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ABSTRACT 
 
 
 
The firing behaviour of excitable cells is fundamental for the information processing in multicellular 
organisms. Of the many regulators of firing behaviour, voltage gated potassium channels play a major 
role.  
    In this thesis, several aspects of how potassium channels regulate of firing are explored. (i) The role of 
the channel density per se is studied in an in silico model, (ii) the effect of a spontaneously mutated 
potassium channel is studied in hippocampal slices from a mouse, (iii) the effect on the expression of 
potassium channels in general, and consequently on the firing, of this spontaneous mutation is studied in 
Xenopus oocytes, (iv) the molecular mechanisms giving the hERG channel its specific regulatory role in 
cardiac firing are studied in Xenopus oocytes and (v) the mechanisms behind spontaneous current events 
in preoptic neurons, shaping neuronal firing patterns, are studied in mechanically isolated cells.      
    The computational study was based on an analysis of a hippocampal interneuron and showed that 
varying the density of sodium- and potassium channels results in qualitatively different firing patterns and 
threshold dynamics, mathematically associated with different bifurcation types (saddle-node, Hopf and 
double-orbit).  
   The study of the effects of a mutated potassium channel was performed on a megencephalic mouse 
model, having a truncated KV1.1 channel gene (mceph). A patch-clamp analysis of neurons in 
hippocampal slices showed that one effect of the truncation was, in addition to an enlarged neuronal size, 
a slight increase in firing frequency, compatible with a decreased density of potassium channels.  
    The study of the MCEPH expression showed that MCEPH indeed was expressed, although retained in 
the ER. It was also found that MCEPH expression retained other KV1 channels in the ER, reducing their 
density in the plasma membrane.  
    The study of the molecular mechanism underlying the specific features of hERG was performed by 
analysing Shaker channels with hERG-emulating substitutions. hERG is structurally characterized by 
aromatic residues in the internal vestibule. We introduced one of these, tyrosine, in Shaker, and found 
that it induced hERG-like features, suggesting that the tyrosine residue has a role in forming the specific 
hERG kinetics. In addition, the tyrosine substitution induced an inactivation component with inversed 
voltage dependence.  
    The study of the spontaneous neuronal current events was performed by voltage- and current- clamp 
recordings from neurons of the medial preoptic nucleus. They showed that the currents were due to 
calcium-activated potassium channels of the SK3 subtype, triggered by calcium release from intracellular 
stores via ryanodine receptor channels. Current clamp measurements showed that the spontaneous current 
events had a role in shaping the firing patterns of the medial preoptic neurons.  
     In conclusion, this thesis work adds some pieces of new information about how potassium channels 
regulate neuronal firing. It suggests new ways to understand pharmacological effects on firing patterns, 
presents a background for future studies of the trafficking of potassium channels, suggests a novel 
determinant involved in hERG kinetics and indicates a role for SK channels in neuronal firing.  
 
Keywords: Voltage-gated potassium channels, calcium-activated potassium channels, KV1 channels, 
hERG channels, SK channels, ion channels expression, SMOCs, threshold dynamics, action potential, 
Xenopus oocytes, medial preoptic nucleus, voltage clamp, perforated patch clamp, mechanical cell 
dissociation.  
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1 INTRODUCTION 
 
 
 
The firing behaviour of the nerve cell is fundamental for the information processing in 
multicellular organisms, varying from single spikes and associated spikelets to 
repetitive tonic or bursting or irregular patterns. The causes of this variability are many; 
it depends on cellular properties, such as morphology and membrane distribution of ion 
channels, as well as on network properties. Among ion channels, a main regulatory role 
is played by the potassium (K+) channels, e.g. KV (voltage gated) and KCa (calcium 
activated) channels (Hille, 2001; Stocker, 2004; Yu & Catterall, 2004; Sanguinetti & 
Tristani-Firouzi, 2006). 
 
In this thesis I have focused on these channels and their role in regulating firing 
patterns: Thus I have studied, (i) how the density of K+ channels (and of Na+ channels) 
in the plasma membrane determines the firing-threshold dynamics in a cortical cell 
model, (ii) how K+-channel expression in the plasma membrane (and thus the density) 
is regulated in the presence of a truncated KV1.1 channel in hippocampal cells and in 
Xenopus oocytes, (iii) the molecular mechanisms behind the kinetics of the hERG K+ 

channel that make this channel a fundamental regulator of cardiac activity, and finally, 
(iv) the role of Ca2+ K+ channels in shaping the firing pattern of cells belonging to a 
hypothalamic nucleus.        
 
 
Types of firing pattern 

In a study of a multi-fibre preparation from Carcinus maenas (Hodgkin, 1948) 
separated three types of axon based on their firing properties. Type I axons fire 
repetitively in a range between 5-150 Hz, type II axons fire in a range between 75-150 
Hz, and a third group of axons only fire repetitively with difficulty. This classification 
resembles the classification of firing patterns in cortical neurons: separating between 
regular-spiking (RS, type I; Mountcastle and colleagues, 1969; fast-spiking, FS, type II 
Simons, 1978) and intrinsically bursting (Connors & Gutnick, 1990; Bichet et al. 
2000). RS cells adapt rapidly to maintained stimulation, which is not the case for FS 
cells. FS cells can be forced to fire with a very high frequency, >350 Hz (McCormick 
et al., 1985). Morphologically, cells with RS behaviour are mainly pyramidal or spiny 
stellate cells, as are intrinsically bursting cells (Bichet et al. 2000), although their cell 
bodies are more restricted to laminar layers IV or V, compared with RS cells located in 
II to VI (Connors & Gutnick, 1990; Tateno et al., 2004). FS cells, on the other hand, 
are believed to be more related to GABAergic non-pyramidal cells in laminar layer II to 
VI (Connors & Gutnick, 1990; Tateno et al., 2004). As a complement to the all-or-
nothing behaviour, there are observations of cell types that produce graded potentials, 
e.g. hippocampal, cortical neurons, medial preoptic neurons (Johansson & Århem, 
1992b; Johansson et al., 1995; Alle & Geiger, 2006; Juusola et al., 2007). The 
advantage for a cell firing graded action potentials is that it can transmit much more 
information within a single impulse. The disadvantage is that its capability to transmit 
information over long axons is very limited. According to Tateno and Robinson and 
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colleagues (2004) type II cells may be associated with a graded spike amplitude, while 
type I cells behave as classical all-or-nothing axons, including the squid giant axon, 
analysed by Hodgkin and Huxley (Hodgkin & Huxley, 1952; Tateno et al., 2004). 
However, no systematic investigation of the relation between the repetitive firing 
behaviour and the ion channel densities has been performed. One aims of this thesis is 
to perform such an analysis. (Note, however, that Johansson and Århem, 1992a, made a 
computational study of the relation between channel densities and the gradedness 
determined by the density of Na+ channels.)   
 
 
The K+-channel family 

The superfamily of voltage-gated-like ion channel genes is the third largest signal-
transduction group in the human genome. Among the ion channel genes, those 
encoding for K+ channels, including voltage-gated (KV) , calcium-activated (KCa), 
inwardly rectifying, two-pore and cyclic nucleotide-modulated channels, are the most 
numerous (of 143 genes 80 encode for KV-channels and 8 for KCa-channels; Yu and 
Catterall, 2004). The KV and the related KCa channels share the same topology, six 
transmembrane (6-TM) α-helixes assembled in a symmetrical tetramer. The assembly 
of the subunits depends on a tetramerization domain (T1-domain) between the N-
terminus and the S1 domain (Li et al., 1992; Shen et al., 1993; Shen & Pfaffinger, 
1995). A functional heteromeric channel-complex consists of four α-subunits together 
with up to four β-subunits (Isacoff et al., 1990; Ruppersberg et al., 1990; Xu et al., 
1998). Homomeric complexes, such as those formed by KV1.1 or KV1.2, are of delayed 
rectifier type, while other complexes, for instance formed by KV1.3, inactivate rapidly, 
i.e. they are of A-type (Fig. 1 B and C). Different splice variants of the Shaker channel 
behave either as delayed rectifiers or as A-channels (Tempel et al., 1987; Kamb et al., 
1988; Pongs et al., 1988).   
 
 
1.1 HOW DO CHANNEL DENSITIES REGULATE FIRING PATTERNS? 

The brain is plastic, capable of learning. It also needs to retain various homeostatic 
stability mechanisms, adjusting the firing in cells and networks to their inherent 
frequencies when perturbed. How is this achieved? One important regulator is the cell 
morphology (Fohlmeister & Miller, 1997). However, this factor has an inbuilt structural 
rigidity and can hardly adapt to new large-scale morphological constructions in a short 
time. For this the brain must use other strategies. The neuron organised in dynamic 
networks must be able to cope with an altered environment, e.g. due to 
pharmacological substances or to memory mechanisms and pathological conditions 
(Marder et al., 1996; Desai et al., 1999; Chen et al., 2001). One way to do this is to 
regulate the intrinsic excitability or the synaptic strength by increasing or decreasing 
the turnover of ion channels and receptors.  
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Figure 1. A. Cladogram of the human voltage-gated-channel-like superfamily 
From Frank H. Yu and William A. Catterall (5 October 2004) Sci. STKE 2004 
(253), re15. [DOI: 10.1126/stke.2532004re15]. Reprinted with permission from 
AAAS. B. Current family of an A-type channel (KV1.3). C. Current family of a 
delayed rectifier channel (non-inactivating Shaker-mutant). 

 
 
Different combinations of ion channels cause different firing patterns. However, there 
is no 1:1 matching. Different combinations have in computer experiments been shown 
to be able to cause identical patterns (Golowasch et al., 2002). This has also been 
shown in experimental observations of Purkinje neurons; neurons with identical firing 
behaviours have different combinations of CaV- and NaV-channel densities (Swensen & 
Bean, 2005).  
 
