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1. Research hypothesis and questions  

Voltage-gated potassium channels of the Kv4 subfamily mediate a subthreshold-activating 

somatodendritic A-type current (ISA), which controls repetitive firing, dendritic excitation 

and synaptic plasticity (Hoffman et al., 1997; Johnston et al., 2003). Native Kv4 channels 

form ternary complexes with two types of auxiliary β-subunits, Kv channel interacting 

proteins (KChIPs) and dipeptidyl amino peptidase-related proteins (DPPs) (An et al., 2000; 

Maffie and Rudy, 2008; Nadal et al., 2003), which enhance Kv4 channel surface expression 

and modulate inactivation gating properties. In general, macroscopic inactivation (i.e., 

current decay) of Kv4 channels is accelerated by DPPs and slowed by KChIPs, whereas 

recovery from inactivation is accelerated by both KChIPs and DPPs (An et al., 2000; Bähring 

et al., 2001b; Beck et al., 2002; Jerng et al., 2007). However, our knowledge of the concerted 

modulation of channel properties by DPPs and KChIPs, especially by certain β-subunit 

splice variants is still fragmentary. Two splice variants of KChIP1 (a shorter KChIP1a and a 

longer KChIP1b), exhibit distinct effects on the recovery from inactivation. KChIP1b had 

been found to induce an extremely slow recovery component upon transient transfection of 

a stable Kv4.2-expressing cell-line with KChIP1b cDNA, while the effect of KChIP1a on 

recovery kinetics had been described as typical (Van Hoorick et al, 2003; Van Hoorick et al., 

2007).  

We hypothesized that KChIP1b effects on Kv4 channels is a prominent intrinsic feature of 

this β-subunit with general applicability, which differs from KChIP1a effects. However, 

KChIP1 transient cDNA transfection of a stable Kv4.2-expressing cell-line, as done 

previously, may be problematic because it does not control the transfection efficiency, and 

temporal expression profiles of α- and β-subunits may differ, which may result in the co-

existence of Kv4.2 and Kv4.2 + KChIP1b complexes, leading to the observed biphasic 

kinetics of recovery. In order to rigorously test our hypothesis, we asked whether the special 

KChIP1b feature of slowing recovery from inactivation, previously reported for Kv4.2, can 

be also observed for other Kv4 channel subtypes and in a ternary configuration with DPP6, 

independent of the utilized expression system and recording technique. We further asked 

what are the mechanisms underlying the KChIP1b-mediated recovery kinetics. In order to 

answer the questions, our data were obtained with two-electrode voltage clamp under 

different conditions in cRNA-injected Xenopus laevis oocytes.  
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2. Introduction  

2.1 Potassium channels 
Among the various ion channels, potassium channels (K+ channels) are the largest and most 

heterogeneous group (Coetzee et al., 1999), which can be found in almost all species, except 

for some parasites (Kuo et al., 2005). They participate in a variety of physiological processes, 

such as control of membrane potential, signal transduction, homeostasis of potassium and 

modulation of hormone secretion (Hille, 2001).  

Based on the numbers of transmembrane segments, presence of voltage sensor domain and 

the pore-forming domains of the α-subunits, K+ channels can be divided into five groups: (1) 

The simplest α-subunit of K+ channels consists of only two transmembrane segments 

connected by a pore loop with a selectivity filter (2TM, 1P; Figure 2.1A), and  it assembles 

as tetramers (González et al., 2012). These α-subunits had been found in the inward rectifier 

family (Kir channel) (Hibino et al., 2010). The Kir channels are grouped into 7 subfamilies 

(Kir1.x-Kir7.x), which allow K+ ions to flow more easily into the cell than out of it and 

conduct inward currents because K+ ions are conducted during hyperpolarization (Guo et al., 

2003). (2) The α-subunit of two-pore domain potassium channels family (K2P channel) 

contains four transmembrane segments and two pore-forming domains (4TM, 2P; Figure 

2.2B). These channels assemble as dimers. K2P channels can be classified into six 

subfamilies: TWIK, TASK, TREK, THIK, TALK and TRESK (Goldstein et al., 1996), which 

produce leak K+ currents (also known as background K+ currents) and are usually 

constitutively open (Piechotta et al., 2011). Leak K+ currents play an important role in setting 

negative resting membrane potential and counterbalance depolarization (Enyedi and Czirják, 

2010), with the feature of weak voltage dependence and sensitivity to the external factors, 

such as pH, temperature and regulatory proteins (Buckingham et al., 2005). (3) The α-subunit 

of voltage-gated potassium channels (Kv channels) contains six transmembrane segments 

(S1-S6) with the presence of voltage sensor domain (VSD) and a pore-forming domain (6TM 

with V-sensor, 1P; Figure 2.1C). The functional channel of Kv channels is composed of four 

α-subunits. Kv channels are the largest group of K+ channels and consist of twelve members 

(Kv1-Kv12) according to amino acid sequence similarity (detailed information will be 

described later in Chapter 2.2). (4) K+ channels that contain S1-S6 with no VSD and a pore-

forming domain (6TM no V-sensor, 1P; Figure 2.1D) include the subfamily of small 

conductance Ca2+-activated K+ channels (SK channels). SK channels, which is divided into 

four subfamilies (SK1, SK2, SK3, SK4), are voltage independent and can be activated by a 
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low level of intracellular Ca2+ (< 1 μM) (Girault et al.,2012). SK channels are sensitive to 

Ca2+ ions, resulting in the involvement in regulation of Ca2+ signaling pathways, both in 

excitable and non-excitable cells (Dolga et al., 2011). SK4 is also referred as IK 

(intermediate conductance Ca2+-activated K+ or Kca3.1) due to a higher conductance 20-80 

pS (Vergara et al., 1998).  

 

 

 
Figure 2.1 Topology of K⁺ channel α-subunit. A: The α-subunit of Kir channels contains two transmembrane 

segments (TM; blue) and one pore-forming domain (P). B: The α-subunit of K2P channels is formed from two 

subunits with 4TM and 2P. C: The α-subunits of voltage-dependent Kv channels have 6TM with the presence 

of voltage sensor (V-sensor; yellow) and 1P. D: The α-subunits of SK and IK channels contain 6TM with no 

V-sensor and 1P. E: The α-subunits of Slo channels contain 7TM and 1P. Extracellular and cytoplasmic side 

indicated, with an intracellular N-terminus (N) and an intracellular C-terminus (C). 

 

(4) The α-subunits of Slo channel subfamily that form a tetrameric structure with seven 

transmembrane segments and one pore-forming domain (7TM, 1P; Figure 2.1E). Slo 

channels encoded by Slo genes consist of 4 members (Slo1, Slo2.1, Slo2.2, Slo3). In addition 

to the S1-S6 segments, Slo1 and Slo3 have a S0 segment in front of the S1, which is necessary 

for β-subunit modulation and voltage sensitivity (Koval et al., 2007).  Slo1 and Slo3 belong 

to the “big” potassium channels (BK channels), which have high conductance and are 

calcium- and voltage- activated potassium channels (Zang et al., 2018). Due to their large 

conductance, BK channels can disproportionally affect neuronal excitability. However, 

Slo2.1 and Slo2.2 are different and have α-subunits containing six transmembrane segments, 

similar like Kv channels. Slo2 conduct high-conductance single-channel currents similar to 
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BK currents, but were activated by Na+ instead of Ca2+(Salkoff et al., 2006). 

Most K+ channels share a common amino acid sequence, GYG, which is also called the 

potassium channel signature sequence and located in the pore loop of the α-subunits. This 

sequence functions as the basis for a selectivity filter to conduct K+ ions in the tetrameric 

complex (see below) and enable K+ channels to be highly selective (Heginbotham et al., 

1994). EAG-like K+ channels and Kir6 channels subfamily contain a distinct sequence, GFG 

(Kim and Nimigean, 2016). Normally, K+ channels are at least 10,000 times more permeable 

to K+ ions than sodium (Na+) ions (Doyle et al., 1998).  

 

2.2 Voltage-gated potassium channels 
Voltage-gated potassium channels or Kv channels, encoded by 40 different genes, are the 

largest group of K+ channels and consist of a total of 12 subfamilies. Figure 2.2 shows two 

phylogenetic tree reconstructions, one for the Kv1-Kv9 families and the other for the Kv10-

Kv12 families (EAG-family), based on amino acid sequence alignments of the hydrophobic 

core of the proteins and structural similarity (Gutman et al., 2005). 

The first voltage-gated potassium channel, called Shaker channel or Kv1 channel, was 

cloned from Drosophila melanogaster in 1987 (Kamb et al., 1987), which served as the 

foundation to study the function and structure of other Kv channels. Shortly afterwards, three 

genes homologous to Shaker were discovered. The channels encoded by these three genes 

were named Shab (Kv2), Shaw (Kv3) and Shal (Kv4) channels (Salkoff et al., 1992). The 

molecular structures of Kv channels remain very similar. All Kv channels form 

homotetramers or heterotetramers of α-subunits, containing six transmembrane segments 

(S1-S6), intracellular N- and a C-termini, connected to S1 and S6, respectively (Lamothe et 

al., 2018). These helices can be divided into two important parts: segments S1-S4 form a 

voltage sensor domain (VSD), and segments S5-S6 comprise the pore domain (Long et al., 

2007) (Figure 2.3).  

The Kv channels are characterized by containing VSDs that carry many positively charged 

amino acids residues (arginine and lysine) in S4 segments, which make Kv channels 

electrically sensitive to the changes of membrane potential (Gutman et al., 2005). Upon 

membrane depolarization, the S4 segment goes up because of the movements of charge, and 

shifts outward across the membrane, which causes a conformational change and the opening 

of the channel pore, leading to voltage-dependent activation (Grizel et al., 2014). After the 

activation of the four voltage sensors, the movement will be transferred to the S6 segment 
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via the S4-S5 linkers. After the opening of the Kv channels, the K+ ions are able to pass 

through the selectivity filter. 

 

 
Figure 2.2 Phylogenetic trees for Kv1-12 families. A: Phylogenetic tree for the Kv1-9 families. Kv5, Kv6, 

Kv8 and Kv9 channels share similar structure, but they do not form functional channels and function as 

modifiers. Kv1 channels belong to Shaker-related family, Kv2 channels belong to Shab-related family, Kv3 

channels belong to Shaw-related family and Kv4 channels belong to Shal-related family. An alternative name 

for Kv7.1 is KVLQT, while for Kv7.2 is KQT2. B: Phylogenetic tree for the Kv10-12 families (EAG-family). 

Kv10, Kv11 and Kv12 channels share less structural similarity to the classical Kv channels shown in A, and 

were originally named eag, erg and elk channels, respectively. The human gene names are shown in brackets 

together with the official IUPHAR (International Union of Pharmacology) receptor name, and other used 

names are shown next to it (Gutman et al., 2005). 
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For Kv1, Kv2, Kv3 and Kv4 channels, the cytoplasmic N-terminal region of the channel 

contains a tetramerization T1 domain, which is responsible for the assembly of α-subunits 

of Kv channels as tetramers into functional channels (Pischalnikova and Sokolova, 2009) 

and the binding of accessory β-subunits (Callsen et al., 2005). The four intracellular T1 

domains are connected to the S1 segment by a S1-T1 linker (Tu et al., 2007). In contrast to 

Kv1-Kv4 channels, C-terminal of Kv7, Kv10, Kv11 and Kv12 channels are involved in 

channel assembly, gating and trafficking (Pischalnikova and Sokolova, 2009). Although Kv5, 

Kv6, Kv8 and Kv9 channels share the common structure as other members of the Kv channel 

family, they do not form functional channels. Instead, they form heterotetrameric channels 

with α-subunits of Kv2 and Kv3 in order to modify gating properties (Gutman et al., 2005; 

Salinas et al., 1997). 

 

 

Figure 2.3 Structural organization of the Kv channel. A: The α-subunits of Kv channels consist of six 

transmembrane domains, S1 to S6, which are shown as gray boxes (extracellular and cytoplasmic side 

indicated), with an intracellular N-terminus (N) and an intracellular C-terminus (C), connected to S1 and S6, 

respectively. S1-S4 represent the voltage sensor domain (VSD) and the positively charged amino acid residues 

in S4 make the Kv channels sensitive to changes in membrane potential. S5 and S6 form the pore region (PD), 

and the pore loop (P) is located between S5 and S6. The pore domain contains the selectivity filter in the 

tetrameric complex and is responsible for the specificity of the channel. The tetramerisation domain (white box, 

T1), located on the N-terminal of Kv1, Kv2, Kv3 and Kv4 channels is responsible for the assembly of Kv a-

subunits as tetramers into functional channels. B: An overview model of Kv channel as a tetramer. Four Kv α-

subunits (α), each with a pore loop (semicircle), form a functional channel as a tetramer. Four α are arranged 

rotationally symmetrically around the central pore (pore). If the channel is made up of four identical α-subunits, 

it is called a homotetramer. If the channel is made up of different α-subunits, it is called a heterotetramer. 

 

2.3 Classical inactivation mechanisms of Kv channels 

The conformational states of Kv channels can be classified into four states: resting (closed), 

partially activated (closed, but opening-permissive), open and inactivated states (Bähring 

and Covarrubias, 2011). In the resting and partially activated states, the channels are non-

conducting, however they can enter the open state and activate in response to the membrane 
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depolarization (Ye et al., 2022). After activation, most Kv channels do not remain open but 

can enter an inactivated state, in which the channels are not permeable to ions and become 

non-conducting despite the sustained stimulus (Jerng et al., 1999). This process is known as 

inactivation. The mechanisms of Kv channel inactivation are variable, which usually involve 

fast and slow processes particularly well studied in the Shaker channel (Rasmusson et al., 

1998). Two classical mechanisms of Shaker channel inactivation are called N-type 

inactivation and P/C-type inactivation (Kuang et al., 2015). N-type and P/C-type inactivation 

belong to open-state inactivation (OSI) that the channel only enters the inactivated state (I) 

after channel opens (O) from the resting state (C) (Bähring and Covarrubias, 2011). The 

simplified gating model is shown in Figure 2.4. After the refractory period has expired, the 

channels switch back to the resting state and this process is referred to as recovery from 

inactivation. 

 

Figure 2.4 The simplified gating scheme of open-state inactivation (OSI). C, O and I represent closed, open 

and inactivated states, respectively. C0 is the resting state, C1–Cn−1 represents a set of partially activated states, 

and Cn is the opening-permissive state. IO is open-inactivated states.  

 

2.3.1 N-type inactivation 

N-type inactivation is a rapid form of inactivation and has been first described in Shaker B 

channels as a “ball-and-chain” model (Demo and Yellen, 1991), in which the cytoplasmic 

N-terminus (chain) carries an amino acid sequence that acts as an inactivating peptide (ball). 

In the “ball-and-chain” mechanism, the inactivating peptide binds to the activated channel, 

thereby occluding the intracellular mouth of the channel pore, preventing the further ion 

permeation and rendering the channel non-conducting (Rasmusson et al., 1998). The model 

of the “ball-and-chain” is illustrated in cartoon form in Figure 2.5A. One important feature 

of the fast N-type inactivation is that it can be prevented by deleting or enzymatic removal 

of the N-terminus of α-subunits of Kv channels (Hoshi et al., 1990), and can be restored by 

application of exogenous peptides derived from the N-terminus (Kurata and Fedida, 2006). 

Another feature of N-type inactivation is that it is sensitive to intracellular pore blockers, 

such as tetraethylammonium (TEA) and its derivatives, but is not affected by changes in the 

extracellular K+ (Choi et al., 1991; Demo and Yellen, 1991). N-type inactivation keeps the 
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channel in an open-inactivated state and the presence of inactivating peptide prevents the 

channel from closing. Therefore, recovery from inactivation of Shaker channels usually 

proceeds via the open state (Demo and Yellen, 1991).  

 

 
Figure 2.5 Two classical inactivation mechanisms of Kv channels. Firstly, Kv channels are in the closed 

state. Upon depolarization, the voltage sensor goes up, the channel starts to activate and the gate opens to form 

the open activated conformation (open state). After the channel opens, it enters an inactivated state where it 

becomes non-conductive despite the continuing depolarization. A: N-type inactivation, which resembles a 

‘‘ball-and-chain’’ reaction, where the N-terminal (chain) inactivation peptide (ball) binds to the activated 

channel, thereby occluding the intracellular mouth of the channel pore. B: P/C-type inactivation is mainly 

characterized by a conformational rearrangement of the external pore domain through voltage sensor 

movement. 

 
2.3.2 P/C-type inactivation 
After removal of the N-terminus of Shaker channels, although the fast N-type inactivation is 

eliminated, a much slower inactivation process still remains, which develops over hundreds 

of milliseconds to seconds (Choi et al., 1991). It had been recognized that more C-terminal 

regions, such as the amino acid residues in the S5-, P-, and S6-segments of the channel, play 

a role in the slow inactivation mechanism, which had therefore been termed C-type 

inactivation (Chen et al., 2000; Xu and McDermott, 2019). The mechanism of C-type 

inactivation is mainly characterized by a conformational rearrangement of the external pore 

domain through voltage sensor movement, rather than involving the C-terminus (Ong et al., 
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2022; Tan et al., 2022), and had later been referred to as P/C-type inactivation (Kurata et al., 

2005; López-Barneo et al., 1993; Rasmusson et al., 1998). The model of P/C-type 

inactivation is illustrated in cartoon form in Figure 2.5B. The process of P/C-type 

inactivation can be slowed by elevated external K+ concentrations and the application of 

extracellular TEA, as K+ and TEA occupy the outer pore domain, inhibit conformational 

changes, and prevent the channel from inactivating (López-Barneo et al., 1993). The rate of 

recovery from P/C-type inactivation is accelerated by elevated extracellular K+, because 

extracellular K+ binds to a low-affinity modulatory site and results in the destabilization of 

an inactivated state (Levy and Deutsch, 1996). In contrast, P/C-type inactivation can be 

accelerated by methionine oxidation (Chen et al., 2000).  

 

2.4 Kv4 subfamily channels  
The Kv4 subfamily has three members, Kv4.1, Kv4.2, and Kv4.3, with a short and a long 

splice variant of the latter (Kv4.3S and Kv4.3L, respectively), encoded by the genes KCND1-

3 (Isbrandt et al., 2000). All these subtypes are characterized by mediating a fast transient 

outward A-type current, characterized by rapid activation upon membrane depolarization, 

fast inactivation and fast recovery from inactivation (Covarrubias et al., 2008). Kv4 channels 

play important roles in both the heart and the brain. In central neurons, they are expressed in 

the soma and dendrites, where they mediate the somatodendritic subthreshold A-type K+ 

current (ISA). Here, the Kv4 channels exhibit a somatodendritic distribution, with the density 

of the Kv4-mediated current increasing towards the distal dendrites (Hoffman et al., 1997). 

