates the development of a 

novel technology platform to be used in cell signalling research. The ion pump is 

manufactured by standard printing and photolithography patterning techniques of the 

conjugated polymer PEDOT:PSS. The material is cheap, flexible and bio-compatible, 

giving this organic bio-electronic device many advantages compared to those 

composed of inorganic material. The intrinsic properties of PEDOT:PSS also gives it 

ionic conductive powers, thus makes the device capable of direct electronic delivery 

of charged species to a population of cells or down to single cell level. The feature of 
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non-convection delivery, almost 100% efficiency, high transport rates, unmatched 

ON/OFF ratio, temporal as well as spatial resolution down to 0.1µm is unique by 

today’s standard. Further development and refinement of the technique hold great 

promises for the ion pump device as a potent cell signalling research tool, and many 

new areas of use in biology and medicine can be envisaged. 
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7 CONCLUDING REMARKS AND FUTURE 
DIRECTIONS 

In this thesis we have studied various aspects of Ca2+ signalling. We have shown that 

the UPEC exotoxin Hly is a potent inducer of Ca2+ signalling and that this toxin 

induces novel signalling pathways leading to pro-inflammatory responses. The work 

presented here advances our understanding of the molecular details related to toxin-

induced signalling in vitro, however, it would be interesting to study the relevance this 

have in vivo, as Hly is one of few pathophysiologically relevant proteins known to exert 

this kind of cellular responses. We envisage that Hly has a more complex signalling 

role during the infection process than earlier appreciated. Recent data shows that Hly 

have an immune-modulatory effect during the first hours of renal cortical infections 

(Mansson et al., 2007). It would be highly interesting to use the 2-photon microscopy 

technique to monitor Hly’s effect on Ca2+ signalling in the proximal tubule cells in real-

time in vivo, and to simultaneously observe the effects on the tissue homeostasis. 

Dissection of the site of infection could be used as a source of total RNA for further 

microarray analysis to dissect out important signalling components at the various stages 

of the progression of infection. 

The Ca2+ ion uses frequency modulation to achieve specificity of the signal, but today 

few known inducers of intracellular Ca2+ signalling are spatio-temporally characterized. 

To aid in this research, we developed an organic electronic ion pump as a bio-interface 

to electronically induce Ca2+ signalling in neuronal cells. Our data suggest that there is 

a huge potential for this group of devices as a tool for inducing artificial Ca2+ signalling 

patterns with specified frequencies in biological specimens. 

The ion pump device interacts with cells as a planar bio-interface. However, in vivo

tissues have a 3-dimensional architecture that are neither planar nor static. We aim to 

develop the ion pump structure to a tissue integrated device. To achieve this, one has 

to improve the softness and flexibility as well as the bio-compatibility and bio-

stability of the organic electronic devices. We foresee that many future applications in 

life science and medicine will be based on organic bioelectronic devices. 
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8 MY SCIENTIFIC CONTRIBUTION 

During my thesis work we have studied different aspects of Ca2+ signalling. The 

bacterial toxin Hly, a major virulence factor of UPEC is shown to induce a complex 

signalling cascade in host cells leading to intracellular Ca2+ oscillations. We show a 

novel molecular mechanism for toxin delivery where Hly´s is recruited to the cell 

membrane by TLR4-independent use of the LPS-recognition system to and subsequent 

binding to its receptor glycophorin. This enhances our knowledge of the dynamics of 

infection and the bacteria host-interplay in UTI. 

Our initiation of  inter-disciplinary research led to the development of an ion pump 

device by which we have shown a novel principle, where an electronic signal is though 

ionic conductivity converted to a biological output in cells. This device by its intrinsic 

ion transporting properties as well as great potential of being  miniaturized show huge 

potential as a tool in cell signalling research as well as in other future delivery 

applications where strict control of non-convection transport is needed. I feel privileged 

to be part of  the initiation of the novel field of organic bioelectronics. 

Paper III 
Electronic control of Ca2+ signalling in neuronal cells using an organic electronic ion pump. 
Isaksson J*, Kjäll P*, Nilsson D, Robinson N. D, Berggren M and Richter-Dahlfors A. Nature 
Materials 2007, 673 - 679.  
*contributed equally. 
Was highlighted in the “news and views” in the same issue of Nature Materials 
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