The capacity of neurons to maintain a firing pattern in spite of altered conditions have 
recently been shown in several studies. Cultured cortical neurons from rat increase Na+ 

currents and decreased K+ currents as a compensatory response to TTX incubation 
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(Desai et al., 1999). Similar changes of the firing behaviour due to the effect of TTX 
have been observed in cultured stomatogastric ganglion neurons (Turrigiano et al., 
1995). Compensatory mechanisms have also been demonstrated in cerebellar Purkinje 
cells. When comparing wild type Purkinje cells with corresponding cells of NaV -/- 
knock-out mice it was found that the NaV currents in the wildtype cells are in the 
knockout mouse cells replaced by currents of up-regulated T-type and P-type CaV 
channels (Swensen & Bean, 2005).  
 
In conclusion, these findings open up for a much more dynamic and complex view on 
neuronal function than previously assumed, a view that has to be considered when 
constructing a neuronal network. The homeostatic mechanisms of ion channel 
expression use several factors e.g. transcription and translation regulations, see Rosati 
and McKinnon (2004). Also, the intracellular level of calcium has been suggested to 
have a key role in the process. The [Ca2+]i reflects the overall firing rate and has been 
shown to affect the regulation of ion channel expression (Franklin et al., 1992). In 
Paper I, the effect of ion channel expression levels in the plasma membrane on the 
firing patterns is investigated.   
 
 
1.2 HOW IS THE K+ CHANNEL EXPRESSION REGULATED?  
 
Trafficking of potassium channels 

Voltage-gated K+ channels assemble in the ER, where two monomers first form a 
dimer and then two dimers form the tetrameric channel (MacKinnon, 1991; Nagaya & 
Papazian, 1997; Tu & Deutsch, 1999). Heteromultimerisation gives rise to a rich 
variety of channel types (Isacoff et al., 1990; Ruppersberg et al., 1990; Li et al., 1992; 
Shen & Pfaffinger, 1995). Co-assembly with KVβ subunits further increases the 
diversity (Rhodes et al., 1997). In the CNS the SK-channels mostly assemble as 
homomultimers (Sailer et al., 2002). As described in a previous section, the T1-domain 
initiates the tetramerization. However, also the first segment of the subtype has been 
suggested to play an important role in the assembly process (Shen et al., 1993; Babila 
et al., 1994). The channel protein is further N-glycosylated or core glycosylated in the 
ER, where a high mannose carbohydrate-group is attached to a consensus aspargine 
residue. The chaperone calnexin has been suggested to be involved in the glycosylation 
of the Shaker channel, but not in the folding or the assembly, which is the case for other 
KV1-channels (Nagaya et al., 1999; Manganas & Trimmer, 2004). The glycosylation 
affects the gating properties of KV1.1, but not its surface expression, which is the case 
for KV1.4 (Watanabe et al., 2003; Watanabe et al., 2004). After “maturation” of the 
channel protein in the ER it is exported by vesicles to the Golgi apparatus for additional 
modification of the glycosylation, i.e. complex glycosylation. The membrane 
expression of KV1-channels depends on different export or retention motifs. One such 
ER export signal has been identified in the C-terminus of KV1.4, VXXS (Li et al., 
2000). KV1.1 channels that lack such a motive is mostly retained in the ER (Manganas 
& Trimmer, 2000). In addition, the pore region seems to have a role as a retention 
signal of KV1.1 and KV1.4 (Manganas et al., 2001b; Zhu et al., 2001; Zhu et al., 2005). 
Of the KV-1 family, KV1.1, KV1.2, and KV1.4 are the most abundant in the brain. Kv1.1 
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subunits co-assemble together with KV1.2 or KV1.4 depending of their expression in 
different brain regions (Sheng et al., 1992; McNamara et al., 1993; Wang et al., 1994; 
Rhodes et al., 1995; McNamara et al., 1996). There are also reports of KV1.1 that co-
assemble with KV1.3 (Veh et al., 1995; Rhodes et al., 1997). In Paper II and III the 
effect of a truncated KV1.1 gene on the expression of the channel protein and how it 
modifies the expression of other KV channels is investigated.  
 
 
Quality control and degradation of proteins 

A general protein control is taking place in the ER, involving several chaperones, such 
as calnexin, calrereticulin and BiP, see Ellgaard and Helenius (2003). When the protein 
folding deviates from its normal pattern, different chaperones binds in, and the protein 
is retro-translocated from the ER into the cytosol, where ubiquitin binds in, leading to 
the degradation of the protein by proteosomes (Helenius et al., 1997; Hellman et al., 
1999). This degradation process is called ER-associated degradation “ERAD”, see Tsai  
and colleagues (2002). A second degradation path is activated by ER stress. This is a 
response to an accumulation of incorrectly folded proteins, called unfolded protein 
response (UPR), involving both a suppression of protein translations and a 
transcriptional up-regulation of chaperone genes (Harding et al., 2002). It has been 
suggested to be involved in a decreased expression of a truncated CaV2.1 in Xenopus 
oocytes (the truncated channel mimicking an episodic ataxia type 2 mutation; Ophoff 
and colleagues, 1996 and Page and colleagues, 2004). The mechanism involves an 
activation of the PKR-like ER kinase (PERK) (Harding et al., 1999). During normal 
cell activity PERK is inactive due to binding of BiP chaperones, although during 
accumulation of incorrectly folded proteins, BiP also binds to hydrophobic patches of 
proteins. PERK will become active due to the dissociation of the PERK-BiP complex, 
meaning that it will be able to phosphorylate the initiation factor eIF2α (Bertolotti et 
al., 2000). This will suppress the translation of the protein. A truncation found in KV1.1 
(R417stop) (mimicking an episodic ataxia type 1 mutation) resulted in suppressed 
KV1.1 currents due to retention of the channel in the ER and degradation by the quality 
control (Manganas et al., 2001a; Rea et al., 2002). Truncated KV1.1 channels often 
seems to be dominantly negative, and suppress other channels in the same family by 
trapping the heteromultimeric complexes in the ER (Babila et al., 1994; Folco et al., 
1997; Manganas et al., 2001a).      
 
 
1.3 WHAT MOLECULAR MECHANISMS UNDERLIE THE HERG 

CHANNEL REGULATION OF CARDIAC FIRING?  

The slow delayed rectifier channel hERG (Human ether-a-go-go; KV11.1; Schönherr 
and Heinemann, 1996 and Smith and colleagues, 1996) is an important regulator of 
cardiac firing behaviour, e.g. of shaping the plateau phase and repolarisation of the 
action potential in the atrial and ventricular myocytes (Bauer & Schwarz, 2001). 
Spontaneous mutations in the hERG channel can lead to a prolonged cardiac action 
potential (Fig. 2), i.e. a characteristic of the long QT syndrome (LQT-2), with an 
increased risk of ventricular fibrillation and of “torsade de pointes”, a critical, 
sometimes fatal, condition. It can be inherited or caused by pharmacological substances 
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(Curran et al., 1995; Sanguinetti & Mitcheson, 2005). An additional spontaneous 
mutation found in the hERG channel, removes the inactivation, leading to the short QT 
syndrome (caused by a shorter duration of the cardiac action potential), see Sanguinetti 
and Tristani-Firouzi (2006).  
 
 

Figure 2. Cardiac action potential simulation (NEURON, accession: 3800), based 
on measurements from an atrial cell (Courtemanche et al., 1998). Continuous line 
shows the shape when hERG is included in the model and dotted line when hERG 
is excluded, illustrating a characteristic of the LQT syndrome. 

 
 
The kinetics of hERG is characterised by a fast inactivation and a slow activation. The 
recovery from inactivation is faster than the deactivation, see Sanguinetti and Tristani-
Firouzi (2006). The slow activation has been coupled to a slow movement of the 
voltage sensor (Smith & Yellen, 2002). A deletion of the N-terminal does not cause any 
major effects of the inactivation rate (Smith et al., 1996). In Shaker, a T449V 
substitution abolishes C-type inactivation, while a S631V substitution in hERG 
(homologous to T449V in Shaker) removes the fast inactivation (Fan et al., 1999). This 
and other findings have led to the conclusion that the fast inactivation in hERG is a C-
type inactivation. Another characteristic of hERG compared with other KV-channels is 
its unusual effective binding of drugs. Residues Y652 and F656 on the S6 helix have 
been shown to interact with a broad range of medical substances, such as cisapride, 
terfenadine, and MK-499, by a cation-π interaction (Sanguinetti & Mitcheson, 2005). 
Y652 and F656 separately mutated to alanine affected the inactivation properties 
(Mitcheson et al., 2000).  
 
In Paper IV the role the internal vestibule tyrosine plays for the characteristic kinetic 
features of hERG (and thus for its regulatory role in cardiac functioning) is investigated 
by introducing a corresponding tyrosine in the Shaker K+ channel. One unexpected 
result was a modified inactivation pattern. As a background I will below briefly discuss 
the inactivation processes in KV channels.  
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Inactivation of KV-channels 

The inactivation of KV-channels can be divided into fast and slow processes (Hoshi et 
al., 1990, 1991). The fast inactivation is structurally related to the N-terminus, and was 
early named “N-type inactivation”, while the slow inactivation originally was 
suggested to be related to the C-terminus, and was consequently named “C-type 
inactivation” (Hoshi et al., 1990, 1991).  
 
The N-type inactivation is due to a “ball-and-chain” mechanism, the plugging of the 
internal mouth of the channel with its N-terminus (Hoshi et al., 1990; Zagotta et al., 
1990; Hoshi et al., 1991). This has been shown experimentally by e.g. the deletion or 
enzymatic removal of parts of the N-terminus, and the consequent abolishment of the 
fast inactivation (Zagotta et al., 1990).  
 
The slow C-type component (Timpe et al., 1988; Iverson & Rudy, 1990) is easily 
observable when the N-type inactivation is removed (Hoshi et al., 1990; Zagotta et al., 
1990). Experiments with the K+-channel blocker TEA, and with an increased K+ 
concentration suggest that the C-type inactivation is due to a conformational change 
close to the external pore (Choi et al., 1991). Both external TEA and increased 
extracellular K+ concentration reduce the inactivation rate (Hoshi et al., 1990; Lopez-
Barneo et al., 1993). Furthermore, E418C and G452C in Shaker (S5 and P-region, 
respectively) stabilise the C-type inactivation, supporting the view that a 
conformational change in the outer pore region is involved (Larsson & Elinder, 2000).  
 