Therefore, ISA attenuates the backpropagation of action potentials and, thus, controls 

dendritic excitation and synaptic plasticity (Jerng et al., 2004). In cardiomyocytes, Kv4 

channels mediate the transient outward current (Ito) and are responsible for the early 

repolarization phase of the action potential (Niwa and Nerbonne, 2010).  

In the brain, Kv4.1 channels are strongly expressed in granule cells (GCs), compared to CA1 

or CA3 pyramidal neurons, based on in situ hybridization histochemistry analysis (Serôdio 

and Rudy, 1998). Kv4.1 channels play a role in the modulating cell proliferation in neural 

stem and progenitor cells. Minor changes in the biophysical properties of Kv4.1 channels 

may impair neuronal development and are thought to contribute to neuropsychiatric diseases 

(Kalm et al., 2024).In contrast, Kv4.2 and Kv4.3 are expressed at a higher level in the central 

nervous systems (CNS; Huang et al., 2005). Kv4.2 and Kv4.3 are localized in the 

somatodendritic domain of many neurons in the CNS, for example, Kv4.2  is  present in the 
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apical and basal dendrites of hippocampal and neocortical pyramidal neurons, whereas 

Kv4.3 is concentrated in the somata and dendrites of hippocampal, striatal and neocortical 

interneurons (Rhodes et al., 2004). Kv4.2 and Kv4.3 are the major contributors to ISA in 

central neurons (Carrasquillo et al., 2012). Furthermore, Kv4.3 is an important component 

of Ito and decreased Kv4.3 expression has been observed in many heart diseases, particularly 

in heart failure and cardiac hypertrophy (Huo et al., 2014). Members of Kv4 subfamily 

exhibit similar electrophysiological properties when expressed in heterologous expression 

systems (Pak et al., 1991). At the amino acid level, Kv4.2 and Kv4.3 share 75% identity and 

are more closely related to each other than to Kv4.1, which shares 65–68% identity with 

them  (Nakamura et al., 2001).  

 
2.5 Kv4 channel preferential closed-state inactivation 
All  Kv4 channels undergo rapid inactivation (Birnbaum et al., 2004). A simplified gating 

scheme of Kv4 channels is shown in Figure 2.6A. However, these processes exhibit features 

that are inconsistent with the classical N- and P/C-type inactivation mechanisms, as 

described in Shaker channels. The N-terminal deletion mutant of Kv4.2 channel does not 

show the complete loss of the fast component of the decay as observed in Shaker channels 

(Birnbaum et al., 2004). In addition, elevated external K+ concentrations accelerate 

inactivation but does not affect recovery kinetics in Kv4 channels (Kaulin et al., 2008). 

Unlike Shaker channels, Kv4 channels can inactivate directly from a closed state before they 

open, upon a prolonged depolarization, which is referred to as closed-state inactivation (CSI) 

(Bähring and Covarrubias, 2011). During strong depolarization, Kv4 channels eventually 

accumulate in a closed-inactivated state and recover from this closed-inactivated state 

directly, bypassing the open state  (Bähring et al., 2001a). CSI is the main inactivation 

mechanism of Kv4 channels, as illustrated in Figure 2.6B. A study from Ye and coworkers 

revealed the Kv4.2 channel structure in the closed-inactivated state (Ye et al., 2022). The 

inactivated conformation has an extremely narrow pore, less than 0.5 Å, which effectively 

inhibits ion permeation.  Under this condition, the homotetrameric channel pore loses its 

four-fold rotational symmetry and becomes two-fold symmetric (Ye et al., 2022).  
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Figure 2.6 The simplified gating scheme and inactivation mechanism of closed-state inactivation (CSI) 
of Kv4 channels. A: C, O and I represent closed, open and inactivated states, respectively. C0 is the resting 

state, C1–Cn−1 represents a set of partially activated states, and Cn is the opening-permissive state. I0–In−1 

represents closed-inactivated states that are directly associated with inactivation-permissive closed states. IO 

and In represent the open-inactivated and closed-inactivated states, respectively. Kv4 channel inactivation is 

only weakly coupled to open-permissive or open states. Recovery of Kv4 channels from inactivation and return 

to C occurs “silently”, directly from In, bypassing O. B: The simplified cartoons illustrate the mechanism of 

CSI. Upon depolarization, the voltage sensor moves upward, the channel starts to activate and the gate opens 

to form the open activated conformation (open state). However, during prolonged depolarization, Kv4 channels 

can inactivate directly from a closed state, prior to opening. 

 

2.6 Accessory subunits of Kv4 channels 
Although α-subunits of Kv4 channels can mediate A-type currents in heterologous 

expression systems, such as in Xenopus oocytes, kinetic differences have been observed 

compared to native ISA recorded in neuron (Maffie and Rudy, 2008). In the brain, Kv4 

channels are thought to form ternary complexes with two types of auxiliary β-subunits, 
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dipeptidyl aminopeptidase-like proteins (DPPs) and Kv channel interacting proteins 

(KChIPs), both of which exist in numerous splice variants and modulate Kv4 channel surface 

expression as well as properties of activation and inactivation (Covarrubias et al., 2008). 

Cryo-EM have shown that α-subunits of Kv4 channels assemble with KChIPs and DPPs into 

dodecamer complexes in a 4:4:4 ratio (Figure 2.7; Kise et al., 2021). 

 

 
Figure 2.7 Structure of the Kv4.2-DPP6S-KChIP1 complexes (Kise et al., 2021). Kv4.2 α-subunits (blue) 

assemble with auxiliary subunits, KChIP1 (yellow) and DPP6S (pink), as a dodecamer in a 4:4:4 ratio. 

 

2.6.1 Dipeptidyl-peptidase-like proteins (DPPs) 
DPPs were first described in 2003 as a β-subunit associated with native Kv4 channels (Nadal 

et al., 2003). DPP6 and DPP10, also known as DPPX and DPPY, respectively, are two 

members of this protein family (Jerng et al., 2004; Qi et al., 2003). Unlike other  DPP family 

members, both DPP6 and DPP10 carry a point mutation at the enzymatic serine, which 

causes a lack of peptidase activity. Instead, they play a crucial role in modulating Kv4 

channel function (Strop et al., 2004). 

DPP6 was the first identified member of this family, and is a type Ⅱ transmembrane protein 

containing a single transmembrane domain, a short intracellular N-terminus, and a large 

extracellular domain with multiple glycosylation sites (Lin et al., 2014; Maffie et al., 2009). 

At least five alternatively spliced isoforms of DPP6 have been characterized: DPP6-S, 

DPP6-L, DPP6-K, DPP6-D and DPP6-E, which mainly differ in their cytoplasmic N-

terminal regions (Maffie et al., 2009; Strop et al., 2004). When co-expressed with Kv4 

channels in heterologous expression systems, such as Xenopus oocytes or CHO cells, DPP6  

significantly increases current amplitude by enhancing membrane localization of Kv4 

channels and increasing their unitary conductance (Malloy et al., 2022). Normally, DPP6 
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dramatically decreases the time to reach the maximum current, increases the rate of 

macroscopic inactivation, induces a hyperpolarizing shift in both voltage dependence of 

activation and steady-state inactivation curves, and accelerates the recovery from 

inactivation compared to Kv4 channels expressed alone (Nadal et al., 2003). DPP10, another 

member of the DPP family, shares 48–51% amino acid identity with DPP6 and has a similar 

structure (Qi et al., 2003). Similarly, DPP10 accelerates the macroscopic inactivation of 

Kv4.3 currents, increases surface expression of Kv4.2 channels, and produces a 

hyperpolarizing shift of steady-state inactivation for both Kv4.2 and Kv4.3 channels in 

different heterologous systems. On the contrary, DPP10 does not alter the steady-state 

inactivation of Kv4.1 channels, but induces a hyperpolarizing shift in the halfmaximal 

voltage of conductance-voltage (G-V) relationship. Thus, DPP6 and DPP10 produce similar, 

but not identical, modulatory effects on Kv4 channels (Bezerra et al., 2015; Jerng et al., 2007; 

Zagha et al., 2005).  

 
2.6.2 Kv channel-interacting proteins (KChIPs) 
KChIPs are another group of accessory β-subunits of Kv4 channels, which were first 

identified using yeast two-hybrid (YTH) system with the Kv4.3 N-terminal region as bait 

(An et al., 2000). KChIPs include 4 different members: KChIP1, KChIP2, KChIP3 and 

KChIP4, encoded by KCNIP1-4, respectively (Pruunsild and Timmusk, 2005). They exist in 

different splice variants and are highly expressed in both brain and heart (Holmqvist et al., 

2002; Jerng et al., 2004). KChIPs are small cytoplasmic proteins with approximately 200-

270 amino acids, which belong to the neuronal calcium sensor (NCS) family. They contains 

a highly conserved C-terminal core domain with four EF-hand calcium-binding motifs, and 

a variable N-terminal that varies in sequence and length, which determines the differences 

among KChIPs isoforms (Bähring, 2018). Among the four EF-hands, EF-3 and EF-4 mediate 

high affinity Ca2+ binding, EF-2 binds Mg2+ and EF-1 is non-functional (Jerng and Pfaffinger, 

2014). 

Utilizing alternative transcription start sites and alternative splicing, KCNIP1 leads to the 

synthesis of different KChIP1 isoforms, for example, KChIP1a, KChIP1b and KCNIP1-

Ⅰa∆Ⅱ (Pruunsild and Timmusk, 2005; Wu et al., 2023). Previous studies revealed KChIP1 

was detected in multiple regions of the brain, including cortex, hippocampus, thalamus, 

hypothalamus, and cerebellum (Rhodes et al., 2004). KChIP1 is able to interact with all Kv4 

channel subtypes. In the human heart, KChIP2 mRNA is highly expressed, and the encoded 
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protein assembles with Kv4.2 and Kv4.3 α-subunits to form and regulate Ito (Wang et al., 

2022). In ventricular myocytes from KChIP2 knockout mouse, Ito was eliminated (Foeger et 

al., 2013). KChIP3 is special among four KChIP subtypes. In addition to interacting with 

Kv4 channels, KChIP3 has been reported to have a transcriptional regulatory function, and 

is therefore also referred to as DREAM, for downstream regulatory element antagonist 

modulator (Carrión et al., 1999). Moreover, KChIP3 may also interact with Ca2+-signaling 

protein presenilin and, in this context, is  referred to as calsenilin (Ramachandran et al., 

2012). In the brain, KChIP3 are abundantly expressed in the dentate gyrus of the 

hippocampus and cerebellar granule cells (Jerng et al., 2005). KChIP4 was initially identified 

as calsenilin-like protein that binds to presenilin 2 (Alfaro-Ruíz et al., 2020). KChIP4 is 

concentrated in the apical and basal dendrites of cornu ammonis (CA) and subicula 

pyramidal neurons (Rhodes et al., 2004).  

KChIPs bind to the cytoplasmic N-terminus of Kv4 α-subunits in a 4:4 ratio to form an 

octameric channel complex. Cryo-EM by Kise and coworkers revealed the structure of a 

Kv4.2/KChIP1 complex (Kise et al., 2021), showing that KChIP1s are laterally anchored to 

the T1 domains of Kv4.2. These interactions serve as a second connection and stabilize the 

T1-T1 interface by connecting two neighboring T1 domains. This structural feature is 

consistent with the crystal structures of the Kv4.3 + KChIP1 complex (Ma et al., 2022), and 

is thought to facilitate tetramerization. In the Kv4.2 + KChIP1 complex, the intracellular S6 

helix interacts with the neighboring T1–S1 linker. Furthermore, the C-terminal cytoplasmic 

S6 helices of Kv4.2 and Kv4.3 are captured by KChIP1 through hydrophobic interactions 

(Kise et al., 2021; Ma et al., 2022; Wang et al., 2007). As a result, KChIPs play an important 

role in modulating trafficking and gating properties of Kv4 channels. In general, co-

expression of Kv4 channels with KChIPs enhances surface expression, and modulates Kv4 

gating properties as follows: slowing down the initial phase of Kv4 macroscopic inactivation, 

accelerating the recovery from inactivation, shifting the steady-state inactivation curve to 

more positive potentials and activation curve to more negative potentials (An et al., 2000; 

Beck et al., 2002).  

 
2.6.3 KChIP1b is special – Aim of study 

KChIP1b is a special KChIP1 splice variant that was first identified and cloned from mouse 

brain by Van Hoorick and coworkers in 2003 (Van Hoorick et al., 2003). It contains an 

additional 11 amino acids (highly aromatic; Figure 5.1), which was a formerly unrecognized 
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exon in the large intron between exons 1 and 2. The originally identified, shorter isoform 

was subsequently renamed KChIP1a. Different from other KChIP splice variants, KChIP1b 

has been reported to induce a second, extremely slow recovery component, which results in 

slowing recovery from inactivation, when co-expressed by transient cDNA transfection in a 

stable Kv4.2-expressing cell-line, while the recovery process behaved monoexponentially in 

the case of Kv4.2 alone or in the presence of KChIP1a. However, the mechanism underlying 

the special biphasic recovery kinetics induced by KChIP1b still remains unknown.  

On this basis, in order to answer whether the special KChIP1b feature of slowing recovery 

from inactivation, previously reported for binary Kv4.2 + KChIP1b channels, exhibits a 

more general applicability, the aim of the present study was to investigate modulation of Kv4 

channel subtypes by KChIP1 splice variants (KChIP1a and KChIP1b) in binary and ternary 

configurations with DPP in cRNA-injected Xenopus laevis oocytes and mechanism of 

KChIP1b-mediated recovery kinetics. Different experimental approaches were chosen for 

this purpose:  

1) A detailed analysis of the modulation of Kv4.2 channels by KChIP1a and KChIP1b were 

first studied in both binary (Kv4 + KChIP1) and ternary (Kv4 + DPP + KChIP1) channel 

configurations in the Xenopus oocyte with two-electrode voltage clamp. 2) Modulation of 

other Kv4 channel subtypes (Kv4.1, Kv4.3S and Kv4.3L) by KChIP1a and KChIP1b was 

further investigated. 3) Mechanism of KChIP1b-mediated recovery kinetics was studied by 

investigating the specificities of KChIP1b-mediated recovery kinetics in the ternary (Kv4.2 

+ DPP + 1b) configuration using different pulse protocols; investigating the involvement of 

N-type inactivation using Kv4.2 N-terminal deletion mutant; investigating the involvement 

of P/C-type inactivation using elevated external K+ or TEA concentration; investigating the 

relationship between closed-state inactivation and KChIP1b-associated P/C-type 

inactivation features using two Kv4.2 mutants located in the distal S6 segment from a 

previous alanine mutagenesis scan (Barghaan and Bähring, 2009). 
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6. Material and methods 

6.Y Clones and vectors 
The human clones of all Kv^ channel subtypes: Kv^.Y, Kv^.Z and two splice variants of 

Kv^.X (Kv^.XS, short splice variant; Kv^.XL, long splice variant) (Isbrandt et al., 2000), were 

used in this study. Kv^.XL (Abbott, 2017) was a kind gift from Geoffrey Abbott (Department 

of Physiology and Biophysics, University of California, Irvine, USA). The β-subunits of 

Kv^ channel subtypes: the short splice variant of KChIPY (KChIPYa), the long splice variant 

of KChIPY (KChIPYb), and the short splice variant of DPPÄ (DPPÄS) were used in this study. 

KChIPYa was kindly provided by Dirk Isbrandt (Center for Molecular Medicine, University 

of Cologne, Germany) and DPPÄS was provided by Nicole Schmitt (Department of 

Biomedical Sciences, Faculty of Health and Medical Sciences, Copenhagen, Denmark). In 

order to generate KChIP1b, a 33 bp fragment was inserted into the KChIP1a coding region 

by overlap PCR with appropriate primers (fwd: 

accagtatcagagagaTAAGATTGAAGATGAGCTGGAG; rev: 

aataccaccaggcgatgTCTTTCGAGGGTCGCCTT) in a back-to-back orientation, using the 

Q5 Site Directed Mutagenesis Kit (New England Biolabs), which was performed by 

Georgios Tachtsidis (University Hamburg-Eppendorf). An N-terminal deletion mutant of 

Kv^.Z, Kv^.Z ΔYÇ (Bähring et al., 2001b), in which YÇ amino acids of the proximal N-

terminus had been deleted, was used. An alanine-scanning mutagenesis in the distal part of 

SÄ had been performed in previous study (Barghaan and Bähring, 2009). Two mutants 

located in the distal part of SÄ of Kv^.Z, either leucine at position ^ÇÇ or asparagine at 

position ̂ ÇÉ, were replaced by alanine (Kv^.Z L^ÇÇA and Kv^.Z N^ÇÉA, respectively), were 

selected. All cDNAs used in this study were inserted into the multiple cloning site of the 

RNA transcription vector pGEM-HE. 

 
6.Z In vitro synthesis of cRNA 

The cDNA used in this work, as well as transformation of bacteria (JMYÇÑ E.coli cells), 

plasmid isolation (QIAprep Spin Miniprep Kit, Germany) were provided by Anett Hasse 

(University Hamburg-Eppendorf), as previously described (Barghaan and Bähring, 2009; 

Wollberg and Bähring, 2016). Plasmid DNA in pGEM-HE vector was transcribed into RNA 

as following. 

D) Digestion and linearization of plasmid DNA 

Z µg of template DNA (YÇµl of solution with a concentration of Ç.Z μg/μl) was incubated 
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with aµL FD-Puffer, Y.a µL Enzyme (Not I/Sal I; New England Biolabs), XX.a µL DEPC-

H+O in a total volume of aÇ µL at XÜ °C overnight.  

J) Agarose electrophoresis 

Y% agarose gel was prepared to confirm the linearization of template DNA. Ç.a g agarose 

powder and aÇ mL Y × TBE – buffer was mixed and heated in the microwave for Z-X minutes 

until the solution became clear. After the mixture had cooled slightly, X µL pecGREEN was 

added, mixed, and then filled into the gel form. Comb was carefully inserted into the gel. 

The solidified gel was placed in an electrophoresis chamber with covered Y × TBE – buffer. 

a µL digested probe from the reaction mixture of DNA was added with Y µL Loading-Dye 

Äx into the pocket of gel. a µL Ykb DNA ladder (ThermoFischer) was used as a marker. The 

gel was run at YYÇ V, ÉÇ mA and X-Ä W for aÇ minutes to separate the DNA fragments by 

size. After electrophoresis, the DNA bands were examined under the UV light TIY (Biometra, 

Göttingen), with a wavelength of XYZ nm.  