Fluorescence measurements (Loots & Isacoff, 1998) show that the slow inactivation 
process involves two steps, an initial conformational change close to the selectivity 
filter (P-type inactivation), and a subsequent slower conformational change that 
stabilises the structural inactivation change (C-type inactivation). It is difficult to 
separate the two processes, hence the term P/C-type inactivation is often used. The 
results can be explained by the hypothesis that the C-type inactivation is due to a 
collapse of the selectivity filter (Rasmusson et al., 1998). 
 
Certain KV channels, such as KV2.1, KV1.5 and Shaker, have an additional slow 
inactivation component that differs from the regular C-type inactivation (Klemic et al., 
1998; Klemic et al., 2001; Kurata et al., 2002). This inactivation has a U-shaped 
voltage-dependence, showing the strongest inactivation at intermediate voltage steps. 
The molecular mechanism of the U-type inactivation is unknown, although an 
involvement of the T1-domain has been implicated (Kurata et al., 2002).  
   
A tyrosine introduced in the internal vestibule of Shaker induces slow inactivation 
components with features both similar to and deviating from those described above. In 
Paper IV we analyse the molecular mechanisms behind them.  
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1.4 WHAT ROLE DO CA2+-ACTIVATED K+ CHANNELS HAVE IN 
HYPOTHALAMIC NEURONAL FIRING? 

 
The medial preoptic nucleus (MPN) is the largest nucleus of the preoptic area in the 
hypothalamus. It regulates a number of functions with oscillatory components, most 
likely induced by cells firing repetitively in various patterns; slow-wave sleep (Sterman 
& Shouse, 1985), homeothermy (Boulant, 1994) and sexual behaviour (Larsson, 1979). 
The MPN receives inputs, mostly via the periventricular route, from several brain areas, 
such as the forebrain, brainstem, the limbic area (Simerly & Swanson, 1986), and 
projects to the periventricular gray area, the ventromedial nucleus, the internal lamina 
of the median eminence, and other parts of the hypothalamic area (Swanson, 1976). 
Hormonal input also plays a role; estrogens and androgens affect preoptic neuronal 
firing (Pfaff & Pfaffmann, 1969; Bueno & Pfaff, 1976). 
 
In Paper V, we study the firing of MPN neurons. A specific component, potentially 
involved in shaping the firing patterns, is the spontaneous hyperpolarizations, induced 
by K+ currents, similar to the spontaneous outward currents (SMOCs) reported from 
other cells. Since we could show that KCa

 channels caused the hyperpolarizations, and 
since they have been suggested to cause SMOCs in other preparations, I will briefly 
discuss these channels and their triggering by intracellular Ca2+ below.  
 
 
Spontaneous miniature outward currents (SMOCs) 

Spontaneous miniature outward currents (SMOCs) or spontaneous miniature 
hyperpolarisation have been found in numerous cell types, although they are mostly 
observed in peripheral nervous systems, e.g. in dorsal root ganglia, bullfrog 
sympathetic ganglia, and mudpuppy parasympathetic cardiac neurons (Mathers & 
Barker, 1984; Satin & Adams, 1987; Merriam et al., 1999). Nevertheless, there are 
some reports of SMOCs in the mammalian central nervous system, in Meynert neurons 
and in midbrain dopaminergic neurons (Arima et al., 2001; Cui et al., 2004). They are 
due to an elevated intracellular calcium concentration, caused by outflow from the 
endoplasmic reticulum (ER) via ryanodine receptors (RyR) that trigger/activate KCa 
channels (SK and/or BK). The events are often described as a stochastic process (Satin 
& Adams, 1987; Mitra & Slaughter, 2002), in CNS having a frequency between 0.2 
and 2.3 Hz (Arima et al., 2001; Cui et al., 2004). Calcium influx via CaV-channels has 
a modulating effect on SMOCs (Arima et al., 2001; Cui et al., 2004). The physiological 
function of SMOCs in neurons is poorly understood. There are suggestions that 
SMOCs affect the threshold of action potential generation in mudpuppy cardiac 
neurons and that they modulate the regularity of the firing pattern in rat dopaminergic 
neurons (Parsons et al., 2002; Cui et al., 2004).      
 
 
Calcium-activated potassium channels 

KCa channels play important roles in excitable cells, e.g. setting the tonic firing rate and 
regulating burst firing (Wolfart et al., 2001; Cingolani et al., 2002; Hallworth et al., 
2003). The KCa family consists of six  members, BK (KCa1.1) and SK1-3 (KCa2.1-2.3) 
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being the best studied (Wei et al., 2005). BK channels have a much larger single-
channel conductance than SK channels (Sah & Faber, 2002). BK channels are voltage-
dependent, while SK channels are voltage independent, having only two positively 
charged amino residues in S4 (Köhler et al., 1996). Furthermore, BK channels do not 
depend on calmodulin to bind Ca2+ as is the case for SK channels.  
 
BK channels are suggested to be involved in the initial phase of the 
afterhyperpolarization, AHP (Storm, 1989; Vogalis et al., 2003), while the precise 
involvement of SK channels in the AHP is debated. The sensitivity of the medium 
phase of the AHP to the selective SK-channel blocker apamin suggests that this phase 
of the AHP is regulated by SK channels (Pennefather et al., 1985). The slow phase is 
not correspondingly affected (Köhler et al., 1996; Ishii et al., 1997). The involvement 
of BK and SK channels in the AHP means that these channel types do affect the firing 
patterns (Hotson & Prince, 1980; Madison & Nicoll, 1984; Lancaster & Adams, 1986). 
Blocking SK channels may alter regular firing into burst firing (Cingolani et al., 2002).  
 
SK channels are functionally coupled to CaV channels in several neuron types (Stocker, 
2004). In CA1 neurons, SK channels are coupled to L-type Cav channels, located at a 
distance of 50 to 150 nm from each other, while BK channels are coupled to N-type 
channels and located less than 30 nm from each other (Marrion & Tavalin, 1998). In 
bullfrog sympathetic neurons, a single action potential may activate N-type CaV 
channels, leading to calcium-induced-calcium-release (CICR) via RyRs. The 
consequent increased calcium level activates both SK and BK channels, but with a 
different coupling strength, BK channels being more closely coupled to the calcium 
sources than the SK-channels (Akita & Kuba, 2000).  
 
 
Calcium sources 

Within the cytoplasm of neurons, organelles such as the ER and mitochondria 
participate extensively to control the intracellular calcium environment. The fast 
calcium buffering by smooth ER is due to SERCA-pumps (sarco/endoplasmic 
reticulum Ca2+-ATPase), normally keeping the intracellular calcium concentration 
below harmful levels (<10-5 M). RyRs and IP3 receptors are the two main releasers of 
calcium from the ER. IP3 receptors are activated by inositol 1,4,5-trisphosphate, a 
metabolic product of phospholipase C (Pattni & Banting, 2004). Both types of 
receptors show a strong correlation between open probability and [Ca2+]i 
(Bezprozvanny et al., 1991). RyRs is sensitive to the plant alkaloid ryanodine, with a 
complex dose-response relation. Very low concentrations (~10 nM) of ryanodine 
stimulate the receptor, low concentrations (~1 µM) stabilise the channel in an open sub-
conductive state, while high concentrations (>10 µM) block the channel (Bardo et al., 
2006). In addition, methylxanthines, such as caffeine, enhance the calcium sensitivity 
of RyRs (IP3-receptors are to some extent inhibited by caffeine) and can cause calcium-
induced calcium release (CICR), spreading through the whole cell (Fill & Copello, 
2002). Both IP3 receptors and RyRs are found within the brain. The RyR family 
consists of three isoforms, RyR1 being mainly associated with skeletal muscle tissue, 
RyR2 with cardiac muscle tissue, and RyR3 with the brain, although all isoforms are 
found within the brain (Mori et al., 2000). 
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2 AIMS 
 
 
 

As stated above, the main aim of the present thesis is to explore some aspects of 
the role of K+ channels in regulating the firing of nerve cells. More specifically 
the aims are 
 
 

• to investigate how the threshold dynamics depend on the density of Na+ 
and K+ channels in a computational model 
 
 

• to investigate how the firing behaviour in hippocampus neurons is  
affected by the spontaneous truncation of a KV1.1 channel gene (mceph) 

 
 

• to investigate how the expression of KV channels in Xenopus oocytes is 
affected by coexpression with the mceph gene 

 
 

• to investigate what role the aromatic residues in the internal vestibule 
play for the hERG kinetics by performing hERG-emulating substitution 
experiments with Shaker, expressed in Xenopus oocytes 
 
 

• to investigate the underlying ion-channel mechanisms of the 
spontaneous hyperpolarizations in patch-clamped isolated hypothalamic 
neurons  
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3 METHODS 
 
 
 
The local ethics committees for animal research in Sweden (Stockholm and Umeå) 
have given their ethical approval of the experimental procedures described for the 
laboratory animals.    
 
 
3.1 MATHEMATICAL TECHNIQUES  

 
The neuron model (Paper I) 

The neuron model used in Paper I is based on the experimental and computational 
analysis of a hippocampal neuron (Johansson & Århem, 1992a, c). The mathematical 
description developed in that analysis closely followed that of Frankenhaeuser and 
Huxley (1964). This mathematical description differs slightly from that of Hodgkin and 
Huxley (1952) in using the permeability concept instead of conductance (see below), 
and using other expressions for the voltage and time dependence of the open 
probability; being described by m2 and n2 instead of m3 and n4.  
 
The permeability concept used is derived from the constant-field equation (Goldman, 
1943; Hodgkin & Katz, 1949). Thus for the sodium permeability PNa we get:  
 

PNa = INa (1 – exp(VF/R T))/((VF2/R T) ([Na+]o – [Na+]i  exp(V F/R T))  
 
where INa is the sodium current, V membrane voltage, R the gas constant, T the 
temperature, and F the Faraday constant. [Na+]o and [Na+]i are the sodium 
concentrations on extracellular and intracellular sides, respectively. The conductance 
concept will be defined below. The full set of equations used for the neuron model 
equations used is given in the Appendix.  
 
 
The stability analysis (Paper I) 

The stability of the system was estimated by investigating the behaviour of the system 
in the surroundings of the stationary points, the points where dv/dt = dm/dt = dh/dt = 
dn/dt = 0 (see Appendix in Paper I). The equations were linearized and the eigenvalues 
of the system were calculated by means of a matrix method. Two of the eigenvalues 
were found always to be real and negative, and consequently the two remaining ones 
gave the crucial information on the stability. Negative real parts characterize stable 
points, while positive real parts characterize unstable points. Other combinations of real 
and imaginary part values characterize different types of bifurcations (see Table 5 in 
Paper I).  
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Standard calculations (Papers III – V) 
The equilibrium potential (EK) for potassium was calculated from the Nernst 
equation: 
 

EK = R T/F ln ([K+]o / [K+]i) 
 
The K+

 conductance (GK) at the peak of the peak current (Ipeak) was calculated from: 
 

GK = Ipeak / (V − EK) 
 
where V is the membrane potential and EK the equilibrium potential for K+. 
 
The conductance normalised to the maximal conductance under control conditions 
(GmaxCTRL), was fitted to the Boltzmann equation: 
 
 G/GmaxCTRL = 1 / [1 + exp((V − V½) / s)] 
 
where V½ is the potential at 50% of the maximal conductance, i.e. midpoint potential, 
and s denote the slope. 
 
The IC50 values for toxins were estimated by fitting the fraction of current remaining 
(unblocked channels; Idrug /Ipeak) in the presence the toxin at a concentration of C to 
the equation: 
 

Idrug /Ipeak = IC50  / (IC50 + C)  
 
The coefficient of variation (CV) for inter-event intervals was calculated from: 
 

CV = S.D. / µ  
 
where mean (µ) and standard deviation (S.D.) of the inter-event intervals were 
estimated by fitting a Gaussian curve (see equation below) to the inter-event interval 
distribution. 
 
 y = y0 + A / (w [π/2]0.5) exp(-2 [{x −  xc} / w]2) 
 
where y0 is the offset, xc is the center, w is the width, and A is the area. 
  
 
The mutated-K+-channel model (Paper IV) 

The K+-channel model in Paper IV is described by a standard kinetic scheme, with 
voltage-dependent and -independent rate constants. The voltage-dependent rate 
constants were assumed to be   
 
 kf = keq exp((V − Veq) zf  F / (R T)) 
 
 kb = keq exp(−(V − Veq) zb F / (R T)) 
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where z is the valence for the transition and F, R, and T have their normal 
thermodynamic meanings. The numerical values used are listed in Table 1.     
 
 
Table 1. Rate constants and parameters used in the model calculations 

kf, kb α, β γ, δ κ, λ Μ, ν ε, φ σ, τ 

kf, kb (ms-1) - - 0.1, 1.0 - - 0.003, 0.002 

keq (ms-1) 0.5 0.005 - 0.01 0.05 - 

zf 0.5 1.5 - 1.5 0.25 - 

zb 1.0 1.5 - 1.5 0.25 - 

Veq  -55 -80 - -10 60 - 
 

 
Computational technique (Papers I, II, IV) 

The numerical simulations of the Frankenhaeuser-Huxley model (Paper I) and the 
mutated K+ channel kinetics were performed with in-house software, written in Basic. 
The differential equations were solved numerically by an Euler or a Runge-Kutta 
integration method. 
 
 
3.2 ELECTROPHYSIOLOGY  

The electrophysiological measurements were based on the classical voltage-clamp 
technique, developed by Cole (1949), Hodgkin and colleagues (1949), and Marmont, 
(1949). The central principle of the technique in all its variants is to control the 
membrane voltage by a feedback amplifier system.  
 
 
Xenopus oocytes (papers III & IV) 

Oocytes from the the South African clawed toad, Xenopus leavis (Fig. 3) have been 
used for expressing proteins, receptors, and ion channels for a rather long time now 
(Gurdon et al., 1971; Gundersen et al., 1983; Miledi et al., 1983). It is a robust 
expression system that easily expresses the wanted ion channel and has a low level of 
endogenous ion channels (mainly Ca2+ activated chloride channels) that potentially 
could interfere with the experimental results (Wagner et al., 2000).  
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Figure 3. An anaesthetised female Xenopus leavis ready for an operation to 
remove oocytes.  

 
 
The toads are easily kept in captivity and the large matured oocytes at stage V or IV 
that we select (1.4 ± 0.05 mm in diameter, 30 oocytes/toad, n = 3; data not published), 
are easily handled. Before surgical removal of the oocytes, the animal was 
anaesthetised by 3-aminobenzoic acid ethyl ester solution (tricaine; Sigma-Aldrich, 
Stockholm, SWE) and put on a layer of ice. Through an abdominal incision of around 
10 to 15 mm the oocytes were removed and put into an OR-2 solution (82.5 mM NaCl, 
2.0 mM KCl, 1.0 mM MgCl, 5.0 mM HEPES, pH was adjusted to 7.5 with 10 mM 
NaOH). The wound was sealed with a suture (ETHICON INC. / Johnson & Johnson 
company, Piscataway, NJ, USA) and the animal was put into a water bath with its nose 
above the surface until its reflexes were fully regained. The oocytes were then 
enzymatically defolliculated by treating them with a liberease solution (2.5 mg liberase 
in ~10 ml OR-2) for approximately two hours. Thereafter they were  incubated in an 
modified Barth’s solution (MBS: 88 mM NaCl, 1.0 mM KCl, 2.4 mM NaHCO3, 15 
mM HEPES, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, pH was adjusted 
to 7.6 with NaOH), containing 10 µg/ml pyruvate and 10 µg/ml penicillin-
streptomycin, for 24 hours at 12°C before the cRNA injection. The oocytes were 
injected with 50 nl/cell using a Nanoject injector (Drummond Scientific, Broomall, PA, 
USA) and then further incubated at either room temperature, 20-21°C (Paper III) or at 
12°C (Paper IV) before the actual electrophysiological experiments were performed.  
 
To measure the macro currents in the oocyte, resulting from the exogenous channels, a 
two-electrode voltage clamp system was used (Stühmer & Parekh, 1995). The two 
microelectrodes were made from borosilicate glass capillaries, GC150-10 (Harvard 
apparatus, Ltd; Scanbur BK AB, Sollentuna, SWE) with a vertical mechanical puller 
(Narishige P-30, Tokyo, Japan) and filled with 3 M KCl, resulting in a resistance 
between 0.5 to 1.0 MΩ. A standard extracellular standard solution was used (88 mM 
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NaCl, 1.0 mM KCl, 0.8 mM MgCl2, 0.4 mM CaCl2, 15 mM HEPES, pH was adjusted 
to 7.4 with NaOH). All electrophysiological measurements were performed in room 
temperature (20-22°C). A Dagan CA-1 amplifier (Dagan Corporation, Minneapolis, 
MN, USA) was used together with an interface for A/D and D/A conversion (Digidata 
1200; ) and pClamp software version 5 and 6 (Axon Instrument Inc., Foster City, CA, 
USA). Clampfit  version 8 and 9 (Axon Instrument Inc., Foster City, CA, USA ) and 
Origin version 6.0 (Microcal Software Inc. Northampton, MA, USA) were used for 
data analysis.  
 
 
Dissociated medial preoptic neurons (paper V) 
Male Sprague-Dawley rats of weight 50 - 150 g, corresponding to an age of 20 - 35 
days, were used. They were decapitated without using any anaesthetics and the brain 
was removed within one minute, and put into an ice-cold, pre-oxygenated incubation 
solution (150 mM NaCl, 5.0 mM KCl, 2.0 mM CaCl2, 10 mM HEPES, 10 mM 
glucose, 4.9 mM Tris-base). The brain was cut into a square block containing the 
medial preoptic area and sliced in 300 µm thick coronal slices by using a vibro-slicer 
(752 M, Campden Instruments, UK). The slicing procedure was performed in ice-cold, 
pre-oxygenated incubation solution and the preoptic area, including the medial preoptic 
nucleus, was identified, using an atlas (Swanson, 1999). The brain slices were 
subsequently placed in an oxygenated incubator chamber, for at least one hour in room 
temperature (18 - 23°C). After the incubation, neurons from the slice were acutely 
dissociated by using a vibrating glass rod according to a method developed by 
Vorobjev (1991), Johansson and colleagues (1995), and Karlsson and colleagues 
(1997). The remaining dissociated cells were allowed to sink and attach to the bottom 
of the dish. 
  
Boroscilicate glass capillaries (GC150-10, Clark Electromedical Instruments, USA) 
were used in a Flaming/Brown P-97 puller (Sutter Instrument, Novoto, CO, USA). The 
tips of the pipettes were filled with intracellular solution (140 mM K-gluconate, 3.0 
mM NaCl, 1.2 mM MgCl2, 1.0 mM EGTA, 10 mM HEPES, pH adjusted to 7.2 with 1-
2 M KOH). Pipettes were subsequently back-filled to about 2/3 of their length with 
intracellular solution containing 7.8 mM amphotericin B. Amphotericin B perforates 
the membrane at the pipette tip, allowing passage of small monovalent ions, but 
preventing important intracellular substances from leaving the cell. The pipette 
resistance, when immersed in extracellular solution was 1.8 - 3.5 MΩ. The standard 
extracellular solution contained: 137 mM NaCl, 5.0 mM  KCl, 1.0 mM CaCl2, 10 mM 
HEPES, 10 mM glucose, 3.0 µM glycine, pH was adjusted to 7.4 with 1-2 M NaOH. 
The Na+ concentration was decreased when the K+ concentration was increased, to 
keep isoosmolarity. Recordings of neuronal whole-cell currents were performed in the 
perforated-patch configuration (Rae et al., 1991) (Fig. 4). All potential values given 
have been compensated for the liquid-junction potential of -14 mV (Neher, 1992).  
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Figure 4. An illustration of the perforated patch-clamp technique. The pores in 
the patched area are formed by amphotericine B, which were added to the 
solution used in the glass pipette. 