K) cDNA precipitation 

DNA precipitation was performed for purification. ^a µL digested probe DNA was mixed 

with a µL Na-acetate (pH a.Z), Z.a µL Ç.aM EDTA and YZa µL cold YÇÇ% Et-OH absolute. 

The mixture was incubated at -ZÇ °C for XÇ minutes. Afterwards, the reaction mixture was 

centrifuged with the speed of Y^ÇÇÇ RPM, at ^ °C for ZÇ minutes. The supernatant was 

carefully pipetted out without disturbing the DNA pellet. Y mL ÜÇ% Et-OH absolute was 

added into the tube, vortexed briefly and centrifuged with the speed of Y^ÇÇÇ RPM, at ^ °C 

for YÇ minutes. The supernatant was again removed and then the DNA precipitate was dried 

using a vacuum concentrator at room temperature for YÇ-Ya minutes.  

L) Capping (TO reaction)  

RiboMAX™ Large Scale TÜ Production Kit (Promega, Walldorf) was used for cRNA 

synthesis. YÜ µL DEPC-H+O was first applied in the previous tube with DNA precipitation. 

Ya µL rNTP, YÇ µL TÜ-Buffer, a µL TÜ-Enzyme-mix and X.Üa µL Ribo Cap-Analog (^Ç mM) 

were mixed with the DNA probe. The total volume for the TÜ reaction was aÇ µL. The 

mixture was incubated at XÜ °C for X hours. After the incubation, ^ µL RQY-DNAse was 

added and them incubated at XÜ °C for Ya minutes in order to remove residual DNA 

contamination. ^Ä µL DEPC-H+O was added for a total volume of YÇÇ µL.  

P) RNA precipitation 

All the work in this step was performed on the ice and under the hood. The synthesized RNA 

was extracted and purified by phenol-chloroform extraction and ethanol precipitation. YÇÇ 
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µL phenol-chloroform-isoamyl-alcohol was added into the YÇÇ µL RNA probe. The mixture 

was vortexed for XÇ seconds, and then centrifuged with a speed of Y^ÇÇÇ RPM, at ^ °C for 

Z minutes. The supernatant was carefully transferred into a new RNase-Free tube and another 

YÇÇ µL phenol-chloroform-isoamyl-alcohol was added. Then the vortex and centrifugation 

were repeated as previous step. After the top phase was transferred into a new RNase-Free 

tube, YÇÇ µL Chloroform was added. The solution was vortexed for XÇ seconds, and then 

centrifuged with the speed of Y^ÇÇÇ RPM, at ^ °C for Z minutes. The top layer was again 

transferred into a new RNase-Free tube, and YÇ µL Natrium-Acetate, ZaÇ µL YÇÇ % cold Et-

OH were added. The mixed solution was incubated on ice for a minutes to precipitate the 

RNA. After incubation, the mixture was centrifuged with the speed of Y^ÇÇÇ RPM, at ^ °C 

for YÇ minutes. After the upper layer was removed, Y mL ÜÇ % cold Et-OH was added.  The 

solution was again centrifuged of a speed of Y^ÇÇÇ RPM, at ^ °C for a minutes. The 

supernatant was discarded and then the RNA precipitate was dried using a vacuum 

concentrator at room temperature for YÇ-Ya minutes until all visible liquid had evaporated. 

Finally, YÇÇ µL of DEPC-H+O were added into the tube and mixed until the pellet dissolved.  

R) RNA quantification 

The RNA concentration was measured with the IMPLEN NanoDrop spectrophotometer 

(Implen, Munich, German). 

O) RNA quality control (agarose electrophoresis) 

Y% agarose gel was prepared as previously described. a µL of RNA probe was mixed with a 

µL Z × RNA Loading Dye and incubated at ÜÇ °C for YÇ minutes. X-a µL RNA-Ladder 

RiboRuler high-range (ThermoFischer) was used as a marker. The gel was conducted at YYÇ 

V, ÉÇ mA and X-Ä W for ̂ Ç-aÇ minutes. After electrophoresis, the DNA bands were examined 

under the UV light TIY (Biometra, Göttingen), with a wavelength of XYZ nm.  

 

6.6 Heterologous channel expression 

Xenopus laevis oocytes can be induced to express ion currents on the surface of plasma 

membrane by injecting cRNA of ion channel protein into the oocytes (Gurdon et al., 1971; 

Weber, 1999). Xenopus laevis oocytes are huge cells (Y.Ç to Y.Z mm in diameter) and can be 

easily injected, manipulated and used for electrophysiological measurements (Weber, 1999). 

The endogenous channels and receptors are expressed at low levels on its membrane. The 

amount of RNA injected can be precisely adjusted, so that the levels of expressed protein 

can be controlled. Therefore, oocytes of Xenopus laevis serve as a standard heterologous 
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expression system for ion channels study (Baumgartner et al., 1999; Dascal, 2000), which 

enables the expression of membrane proteins either in isolation or in combination with other 

proteins (Dascal, 1987).  

 
6.6.Y Xenopus laevis oocytes preparation 

Fresh oocytes were obtained from female Xenopus laevis frogs. Frog surgeries were 

performed by Professor Robert Bähring. Y.Z g Ethyl X-aminobenzoate methanesulfonate 

(Tricain, MS-ZZZ, Sigma-Aldrich) was dissolved together with Za mL of Ç.a M H+Na+PO, 

buffer solution in Y L tap water for anesthesia (approximately YÇ-ZÇ minutes at room 

temperature). After anesthetized, a Y cm long incision in the lower abdominal area of a frog 

was made. Part of the ovary lobes was gently removed and cut from the abdominal cavity. 

Fresh oocytes were transferred into a tube with aÇ mL ORY + aÇ µg/mL gentamicin solution 

for transport. The fascia and abdominal wall of the frog were sutured and the frog was put 

back in the fresh tap water to recover.  

To remove the follicular cell layer, the lobes of oocytes were manually pulled apart into 

smaller cluster of YÇ-ZÇ cells. The tissue was digested in Ca++- free oocyte Ringer's solution 

(ORZ solution) with Y.X mg/mL Collagenase Ⅱ (Sigma, USA) at room temperature on a 

horizontal shaker (RMa, Assistant, Germany) for ^-a hours. When the oocytes were 

completely isolated, the supernatant was carefully discarded and the oocytes are washed with 

ORY at least ^-a times to remove the follicular layer and blood. After washing procedure, the 

oocytes were transferred into a YÇ cm cell culture dish with ORY + aÇ µg/mL gentamicin 

solution. Oocytes were incubated overnight at YÄ °C until cRNA injection. Composition of 

Xenopus oocyte solutions can be found in Table X.Y. Xenopus oocyte solutions were stored 

at ^ °C. Usually Y L Xenopus oocyte solutions were prepared every time, using ultrapure 

water in a volumetric flask. Stir was used to make sure all the reagents were completely 

dissolved. 

 
Table '.) Solutions for Xenopus oocytes 

Name Composition  
OR/ ,- mM NaCl, - mM Na pyruvate, < mM KCl, < mM CaCl!, > mM MgCl!, 

- mM HEPES, 
pH ,.- with NaOH/HCl, with -Jµg/mL Gentamicin, sterile filtered 
 

OR0 S<.- mM NaCl, < mM KCl, > mM MgCl!, - mM HEPES, 
pH ,.- with NaOH/HCl, sterile filtered 

 



 
 
20 

6.6.Z cRNA injection  

D) Preparation of injection needles 

Glass capillary (Injector, Glass Replacement X.a nL ^ÉÜÉ, ONE, ÇÉ-J S/N) were heated and 

pulled by a puller (L/M-XP-A, List-Medical) into fine needles. The tips of the needles were 

carefully broken under the microscope to make the injection tip around ZÇ-^Ç µm in diameter. 

Then the needles were placed in a metal box and backed at +ZÇÇ °C together with fine glass 

capillaries for Z hours in order to eliminate any RNAse and other contaminants. 

J) Injection procedure 

Workplace and equipment were treated with RNase Blocker before injection. Well-

conditioned, non-folliculated V-VI stage oocytes were selected and placed in a culture dish 

with ORZ solution. The injection needle was first filled with oil, inserted under the 

microscope to the injector and then the oil was emptied forward. A cRNAs solution aliquot 

was taken from the -ZÇ °C freezer, centrifuged and transferred to the injection needle using 

a fine glass capillary under the microscope. YZ-Ya oocytes were placed in a row in the 

injection chamber with ORZ solution each time, which were completely covered by the 

solution but did not float. The tip of the glass needle was positioned close to the surface of 

the oocytes and then they were impaled by a Nanoliter ZÇÇÇ Microinjector (WPI, Freidberg, 

Germany). After each injection, the needle was withdrawn and turned to next oocyte. 

Injected oocytes were stored in a mL ORY solution with aÇ µg/mL gentamicin in Xa mm cell 

culture dishes, and incubated at YÄ °C for Y-YÇ days until used for recordings. 

K) Volume and concentration of cRNA 

In order to study different aspects of Kv^ channel modulation by the two KChIP splice 

variants Ya and Yb, we expressed Kv^.x channels (Kv^.x = Kv^.Y, Kv^.Z, Kv^.XS or Kv^.XL) 

in Xenopus oocytes in the following configurations (Figure X.Y): (Y) Kv^.x α-subunit alone 

(homotetrameric control): each oocyte was injected with either Ç.É ng of Kv^.x cRNA in ZX 

nL, or Y.Ü or a ng in aÇ nL.  (Z) Kv^.x α-subunit together with either KChIPYa or KChIPYb 

(referred to as Ya and Yb in figures and texts; Kv^.x + KChIPYx; binary configuration): To 

examine KChIPY effect in a binary configuration, each oocyte was injected with Y.Ü ng Kv^.x 

+ a, YÇ, or ZÇ ng of Ya or Yb in aÇ nL, or with Ç.É ng Kv^.x + a ng of Ya or Yb in ZX nL. (X) 

Kv^.x α-subunit together with DPPÄ-S (referred to as DPP in figures and texts; Kv^.x + 

DPP): As a control for KChIPY co-expression experiments in the presence of DPP, each 

oocyte was injected with Y.Ü ng Kv^.x + a ng DPP in aÇ nL, or with Ç.É ng Kv^.x + a ng 

DPP in ZX nL. (^) Kv^.x α-subunit together with DPP and either Ya or Yb (Kv^.x + DPP + 
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KChIPYx; ternary configuration):  To examine KChIPY effect in a ternary configuration with 

DPP, each oocyte was injected with Y.Ü ng Kv^.x + a ng DPP + YÇ ng of Ya or Yb in aÇ nL, or 

with Ç.É ng Kv^.x + a ng DPP + Z.a ng of Ya or Yb in ZX nL. Oocytes were used for 

electrophysiology recordings Y-YÇ days after cRNA injection.  

 

 

Figure Q.R KvS channel subunit composition and structure. Cartoons depict the subunit assembly of Kvg 

channels and the molecular structure of a Kvg α-subunit. A: Tetrameric assembly of Kvg α-subunits (grey 

quadrants) in the absence (upper row) and presence of DPPs (black circles, lower row); KChIPi splice variants 

ia (blue) or ib (red) co-assembled with Kvg channels in a binary configuration (upper box) or with Kvg + DPP 

channels in a ternary configuration (lower box). B: Modification of selected Kvg.k mutants: a ten amino acid 

N-terminal deletion construct (Kvg.k Δ im) and two constructs with amino acid substitutions in Sn (Kvg.k 

LgmmA and NgmoA) were used in the present study. 

 
6.^ Electrophysiology 

6.^.Y Two-electrode voltage clamp 
Measurements in this study were performed using the two-electrode voltage clamp (TEVC) 

technique. The electrophysiological experiments were carried out at room temperature (ZÇ 

to Za °C). In contrast to the original method applied by Hodgkin and Huxley (Hodgkin et al., 

1952), modern TEVC use two glass electrodes: voltage electrode and current electrode. In 

this method, the membrane voltage is artificially set to a desired potential, called command 

voltage (Vcommand), which may be different from the resting potential. The membrane 

potential (Vm) is monitored by a voltage electrode. When there is a difference between 

Vcommand and Vm, current electrode injects currents into the cell to maintain the membrane 

potential at the desired value through a feedback amplifier. The injected current amplitude, 

although opposite in sign, is equal to the membrane current and it is measured as the total 

membrane current (Im) (Halliwell et al., 1999). The properties of ion channels can be studied 

by recording the membrane currents, using various recording protocols, different 

extracellular recording solutions and applying chemicals. Figure X.Z illustrates a simplified 

setup of a typical TEVC recording from a Xenopus laevis oocyte, modified from Nowotny 
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and Levi (2013). 

 

 

Figure Q.T Illustration of a conventional TEVC setup from a Xenopus laevis oocyte. The Xenopus oocyte 

is placed in the middle of the recording chamber certainly superfused with recording solution. Two electrodes, 

one for voltage electrode and the other for current electrode, are inserted into an oocyte via glass capillaries 

filled with p M KCl. Vm is measured by the voltage electrode connecting to a high input impedance amplifier 

(Ai). The output of Ai, which is approximately equal to Vm, is passed to a clamping amplifier (Ak). Ak is a 

high gain differential amplifier and the input of Ak is compared with Vcommand. If the two potentials are different, 

Ak produces current, which is injected into the oocyte by the current electrode, in order to bring the difference 

between commend voltage and membrane potential to zero. The injected current is calculated by measuring 

the potential across the resistance R via a current to voltage converter, as total membrane current (Im). Reference 

electrodes are placed in the recording solution, one is connected with Ai and another one is connected to current 

to voltage converter.  

 

6.^.Z Experimental set-up 
D) Preparation of electrodes 

^-a cm long and Ç.Za mm thick straight silver wires were used in the voltage electrode and 

the current electrode. Silver wires were chlorided using an automatic chloride (ACL-ÇY, npi 

electronic GmbH). For this purpose, silver wires connected to the automatic chloride were 

immersed into X M KCl solution with less the Ycm end of each wire left in the air. After the 

immersed part was completely blackened, Ag/AgCl wires were coated. Recording glass 

pipettes (GBYaÇTF-ÉP, Science Products, Hofheim) were pulled into two symmetric glass 

electrodes by a vertical Puller (L/M-XP-A List-Medical). The needle tips were slightly 

broken under the microscope in order to reduce its resistance in the range of Ç.Y-Ç.a MΩ and 

later filled with X M KCl. A filled glass needle was placed onto the electrode holder with 

Ag/AgCl wire pre-installed, which were later installed on a micromanipulator (Märzhäuser, 

Wetzlar).  

J) Set-up of the recording system 

The recording apparatus for TEVC was placed on a metal plate on the table, with two 

A1 A2 Vcommand 

voltage 
electrode 

current 
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recording 
chamber 

oocyte 

R 

current to voltage 
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electrode holders attached to the mechanical micromanipulators. The angle between the 

electrode and the plane of the table was around ̂ a°. A binocular microscope (Stemi DV^spot, 

Zeiss, Jena) was used for the optical monitoring and placed above the recording chamber, 

which was located in the center between two-electrodes. Superfusion of the oocytes with the 

recording solution was performed using a gravity-driven perfusion system, and a vacuum 

pump was used for aspiration. The extracellular solutions, used for measurement, if not 

specially noted, was standard physiological extracellular solution (ND ÑÄ). ÑÉ mM-K+ bath 

solution (high K+ solution) and ÑÉ mM-TEA bath solution (high TEA solution) were also 

utilized. An injected oocyte was picked and transferred from the culture dish to the cavity of 

the recording chamber with recording solution. The tips of voltage and current electrodes 

were impaled into the oocyte membrane, which was verified by monitoring the voltage. 

Resting membrane potential was usually between −ZÇ and −aÇ mV. All recordings used -ÉÇ 

mV as holding potential. Recording signals were amplified by using a Turbo tec-ÇXx 

amplifier (NPI, Tamm) and digitalized by an AD/DA converter (IntruTECH LIH É + É, 

HEKA, Lambrecht) with a sampling frequency of Y - ^ kHz. The outputs of the amplifier 

were monitored on a computer.  

 

6.^.6 Experimental solutions 

The measurements were carried out under constant flow of extracellular solutions. The 

composition of the extracellular solutions can be found in Table X.Z 

 

Table '.5 Recording solutions for electrophysiological measurement. 

Name Composition  
ND23  
 

TU mM NaCl, < mM KCl, >mM CaCl!, > mM MgCl!, - mM HEPES, 
pH ,.V with NaOH/HCl, sterile filtered 
 

high K+ solution TS mM KCl, >mM CaCl!, > mM MgCl!, - mM HEPES, 
pH ,.V with NaOH/HCl, sterile filtered 
 

high TEA solution TS Mm TEA, >mM CaCl!, > mM MgCl!, - mM HEPES, 
pH ,.V with NaOH/HCl, sterile filtered 

For the high K+ and high TEA bath solution, all NaCl was substituted with KCl or TEA. 

 

 
6.^.^ Recording pulse protocols 
The Software Patchmaster (v.ZxÑY, HEKA, Lambrecht) was used to define the pulse 
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protocols, control the amplifier and record the data.  

 
Test pulse protocol  
Test pulse protocols (Figure X.X) were performed to study the peak current amplitudes and 

macroscopic inactivation (i.e., current decay). It consists of two similar recording protocols. 

The first test pulse: after a pre-pulse at -YÇÇ mV for Z s, a depolarizing pulse at +^Ç mV (Z.a 

s) was recorded, which activated all the Kv^ channels. The second test pulse was similar, 

but with a pre-pulse at -Xa mV for Z s and then a depolarizing step to +^Ç mV for Z.a s). The 

-Xa mV pre-pulse inactivated all the Kv^ channels, and only endogenous currents and leak 

currents were recorded. In order to eliminate the endogenous currents and leak currents, the 

current recorded in the second test pulse was subtracted from the first pulse current.  

 
Figure Q.Q Test pulse protocol. First, starting from a holding potential of -om mV, a pre-pulse at -imm mV for 

k s was applied, followed by a depolarizing pulse to +gm mV for k.r s. The second test pulse was performed 

with a pre-pulse at -pr mV for k s in order to subtract the endogenous currents and leak currents. 

 

Recovery from inactivation 

The first recovery protocol is a standard double-pulse protocol (Figure X.^), in which 

inactivation is possible via the open state (recovery from high-voltage inactivation).   