 
 
An Axopatch 200A amplifier, an interface, A/D and D/A-converter Digidata 1200 and 
the pCLAMP software versions 7.0; electronic equipment as well as software were 
produced and designed by Axon Instrument Inc., Foster City, CA, USA. For the 
analysis, the Clampfit version 9 (Axon Instrument Inc., Foster City, CA, USA) and 
Origin version 6 (Microcal Software Inc. Northampton, MA, USA) were used.  
 
 
Hippocampal slices (paper II) 

BALB/cByJ- +/+ (wild type) mice and spontaneously mutated BALB/cByJ-
mceph/mceph mice at the age of four to six weeks were decapitated and sliced by 
almost the same procedure as used for the Sprague-Dawley rats as described above. A 
difference was that the brain was cut in 200 µm thick sagittal slices that contained 
hippocampus and no dissociation was performed. They were incubated in extracellular 
solution (130 mM NaCl, 3.0 mM KCl, 2.0 mM NaHCO3, 1.2 mM KH2PO4, 2.4 CaCl2, 
1.3 MgSO4, 3.0 HEPES, 10 mM glucose, pH was adjusted to 7.4 with 1-2 M NaOH) at 
32°C. The micropipettes were filled with intracellular solution (5.0 mM NaCl, 140 mM 
KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 10 mM HEPES, 10 mM sucrose, pH was adjusted 
to 7.4 with 1-2 M KOH).  
 
Hilar mossy interneurons were identified using a differential contrast microscope. The 
whole-cell configuration was used (Hamill et al., 1981). An EPC-7 electrometer (List 
Electronics, Darmstadt, Germany) was used for recording the signals together with an 
interface, A/D and D/A-converter Digidata 1200 and pClamp software version 5 (Axon 
Instrument Inc., Foster City, CA, USA). The analysis of the recorded signals was 
performed with Clampfit version 7 (Axon Instrument Inc., Foster City, CA, USA) and 
Origin version 5 (Microcal Software Inc. Northampton, MA, USA). 
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3.3 MOLECULAR BIOLOGY  

 
Mutations of Shaker H4 channel (paper IV) 

The Shaker H4 channel (Kamb et al., 1987) that has a deletion (∆6-46) in its N-
terminal part lacks the fast N-type inactivation (Hoshi et al., 1990). A substitution of an 
isoleucine residue at position 470 to a tyrosine residue was performed by using a 
QuickChange site directed mutagenesis kit (Stratagene, La Jolla, CA, USA). The 
mutation was verified with a DYEnamic Kit (Amersham Pharmacia BioSciences, 
Picataway, NY, USA). After culturing the plasmids they were purified by a Qiagen 
Midi Kit (Qiagen, Stockholm, Sweden). Transcription of the purified DNA was 
performed with a T7 mMachine Kit (Ambion Inc. Austin, TX, USA) and the results 
were confirmed by an agarose gel.    
  
 
Identification of the mceph mutation (paper II) 

Positional cloning procedures utilised crossbreeds with different mice strains for 
identifying the mceph mutation, and in addition, segregation analysis identified the 
mutation within 1.66 cM on distal chromosome 6.  
 
A contig was constructed by screening information from two C57BL/6J mouse 
bacterial artificial chromosome (BAC) libraries (BACPAC Resources, Oakland, CA, 
USA), and from this a physical map was constructed. This narrowed the area on the 
distal chromosome 6 down to a 0.63 ± 0.03 cM interval. Three candidate genes are 
found in the area Kcna1, Kcna6, and Galnt8, however sequencing revealed an 11 base 
pair deletion in the Kcna1 gene. 
 
 
 mRNA and protein detections (papers II & III)  

In situ hybridization was used for localising specific mRNA expressions. Brain slices 
(14µm thick) were prepared in a cryostat. The hybridization procedure used is 
described by Schalling and colleagues (1988).  
 
To detect mature proteins, we used specific antibodies, which were visualised with 
fluorescence tagged secondary antibodies.  
 
The trafficking of proteins was explored by measuring the level of glycosylation. In the 
ER a high-mannose glycan was added (core glycosylation) to the protein and this was 
further modified in the Golgi apparatus (complex glycosylation). Endoglycosidases, 
such as EndoH can cleave the core glycosylation but not the complex glycosylation. 
However, PNGaseF can cleave both types of glycosylations. To determine in what 
glycosylated-state the protein was we used a western blot.  
 
The protein-protein interactions were studied using immunopreciptiation. An antibody 
binds to a specific protein from a cell homogenate or tissue and after gentle lysis 
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interacting proteins co-precipitate. A western blot was used for identifying interacting 
proteins.   
 
 
Plasmid constructions (paper III) 

The entire coding sequence of the KV1.1, which consists of a single exon, was 
amplified by PCR. The PCR product was cloned into pCR2.1 (Invitrogen, Carlsbad, 
CA, USA) and the coding sequence was subsequently subcloned into pGEM-HE, an 
oocyte expression vector (Protinac GmbH, Hamburg, Germany) using restriction 
enzyme HindIII sites at position 823 and 2712. The confirmation of a correct insertion 
was made by restriction analysis and sequencing. KV1.2 and KV1.3 inserted in 
respective pGEM-HE vector were obtained from Protinac GmbH (Hamburg, 
Germany).     
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4 RESULTS AND DISCUSSION  
 
 
 
4.1 THE EXPRESSION LEVEL OF NA+ AND K+ CHANNELS AFFECT THE 

FIRING THRESHOLD BEHAVIOUR (PAPER I)  

The oscillatory behaviour of a model neuron, based on voltage clamp data from a 
hippocampal interneuron (with an original density of P*Na = 1.3 x 10 ms-1 and P*K = 
0.24 x 10 ms-1; Johansson and Århem (1992a, c) was analysed at different Na+ channel 
and K+-channel densities. Low densities in the neuron model (as in the original cell) 
were found to be associated with a graded amplitude response when the stimulation 
was increased, compared to a neuron model with a higher density of Na+ channels, 
which showed all-or-nothing behaviour. By plotting the oscillatory behaviour on a 
Na+/K+ channel density map we can define an area where repetitive firing is occurring. 
Investigations that are more detailed revealed qualitatively different oscillatory regions, 
showing different threshold dynamics (Fig. 5 A-D). A mathematical stability analysis 
showed that the three regions were associated with Hopf, saddle-node, and double-orbit 
bifurcations, respectively. By plotting the encoding function of model neurons 
associated with respective areas, we found that neurons firing repetitively could either 
start oscillating at a very low, essentially zero, frequency (saddle node bifurcation; 
region C1) or at a distinct non-zero frequency (Hopf and double-orbit bifurcations; 
region A2 and B). When the stimulation is increased, the firing ceases either by the 
amplitude going toward zero (Hopf bifurcation; region C1 and B) or it ceases abruptly 
and does not reach zero amplitude (double orbit bifurcation; region B and A2). The 
sensitivity to stimulation intensity depends more on Na+ channel density than on K+ 
channel density. We found that neuron models in the C region are the only ones that 
have a discontinuous amplitude-stimulation curve, a discontinuous action potential 
onset, while cells in the other regions (A and B) show action potential amplitudes, 
growing continuously with stimulation. When plotting the pulse amplitude sensitivity 
against stimulation in the Na+- K+-channel density plane, it was found that the graded 
responses were most prominent at low Na+ channel densities (low P*Na,) while more 
all-or none response were observed at higher density levels. Thus, single action 
potentials of model neurons with density values outside the oscillatory regions are 
strongly graded.  
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Figure 5. A. The activity of a neuron model with a relative high K+ and Na+ 
channel density at different stimulation intensities. It both starts and ceases to 
oscillate due to a double-orbit bifurcation. B. The activity of a neuron model with 
a relative moderate K+ and a high Na+ channel density. It starts to oscillate due to 
a Hopf bifurcation, but ceases to oscillate either due to a Hopf, or a double-orbit 
bifurcation. C. The activity of a neuron model with a relative low K+ and a low 
Na+ channel density. It starts to oscillate due to a saddle-node bifurcation and 
ceases to oscillate due to a Hopf bifurcation. D. An oscillation-density map, with 
the densities of the three different neuron models, described in A, B, and C 
marked. At some stimulation the model neuron with density values within A2, B 
and C1 will oscillate. At density values in A1 and C2 it will not oscillate at any 
stimulation intensity. 
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In conclusion, we found that modified channel densities may alter the oscillatory 
pattern from one bifurcation type to another. Do the densities we were using in the 
calculations apply to real neurons? And can we find the different oscillatory patterns in 
real neurons? Both questions can be answered in the affirmative. Na+ and K+ channels 
have a relative low density at the some of the cell (Johansson & Århem, 1992c; Colbert 
& Johnston, 1996; Hoffman et al., 1997; Safronov et al., 1997). However, the density 
at the initial axonal segment, following the axon hillock area increases many-fold. K+ 
channels increases 10-fold and Na+ channels increase more than hundred-fold (more 
than thousand-fold in the nodes of Ranvier; (Neumcke & Stämpfli, 1982; Safronov, 
1999). Assuming that the triggering zone is located in the axon hillock or in the initial 
segment, and that the trigger zone is determining the oscillatory behaviour, the densities 
discussed are within the range of real neuron densities. Concerning differential 
threshold dynamics in real neurons, this has, as already described in the Introduction, 
been reported in a number of cases, see Hodgkin (1948) and Tateno and colleagues 
(2004). We could identify a neuron type in rat hippocampus that displayed saddle-node 
behaviour. These observations suggest the possibility that a cell can switch between 
rate coded and amplitude coded signals. That this in theory can be transferred to 
networks of neurons was shown in a simulation study by Halnes and colleagues (2007). 
 
 
 
4.2 TRUNCATING THE KV1.1 CHANNEL INCREASES THE EXCITABILITY 

(PAPER II)  

Crossbreeding between BALB/cByJ mice strain carrying the mceph mutation and wild 
type mice of CAST/Ei and C57B1/6 strains was used for mapping the mceph mutation. 
The penetrance within the intercross was reduced, therefore only animals displaying 
complete phenotypes were used for the segregation study. However, within the 
backcross, the penetrance was fully restored. Donahue and colleagues (1996) 
previously mapped the mceph mutation to a 3 cM interval on mid-distal chromosome 6. 
Segregation analysis, placed the mceph mutation within 1.66 cM region on the distal 
chromosome 6. A further investigations, taking advantage of BAC, decreased the 
region, containing the mceph mutation, to an interval of only 0.63 ± 0.03 cM. Three 
candidate mceph genes were found within the area, Kcna1, Kcna6, and Galnt8.        
 
Sequencing of the three candidate genes revealed an 11 base pair deletion within the 
gene Kcna1that consists of a single exon, encoding for KV1.1 channel. There are two 
copies of the five base pair repeat, TTGTG, and consequently the exact deletion 
position is hard to determine. However, the result is a frame shift mutation including a 
premature stop codon. Wild type KV1.1 consists of 495 amino acids (a.a.), while the 
MCEPH has retained the first 224 amino acids. together with six additional aberrant 
amino acids (Fig. 6). 
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Figure 6. Schematic topology of a full-length KV1.1 channel and the MCEPH 
protein, with its truncation in the second segment. 

  
 
Compared with wild type brains in situ hybridization indicates that the mceph/mceph 
have an increased expression of KV1.1 mRNA in hippocampus, neocortex, and ventral 
cortex. This might seem strange at first. mRNA with a premature stop codon is usually 
degraded (Hentze & Kulozik, 1999), but this is not the case for mRNA, lacking introns 
(Brocke et al., 2002). Both a western blot of whole brain lysate and experiments with 
an antibody directed against KV1.1 C-terminal suggest absence of full length KV1.1 
subunits.   
 
The expression of KV1.2 in mceph/mceph is decreased in the molecular layer of the 
hippocampus compared with wild type. The same is the situation for KV1.3 
mceph/mceph of the hilus area of the hippocampus. No change of Kcna2 and Kcna3 
mRNA expression level was found in hippocampus. This suggests that MCEPH 
assemble with KV1.2 or KV1.3. This is in line with other studies, where wild type KV1.1 
is observed to form heteromeric complexes primarily with KV1.2 and KV1.4, but also 
with KV1.3 (Sheng et al., 1992; McNamara et al., 1993; Wang et al., 1994; Rhodes et 
al., 1995; Veh et al., 1995; McNamara et al., 1996; Rhodes et al., 1997). However, a 
compensatory up-regulation of other KV1 channels, due to the absence of full-length 
KV1.1 was not observed. This is probably due to the fact that KV1.1 channels lack an 
export motive and is mostly retained in the ER (Manganas & Trimmer, 2000). 
Compensatory channel up-regulation has previously been described by (Turrigiano et 
al., 1995; Desai et al., 1999).   
 
Disturbances in the electrical brain activity have been reported for animals with KV1.1 
mutations (Smart et al., 1998; Zuberi et al., 1999). We have studied hypertrophic cells 
in hippocampal slices from the mceph/mceph mouse with the patch-clamp technique. 



 

  23 

An increased excitability was found for mossy cells in the dentate hilus region (Fig. 7), 
reflected in an increased frequency at constant stimulation compared to that of wild 
type cells. The passive membrane properties and the slope of the action potential, 
reflecting the Na+-channel density, was unchanged.    
 

Figure 7. Current clamp recordings of repetitive firing in mossy cells from a wild 
type and a mceph/mceph mouse. The cells were stimulated with a 90 pA pulse. 

 
 
Computer simulations of a model hippocampal interneuron showed that a reduction of 
K+-channel density by approximately 75%, explains the observed modification of the 
frequency-stimulation curve.  
 
mceph/mceph mice display motor disturbances and a typical behaviour similar to 
complex partial seizures from three weeks of age. Normally, seizure activity is 
associated with neurodegeneration and mossy fibre sprouting (Houser, 1999; Sloviter, 
1999). This was not observed in the mceph/mceph mouse. mRNA expression of brain-
derived neurotrophic factor was upregulated in ventral cortex and hippocampus in line 
with other epileptic mouse models.   
 
 
4.3 THE TRUNCATED KV1.1 CHANNEL IS EXPRESSED AND TRAPS 

OTHER KV1 CHANNELS IN THE ER (PAPER III)  

The MCEPH protein was found to be expressed in the neurons of the mceph/mceph 
mouse. This was shown by using a polyclonal antibody directed toward the KV1.1 N-
terminal. A problem was that it cross-bound other KV1 channels, most likely KV1.2. 
This was overcome by using formalin-fixed tissues. By a western blot a relative weak 
30  kDa band was identified, which approximately corresponds to the expected weight 
of MCEPH, 27 kDa. In addition, in the mceph/mceph brain an immunoreaction was 
found around the nuclei of the cell and not in the fibres, normally seen in wild type 
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brains. MCEPH expression was primarily found in ventral cortex and hippocampus. 
The low expression level of MCEPH could be due to the quality-control mechanism 
found in the ER, degrading not correctly folded proteins. Degradation of the protein 
could be due to an ERAD and an UPR mechanisms (Harding et al., 2002; Ellgaard & 
Helenius, 2003). 
 
There are several investigations, reporting that truncated KV1.1 subunits are trapped in 
the ER and that they  also retain other subunits from the KV1 family (Babila et al., 
1994; Folco et al., 1997; Manganas et al., 2001a). Wild type KV1.1 subunits have a 
glycosylation site at the S1-S2 linker, a site also is preserved in MCEPH. From western 
blots, it was found that the MCEPH only is core glycosylated (in the ER) and not 
complex glycosylated (in the Golgi complex), indicating that MCEPH is retained in the 
ER and that the protein is unable to reach the plasma membrane. The truncated subunit 
has a dominant negative effect of the potassium currents when co-expressed together 
with full-length subunits of KV1.2 and KV1.3 in Xenopus oocytes (Fig. 8).  
 
The oocytes were examined by the two-electrode voltage-clamp technique. The channel 
kinetics of KV1.2 and KV1.3 was found to be unaffected when co-expressed with 
MCEPH, suggesting that full-length subunits do not form functional complexes with 
the truncated subunit. The amount of cRNA injected in the oocytes is crucial. It 
correlates with the amount of expressed channels on the plasma membrane. High 
quantities of mRNA result in big currents and the serial resistance will interfere with 
the voltage-clamp measurements. However, the retention of KV1.2 was not found to be 
supported by studies of the mceph/mceph brain, although this might be due to low 
expression levels of MCEPH. The degradation is a mechanism for the cell to decrease 
the level of defect proteins, which potentially could be harmful for its proper function 
(Ellgaard & Helenius, 2003).    
 

 
Figure 8. Currents of KV1.2 and KV1.3 expressed separately or coexpressed with 
MCEPH in Xenopus oocytes. Pulse steps range from -80 mV to +50 mV, the 
increment between the steps being 10 mV. 
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4.4 AN AROMATIC SUBSTITUTION IN THE SHAKER INNER VESTIBULE 
ALTERS THE CHANNEL KINETICS (PAPER IV)  

Several spontaneous mutations of the hERG channel are known to give rise to clinically 
severe conditions, such as heart arrhythmias (Sanguinetti & Mitcheson, 2005; 
Sanguinetti & Tristani-Firouzi, 2006). Proper function of the hERG channel is 
necessary for accurate generation of action potentials in the heart. This means that 
pharmacological substances that interfere with its function might lead to lethal 
conditions. It is therefore not unexpected that hERG is extensively used by 
pharmaceutical companies to test for cardiac side effects of novel compounds.  
 
The unique kinetic features of hERG are a fast P/C-type inactivation and a slow 
activation, see Sanguinetti and Tristani-Firouzi (2006). Also relatively unique are the 
aromatic residues (Y652 and F656) in the internal vestibule, suggested to play a role for 
the kinetic features of hERG (Chen et al., 2002). We investigated the role of the 
tyrosine residue by introducing it to the corresponding place (position 470) in a non-
inactivating Shaker mutant (ShIR = Shaker H4 ∆6-46). Fig. 9 shows some resulting 
features. The monoexponetial inactivation in ShIR (Fig. 9 B) is replaced by a biphasic 
inactivation (Fig. 9 B to D), one being fast and voltage independent (τ = 30 ms) and one 
being slower and voltage dependent (τ = 600 ms at +60 mV). 

 
Figure 9. A. The I470Y substitution in ShIR. B. Family of currents associated 
with rectangular voltage steps in ShIR, expressed in Xenopus oocytes. C. 
Corresponding family of currents in I470Y. D. Family of currents associated with 
a double-pulse protocol in I470Y. Pulse protocol for B and C: -80 to +60 mV in 
increments of 10 mV. Pulse protocol for D: first pulse step, -120 to + 60 mV in 
increments of 10 mV, second pulse step to +40 mV. 
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A pulse protocol with second step to +40 mV (Fig. 9 D) revealed a third inactivation 
component, most prominent at -40 mV. The G(V) curve of I470Y is shifted about -10 
mV compared to that of ShIR and the activation rate is decreased at corresponding 
open-probability levels (by a factor of 6 at -40 mV for I470Y and -30 mV for ShIR). 
The voltage dependence of the quotient between steady-state current and peak current 
is U-shaped curve with a minimum close to -40 mV (Fig. 10 A). The channel was 
trapped in the inactivated state induced by a step to -40 mV when the channel was kept 
at a voltage more negative than -40 mV. The channel did not recover with pulses up to 
10 minutes and steps down to -170mV. However, a positive step quickly released the 
channel from this inactivated state (Fig. 10 B). Compared to other inactivation 
processes the inactivation induced by a step to -40 mV in I470Y shows an inverted 
voltage-dependence.  
 