Figure Q.S Pulse protocol of recovery from inactivation. After a brief pulse from a holding potential to -sr 

mV, at which contains only leak currents for test and control currents subtraction, a hyperpolarizing pre-pulse 

at -om mV for k s was applied to make sure most of the channels were at the closed state. Then, the first 

depolarizing pulse to +gm mV for p s was recorded as control current (Icontrol), which was used to activate and 

inactivate almost all the channels in each run. Afterwards, a hyperpolarizing step was applied to -om mV 

(recovery potential) with varying interpulse duration (Δ t), ranging from mms to kmgom ms, which was 

incremented by a factor of k, to allow the channels to recover, and a second pulse to +gm mV for rm ms was 

performed to determine the availability of the channels (Itest). Recovery potentials of -ikm, -iim, -imm, and -sm 

mV were also used to study the voltage dependence of recovery from high-voltage inactivation. 
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50 ms -100 mV 
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-80 mV 

50 ms 

-35 mV 

-80 mV 

50 ms 
-95 mV 
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-80 mV 
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// 
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+40 mV +40 mV 

50 ms 

Δ t 
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-80 mV 

50 ms 
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A second recovery protocol was applied, in which inactivation was induced by a pre-pulse 

below the activation threshold, so that inactivation can only occur from closed states (Figure 

X.a). 

Figure 3.5 Pulse protocol for recovery from low-voltage inactivation. Similar to standard double-pulse 

protocol, after a brief pulse from a holding potential to -sr mV, a hyperpolarizing pre-pulse to -imm mV for k s 

was applied. The control depolarizing pulse at +gm mV for irms was recorded as control current (Icontrol). Then, 

a hyperpolarizing pulse returned to recovery potential for k s to make sure most of the channels were closed. 

The closed-state inactivation was induced with a depolarizing pulse to -tm mV for im s. Afterwards, a 

hyperpolarizing step was applied to -imm mV (recovery potential) with varying interpulse duration (Δ t), ranging 

from mms to kmgom ms, which was incremented by a factor of k, allowing the channel to recover. The test pulse 

at +gm mV for ir ms was recorded as test current (Itest) to determine the availability of the channels. Recovery 

potential of -ikm, -iim, -sm mV were used to study the voltage dependence of recovery from low-voltage 

inactivation. 

 

The third recovery protocol was performed to investigate recovery from inactivation with 

different inactivating voltages (Figure X.Ä).  

 

Figure Q.W Pulse protocol for recovery from inactivation with different inactivating voltages. After a brief 

pulse from a holding potential to -sr mV, a hyperpolarizing pre-pulse to -imm mV (recovery potential) for k s 

was applied, the control depolarizing pulse at +gm mV for ir ms was recorded as control current (Icontrol). Then, 

a hyperpolarizing pulse returned to recovery potential for k s. A depolarizing pulse at -tm, -pr, m, +pr or +tm 

mV for im s was used to induce inactivation. Afterwards, a hyperpolarizing step was applied to -imm mV with 

varying interpulse duration (Δ t), ranging from mms to kmgom ms, which was incremented by a factor of k. The 

test pulse at +gm mV for ir ms was recorded as test current (Itest) to check the availability of the channels.  
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The fourth recovery protocol was performed to investigate recovery from inactivation with 

different inactivating pulse durations (Figure X.Ü).  

 

Figure 3.7 Pulse protocol for recovery from inactivation with different inactivating pulse durations. After 

a brief pulse from a holding potential to -sr mV, a hyperpolarizing pre-pulse to -om mV for k s was applied to 

make sure most of the channels were in the closed state. Then, the first depolarizing pulse to +gmmV for gm 

ms, om ms, gmm ms, r s, im s or km s was recorded as control current (Icontrol), which was used to activate and 

inactivate part or all the channels in each run. Afterwards, a hyperpolarizing step was applied to -om mV 

(recovery potential) with varying interpulse duration (Δ t), ranging from mms to kmgom ms, which was 

incremented by a factor of k, and a second pulse to +gm mV for rmms was performed to determine the 

availability of the channels (Itest). 

 

Voltage dependence of steady-state activation  

In order to investigate the steady-state inactivation, a double-pulses protocol was used as 

shown in Figure X.É.  

 

Figure Q.X Pulse protocol for steady-state inactivation. After a brief pulse from holding potential to -sr mV, 

a prepulse at -iim mV (in the presence of ia) or -ikm mV (in the presence of ib) lasting for k s was applied. A 

depolarization step to +gm mV was recorded as a control current (Icontrol). Then different voltages starting from 

-iim mV (in the presence of ia) or -ikm mV (in the presence of ib) to +km mV, increasing by +im mV each repeat, 

were applied for im s. Afterwards, the test pulse at +gm mV was recorded as a test current (Itest) in order to 

determine how many channels still can be activated. 

 

Voltage dependence of activation 

In order to study the voltage dependence of activation, an I-V protocol was performed as 

shown in Figure X.Ñ. 
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Figure 3.9 Pulse protocol for voltage dependence of activation (I-V protocol). After a brief pulse from 

holding potential to -sr mV, a pre-pulse at -imm mV was applied for k s. Then, the oocytes were depolarized to 

different voltages, from -sm mV to +tm mV for k.r s, in steps of im mV each sweep, in order to determine at 

which voltage, the channel starts to activate. After depolarization, the cells were hyperpolarized to holding 

potential.  

 

6._ Data collection and analysis 

Fitmaster (v.ZxÑY, HEKA, Lambrecht, Germany) was used to evaluate the current recordings. 

Current amplitudes and time constants of macroscopic inactivation could be determined by 

the software. The data processed with Fitmaster were further analysed using Kaleidagraph 

(v.a, Synergy Software, USA), to determine the kinetics of recovery from inactivation, the 

voltage dependence of steady-state inactivation and activation, Kaleidagraph was also used 

to perform statistic tests.  

For consistency, current amplitudes were always compared between groups at a membrane 

potential of +^Ç mV when the same amount of Kv^.x cRNA was injected. Individual data 

points like current amplitudes, fit results and kinetic parameters are given as mean ± SD 

(standard deviation) in summary graphs. Normalized pooled data for recovery from 

inactivation, steady-state inaction and voltage dependence of activation are shown as mean 

± SEM (standard error). The voltage dependences of recovery kinetics were defined by the 

apparent charge qapp, a fraction of the elementary charge qe, dependent on the Boltzmann 

constant kB and the absolute temperature T (kB T/qe = RT/F = Za.ZÉ mV at room temperature) 

(Barghaan et al., 2008). To assess statistical significance, one-way analysis of variance 

(ANOVA) with Dunnett’s post hoc test was used for multiple comparisons, and unpaired 

Student's t-tests were performed to compare two different groups. Paired Student's t-tests 

were performed for comparison of the time constants of recovery from inactivation in normal 

NDÑÄ solution and high K+ or high TEA solution. The difference was reported to be 

significant if p<Ç.Ça and highly significant if p<Ç.ÇÇÇY. 
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Peak current amplitude 

The peak current amplitudes at +^Ç mV (I+,3) were determined after leak subtraction. The 

leak current at +^Ç mV (Ileak (+,3)) were calculated by using mean current from -Ña mV 

(potassium reversal potential, only leak current): 

I!"# = I − I$%&'(!"#) 

I$%&'(!"#) =
I*+,
−$% × '( 

I: current amplitudes recorded at +^ÇmV; I!"#: peak current amplitudes at +^Ç mV 

I$%&'(!"#): leak current at +^ÇmV; I*+,: mean current from -Ña mV 

 
Macroscopic inactivation 
The kinetics of macroscopic inactivation of Kv^ channels, in the absence or presence of 

auxiliary β-subunits were best described with a triple-exponential function by fitting the 

current decay:  

I = A# + A- ∙ e*
!
"# 	+	A. ∙ e*

!
"$ 	+	A/ ∙ e

* !
"% 

The percentage of relative amplitudes was calculated from obtained data: 

%τ0 =	A0/	(	A- +	A. +	A/) 	 ∙ 3(( 

%τ0: the percentage of relative amplitudes; 41: amplitudes of time constant 

In order to study the effect of high K+/TEA (elevated external K+/TEA) on the macroscopic 

inactivation, the current decay was fitted with a double-exponential function: 

I = A# + A- ∙ e*
!
"# 	+	A. ∙ e*

!
"$ 

I: current; τ8, τ+, τ9: time constants; A3: offset amplitude; A8, A+, A9: amplitudes of the three-

time constants; t: time 

 
Recovery from inactivation 
The peak current amplitudes of test pulse (Itest) and control pulse (Icontrol) were leak-

subtracted by using the mean current from -Ña mV and calculated as described. The 

normalized data (Itest/Icontrol) were plotted against the interpulse interval duration on a log-

scale. The recovery data could be exponentially fitted in six different ways: 
Single exponential function without offset: 

I2%32
I456275$

= 3 − e
*2
8&'( 

Single exponential function with an offset: 
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I2%32
I456275$

= (3 − A#) ∙ 53 − e
*2
8&'(6 + A# 

Double exponential function without offset: 

I2%32
I456275$

= (3 − A.) ∙ 53 − e
*2
8# 6 + A. ∙ 53 − e

*2
8$6 

Double exponential function with an offset: 

I2%32
I456275$

= (3 − A# − A.) ∙ 53 − e
*2
8# 6 + A. ∙ 53 − e

*2
8$6 + A# 

Triple exponential function without offset: 

I2%32
I456275$

= (3 − A. − A/) ∙ 53 − e
*2
8# 6 + A. ∙ 53 − e

*2
8$6 + A/ ∙ 53 − e

*2
8%6	 

Triple exponential function with an offset: 

I2%32
I456275$

= (3 − A#	 − A. − A/) ∙ 53 − e
*2
8# 6 + A. ∙ 53 − e

*2
8$6 + A/ ∙ 53 − e

*2
8%6 +	A#		 

 

t: time (interpulse duration; see Figure X.a-X.Ü); τ0: time constant; A3: offset amplitude; A+, 

A9: relative amplitude of τ+ and τ9; relative amplitude of τ8 (A8) was calculated: A8= Y -A+ or 

A8= Y -A+ - A9; the percentage of relative amplitudes was calculated from the obtained data: 

%τ0 =	A0/	(	A- +	A.) 	 ∙ 3(( or %τ0 =	A0/	(	A- +	A. +	A/) 	 ∙ 3(( 

A0: amplitudes of time constant 

 
Voltage dependence of activation 

The voltage dependences of activation were calculated by measuring the maximum current 

amplitudes (Imax) in the I-V activation protocol and convert into the conductance (G): 

G = I:&0
V: − E;

 

V:: respective membrane potential; E;: reversal potential 

The conductance values for the conductivities were normalized to respective maximum 

(G:&0) and plotted against the membrane potential (V:). A ^th order Boltzmann equation 

was used to fit the G-V data: 

G
G:&0

= : 3

3 + e<
=)*=*

> ?
;
"

 

V@: Voltage at Ä.a% of maximum activation; s: slope factor of the G-V curve; the halfmaximal 

voltage of the G-V curve (V1/2,act) was determined manually with Kaleidagraph (v.a, Synergy 
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Software, USA).  

 
Voltage dependence of steady-state inactivation 
The peak current amplitudes of test pulse (Itest) and control pulse (Icontrol) were leak-

subtracted by using the mean current from -Ña mV and calculated as described. The 

normalized data (Itest/Icontrol) were plotted against the voltage of the prepulse (Vm). A single 

Boltzmann function was used to fit the data points: 

I2%32
I456275$

= (3 − A#)

:3 + e
=)+,# $,./0(!1

> ;
+ A# 

 

V:: membrane potential; A#: offset amplitude; V8/+,inact: voltage of halfmaximal inactivation, 

indicating that at this potential, aÇ% of the channels are at the inactivated state; s: slope 

factor at V8/+,inact. 
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4. Results 

4.1 Modulation of Kv4.2 channels by KChIP1 splice variants in binary and ternary 
configurations studied in the Xenopus oocyte expression system 
In this chapter, the effects of KChIP1 splice variants co-expression on the Kv4.2 channel 

subtype in the Xenopus oocyte expression system, such as functional expression (i.e., peak 

current amplitude), the kinetics of both macroscopic inactivation (i.e., current decay) and 

recovery from inactivation, as well as voltage dependence of activation and steady-state 

inactivation, will be first described, in order to complement previous data obtained with a 

stable Kv4.2-expressing cell-line transfected with KChIP1a and KChIP1b cDNA in the 

absence of DPP. Here, we investigated the modulation of Kv4.2 channels by KChIP1 splice 

variants not only in the absence of DPP (binary configuration) but also in the presence of 

DPP (ternary configuration).  

 

4.1.1 Peak current amplitude 
To investigate the effects of KChIP1a and KChIP1b (referred to as Ya and Yb in Chapter ^) 

on the functional expression of Kv4.2 channels, Kv4.2 channel cRNA (1.7 ng per oocyte) 

was first injected alone into Xenopus oocytes. Kv4.2-mediated A-type currents were 

recorded using TEVC in response to a depolarizing voltage step (Figure 4.1A). The mean 

peak current amplitude at +40 mV for Kv4.2 was 0.5 ± 0.3 µA (n = 18; Figure 4.1B). In the 

binary configuration, co-expression with either 1a or 1b cRNA (5, 10, 20 ng injected per 

oocyte) significantly increased peak current amplitude of Kv4.2 channels (Figure 4.1A and 

B). When 1a (10 ng per oocyte) was co-expressed with Kv4.2, the peak current amplitude 

was increased to 8.3 ± 4.1 µA (n = 37), significantly larger than that observed with the same 

amount of 1b (2.0 ± 1.3 µA, n = 47; p<0.0001), indicating that the effect of 1b on increasing 

the current amplitude was weaker compared to 1a. The difference between 1a and 1b co-

expression regarding current enhancement was highly significant and persisted even if 5 ng 

or 20 ng of KChIP1 cRNA was injected, and no dose-dependent increase in Kv4.2 current 

amplitudes was observed with either 1a or 1b (Figure 4.1B; Table 4.1). The 1b-induced 

increase in Kv4.2 currents in our study is consistent with previous results in a stable Kv4.2-

expressing cell-line (Van Hoorick et al, 2003). Based on these results, 1.7 ng Kv4.x + 10 ng 

KChIP1x were used for all subsequent co-expression experiments, unless otherwise stated.  

To investigate the effects of 1a and 1b on the functional expression of Kv4.2 channels in the 

presence of DPP, 1.7 ng Kv4.2 was co-expressed with 5 ng DPP as the control group and 
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measurements were carried out on day1 (d1) and day2 (d2) after cRNA injection.  

 

 

Figure 4.1 Effects of KChIP1 splice variant 1a and 1b co-expression on the peak current amplitude of 
Kv4.2 channel. A (binary configuration) and C (ternary configuration): Macroscopic currents mediated by 

Kv4.2 alone, with 1a or 1b in the absence or presence of DPP were recorded using TEVC in Xenopus oocytes. 

Recording were performed two days after cRNA injection (d2) using voltage steps from -100 mV to +40 mV, 

representative traces as indicated (grey trace: Kv4.2 alone (1.7); black trace: Kv4.2 + DPP (1.7 + 5); blue traces: 

Kv4.2 + 1a (1.7 + 10); or Kv4.2 + DPP + 1a (1.7 + 5 + 10); red traces: Kv4.2 + 1b (1.7 + 10) or Kv4.2 + DPP 

+ 1b (1.7 + 5 + 10)). B (binary configuration) and D (ternary configuration): Bar graphs show peak current 

amplitudes (mean ± SD) of Kv4.2 alone (grey bar), Kv4.2 + DPP (black bar), Kv4.2 + 1a or Kv4.2 + DPP + 1a 

(blue bar), Kv4.2 + 1b or Kv4.2 + DPP + 1b (red bar), including individual data points. Numbers of oocytes 

(n) indicated; different amounts of Kv4.2, KChIP1 and DPP cRNA injected as indicated (ng per oocyte); the 

measurement day as indicated (d). Statistical analyses were done using one-way analysis of variance (ANOVA) 

with Dunnett’s post hoc testing for more than two groups and unpaired Student’s t-test for two groups. KChIP 

effect: significant effects of 1a and 1b co-expression (compared to Kv4.2 alone or Kv4.2 + DPP) are indicated 

with *(p<0.05) or **(p<0.0001). Special feature of the 1b splice variant: significant differences compared to 

Kv4.2 + 1a or Kv4.2 + DPP + 1a are indicated with § (p<0.05) or §§ (p<0.0001); comparisons were made using 

comparable amounts of KChIP1 cRNA and on the same day after cRNA injection. 
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The currents mediated by Kv4.2 + DPP, Kv4.2 + DPP + 1a and Kv4.2 + DPP + 1b (measured 

on d2) are shown in Figure 4.1C. Mean peak current amplitudes at +40 mV for Kv4.2 + DPP 

were 11.7 ± 3.3 µA (n = 12, d1) and 17.7 ± 6.1 µA (n = 6, d2). In the ternary configuration 

with DPP, co-expression with 10 ng of 1a or 1b did not increase peak current amplitudes 

either on d1 or d2, in contrast to the upregulation observed in the binary configuration (Table 

4.1). However, as shown in Figure 4.1D, the peak current amplitudes for Kv4.2 + DPP + 1a 

(5.9 ± 2.1 µA, n = 7, d1; 14.2 ± 4.4 µA, n = 14, d2) were significantly larger compared to 

that of Kv4.2 + DPP + 1b (0.9 ± 0.1 µA, n=3, d1; 4.8 ± 0.9 µA, n =17, d2), which was 

consistent with the effects observed in the binary configuration.  

 

4.1.2 Kinetics of macroscopic inactivation 
As shown in Figure 4.2A, Kv4.2 channels activate rapidly and exhibit fast macroscopic 

inactivation upon depolarizing voltage pulses to +40 mV. A large portion of the current was 

already inactivated within less than 100 ms. To describe the kinetics of this macroscopic 

inactivation, a triple-exponential function was used to fit the current decays (Figure 4.2C): 

τ1,inact, τ2,inact and τ3,inact describe the fast, intermediate and slow time constant, respectively. 