 

 
 

Figure 10. A. The voltage dependence of the quotient between steady state 
current at 2.5 s and maximal peak current produced an “U-shaped” curve with a 
minimum at -43 mV. B. The channel is released from the inactivated state 
induced by a step to -40 mV by a transient (2.5 ms) step to +40 mV.   

 
 
To explore the mechanisms behind the different inactivation components in I470Y we 
used the inactivation modifier TEA. 30 mM applied extracellularly caused an almost 
10-fold decrease of the rate of the slow-inactivation component induced at positive 
voltages, suggesting that this component is of  P/C-type (Choi et al., 1991; Loots & 
Isacoff, 1998). The other inactivation components were not affected by TEA, 
suggesting other mechanisms. Ideas for a candidate mechanism for the inactivation 
induced at -40 mV may be obtained from studies of another kinetic process 
encountered by Shaker in K+-free solution, the process of entering a defunct state  
(Gomez-Lagunas, 1997; Melishchuk et al., 1998). In the defunct state, a 
conformational change of the selectivity filter is suggested to interfere with the S4 
movement and subsequently to prevent the channel opening.    
      
A simple kinetic model was constructed to describe the inactivation processes of I470Y 
(Fig. 11). Horizontal transitions are voltage-dependent, while the vertical transitions are 
voltage-independent. 
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Figure 11. A. Kinetic model of Shaker I470Y, B. Schematic structural model of 
the kinetic model, where the movement of the voltage sensor and the tentative 
mechanisms of the different inactivation types are illustrated. 

 
 
The main conclusion of the study was that the tyrosine residues in the hERG internal 
vestibule play a role to give hERG its specific kinetic features. Transferred to ShIR the 
tyrosine introduces a faster inactivation and a slower activation, the characteristics of 
hERG. The study further stresses the importance of the features of the inner vestibule. 
The detailed mechanisms behind the introduced inactivation components were not 
possible to reveal in the present investigation. It is clear that tyrosine residues at 
position 470 in a Shaker background point toward the central channel axis, thereby 
restricting the space in the internal vestibule close to the pore opening compared to that 
in ShIR (Melishchuk & Armstrong, 2001); (Fig. 12). However, the mechanism of 
inverted inactivation seems not to be caused by a direct space limiting effect (i.e. the 
tyrosines interfering with hydrated K+ ions), nor to electrostatic effects (Jogini & Roux, 
2005). It seems more likely to be caused by the tyrosine residues interfering with the 
gating process. 
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Figure 12. The orientation of the aromatic side chains in KcsA (position F103; 
accession number: 1BL8 ) and MthK (position F87; accession number: 1LNQ ).  

 
 
4.5 CALCIUM-ACTIVATED SK CHANNELS DECREASE THE FIRING 

RATE IN MEDIAL PREOPTIC NEURONS VIA RYANODINE 
RECEPTORS (PAPER V) 

The aim of Paper V was to clarify the identity of slow spontaneous currents, the 
underlying mechanism and possible role for impulse generation in neurons of the rat 
medial preoptic nucleus (MPN). Spontaneous postsynaptic currents in acutely 
dissociated neurons from rat MPN have previously been reported (Haage et al., 1998; 
Haage & Johansson, 1999; Druzin et al., 2002;  Klement and Johansson (unpublished). 
The spontaneous events described in Paper V (Fig. 13) deviated from these and had a 
slower time course and a different pharmacological profile. When the MPN neurons 
were voltage-clamped between -70 and -30 mV and the external solution was of 
standard Ringer type the spontaneous events occurred in 41 % of the neurons and at a 
mean frequency of 0.44 ± 0.03 Hz (n = 23). The decay time constant was 217 ± 11 ms 
(n = 23). They occurred relatively regularly (CV = 0.43 ± 0.02; n = 13; 1 min/cell), even 
more regularly at shorter time-scales, indicating a non-stochastic generation process. 
 
The dependence on extracellular K+ concentration suggested K+ as the charge carrier. 
The currents showed similar characteristics as those of spontaneous miniature outward 
currents (SMOCs) or spontaneous transient outward currents (STOCs), previously 
reported mainly for muscle fibres and peripheral nerve cells (Satin & Adams, 1987; 
Bolton & Imaizumi, 1996; Merriam et al., 1999).  



 

  29 

 
Figure 13. Spontaneous current events in an MPN neuron, recorded in voltage-
clamp mode. VH = -84 mV, [K+]o = 71 mM. 

 
 
A pharmacological analysis, involving bicuculline methiodide, apamin, and scyllatoxin 
(all known to block SK channels; Vergara and colleagues 1998, Pedarzani and 
colleagues 2000, Ströbaek and colleagues 2000, and Johansson and colleagues 2001), 
suggested that the currents were carried through small-conductance Ca2+-activated (SK) 
channels of the SK3 subtype.  
 
The frequency of currents increased with voltage up to ~ -40 mV, but in many cells, 
slow spontaneous currents were not detected at a voltage > - 30 mV. This could be 
explained by masking of the spontaneous currents as a consequence of steady SK-
channel activation. Unmasking of the currents could be achieved by reducing Ca2+ 
influx by CaV-channel blockers or Ca2+ chelators, such as nimodipine, Cd2+, and EGTA 
(Fig. 14).  

 
Figure 14. Slow spontaneous current events appearing when the calcium buffer 
EGTA superfuses an MPN neuron. VH = -4 mV, [K+]o = 5 mM. 

 
 
Experiments with caffeine (known to potentiate calcium release through ryanodine 
receptors; McPherson and colleagues (1991) and ryanodine (known to block ryanodine 
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receptors at higher concentrations) suggest that the spontaneous currents were triggered 
by Ca2+ release from intracellular stores via ryanodine receptor channels.  
 
The physiological role of the spontaneous slow currents is unclear. The present study 
suggests that their role may play a role for impulse firing and that they are more 
common than previously thought. The reported scarceness of SMOCs in the 
mammalian CNS may be only apparent, being due to experimental shortcomings, 
which were overcome in the present study (e.g. by the use of the perforating patch-
clamp technique, which interferes relatively little with the intracellular environment).   
 
It has been suggested that spontaneous current events are involved in regulating firing 
(Cui et al., 2004). In the MPN neurons, spontaneous transient hyperpolarizations 
corresponding to the currents described were measured under current-clamp conditions. 
They occasionally exceeded 10 mV in amplitude and reduced the frequency of 
impulses in spontaneously firing neurons by ~ 60 % (Fig. 15). In conclusion, these 
observations support the view that the slow spontaneous current events in MPN, and 
thus SK3 channels are involved in regulating the excitability via slow spontaneous 
events in MPN neurons.  
 

 
Figure 15. Caffeine triggers a hyperpolarization, which leads to cessation of the 
action potential firing. Recorded in current-clamp mode, [K+]o = 5 mM. 
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5 CONCLUSIONS 
 
 
 

• The firing-threshold dynamics is qualitatively altered by changing the Na+- and 
K+-channel densities in the plasma membrane, suggesting pharmacological 
ways to modify firing patterns.  
 

 
• The truncation of the KV1.1 channel in the spontaneously mutated 

megencephalic mouse affects the firing patterns in hippocampal interneurons, 
leading to a slightly increased excitability. 
 
 

• The truncated KV1.1 channel (MCEPH) in the megencephalic mouse is 
expressed, but retained in the ER. It also retains KV1.2 and KV1.3 channels in 
the ER when coexpressed.  

 
 

• The aromatic residue (Y652) in the inner vestibule of the hERG-channel is 
involved in causing the specific kinetic behaviour of hERG, deviating from that 
of most other KV channels and giving hERG a regulatory role in cardiac firing.  

 
 

• The spontaneous hyperpolarisations in MPN neurons are caused by SK3-
channels activation as a consequence of ryanodine-receptor-dependent Ca2+ 
release from the ER and contribute to shape the firing pattern of these neurons.  
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6 FUTURE PERSPECTIVES 
 
 
 
During my time as a PhD-student, I have had the opportunity to make several 
interesting observations that I would like to explore in more detail. Some of the 
questions I would like to address are: 
 
 
 

• Can a neuron in vitro change between Hopf and saddle-node bifurcation 
behaviour by altering the ion channel densities (pharmacologically or 
otherwise)?  

 
 

• Is a transition between graded impulses versus all-or-nothing behaviour 
possible for an in vitro neuron by altering the ion channel densities? How are 
graded impulses propagated?  

 
 

• What is the mechanism of MCEPH degradation? ER associated degradation 
and/or unfolded protein response? 
 

 
• What is the effect of substituting V474F in ShIR? V474 of the Shaker channel 

corresponds to the second aromatic residue position, F656, found in hERG-
channel. Do the two aromatic residues produce an even stronger hERG-like 
behaviour?  

 
 

• What is the functional consequence for an in silico cell, when introducing a K+ 
channel when have an inverted inactivation?  

 
 

• What about the SMOCs in intact coronal brain slices including the MPN? Do 
they contribute to regulating the firing behaviour when the neuron is embedded 
in intact tissue?  
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7 POPULÄRVETENSKAPLIG SAMMANFATTNING  
 
 
 
Bakgrund 

Membranet som omger cellen fungerar som ett hölje som skyddar mot den omgivande 
miljön. I membranet finns dessutom olika sorters proteiner, som tillåter utbyte av 
exempelvis metalljoner. Proteinerna tillverkas och veckas till sin korrekta from i cellens 
inre. En stor del av den här processen sker i en specifik mellanstation (kallat det 
endoplasmatiska retiklet; Endoplasmic Reticulum, ER) innan de färdiga proteinerna 
skickas vidare till slutdestinationen i membranet. Där sker även en kvalitetskontroll av 
proteinerna och defekta proteiner skickas vidare för nedbrytning.  
 