The relative amplitude of each time constant (ampx,inact) represents the proportion of the 

respective component in the overall decay. For Kv4.2 alone (measured between d2 and d10), 

τ1,inact was 16.2 ± 2.1 ms (81.4 ± 2.8 %; n = 30), τ2,inact was 67.7 ± 11.4 ms (14.8 ± 2.3 %), 

and τ3,inact was 809 ± 128 ms (3.8 ± 2.1 %). Upon co-expression with 1a or 1b (10 ng per 

oocyte), the overall inactivation kinetics of the channels were changed in a similar manner: 

both fast and intermediate time constants were increased, while the slow time constant was 

decreased, compared to Kv4.2 alone (Figure 4.2A). Compared to Kv4.2 alone, for Kv4.2 + 

1a, τ1,inact and τ2,inact significantly increased to 47.1 ± 14.6 ms (18.2 ± 7.7 %; n = 30) and 113 

± 24.3 ms (79.5 ± 14.5 %), respectively. The intermediate component (amp2,inact) represented 

most of the decay, replacing τ1,inact as the major component seen in Kv4.2 alone. On the other 

hand, τ3,inact was significantly reduced to 697 ± 150 ms (2.3 ± 1.4 %). For Kv4.2 + 1b, τ1,inact 

and τ2,inact were significantly increased to 33.9 ± 5.0 ms (41.6 ± 7.1 %; n = 54) and 118 ± 

20.0 ms (48.4 ± 8.5 %), respectively, and τ3,inact was significantly reduced to 615 ± 137 ms 

(10.0 ± 1.4 %). In contrast to 1a, 1b slowed the inactivation by decreasing the relative 

amplitude of fast component and increasing the relative amplitude of intermediate 

component. Moreover, τ1,inact of Kv4.2 + 1b was significantly smaller than that of Kv4.2 + 

1a (Figure 4.2C; Table 4.1), indicating a less pronounced slowing of inactivation with 1b co-

expression. The modulation of Kv4.2-mediated current decay by KChIP1 splice variants was 
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also not dose-dependent (Table 4.1). 

 
Figure 4.2 Modulation of Kv4.2 channel macroscopic inactivation by the KChIP1 splice variants 1a and 
1b. A (binary configuration) and B (ternary configuration): Normalized currents mediated by Kv4.2 alone, with 

1a or 1b in the absence and presence of DPP (grey trace: Kv4.2 alone (5); black trace: Kv4.2 + DPP (1.7 + 5); 

blue traces: Kv4.2 + 1a (1.7 + 10) or Kv4.2 + DPP + 1a (1.7 + 5 + 10); red traces: Kv4.2 + 1b (1.7 + 10) or 

Kv4.2 + DPP + 1b (1.7 + 5 + 10); dotted line represents zero current); currents were obtained with voltage 

pulses, as indicated (+40 mV for 2.5s), to study the kinetics of macroscopic inactivation (i.e., current decay). 

C (binary configuration) and D (ternary configuration): Inactivation time constants and their relative 

amplitudes obtained by fitting the current decay kinetics with a triple-exponential function (τ1,inact and amp1,inact: 

circle; τ2,inact and amp2,inact: triangles; τ3,inact and amp3,inact: squares) are plotted below (mean ± SD); grey symbols: 

Kv4.2 alone; black symbols: Kv4.2 + DPP; red symbols: Kv4.2 + 1a or Kv4.2 + DPP+ 1a; blue symbols: Kv4.2 

+ 1b or Kv4.2 + DPP + 1b; numbers of oocytes (n) indicated; different amounts of Kv4.2, KChIP1 and DPP 

cRNA injected as indicated (ng per oocyte); data were pooled from different days (d) after cRNA injction (also 

see Table 4.1). Statistical analyses were done using ANOVA with Dunnett’s post hoc testing and unpaired 

Student’s t-test for two groups. KChIP effect: significant effects of 1a and 1b co-expression (compared to Kv4.2 

alone or Kv4.2 + DPP) are indicated with * (p<0.05) or ** (p<0.0001). Special feature of the 1b splice variant: 

significant differences compared to Kv4.2 + 1a or Kv4.2 + DPP + 1a are indicated with § (p<0.05) or §§ 

(p<0.0001); comparisons were made using comparable amounts of KChIP1 cRNA. Statistical significance 

symbols represent the highest degree of significance found in ≥ 1 of 6 parameters analysed (see Table 4.1 for 

more details). 

 

To further investigate the effects of 1a and 1b on macroscopic inactivation in the presence 

of DPP, normalized currents mediated by Kv4.2 + DPP, Kv4.2 + DPP + 1a and Kv4.2 + DPP 

+ 1b were analysed (Figure 4.2B and 4.2D). Kv4.2 + DPP channels exhibited a τ1,inact of 9.1 
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± 1.9 ms (86.0 ± 6.0 %; n = 10), τ2,inact of 50 ± 33.8 ms (11 ± 6 %) and τ3,inact of 1136 ± 156 

ms (3.5 ± 1.2 %) on d1 after cRNA injection. Upon co-expression with 1a (Kv4.2 + DPP + 

1a), τ1,inact was significantly increased to 31.7 ± 3.6 ms (41.0 ± 6.5 %, n = 7), while τ3,inact 

was decreased to 531 ± 32.0 ms (1.8 ± 0.5 %). Similarly, for Kv4.2 + DPP + 1b, τ1, inact was 

increased to 32.8 ± 3.5 ms (48.4 ± 2.7 %; n = 3) and τ2,inact was increased to 84.6 ± 5.8 ms 

(47.8 ± 2.1 %), while τ3,inact was reduced to 483 ± 98 ms (3.7 ± 0.9 %), compared to Kv4.2 

+ DPP. Thus, the differences between 1a and 1b co-expression observed in the binary 

configuration, especially in the relative amplitudes of the three inactivation time constants, 

became less obvious in the presence of DPP (Table 4.1). Although peak current amplitudes 

differed considerably, macroscopic inactivation kinetics of Kv4.2 + DPP + 1b channels were 

virtually identical on d1 and d2. 

 

4.1.3 Kinetics of recovery from inactivation 

It has been previously reported that, unlike 1a, co-expression of 1b causes biphasic kinetics 

of recovery from inactivation, resulting in a remarkable slowing of the overall recovery 

process in Kv4.2 channels (Van Hoorick et al., 2003). To test whether this effect still exist in 

the Xenopus oocyte expression system, we used TEVC both in the absence and presence of 

DPP. Recovery kinetics were measured using a double-pulse protocol from -100 mV to +40 

mV with varying time intervals between depolarizing pulses at -80 mV. Figure 4.3A and 

4.3B show recovery current traces of Kv4.2 alone and Kv4.2 + 1b, Kv4.2 + DPP and Kv4.2 

+ DPP +1b. More channels can be activated with the increasing interpulse durations, which 

was reflected by the increase in test current amplitudes. Once the test currents reached a 

stable state, the recovery from inactivation was complete. In both binary and ternary 

configurations, 1b co-expression required longer interpulse intervals to complete the 

recovery process, indicating that 1b slowed the recovery from inactivation compared to 

Kv4.2 alone or Kv4.2 + DPP. The recovery of Kv4.2 alone was well described with a single-

exponential function, with a recovery time constant (τrec) of 563 ± 76.0 ms (n = 16). 

Surprisingly, when co-expressed with 1a, the recovery was fitted with a double-exponential 

function, in contrast to the previous findings in a stable Kv4.2-expressing cell-line (Van 

Hoorick et al., 2003). For Kv4.2 + 1a (1.7 + 10 ng cRNA per oocyte), the fast (τ1,rec) and 

slow (τ2,rec) time constants were 149 ± 22 ms (85.0 ± 2.8 %; n = 16) and 1674 ± 296 ms (15.3 

± 2.9 %), respectively, resulting in an overall acceleration of recovery (Figure 4.3C).  
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Figure 4.3 Modulation of Kv4.2 channel recovery kinetics by the KChIP1 splice variants 1a and 1b. A 

(binary configuration) and B (ternary configuration): Recovery from inactivation was measured using a double-

pulse protocol with long control and brief test pulses to +40 mV (3 s) and variable interpulse durations at −80 

mV (recovery potential; Δt, see inset). C (binary configuration) and D (ternary configuration): Normalized data 

(Itest/Icontrol, mean ± SEM) were plotted against the interpulse duration on a log-scale and described by a single- 

(Kv4.2 alone (5) and Kv4.2 + DPP (1.7 + 5)) or double-exponential function (Kv4.2 + KChIP1 (1.7 + 10) and 

Kv4.2 + DPP + KChIP1 (1.7 + 5 + 10)). Recovery time constants from single-exponential fits (τrec, diamonds) 

and time constants including their relative amplitudes from double-exponential fits (τ1,rec and amp1,rec: circles; 

τ2,rec and amp2,rec: triangles) are presented as means ± SD; grey symbols and curves: Kv4.2 alone; black symbols 

and curves: Kv4.2 + DPP; red symbols and curves: Kv4.2 + 1a or Kv4.2 + DPP+ 1a; blue symbols and curves: 

Kv4.2 + 1b or Kv4.2 + DPP + 1b. Numbers of oocytes (n) indicated; different amounts of Kv4.2, KChIP1 and 

DPP cRNA applied as indicated (ng per oocyte); data were pooled from different days (d) after cRNA injction 

(also see Table 4.1). Statistical analyses were done using ANOVA with Dunnett’s post hoc testing and unpaired 

Student’s t-test for two groups. KChIP effect: significant effects of 1a and 1b co-expression (compared to Kv4.2 

alone or Kv4.2 + DPP) are indicated with * (p<0.05) or ** (p<0.0001). Special feature of the 1b splice variant: 

significant differences compared to Kv4.2 + 1a or Kv4.2 + DPP + 1a are indicated with § (p<0.05) or §§ 

(p<0.0001); comparisons were made using comparable amounts of KChIP1 cRNA. Statistical significance 

symbols represent the highest degree of significance found in ≥ 1 of 4 parameters analysed (see Table 4.1 for 

more details). 
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Similarly, co-expression with 10 ng 1b also induced a second but extremely slow recovery 

component. The τ2,rec was 5347 ± 1125 ms, representing approximately 44 % of the recovery 

from inactivation (Table 4.1), and was significantly larger compared to τrec of Kv4.2 alone 

or τ2,rec of Kv4.2 + 1a. Compared to Kv4.2 + 1a, the relative amplitudes of τ2,rec was larger 

in the presence of 1b (p<0.0001). Thus, the effect of 1b on Kv4.2 recovery kinetics, slowing 

rather than accelerating recovery from inactivation, was still present in the Xenopus oocyte 

expression system. Of note, the modulatory effects of 1a and 1b on recovery from 

inactivation were also not dose-dependent (Table 4.1). 

The recovery of Kv4.2 + DPP was well described by a single-exponential function, with a 

τrec of 117 ± 32 ms (n = 14), indicating a faster recovery kinetics compared to Kv4.2 alone 

(Figure 4.3D). Biphasic recovery kinetics were also observed for both 1a and 1b co-

expression in the ternary configuration with DPP. For Kv4.2 + DPP + 1a, τ1,rec was 24.2 ± 

6.6 ms (79.3 ± 4.0 %; n = 7) and τ2,rec was 395 ± 128 ms (20.7 ± 4.0 %). The contribution of 

the slow component appeared to be more pronounced in the ternary configuration with 1a. 

For Kv4.2 + DPP + 1b, τ1,rec was 41.1 ± 4.2 ms (57.1 ± 3.5 %; n = 8) and τ2,rec was 1275 ± 

167 ms (42.9 ± 3.5 %). Despite the presence of DPP, the relative amplitudes of each time 

constant of Kv4.2 + DPP + 1b remained consistent. Notably, the slow component with 1b 

was approximately four times longer compared to that seen with 1a (p<0.0001), confirming 

that the special 1b effect of slowing recovery kinetics is also visible in the ternary 

configuration with DPP.  

 

4.1.4 Voltage dependence of activation and steady-state inactivation 
The voltage dependence of the steady-state inactivation was determined from the peak 

currents during test pulses at +40 mV, which were separated by different interpulse voltages 

between -YZÇ mV and Ç mV (ΔV: YÇmV increments, YÇ s). The resulting test currents were 

normalized to control currents (Itest/Icontrol) and were plotted against the voltages of the 

interpulse and fitted with a single Boltzmann function (Figure ̂ .^A and ̂ .^C), which yielded 

the voltage of halfmaximal inactivation (V1/2,inact) and the slope factor (sinact), shown in 

Figure 4.4B and D. V1/2,inact of the inactivation described that at this potential, 50% of the 

channels were at the inactivated state. For Kv4.2 alone, V1/2,inact was -68.3 ± 2.2 mV (n = 14) 

with an sinact of 6.4 ± 2.2 mV. Upon co-expression with 10 ng of 1a, V1/2,inact (-66.3 ± 2.7 mV; 

n = 16) was not significantly different from Kv4.2 alone, although sinact became smaller (5.2 

± 0.8 mV).  Co-expression with 10 ng of 1b shifted V1/2,inact to -76.0 ± 2.5 mV (n = 14), with 
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an sinact of 6.1 ± 1.2 mV, which was significantly more negative compared to Kv4.2 alone 

and with 1a (p<0.0001). The leftward shift of the steady-state inactivation curve indicates 

that the channels are more likely to inactivate at hyperpolarized potentials. The modulatory 

effects of 1a and 1b on the voltage dependence of steady-state inactivation of Kv4.2 channels 

in  Xenopus oocytes were consistent with previous results in HEK cells (Van Hoorick et al., 

2003). Similarly, these effects were also not dose-dependent (Table 4.1). Typically, DPP co-

expression caused a negative shift of the inactivation curve (Nadal et al., 2003), so that 

V1/2,inact was -73.5 ± 1.5 mV (sinact was 4.7 ± 0.2 mV; n = 6) for Kv4.2 + DPP. In the ternary 

configuration with DPP, halfmaximal inactivation occurred at -74.4 ± 2.5 mV (sinact was 4.3 

± 0.3 mV; n = 7) for Kv4.2 + DPP + 1a, and at -81.3 ± 1.5 mV (sinact was 7.4 ± 1.0 mV; n = 

9) for Kv4.2 + DPP + 1b, respectively, suggesting that 1b still induced a leftward shift of 

steady-state inactivation curve in the presence of DPP, similar to its effect in the binary 

configuration (Figure 4.4D; Table 4.1).  

In order to investigate the voltage dependence of activation, the I-V protocol was performed 

using test pulses to voltages between -90 mV and +70 mV (ΔV: YÇ mV increments, Z.a s). 

The measured peak current amplitudes were converted to conductance of the channels, 

normalized to maximum and plotted against the test pulse voltage.  Fitting the data with a 

4th order Boltzmann equation (Figure ^.^A and ^.^C) yielded the voltage of halfmaximal 

activation (V1/2,act) and the slope factor (sact), shown in Figure 4.4B and 4.4D. The V1/2,act 

indicated the potential at which there was a 50 % probability that the channel was in the open 

state. For Kv4.2 alone, V1/2,act was +5.5 ± 5.0 mV (n = 12), with an sact of 33.8 ± 2.5 mV. Co-

expression of both KChIP1 splice variants (10 ng per oocyte) caused a steepening and a 

negative shift of activation curves.  For Kv4.2 + 1a, V1/2,act was –9.6 ± 4.8 mV and sact was 

25.6 ± 1.3 mV (n = 14), whereas for Kv4.2 + 1b, V1/2,act was –5.7 ± 5.6 mV and sact was 30.8 

± 4.9 mV (n = 11). Although both 1a and 1b modulated activation, the effect of 1b was 

weaker compared to that of 1a, and this difference seen in the binary configuration was not 

dependent on the amount of KChIP1 cRNA (Figure 4.4A and 4.4B; Table 4.1). In the 

presence of DPP, V1/2,act for Kv4.2 + DPP was –28.5 ± 5.0 mV (n = 8) and sact was 23.2 ± 5.0 

mV, indicating the typical DPP effect in a negative shift of the activation curve (Figure 4.4A 

and 4.4C). By contrast, in a ternary configuration with DPP, 1a and 1b co-expression caused 

a positive shift of activation curves compared to Kv4.2 + DPP. For Kv4.2 + DPP + 1a, V1/2,act 

was -19.2 ± 3.6 mV (n = 6) and sact was 26.1 ± 2.1 mV, and for Kv4.2 + DPP + 1b, V1/2,act 

was -12.1 ± 3.6 mV (n = 7) and sact was 33.7 ± 2.4 mV. Specially, the effect of 1b in 
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modulating V1/2,act was stronger than 1a, and it also had a larger slope factor (Table 4.1). In 

summary, the typical KChIP1-mediated negative shift of V1/2,act of the activation observed 

in the binary configuration was not seen in the presence of DPP.  

 

 

Figure 4.4 Effects of KChIP1 splice variants 1a and 1b on the voltage dependence of Kv4.2 channel 
gating. A (binary configuration) and C (ternary configuration): Voltage dependences of activation (circles) and 

steady-state inactivation (squares) are shown in the same graphs. Normalized conductance values of voltage 

dependences of activation were plotted against the test pulse voltages and fitted with a gth Boltzmann equation. 

Normalized data (Itest/Icontrol) of steady-state inactivation were plotted against the voltages of the interpulse and 

fitted with a single Boltzmann function. Grey curves: Kv4.2 alone (5); black curves: Kv4.2 + DPP (1.7 + 5); 

blue curves: Kv4.2 + 1a (1.7 + 10) or Kv4.2 + DPP + 1a (1.7 + 5 + 10); red curves: Kv4.2 + 1b (1.7 + 10) or 

Kv4.2 + DPP + 1b (1.7 + 5 + 10). Error bars are SEM. B (binary configuration) and D (ternary configuration): 

Voltages of halfmaximal inactivation (inact, squares) and halfmaximal activation (act, circles) and 

corresponding slope factors (V1/2 and s, respectively) are presented as mean ± SD; grey symbols: Kv4.2 alone; 

black symbols: Kv4.2 + DPP; blue symbols: Kv4.2 + 1a or Kv4.2 + DPP + 1a; red symbols: Kv4.2 + 1b or 

Kv4.2 + DPP + 1b. Numbers of oocytes (n) indicated; different amounts of Kv4.2, KChIP1 and DPP cRNA 

applied as indicated (ng per oocyte); data were pooled from different days (d) after cRNA injction (also see 

Table 4.1). Statistical analyses were done using ANOVA with Dunnett’s post hoc testing and unpaired Student’s 

t-test for two groups. KChIP effect: significant effects of 1a and 1b co-expression (compared to Kv4.2 alone 

or Kv4.2 + DPP) are indicated with * (p<0.05) or ** (p<0.0001). Special feature of the 1b splice variant: 

significant differences compared to Kv4.2 + 1a or Kv4.2 + DPP + 1a are indicated with § (p<0.05) or §§ 

(p<0.0001); comparisons were made using comparable amounts of KChIP1 cRNA. 
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4.2 Modulation of other Kv4 channel subtypes by KChIP1 splice variants 

We found that 1a and 1b induced a second recovery component both in the absence and 

presence of DPP, although effects of KChIP1 splice variants on functional expression, 

current decay and voltage dependence of activation and inactivation were not exactly the 

same in different configurations. To investigate whether 1a and 1b modulate all Kv4 channel 

subtypes in a same manner, Kv4.1, Kv4.3S and Kv4.3L are illustrated.  

 
4.2.1 Peak current amplitude 
The mean peak current amplitude for Kv4.1 (1.7 ng per oocyte) was 1.1 ± 0.5 µA (n = 8) on 

d2 after cRNA injection (Figure 4.5). Co-expression with 1a significantly increased the 

current amplitude to 9.5 ± 3.1 µA (n = 33), while 1b increased it to 4.0 ± 1.6 µA (n = 33), 

which was significantly smaller than that of Kv4.1 + 1a (p<0.0001). The weaker effect of 1b 

on current enhancement in Kv4.1 was similar to that observed in Kv4.2. Mean peak current 

amplitudes at +40 mV for Kv4.1 + DPP, Kv4.1 + DPP + 1a and Kv4.1 + DPP + 1b were 

measured on both d1 and d2 (Figure 4.5B). For Kv4.1 + DPP, the current amplitudes were 

4.4 ± 1.0 µA (n = 9; d1) and 19.4 ± 5.4 µA (n = 17; d2). In the ternary configuration with 

DPP, co-expression of 1a increased the current amplitude on d1 to 6.9 ± 1.2 µA (n = 10) 

compared to Kv4.1 + DPP. On d2, although the current further increased to 20.3 ± 3.7 µA, 

it was no longer significantly different from Kv4.1 + DPP. In contrast, co-expression of 1b 

did not increase current amplitude on d1 (Table 4.2), but it was decreased to 14.6 ± 3.0 µA 

on d2 (n = 10).  

To ensure high-quality current recordings, 0.8 ng cRNA of Kv4.3S and 5 ng cRNA of 1a or 

1b were injected (Table 4.3). For Kv4.3S alone, the peak current amplitude was 2.6 ± 1.2 µA 

(n = 25). Co-expression with both KChIP1 splice variants increased Kv4.3S currents, with 

17.3 ± 4.4 µA (n = 22) for Kv4.3S + 1a and 6.2 ± 1.7 µA (n = 16) for Kv4.3S + 1b (Figure 

4.5C). A weaker effect of 1b on current enhancement in Kv4.3S was also observed here. For 

Kv4.3S + DPP, the current amplitudes were 16.7 ± 3.9 µA (n = 7; d1) and 38.9 ± 12 µA (n = 

8; d2). In the ternary configuration with DPP, co-expression of 1a significantly increased 

current amplitude to 23.3 ± 5.8 µA (n = 5) on d1 and 54.9 ± 15.8 µA (n = 4) on d2 compared 

to Kv4.3S + DPP. In contrast, co-expression of 1b reduced current amplitudes both on d1 

(10 ± 2.1 µA; n = 7) and d2 (23.7 ± 5.4 µA; n = 8; Figure 4.5D). Thus, 1a increased the 

current amplitudes of Kv4.3S in both binary and ternary configurations, while 1b only 

upregulated Kv4.3S in the absence of DPP. 
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Figure 4.5 Modulation of other Kv4 channels peak current amplitudes by KChIP1 splice variants. Kv4 

channels were expressed in the absence or presence of auxiliary b-subunits by cRNA injection in Xenopus 
laevis oocytes. Currents were activated by voltage jumps from -100 to +40 mV under TEVC, and peak current 

amplitudes were measured. Summary graphs are shown for Kv4.1 (A, B), Kv4.3S (C, D) and Kv4.3L (E, F). 

Kv4.x alone: grey bars; Kv4.x + DPP: black bars; co-expression with 1a (blue) or 1b (red) in a binary (left) 

and a ternary configuration (right); individual data points, number of oocytes (n) and amounts of cRNA (ng 

per oocyte) indicated. Measurements were performed one (d1) or two days (d2) after cRNA injection. 

Significant differences of KChIP1 effects (compared to Kv4.x alone or Kv4.x + DPP) are indicated with * 

(p<0.05) or ** (p<0.0001; ANOVA). Significant differences seen with special features of the 1b splice variant 

(compared to 1a co-expression for comparable amounts of KChIP1 cRNA) are indicated with § (p<0.05) or §§ 

(p<0.0001; unpaired Student's t-test).  
 

For Kv4.3L alone (1.7 ng per oocyte), the peak current amplitude was 17.2 ± 8.9 µA (n = 25; 

Figure 4.5E). Unlike the other Kv4 subfamily members, co-expression with 1a did not 

increase Kv4.3L current amplitude (15.2 ± 12.2 µA; n = 18). By contrast, co-expression with 

1b significantly decreased Kv4.3L currents to 3.5 ± 1.6 µA (n = 13). For Kv4.3L + DPP, the 

current amplitudes were 10.6 ± 5.9 µA (n = 10; d1) and 21.5 ± 5.9 µA (n = 8; d2). In the 

ternary configuration with DPP (Figure 4.5F), the current amplitude of Kv4.3L + DPP + 1a 

was 11.7 ± 7.2 µA (n = 7) on d1, not significantly different from Kv4.3L + DPP. On d2, it 

increased to 33.7 ± 11.2 µA (n = 4), which was significantly larger compared to Kv4.3L + 

DPP. For Kv4.3L + DPP + 1b, a decrease in current amplitude on d1 (3.0 ± 1.5 µA; n = 5) 

compared to Kv4.3L + DPP was observed, while on d2, current amplitude was 15.1 ± 3.7 

µA (n = 8), which was not significantly different from Kv4.3L + DPP. These results indicate 

that 1a and 1b may modulate Kv4.3L current amplitudes in a time-dependent manner in the 

ternary configuration. In all Kv4 channels, 1a co-expression consistently mediated larger 

current amplitudes than 1b co-expression on both d1 and d2, regardless of the presence of 

DPP. 

 

4.2.2 Kinetics of macroscopic inactivation 
Kv4.1 channels activated and inactivated rapidly upon depolarization (Figure 4.6A). The 

kinetics of macroscopic inactivation were described with a triple-exponential function. For 

Kv4.1 alone, τ1,inact was 22.9 ± 6.4 ms (62.2 ± 7.5 %; n = 35), τ2,inact was 107 ± 25 ms (22.5 

± 3.8 %) and τ3,inact was 507 ± 57ms (15.3 ± 3.8 %). Compared to Kv4.1 alone, co-expression 

with 1a modulated macroscopic inactivation by decreasing τ2,inact to 87.4 ± 25.5 ms (52.5 ± 

20.2 %; n = 30) and τ3,inact to 405 ± 174 ms (2.5 ± 2.4 %), and increasing τ1,inact to 41.9 ± 11.3 

ms (44.9 ± 19.6 %). Co-expression with 1b also decreased τ2,inact to 81.9 ± 25.6 ms (49 ± 

1.3 %; n = 39) and τ3,inact to 292 ± 103 ms (7.8 ± 2.5 %), accompanied with a higher 

contribution of the intermediate component and a reduced contribution of fast component 
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(43.2 ± 10.5 %; Table 4.2).  
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Figure 4.6 Modulation of other Kv4 channels macroscopic inactivation by KChIP1 splice variants. Kv4 

channel macroscopic inactivation kinetics were studied using extended voltage pulses to +40 mV, and the time 

course of current decay was described by the sum of three exponential functions. Representative current traces 

and summary graphs are shown for Kv4.1 (A, B), Kv4.3S (C, D) and Kv4.3L (E, F). Currents were normalized 

to peak and superimposed to demonstrate the effects of KChIP1 splice variant co-expression on current decay 

kinetics in a binary (left) or a ternary (right) configuration; Kv4.x alone: grey traces; Kv4.x + DPP: black traces; 

co-expression with 1a: blue traces; co-expression with 1b: red traces. Inactivation time constants and their 

relative amplitudes (t1,inact and amp1,inact: circles; t2,inact and amp2,inact: triangles; t3,inact and amp3,inact: squares) 

are presented as means ± SD below; number of oocytes (n) indicated. Significant differences of KChIP1 effects 

(compared to Kv4.x alone or Kv4.x + DPP) are indicated with * (p<0.05) or ** (p<0.0001; ANOVA). Significant 

differences seen with special features of the 1b splice variant (compared to 1a co-expression for comparable 

amounts of KChIP1 cRNA) are indicated with § (p<0.05) or §§ (p<0.0001; unpaired Student's t-test). Statistical 

significance symbols represent the highest degree of significance found in ≥ 1 of 6 parameters analysed 

(amount of injected cRNA and days of recording see Table 4.2,4.3,4.4).  
 

The macroscopic inactivation of Kv4.1 + DPP was fitted with a triple-exponential function, 

while Kv4.1 + DPP + 1a or Kv4.1 + DPP + 1b was better fitted with a double-exponential 

function (Figure 4.6B). For Kv4.1 + DPP + 1a, τ1,inact was 45.8 ± 6.5 ms (44.5 ± 13.2 %; n = 

10), and τ2,inact was 84.2 ± 9.9 ms (55.5 ± 13.2 %). In comparison, co-expression with 1b 

resulted in significantly larger time constants compared to Kv4.1 + DPP + 1a: τ1,inact was 

52.6 ± 5.1 ms (45.7 ± 6.5 %; n = 8), and τ2,inact was 113 ± 12 ms (54.3 ± 6.5 %).  

Kv4.3S macroscopic inactivation kinetics were well described by a triple-exponential 

function (Figure 4.6C), with the following time constants: τ1,inact was 25.3 ± 3.8 ms (81.8 ± 

3.7 %; n = 23), τ2,inact was 103 ± 35.4 ms (12.9 ± 3.5 %) and τ3,inact was 858 ± 156 ms (5.4 ± 

1.4 %). Upon co-expression with 1a, τ1,inact became significantly larger (43.1 ± 13.2 ms; 27.8 

± 24.9 %; n = 18), and τ2, inact (88.5 ± 16.2 ms; 70.4 ± 24.7 %) and τ3,inact (518 ± 82.4 ms; 1.4 

± 0.5 %) were decreased, compared to Kv4.3S alone (Table 4.3). The intermediate 

component accounted for the majority of the current decay. Co-expression of 1b decreased 

all the inactivation time constants, with less contribution of fast inactivation component 

(Table 4.3; p<0.05). For Kv4.3S + DPP, τ1,inact was 24.6 ± 1.5 ms (75.6 ± 3.2 %; n = 4), τ2,inact 

was 84.8 ± 10.8 ms (14.3 ± 3.3 %) and τ3,inact was 949 ± 58.9 ms (10.1 ± 0.6 %). In the ternary 

configuration with DPP, both 1a and 1b increased τ1, inact and τ2, inact, but decreased τ3, inact of 

Kv4.3S (Figure 4.6D; Table 4.3), which was consistent with the typical KChIP effects of 

slowing inactivation.   

For Kv4.3L alone, τ1,inact was 45.6 ± 10 ms (71.5 ± 3.3 %; n = 25), τ2,inact was 145 ± 29.3 ms 

(20.8 ± 2.7 %), and τ3,inact was 892 ± 83 ms (7.7 ± 1.0 %). In the binary configuration, co-

expression with 1a decreased τ2,inact to 106 ± 10 ms (57.3 ± 12.8 %; n = 20) and τ3,inact to 509 

± 57.3 ms (5.8 ± 1.5 %), accompanied by an increased contribution of the intermediate 

component. Similarly, co-expression with 1b significantly reduced all the time constants, 
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and increased the contribution of τ2,inact (51.1 ± 6.8 %; Figure 4.6E; Table 4.4). For Kv4.3L 

+ DPP, τ1,inact was 39 ± 7.7 ms (75.7 ± 2.1 %; n = 5), τ2,inact was 142 ± 26.3 ms (14.2 ± 1.6 %), 

and τ3,inact was 840 ± 60.7 ms (10.1 ± 1.2 %). In the ternary configuration with DPP, 1a only 

reduced τ3,inact to 551 ± 81.3 ms (4.5 ± 2.5 %; n = 5), accompanied by a decrease in its relative 

amplitude. In contrast, 1b co-expression significantly decreased τ2,inact (90.5 ± 27.1 ms; 44.3 

± 20.6 %; n = 7) and τ3,inact (346 ± 65 ms; 4.5 ± 1.0 %), while τ1,inact remained unchanged 

(Figure 4.6F; Table 4.4). The currents of Kv4.3L + DPP + 1b inactivated faster than that of 

Kv4.3L + DPP + 1a, as both τ2,inact and τ3,inact were significantly smaller with 1b. Thus, 1a 

and 1b accelerated the macroscopic inactivation of Kv4.3L in absence and presence of DPP, 

which differed from the typical KChIP effects of slowing inactivation. 

 

4.2.3 Kinetics of recovery from inactivation 
The recovery from inactivation of Kv4.1 alone was described with a single-exponential 

function, with a recovery time constant (τrec) of 270 ± 93 ms (n = 10). Similar to the 

observations in Kv4.2, the recovery kinetics of Kv4.1 were fitted with a double-exponential 

function upon 1a or 1b co-expression. For Kv4.1 + 1a, τ1,rec was 57.6 ± 17.3 ms (95.6 ± 1.8 %; 

n = 14) and τ2, rec was 1300 ± 491 ms (4.4 ± 1.8 %), resulting in an overall acceleration of 

recovery. In contrast, co-expression with 1b resulted in a slower recovery process compared 

to Kv4.1. Both τ1,rec (123 ± 31.4 ms; 73.3 ± 3.9 %; n = 12) and τ2,rec (2979 ± 1661 ms; 26.7 

± 3.9 %) were also larger than those observed in Kv4.1 + 1a (Figure 4.7A; Table 4.2). DPP 

co-expression significantly decreased τrec of Kv4.1 (Kv4.1 + DPP) to 116 ± 21 ms (n = 7). 

In the ternary configuration with DPP, for Kv4.1 + DPP + 1a (Figure 4.7B), τ1,rec was 48.2 ± 

10.3 ms (89.5 ± 2.8 %; n = 12) and τ2,rec was 1042 ± 521 ms (10.5 ± 2.8 %).  

 

Figure 4.7 Modulation of other Kv4 channels recovery kinetics by KChIP1 splice variants. Recovery plots 

and summary graphs are shown for Kv4.1 (A, B), Kv4.3S (C, D) and Kv4.3L (E, F) in a binary (left) and a 

ternary configuration (right). Relative current amplitudes (Itest / Icontrol; error bars are SEM) were plotted against 

interpulse duration, and the data were described by exponential functions: A single-exponential function was 

used for the recovery kinetics of Kv4.x alone (grey) and Kv4.x + DPP (black), except for Kv4.3L alone, which 

required a double-exponential function. A double-exponential function was necessary for the recovery kinetics 

of Kv4.x + KChIP1 and Kv4.x + DPP + KChIP1 (1a: blue; 1b: red); Dotted lines: single-exponential functions 

fitted to apparently biphasic recovery data. Recovery time constants from single-exponential fits (τrec, diamonds) 

and time constants including their relative amplitudes from double-exponential fits (τ1,rec and amp1,rec: circles; 

τ2,rec and amp2,rec: triangles) are presented as means ± SD; number of oocytes (n) indicated. Significant 

differences of KChIP1 effects (compared to Kv4.x alone or Kv4.x + DPP) are indicated with * (p<0.05) or ** 

(p<0.0001; ANOVA). Significant differences seen with special features of the 1b splice variant (compared to 

1a co-expression for comparable amounts of KChIP1 cRNA) are indicated with § (p<0.05) or §§ (p<0.0001; 

unpaired Student's t-test). Statistical significance symbols represent the highest degree of significance found in 

≥ 1 of 4 parameters analyzed (amount of injected cRNA and days of recording see Table 4.2,4.3,4.4). 
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Similarly, for Kv4.1 + DPP + 1b, τ1,rec was 58.0 ± 10.3 ms (66.9 ± 5.0 %; n = 16) and τ2,rec 
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was 1605 ± 311 ms (33.1 ± 5.0 %), which were both larger compared to those of Kv4.1 + 

DPP+ 1a (Figure 4.7B; Table 4.2), indicating the special 1b effect of slowing recovery is still 

present for Kv4.1 in a binary and a ternary configuration.  

The recovery from inactivation of Kv4.3S alone and Kv4.3S + DPP was described with a 

single-exponential function and τrec obtained were 478 ± 82.3 ms (n = 9) and 136 ± 11 ms (n 

= 4), respectively. Upon co-expression with 1a or 1b, the recovery kinetics were better fitted 

with a double-exponential function, both in the absence and presence of DPP. For Kv4.3S + 

1a, τ1,rec was 102 ± 36.4 ms (94.5 ± 2.9 %; n = 11) and τ2,rec was 5970 ± 1625 ms (5.5 ± 

2.9 %). For Kv4.3S + 1b, τ1,rec was 274 ± 47.6 ms (76.2 ± 4.6 %; n = 12) and τ2,rec was 7826 

± 1931 ms (23.2 ± 4.6 %; Figure 4.7C). In the ternary configuration with DPP, for Kv4.3S + 

DPP + 1a, τ1,rec was 35.7 ± 10.4 ms (85.2 ± 1.5 %; n = 5), and τ2,rec was 930 ± 408 ms (14.8 

± 1.5 %). For Kv4.3S + DPP + 1b, τ1,rec was 104 ± 21.9 ms (44.7 ± 1.5 %; n = 4) and τ2,rec 

was 2309 ± 277 ms (55.3 ± 1.5 %; Figure 4.7D). Thus, 1b slowed the Kv4.3S recovery 

kinetics in the same manner as observed in Kv4.1 and Kv4.2.  

Different from other Kv4 subtypes, recovery from inactivation of Kv4.3L alone, as well as  

Kv4.3L + 1a and Kv4.3L + 1b, was best described with a double-exponential function. For 

Kv4.3L alone, τ1,rec was 448 ± 156 ms (76.3 ± 14.1 %; n = 6) and τ2,rec was 2293 ± 905 ms 

(23.7 ± 14.1 %). Co-expression with 1a significantly decreased τ1,rec to 189 ± 31.5 ms (89.9 

± 2.8 %; n = 10) compared to Kv4.3L alone, whereas τ2,rec was increased to 4848 ± 1085 ms 

(10.1 ± 2.8 %), resulting in an acceleration of recovery kinetics (Figure 4.7E; Table 4.4). 1b 

slowed Kv4.3L recovery process, as τ2,rec increased to 10158 ± 2237 ms (24.0 ± 4.3 %), 

approximately 5 times larger than that of Kv4.3L alone (Figure 4.7E; Table 4.4). Similarly, 

recovery from inactivation of Kv4.3L + DPP, Kv4.3L + DPP + 1a, and Kv4.3L + DPP + 1b 

was best described by a double-exponential function. In the ternary configuration with DPP, 

1a co-expression accelerated recovery by significantly decreasing the fast recovery time 

constant, while 1b slowed the recovery by increasing both fast and slow time constants 

(Figure 4.7F; Table 4.4).  