Jonpumpar används för att transportera ut natriumjoner i utbyte mot kaliumjoner. Den 
uppkomna skillnaden i jonkoncentrationer medför att en spänningsskillnad uppstår över 
membranet. Vissa typer av celler, exempelvis nervceller och hjärtmuskelceller, 
utnyttjar den här spänningsskillnaden för att kommunicera med andra celler. De fyrar 
av aktionspotentialer (Fig. 16 A). För att möjliggöra aktionspotentialer används 
specialiserade jonkanaler som har en väldigt hög selektivitet för natrium- eller 
kaliumjoner, samtidigt som de tillåter en hög passagehastighet. Kanalerna fungerar inte 
bara som enkla porer utan de har även möjlighet att kunna öppnas och stängas på olika 
sätt. När spänningen över membranet förskjuts i positiv rikting kommer 
natriumkanalerna att öppnas i en allt snabbare takt och membranspänningen når snabbt 
sin maximala storlek. Efter att natriumkanalerna öppnat börjar de inaktiveras, dvs. 
övergå till ett stängt läge. Samtidigt börjar kaliumkanalerna (som öppnar sig 
långsammare än natriumkanalerna) att öppna sig och kalium strömmar ut från cellen, 
vilket medför att spänningen åter går mot den negativa spänning som membranet hade 
innan impulsen uppstod. En nervcell som stimuleras kan skicka iväg enstaka 
aktionspotentialer (Fig. 16 A) eller upprepade aktionspotentialer i olika komplexa 
mönster (Fig. 16 B-D). En viktig faktor som bestämmer hur fyrningsmönstret ser ut är 
just kaliumkanalerna. Aktiviteten hos dessa kan exempelvis förlänga avståndet mellan 
två stycken aktionspotentialer. Det finns olika former av kaliumkanaler, vissa öppnas 
vid positiva spänningar, andra öppnas när kalciumjoner binder in till dem, etc. De har 
även möjlighet att inaktiveras. Olika kanaltyper inaktiveras med olika hastigheter.  
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Figur 16. A. Schematisk bild av en enstaka aktionspotential. B – D. Olika former 
av fyrningsmönster: regelbundet, oregelbundet eller i skurar. 

 
 
Frågeställning  

I den här avhandlingen har jag undersökt vilken roll kaliumkanalerna har för att reglera 
cellens retbarhet, dvs. hur de kan påverka cellens möjlighet att fyra av 
aktionspotentialer. Tekniken som jag till stor del har använt mig av bygger på att man 
kan kontrollera spänningen över membranet och därefter kan mäta strömmen som går 
igenom jonkanalerna. Jag har här använt tekniken på nervceller från möss och råtta, 
samt på ägg från klogrodan Xenopus leavis. Fördelen med att använda klogrodans ägg 
är att det går lätt bra att uttrycka en stor mängd av en specifik jonkanal i dess membran, 
samt att äggens egna kanaler sällan interfererar med de experimentella resultaten. Mer 
specifikt har jag undersökt:  
 

(i) Vad händer med fyrningen i en datormodell som baserats på en verklig cell 
när olika mängder kalium- och natriumkanaler finns i cellmembranet? 
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(ii) Hur ser fyrningsmönstret ut i celler från en musstam (möss med epilepsi och 
förstorad hjärna) med en funktionellt defekt kaliumkanal? Kan den defekta 
kaliumkanalen påverka uttrycket av andra närbesläktade kaliumkanaler? 
Den här studien genomfördes dels på nervceller från möss och dels på ägg 
från Xenopus.  
 

(iii) Vilken funktionell roll spelar en specifik struktur (en specifik aminosyra) 
hos en hjärtkaliumkanal, vars funktion skiljer sig väsentligt från andra mer 
”traditionella” kaliumkanaler? Dessa hjärtkanaler är viktiga för en korrekt 
hjärtrytm. Spontana mutationer hos kanalen eller vissa läkemedel kan störa 
den normala funktionen, vilket kan ge upphov till allvarliga rubbningar av 
hjärtrytmen, och ibland till döden. Genom att använda mig av en mycket 
mer utforskad (”traditionell”) kaliumkanal, där den specifika strukturen 
(aminosyran) sätts in, kan jag belysa dess funktion. Studien genomfördes 
genom att uttrycka kanalerna i ägg från Xenopus.  

 
(iv) Vilken funktionell roll spelar kalciumaktiverade kaliumkanaler (som öppnas 

genom att kalcium släpps ut från förråd inne i cellen) i ett specifikt område i 
hjärnan (mediala preoptiska kärnan)? Det här området reglerar viktiga 
funktioner som sexuellt beteende och kroppstemperatur.  

 
 
Resultat 

Studierna har lett till följande resultat:  
 

(i) Beroende på hur många natrium- eller kaliumkanaler som finns på cellytan 
kommer fyrningsmönstret (vid stimulering av cellen) att variera. För en viss 
mängd startar fyrningen med en mycket låg frekvens, för en annan startar 
fyrningen abrupt med en frekvens på 20 Hz.  

 
(ii) Den defekta kaliumkanalen hålls kvar i ER (på grund av att den ej klarar  

kvalitetskontrollen) och binder in till andra kaliumkanaler och håller kvar 
dessa. Nervcellerna (från musstammen), som har den defekta 
kaliumkanalen har ökat sin retbarhet, dvs. gjort det lättare för den att skicka 
iväg aktionspotentialer.  

 
(iii) Den undersökta strukturdelen från hjärtkaliumkanalen visade sig påverka 

den ”traditionella” kaliumkanalen på ett komplicerat sätt. Dels genom att få 
den att likna hjärtkaliumkanalen och dels få den att kunna fastna i ett 
inaktiverat/stängt läge. Sammantaget stödjer det här tanken på att den 
undersökta strukturen är viktig för hjärtkaliumkanalens beteende. 

 
(iv) De kalciumaktiverade kaliumkanalerna i celler från den mediala preoptiska 

kärnan visade sig vara inblandade i den spontana impulsaktivitet cellerna 
uppvisade. Kanalerna aktiverades av kalciumjoner från ER och hämmade 
fyrningen av aktionspotentialer.  
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9   APPENDIX 
 
 
MATHEMATICAL DESCRIPTION OF THE ACTION POTENTIAL  

 
The Frankenhaeuser-Huxley model: 
The Frankenhaeuser-Huxley (1964) model used in the present thesis (paper I) is 
described by the following equations:  
 
 
dv/dt = (IS – INa(v, m, h) –  IK(v, n) – IL(v))/CM 

 
dm/dt = αm(v)  (1 – m) – βmm 
 
dh/dt = αh(v)  (1 – h) – βhh 
 
dn/dt = αn(v) (1 – n) – βnn 
 
INa = AM PNa  (v F2/R T)  ([Na+]o – [Na+]i  exp(v F/R T))/(1 – exp(v F/R T))  
 
IK = AMPK  (v F2/R  T) ([K+]o – [K+]i  exp(v F/R  T))/(1 – exp(v F/R T))  
 
IL = (v – VR)/RM  
 
PNa = P*Na  h  m2 

 
PK = P*K  n2 

 
 
where,  
v = membrane voltage 
m = fraction of activated sodium channels 
h = fraction of inactivated sodium channels 
n = fraction of activated K+ channels 
IS = stimulation current 
F, R, and T have their normal thermodynamic meaning 
 IL = leak current 
 AM = membrane area 
VR = resting potential 
RM = leak resistance 
PNa = sodium permeability 
P*Na = maximal sodium permeability 
PK = potassium permeability 
P*K = maximal K+ permeability 
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The rate constants αj and βj for j = m, h or n are described by the empirical equations   
 
 
αm = Aαm ((v – VR) – Bαm) / (1 – exp{[Bαm – (v – VR)] / Cαm}) 
 
βm = Aβm (Bβm – (v – VR)) / (1 – exp{[(v – VR) – Bβm] / Cβm}) 
 
αh = Aβm (Bαh – (v – VR)) / (1 – exp{[(v – VR) – Bαh] / Cαh}) 
 
βh = Aβh / (1 + exp{[Bβh – (v – VR)] / Cβh 

 
αn = Aαn((v – VR) – Bαn) / (1 – exp{[Bαn – (v – VR)] / Cαn   
 
βn = Aβn(Bβn – (v – VR)) / (1 – exp{[(v – VR) - Bβn] / Cβn})  
 

 
where the constants A, B and C are listed in Table 2.   
 
 
Table 2. Values of A, B, and C 

 αh βh αm βm αn βn 
A (s-1V-1) 50 x  103 2.25 x 106 * 60 x 103 60 x 103 16 x 103 16 x 103 
B (V) 5 x 10-3 60 x 10-3 37 x 10-3 28 x 10-3 60 x 10-3 35 x 10-3 
C (V) 6 x 10-3 10 x 10-3 3 x 10-3 20 x 10-3 10 x 10-3 10 x 10-3 
* (s-1) 
 
 
Two-dimensional models: 
These equations were derived from the corresponding equations developed for the 
squid axon by Hodgkin and Huxley in 1952. If we could simplify this equation system, 
reducing the number of parameters (v, m, h and n) to two parameters, the model would 
be available for a number of standard stability analysis techniques and we would gain a 
better qualitative understanding of the processes underlying the action potential (Glass 
& Mackey, 1988; Guckenheimer et al., 1993; Guckenheimer et al., 1997; Gutkin et al., 
2003; Århem & Blomberg, 2007). Such simplifications have been possible for some 
preparations. FitzHugh (1969) noticed for the squid axon model that the sum of the n 
and h variables was relatively constant and that m was fast and could be approximated 
by its instantaneous value. This model, named the FitzHugh-Nagumo model after 
additional modifications, has been extensively used in exploring the excitability 
properties of neurons. Similarly, the two-dimensional Morris-Lecar model (Morris & 
Lecar, 1981), developed to describe a barnacle muscle preparation involving a non-
inactivating Ca2+ and a non-inactivating K+ channel, has found wide-spread 
applications. However, the present four-dimensional hippocampal model neuron was 
not possible to reduce to a two-dimensional one, and we had to use the full set of 
equations for our analysis.      
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