In summary, 1a and 1b modulate recovery from inactivation of other Kv4 channel subtypes 

(Kv4.1, Kv4.3S, and Kv4.3L) in a similar manner to that observed in Kv4.2. 

 

4.2.4 Voltage dependence of activation and steady-state inactivation 

The pulses protocols applied to determine the voltage dependences of activation and steady-

state inactivation were the same as described in Chapter 4.1.4.  
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For Kv4.1 alone, Boltzmann analysis yielded voltages of -6.1 ± 2.1 mV (sact was 25.7 ± 2.2 

mV; n = 8) and -63.4 ± 2.6 mV (sinact was 6.2 ± 1.2; n = 15) for voltage of halfmaximal 

activation (V1/2,act) and halfmaximal inactivation (V1/2,inact), respectively, including slope 

factors. In the binary configuration, upon co-expression with 1a, V1/2,act was -9.0 ± 4.5 mV 

(n = 15), which was not significantly different from Kv4.1 alone. In contrast, 1b co-

expression shifted V1/2,act to -14.2 ± 3.2 mV (n = 11), which was more negative compared to 

Kv4.1 alone and Kv4.1 + 1a (Figure 4.8A). Both 1a and 1b co-expression significantly 

decreased the slope factors of activation curves (Figure 4.8A; Table 4.2). Regarding the 

modulation of steady-state inactivation, 1a and 1b exerted opposite effects on Kv4.1 

channels. Co-expression with 1a caused a positive shift of V1/2,inact to -55.2 ± 2.4 mV, 

accompanied by a smaller sinact of 5.0 ± 1.2 mV (n = 16), compared to Kv4.1. However, 1b 

shifted V1/2,inact to a more negative potential (-68.0 ± 2.5 mV; n = 11; Figure 4.8A). For Kv4.1 

+ DPP, Boltzmann analysis yielded a V1/2,act of -19.6 ± 5.6 mV with an sact of 27.8 ± 2.9 mV 

(n = 6), and a V1/2,inact of -73.2 ± 3.9 mV with an sinact of 8.3 ± 1.5 (n = 9). In the ternary 

configuration with DPP, co-expression with 1a or 1b induced no significant effect on either 

V1/2,act or sact (Figure 4.8B; Table 4.2). On the other hand, 1a induced a positive shift of 

V1/2,inact  to -66.7 ± 5.5 (n = 11), compared to Kv4.1 + DPP. For Kv4.1 + DPP + 1b, V1/2,inact 

(-76.9 ± 2.2 mV; n = 14) was not different from Kv4.1 + DPP, but was significantly more 

negative compared to Kv4.1 + DPP + 1a.  
For Kv4.3S alone, Boltzmann analysis yielded a V1/2,act of 1.2 ± 4.3 mV with a slope factor 

of 28.3 ± 1.5 mV (n = 12), and a V1/2,inact of –63.9 ± 1.0 mV with a slope factor of 4.0 ± 0.2 

mV (n = 8). In the binary configuration, both 1a and 1b shifted the V1/2,act to more 

hyperpolarized potentials and reduced the sact (Figure 4.8C; Table 4.3). Furthermore, 1a co-

expression positively shifted V1/2,inact to -58.0 ± 4.6 mV (n = 15), while 1b had no significant 

effect on V1/2,inact (-66.3 ± 2.9 mV), but increased the sinact to 4.5 ± 0.7 (n = 14), compared to 

Kv4.3S (Figure 4.8C; Table 4.3). As shown in Figure 4.8D, for Kv4.3S + DPP, Boltzmann 

analysis yielded a V1/2,act of –24.0 ± 4.4 mV with a slope factor of 24.3 ± 0.4 mV (n = 4), and 

a V1/2,inact of –68.7 ± 2.6 mV with a slope factor of 4.1 ± 0.3 mV (n = 4). In the ternary 

configuration with DPP, co-expression with both 1a and 1b decreased the sact, without 

affecting V1/2,act (Table 4.3). Regarding steady-state inactivation, 1a reduced the sinact to 3.4 

± 0.3 mV (n = 5), while 1b significantly shifted V1/2,inact to -77.1 ± 1.0 mV with an sinact of 

4.0 ± 0.2 mV (n = 5). In summary, for Kv4.3S, 1a modulated the voltage dependence of 

activation and inactivation only in the binary complex, while 1b shifted the V1/2,inact in the 
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presence of DPP. 
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Figure 4.8  Effects of KChIP1 splice variants on the voltage dependences of other Kv4 channels. The 

voltage dependences of activation and steady-state inactivation were measured. Activation and inactivation 

curves, and summary graphs are shown for Kv4.1 (A, B), Kv4.3S (C, D) and Kv4.3L (E, F). Normalized data 

(Itest / Icontrol) from steady-state inactivation protocols and normalized conductance values (Gnorm) from 

activation protocols were plotted against conditioning and test pulse voltage, respectively, in the same graph 

(error bars are SEM); upper graphs: Kvg.x alone (grey) and binary channels with ia (blue) or ib (red); lower 

graphs: Kvg.k + DPP (black) and ternary channels with ia (blue) or ib (red). Voltages of halfmaximal activation 

(act, circles) and inactivation (inact, squares) and corresponding slope factors (V</= and s, respectively) from 

Boltzmann-analysis are presented as mean ± SD; numbers of oocytes (n) indicated. Grey symbols: Kv4.x alone; 

black symbols: Kv4.x + DPP; blue symbols: Kv4.x + 1a or Kv4.x + DPP + 1a; red symbols: Kv4.x + 1b or 

Kv4.x + DPP + 1b. Significant differences of KChIP1 effects (compared to Kv4.x alone or Kv4.x + DPP) are 

indicated with * (p<0.05) or ** (p<0.0001; ANOVA). Significant differences seen due to special features of the 

1b splice variant (compared to 1a co-expression for comparable amounts of KChIP1 cRNA) are indicated with 

§ (p<0.05) or §§ (p<0.0001; unpaired Student's t-test; amount of injected cRNA and days of recording see Table 

4.2,4.3,4.4).  

 

As shown in Figure 4.8E, for Kv4.3L alone, Boltzmann analysis yielded a V1/2,act of –4.1 ± 

3.1 mV with a slope factor of 27.8 ± 1.7 mV (n = 9), and a V1/2,inact of –66.0 ± 3.7 mV with 

a slope factor of 4.4 ± 0.4 (n = 9). In the binary configuration, co-expression with 1a 

negatively shifted the V1/2,act to -9.2 ± 4.1 mV (sact of 24.9 ± 3.7; n = 10), and also positively 

shifted V1/2,inact to -60.6 ± 4.5mV (sinact of 4.1 ± 0.8; n = 11). In contrast, 1b had no significant 

effect on either activation or inactivation parameters (Figure 4.8E; Table 4.4). For Kv4.3L + 

DPP, Boltzmann analysis yielded a V1/2,act of –9.2 ± 5.9 mV with a slope factor of 28.3 ± 2.2 

mV (n = 4), and a V1/2,inact of –67.4 ± 1.9 mV with a slope factor of 4.8 ± 0.6 (n = 5). In the 

ternary configuration with DPP, co-expression with 1a shifted the V1/2,act to –17.6 ± 5.4 mV 

with a reduced sact of 22.7 ± 1.8 mV (n = 6), and positively shifted the V1/2,inact to –60.3 ± 3.4 

mV (n = 6), compared to Kv4.3L + DPP. In contrast, 1b neither modulated activation nor 

steady-state inactivation of Kv4.3L channel in a ternary configuration (Figure 4.8F; Table 

4.4). 
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4.3 Mechanism of KChIP1b-mediated recovery kinetics 

By analyzing the modulation of all Kv4 channel subtypes by two splice variants of KChIP1, 

we noticed that special 1b effects of inducing a second, extremely slow recovery component, 

thereby slowing the overall recovery process were reproducible for all Kv4 channel subtypes 

in the absence and presence of DPP, which was noted as a unique feature on recovery kinetics 

compared to other KChIPs. In this chapter, the mechanism of special 1b-mediated recovery 

kinetics was investigated in the presence of DPP.  

 
4.3.1 General features of KChIP1b-mediated recovery kinetics studied in ternary 

Kv4.2 + DPP + 1b channels  
As 1b modulated recovery kinetics of Kv4 channel subtypes in the same manner, here we 

used Kv4.2 as an example to investigate the specificities of KChIP1b-mediated recovery 

kinetics in the ternary configuration Kv4.2 + DPP + 1b (Y.Ü + a + YÇ ng per oocyte). 

 
4.3.1.1 Voltage dependence of recovery from high- and low-voltage inactivation 
Previous research carried out on Kv4.2 channels alone indicated that the recovery from 

inactivation is strongly voltage dependent, being faster at more negative potentials (Bähring 

et al., 2001a). Here, we applied different double-pulse recovery protocols to investigate the 

voltage dependence of recovery from inactivation in the ternary configuration (Kv4.2 + DPP 

+ 1b), and to find out whether recovery time constants (τ1,rec and τ2,rec) have different voltage 

dependences. First, we measured the voltage dependence of recovery from high-voltage 

inactivation (+^Ç mV) of Kv^.Z + DPP + Yb. Recovery current traces from the same oocyte, 

obtained with recovery potentials of -120 and -90 mV, are shown (Figure ^.ÑA). It can be 

noticed that the maximum currents obtained with a recovery potential of -120 mV were 

larger than with -90 mV, and the time of test currents to saturate a stable state was faster at -

120 mV than at -90 mV. Normalized data (Itest/Icontrol) at different recovery potentials (-120, 

-110, -100, -90 and -80 mV) were plotted against the interpulse duration on a log-scale 

(Figure 4.9C). With all recovery potentials tested, biphasic kinetics were observed, and 

recovery proceeded faster at more negative recovery potentials (Table 4.5). As the recovery 

was measured at -120 mV, τ1,rec was 13.7 ± 2.1 ms (50.0 ± 9.8 %; n = 10) and τ2,rec was 423 

± 64.2 ms (50.0 ± 9.8 %), which were significantly faster compared to the recovery time 

constants at -90 mV (τ1,rec = 29.3 ± 5.6 ms; τ2,rec = 900 ± 98.1 ms; n = 5). The voltage 

dependence of recovery was shallow with similar apparent charge values (qapp) of 0.65 and 
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0.53 for the first and second recovery time constant, respectively. 

 

 
Figure 4.9 Kinetics of voltage dependence of recovery from high- and low-voltage inactivation in ternary 
Kv4.2 + DPP + 1b configuration. A: Recovery from inactivation with the same oocyte was measured using a 

double-pulse protocol with long control (3 s) and brief test pulses to +40 mV and variable interpulse durations 

at −120 and -90 mV (Δt, see inset). The maximum currents obtained with recovery potential at -120 mV were 

larger than that with -90 mV. B: Brief control and test current were recorded at +40 mV with a specialized 

double-pulse protocol, in which inactivation was induced at -70 mV (10 s) and recovery from inactivation was 

measured after variable interpulse durations at −120 and -90 mV (Δt, see inset), with the same oocyte. C: 

Recovery kinetics were described by a double exponential function (recovery potentials at -120, -110, -100, -

90 and -80 mV). Recovery time constants and relative amplitudes of each time constant (τ1,rec and amp1,rec: 

circles, τ2,rec and amp2,rec: triangles) are plotted below. D: Recovery kinetics were described by a single 

exponential function when inactivation was induced at -70 mV (recovery potential at -120, -110, -100 and -90 

mV). Recovery time constants (τrec: diamond) are plotted below (mean ± SD); numbers of oocytes indicated 

(n). Kv4.2 + DPP + 1b (1.7 + 5 + 10, ng per oocyte), measurement carried out on two days after cRNA injection.  
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At all recovery potentials the two recovery time constants accounted for roughly equal 

fractions of the total recovery process, which indicated that the contribution of the slow 

recovery component could not be affected by the hyperpolarization.   

In a standard double-pulse protocol described above, inactivation is induced with a long and 

high voltage pulse (+^Ç mV for X s), so that most of the channels visit the open state before 

reaching the inactivated state. Since Kv^.Z channels exhibit preferential CSI as shown in 

Figure Z.a, we intended to measure a recovery process of Kv4.2 co-expressed with 1b in the 

presence of DPP, in which inactivation was induced at a low voltage, below the activation 

threshold (-ÜÇ mV for YÇ s), in order to transit the channels directly into a closed-inactivated 

state without channel opening and then measure recovery from this state. Currents of 

recovery from such low-voltage inactivation at -ÜÇ mV, in which recovery potentials were -

120 and -90 mV, were recorded after variable interpulse durations (Δt, see inset; Figure 

^.ÑB). Similarly, it can be noticed that the maximum currents obtained with a recovery 

potential of -120 mV were larger than of -90 mV. Normalized data (Itest/Icontrol) at different 

recovery potentials (-120, -110, -100, and -90 mV) were plotted against the interpulse 

duration on a log-scale (Figure 4.9D). Surprisingly, the recovery from low-voltage 

inactivation of Kv4.2 + DPP + 1b, could be well described with a single-exponential function 

for all recovery potentials. The time constants obtained at different recovery potentials were 

483 ± 87.3 ms (-120 mV; n = 8) and 830 ± 183 ms (-90 mV; n = 9; Figure 4.9D), with a 

voltage dependence (qapp) of 0.52, corresponding to τ2,rec obtained from the recovery from 

high-voltage inactivation at +40 mV (Table 4.5). For Kv4.2 + DPP (Figure 4.11A), we 

measured the recovery from low-voltage inactivation at -YÇÇ mV as comparison and the 

recovery time constant obtained by a single-exponential fit was ^a.Y ± Y^.X ms (n = a), which 

was significantly smaller compared to the τrec of Kv4.2 + DPP + 1b at -100 mV (644 ± Y^Ñ 

ms). Our results indicated that if 1b was co-expressed and inactivation was induced at a low 

voltage, preventing the channel from opening and allowing the channel recovery from 

inactivation, only the slow recovery component was detected in this situation. Thus, 1b still 

slowed recovery from low-voltage inactivation. 
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Table 4.5 Kinetics of recovery from high- and low-voltage inactivation at different recovery 
potentials. 

Recovery 
potential (mV) 

recovery from high-voltage inactivation (+40 mV) 

recovery from 
low-voltage 
inactivation  

(-70 mV) 
τ1,rec 

(ms) 
amp1,rec 

(%) 
τ2,rec 

(ms) 
amp2,rec 

(%) 
τrec 

(ms) 

-120 13.7 ± 2.1 
(10) 

50.0 ± 9.8 
(10) 

423 ± 64.2 
(10) 

50.0 ± 9.8 
(10) 

483 ± 87.3 
(8) 

-110 16.4 ± 3.1 
(12) 

50.3 ± 9.2 
(12) 

467 ± 83.0 
(12) 

49.7 ± 9.2 
(12) 

492 ± 102 
(10) 

-100 21.6 ± 4.6 
(10) 

52.2 ± 10.7 
(10) 

577 ± 141.3 
(10) 

47.8 ± 10.7 
(10) 

644 ± 149 
(10) 

-90 29.3 ± 5.6 
(11) 

50.0 ± 9.6 
(11) 

775 ± 213.3 
(11) 

50.0 ± 9.6 
(11) 

830 ± 183 
(9) 

-80 36.5 ± 8.2 
(5) 

53.2 ± 6.0 
(5) 

900 ± 98.1 
(5) 

46.8 ± 6.0 
(5) - 

Mean ± SD and numbers of observations (n) are given for recovery from inactivation (τx,rec and ampx,rec) at 

different recovery potentials. 

 

4.3.1.2 Recovery from inactivation with different inactivating voltages 
Based on the results in Chapter 4.3.1.1, we found that in the Kv4.2 + DPP + 1b ternary 

configuration, if inactivation was induced at -70 mV and the channels went directly into an 

inactivated state without opening, recovery from inactivation was described by a single-

exponential function with only a slow recovery component. Therefore, we wanted to find 

out how the recovery kinetics would change if inactivation were induced at stronger 

depolarized voltages and the channels were partially opened. 

We applied a special double-pulse protocol to study the recovery from inactivation with 

different inactivating voltages (see Materials and methods; Figure 3.6). Recovery from 

inactivation, in which the inactivation was induced at -Xa and +ÜÇ mV from the same oocyte, 

was measured after variable interpulse durations at -YÇÇ mV. The comparison of the test 

currents showed that recovery from inactivation was faster when the inactivation was 

induced at +70 mV compared to -35 mV (Figure 4.10A). Normalized data (Itest/Icontrol) with 

different inactivating voltages were plotted against the interpulse duration on a log-scale 

(Figure 4.10C). The data points with inactivation at -70 mV were identical to those shown 

in Figure 4.9D. Except for inactivation at -70 mV, when the channels were depolarized 

stronger and partially opened (inactivation at -Xa, Ç, +Xa and +ÜÇ mV), the fast recovery 

component became manifest and the recovery from inactivation of Kv4.2 + DPP + 1b had to 

be fitted with a double-exponential function. The respective time constants and their relative 

amplitudes obtained with different inactivating voltages were plotted below and summarized 
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in Table 4.6. Notably, the relative amplitudes of fast recovery time constants increased from 

0 to 30 % with increasingly stronger depolarization of the inactivating voltages (from -70 

mV to +70 mV; Figure 4.10C and 4.10E). However, the τ1,rec and τ2,rec were not different if 

inactivation was induced at different voltages. As comparison, for Kv4.2 + DPP, recovery 

from inactivation with different inactivating voltages was measured and the kinetics were 

well fitted with a single-exponential function (Figure 4.11A). The time constants obtained 

are summarized in Table 4.6, and they showed no significant difference if stronger 

depolarized inactivating voltages were applied (p>0.05). Moreover, they did not differ from 

the τrec of Kv4.2 + DPP obtained with the standard recovery protocols at -100 mV (τrec was 

38.6 ± 9.1ms; n = 5). The data suggest that, if 1b was co-expressed, the Kv4.2 channel 

complexes not only accumulate in the known closed-inactivated state, from which they could 

directly recover, but may also enter another inactivated state in order to exert the extremely 

slow recovery component.   

 
4.3.1.3 Recovery from inactivation with different inactivating pulse durations 
As the kinetics of recovery from inactivation of Kv4.2 + DPP + 1b were modulated with 

different inactivating voltages, another special double-pulse protocol was performed to 

investigate recovery from inactivation with different inactivating durations (see Materials 

and methods; Figure X.Ü). The test currents acquired after a shorter inactivating pulse 

duration (80 ms) were larger compared to a longer inactivating pulse duration (10 s; Figure 

4.10B). Recovery kinetics were described by a double-exponential, if inactivation was 

induced at +40 mV for 40, 80, 400 and 3000 ms (Figure 4.10D). The data points with 

inactivation at +40 mV for 3 s were identical to those shown in Figure 4.3D. Intriguingly, if 

the inactivation was induced at +40 mV for 5, 10 or 20 s, a triple-exponential function was 

needed to fit the recovery kinetics, with τ1,rec for fast time constant, τ2,rec for intermediate 

time constant, and τ3,rec for an extremely slow time constant (Figure 4.10D and Figure 4.10F). 

Recovery time constants and their relative amplitudes were summarized in Table 4.7. 

Specifically, if the inactivation was induced at +40 mV for 80 ms, τ1,rec was 20.5 ± 5.9 ms 

(81.1 ± 3.3 %; n = 8) and τ2,rec was 1374 ± 410 ms (18.9 ± 3.3 %). If the inactivation was 

induced at +40 mV for 10 s, τ1,rec was 32.1 ± 5.6 ms (22.1 ± 3.4 %; n = 17), τ2,rec was 898 ± 

123 ms (67.8 ± 4.0 %), and τ3,rec was 12090 ± 2401 ms (10.1 ± 2.6 %). Detailed analysis 

revealed that the recovery kinetics remained biphasic with roughly unchanged recovery time 

constants, while the relative amplitude of the fast component decreased gradually, and the 
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slow component became more dominant with increasing inactivating pulse durations. 

 

Figure 4.10 Kinetics of recovery from inactivation in ternary Kv4.2 + DPP + 1b configuration with 
different inactivating voltages and pulse durations. A: Inactivation was induced at different voltages from -

70 to +70 mV for 10 s (recordings shown for -35 and +70 mV) and recovery from inactivation was measured 

after variable interpulse durations at -100 mV (recovery potential; Δt, see inset), with same oocyte; -35 mV in 

black and +70 mV in grey. Brief control and test currents were recorded at +40 mV. B: Inactivation was induced 

at +40mV for different durations from 40 ms to 20 s (recordings shown for 80 ms and 10 s) and recovery from 

inactivation was measured after variable interpulse durations at -80 mV (recovery potential; Δt, see inset), with 

same oocyte, 80 ms in black and 10 s in grey. C: Recovery kinetics were described by a single-exponential 

(inactivation induced at -70 mV, data from Figure 4.9) or a double-exponential function (inactivation at -35, 0, 

+35 and +70 mV); different recovery potential as indicated. D: Recovery kinetics were described by a double 

exponential (inactivation at +40 mV for 40, 80 and 400 ms, 3 s; 3 s data same as Figure 4.3) or a triple-

exponential function (inactivation at +40 mV for 5, 10 and 20 s).  E: Recovery time constants and relative 

amplitudes of each time constant (τrec: diamond; τ1,rec and amp1,rec: circles; τ2,rec and amp2,rec: triangles) are 

plotted below at different inactivating potentials (-70, -35, 0, +35 and +70 mV). F: Recovery time constants  

and relative amplitudes of each time constant (τ1,rec and amp1,rec: circles; τ2,rec and amp2,rec: triangles; τ3,rec and 

amp3,rec: squares) are plotted below at different inactivating pulse durations (40, 80, and 400 ms, 3, 5, 10 and 

20 s); error bars are SD. numbers of oocytes indicated (n). Kv4.2 + DPP + 1b (1.7 + 5 + 10, ng per oocyte), 

measurement carried out on two days after cRNA injection (d2).  
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Figure 4.11 Kinetics of recovery from inactivation of Kv4.2 + DPP with different inactivating 
voltages and pulse durations in the absence of 1b. A: Inactivation was induced at different voltages 
from -70 to +70 mV for 10 s (recovery potential: -100 mV). Recovery kinetics were described by a single-
exponential function. Recovery time constants (τrec: diamond) are plotted below at different inactivating 
voltages (-70, -35, 0, +35 and +70 mV); error bars are SD. B: Inactivation was induced at +40 mV for 
different pulse durations (40 ms, 80 ms and 3 s). Recovery kinetics were described by a single-exponential 
function and recovery time constants (τrec: diamond) are plotted below at different inactivating pulse 
durations; numbers of oocytes indicated (n). Kv4.2 + DPP (1.7 + 5 ng per oocyte), measurement carried 
out on two days after cRNA injection (d2).  

 

Table 4.6 Kinetics of recovery from inactivation after different inactivating voltages. 

Inactivating 
voltage (mV) 

Kv4.2 + DPP + 1b Kv4.2 + DPP 

τ1,rec 

(ms) 
amp1,rec 

(%) 
τ2,rec 

(ms) 
amp2,rec 

(%) 
τrec 

(ms) 

-70   644 ± 149 
(10) 100 45.1 ± 14.3 

(5) 

-35 27.0 ± 13.6 
(5) 

12.2 ± 3.1 
(5) 

579 ± 150 
(5) 

87.8 ± 3.1 
(5) 

36.4 ± 13.9 
(3) 

0 23.9 ± 7.0 
(6) 

22.4 ± 1.8 
(6) 

529 ± 146 
(6) 

77.6 ± 1.8 
(6) 

37.7 ± 13.0 
(6) 

+35 21.2 ± 6.1 
(6) 

26.0 ± 2.3 
(6) 

498 ± 128 
(6) 

74.0 ± 2.3 
(6) 

41.1 ± 13.0 
(3) 

+70 20.3 ± 5.4 
(5) 

28.5 ± 3.6 
(5) 

503 ± 161 
(5) 

71.5 ± 3.6 
(5) 

36.0 ± 11.7 
(3) 

Mean ± SD and numbers of observations (n) are given for recovery from inactivation (τx,rec and 

ampx,rec) after different inactivating voltages. Recovery potentials is at -100 mV for all inactivating 

voltages. 
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Table 4.7 Kinetics of recovery from inactivation after different inactivating pulse durations. 

Inactivating 
pulse 

duration 
(ms) 

Kv4.2 + DPP + 1b Kv4.2 + DPP 

τ1,rec 

(ms) 
amp1,rec 

(%) 
τ2,rec 

(ms) 
amp2,rec 

(%) 
τ3,rec 

(ms) 
amp3,rec 

(%) 
τrec 

(ms) 

40 15.5 ± 3.2 
(5) 

84.8 ± 2.5 
(5) 

1098 ± 392 
(5) 

15.2 ± 2.5 
(5) 

- 

- 

80 20.5 ± 5.9 
(6) 

81.1 ± 3.3 
(6) 

1374 ± 410 
(6) 

18.9 ± 3.3 
(6) 

95.3 ± 36.8 
(3) 

400 27.3 ± 5.8 
(6) 

73.0 ± 2.4 
(6) 

1110 ± 188 
(6) 

27.0 ± 2.4 
(6) 

108 ± 47.6 
(3) 

3000 41.4 ± 4.2 
(8) 

57.1 ± 3.5 
(8) 

1275 ± 167 
(8) 

42.9 ± 3.5 
(8) 

116.6 ± 32.4 
(3) 

5000 35.6 ± 5.0 
(5) 

36.8 ± 2.2 
(5) 

903 ± 96.8 
(5) 

56.9 ± 2.6 
(5) 

10262 ± 2362 
(5) 

6.3 ± 
2.3 
(5) 

- 10000 32.1 ± 5.6 
(17) 

22.1 ± 3.4 
(17) 

898 ± 123 
(17) 

67.8 ± 4.0 
(17) 

12090 ± 2401 
(17) 

10.1 ± 
2.6 
(17) 

20000 21.9 ± 7.1 
(9) 

7.0 ± 0.7 
(9) 

893 ± 74.3 
(9) 

78.2 ± 4.0 
(9) 

11886 ± 1916 
(9) 

14.8 ± 
3.7 
(9) 

Mean ± SD and numbers of observations (n) are given for recovery from inactivation (τx,rec and ampx,rec) after 

different inactivating pulse durations. Recovery potential is at -80 mV for all inactivating durations. 

 

Moreover, with extraordinarily long inactivating pulse durations (> 3 s), a third recovery 

component became apparent. For comparison, recovery from inactivation with different 

inactivating pulse durations of Kv4.2 + DPP was recorded (80 ms, 400 ms and 3 s) and the 

kinetics were well fitted with a single-exponential function (Figure 4.11B). The time 

constants obtained were 95.3 ± 36.8 ms (80 ms; n = 3), 108 ± 47.6 ms (400 ms; n = 3) and 

116.6 ± 32.4 ms (3 s; n = 6; same data from Figure 4.3D), which showed no statistic 

difference. Thus, upon co-expression with 1b, if the inactivating pulse duration was 

increased (from 40 ms to 20 s), recovery became increasingly slower, which was reflected 

in the extremely slow recovery time constants becoming even larger and accounting for more 

to the recovery kinetics. The increased inactivation pulse durations may force the channels 

to enter another inactivated state rather than just the closed-inactivated state.  

 

4.3.2 Investigating the involvement of N-type inactivation in the KChIP1b-mediated 
biphasic recovery kinetics 

As N-type inactivation is one classical inactivation mechanism of Kv channels if may be 

promoted by 1b co-expression in Kv4 channels. Therefore, we used the N-terminal deletion 

mutant Kv4.2 Δ10, in which the 10 amino acids of N-terminal of Kv4.2 α-subunit were 

deleted, to abolish N-type inactivation. Kv4.2 Δ10 was co-expressed with DPP and 1b to 
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form the ternary configuration (Kv4.2 Δ10 + DPP + 1b) to investigate the involvement of N-

type inactivation in the 1b-mediated biphasic recovery kinetics. Figure 4.12A shows 

normalized currents mediated by Kv4.2 + DPP + 1b and Kv4.2 Δ10 + DPP + 1b upon 

depolarization at + 40 mV. Macroscopic inactivation of the two channel complexes was fitted 

with a triple-exponential function. For Kv4.2 Δ10 + DPP + 1b, τ1,inact was 32.2 ± 7.1 ms (47.1 

± 14.5 %; n = 8), τ2,inact was 78.9 ± 14.3 ms (48.6 ± 12.8 %), and τ3,inact was 283.6 ± 74.4 ms 

(4.4 ± 1.8 %). The data for Kv4.2 + DPP + 1b here are identical to those shown in Figure 

4.2D (d2; Table 4.1). Only τ3,inact of Kv4.2 Δ10 + DPP + 1b was significantly smaller 

compared to τ3,inact of Kv4.2 + DPP + 1b (513 ± 40 ms; 4.0 ± 1.3 %; n = 17). Other 

inactivation parameters of Kv4.2 Δ10 + DPP + 1b were not significantly different from 

Kv4.2 + DPP + 1b, indicating that the regulatory effect of 1b on the Kv4.2 Δ10 macroscopic 

inactivation was weaker compared to the wild-type Kv4.2 channel. Comparison of recovery 

kinetics between Kv4.2 + DPP + 1b and Kv4.2 Δ10 + DPP + 1b is shown in Figure 4.12B.  

 

 

Figure 4.12 Macroscopic inactivation and recovery from inactivation of an N-terminal deletion mutant 
(Kv4.2 Δ10) co-expressed with DPP and 1b. A: Normalized currents mediated by Kv4.2 + DPP + 1b (red, 

same data as Figure 4.2D on d2) and Kv4.2 Δ10 + DPP + 1b (orange) channels; dotted line represents zero 

current. Inactivation time constants and their relative amplitudes, obtained by fitting the current decay kinetics 

with a triple-exponential function are plotted below (τ1,inact and amp1,inact: circle, τ2,inact and amp2,inact: triangles, 

τ3,inact and amp3,inact: squares; mean ± SD); numbers of oocytes (n) indicated. B: Kinetics of recovery from 

inactivation of Kv4.2 + DPP + 1b (red, same data as shown in Figure 4.3D) and Kv4.2 Δ10 + DPP + 1b (orange) 

channels were fitted with a double-exponential function. Recovery time constants and their relative amplitudes 

(τ1,rec and amp1,rec: circles, τ2,rec and amp2,rec: triangles; mean ± SD) are plotted below. Grey curve: Kv4.2 Δ10 

+ DPP; black curve: Kv4.2 + DPP (same data as shown in Figure 4.3D); single-exponential fit, as control; 

numbers of oocytes indicated (n); measurement carried out on d2. Mutant effects were compared using an 

unpaired Student’s t-test; significance of mutant effects is indicated as *(p<0.05) or **(p<0.0001). 

 

The data here for Kv4.2 + DPP and Kv4.2 + DPP + 1b were the same as in Figure 4.3D. 

Recovery from inactivation of Kv4.2 Δ10 + DPP was measured for control and fitted with a 
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single-exponential function with a τrec of 112 ± 27.9 ms (n = 7), which was not different from 

Kv4.2 + DPP (Figure 4.12B). For Kv4.2 Δ10 + DPP + 1b, the recovery from inactivation 

was still described with a double-exponential function. The τ1,rec and its relative amplitude 

were slightly increased (72.9 ± 15.6 ms; 64.5 ± 3.9 %; n = 9), compared to τ1,rec and 

amp1,rec of Kv4.2 + DPP + 1b, but the τ2,rec induced by 1b was not affected by N-terminal 

deletion (Table 4.8), indicating that N-type inactivation is not involved in 1b-mediated 

biphasic recovery kinetics. 

 

4.3.3 Investigating the involvement of P/C-type inactivation in the KChIP1b-mediated 
biphasic recovery kinetics 
P/C-type inactivation is another classical inactivation mechanism of Kv channels. In order 

to investigate whether P/C-type inactivation is involved in 1b-mediated biphasic recovery 

kinetics, macroscopic inactivation and recovery from inactivation of Kv4.2 + DPP + 1b and 

Kv4.2 Δ10 + DPP + 1b were first recorded in a normal K+ concentration (Z mM) as control, 

and then switched to elevated external K+ (ÑÉ mM) with the same oocyte to inhibit P/C-type 

inactivation by preventing the conformational changes of pore domain. Figure 4.13A shows 

normalized currents mediated by Kv4.2 + DPP + 1b, which were recorded in Z mM and ÑÉ 

mM external K+, respectively. Macroscopic inactivation was well fitted with a double-

exponential function. The fast inactivation time constant (τf,inact) of Kv4.2 + DPP + 1b was 

significantly reduced by elevated external K+, decreasing from X^.Ñ ± Ä.^ ms in 2 mM K+ to 

YÑ.É ± Ç.É ms in 98 mM K+ (n = a; Figure ̂ .YXA). The slow inactivation time constant (τs,inact) 

and its relative amplitude were not affected by elevated external K+ (Table 4.8). Intriguingly, 

as shown in Figure 4.13B, the slow recovery time constant (τ+,rec) of Kv4.2 + DPP + 1b was 

significantly reduced by elevated external K+, from YXÜÜ ± YÉÑ ms in Z mM K+ to aÄÉ ± YZÑ 

ms in ÑÉ mM K+ (n = Ä). The fast recovery time constant (τ8,rec) and relative amplitudes of 

each time constant were not affected (Table 4.8). The acceleration of slow recovery 

component and inactivation in elevated external K+, indicated that upon 1b co-expression 

the Kv4.2 channel tends to experience P/C-type inactivation.  

Elevated external K+ also influenced Kv4.2 Δ10 + DPP + 1b channels in the same manner 

as wild-type channels. Figure 4.13C shows the normalized currents mediated by Kv4.2 Δ10 

+ DPP + 1b, which was recorded in Z mM and ÑÉ mM external K+ from the same oocyte. 

Macroscopic inactivation was well fitted with a double-exponential function. Upon 

switching to elevated external K⁺, both τf,inact and τs,inact of Kv4.2 Δ10 + DPP + 1b became 
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significantly smaller, and the relative amplitudes of τf,inact were also increased (Table 4.8). 

 

 

 
Figure 4.13 Macroscopic inactivation and recovery from inactivation of wild-type and mutant ternary 
Kv4.2 + DPP + 1b channels in normal and elevated external K+. A: Normalized currents of Kv4.2 + DPP + 

1b channels in 2 mM KCl (red) and 98 mM KCl (purple); dotted line represents zero current. Inactivation time 

constants and their relative amplitudes, obtained by fitting the current decay kinetics with a double-exponential 

function are plotted below (τf,inact and ampf,inact: circle, τs,inact and amps,inact: triangles; data pairs indicated; mean 

± SD); numbers of oocytes (n) indicated. B: Kinetics of recovery from inactivation of Kv4.2 + DPP + 1b 

channels in 2 mM KCl (red) and 98 mM KCl (purple) were analyzed using a double-exponential function; 

recovery time constants and relative amplitudes (τ1,rec and amp1,rec: circles, τ2,rec and amp2,rec: triangles; data 

pairs indicated) are plotted below. Black curve: Kv4.2 + DPP in 2 mM KCl, single-exponential function, as 

control; C and D: Same measurements and analysis for Kv4.2 Δ10 + DPP + 1b in 2 mM KCl (orange) and 98 

mM KCl (purple); Grey curve: Kv4.2 Δ10 + DPP in 2 mM KCl, single-exponential function, as control. All 

time constants and relative amplitudes are presented as means ± SD; number of oocytes (n) indicated; 

measurement carried out on d2. In the recovery plots the data are presented as means ± SEM. Individual pairs 

are shown and were compared using a paired Student’s t-test; significance of effects of switching to elevated 

external K+ are indicated as * (p<0.05) or ** (p<0.0001). 
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As shown in Figure 4.13D, elevated external K+ accelerated the slow recovery component 

of Kv4.2 Δ10 + DPP + 1b, with τ+,rec decreasing from YXÑÄ ± XXÑ ms in Z mM K+ to ÄÜÇ ± 

ZÇÑ ms in ÑÉ mM K+ (n = Ä). The τ8,rec and relative amplitudes of each time constant remained 

unchanged (Table 4.8). The acceleration of slow recovery component and inactivation of 

Kv4.2 Δ10 + DPP + 1b in elevated external K+, indicated that although N-type inactivation 

was abolished, Kv4.2 channel still tends to experience P/C-type inactivation upon 1b co-

expression.  

The process of P/C-type inactivation can also be slowed by application of extracellular TEA 

(López-Barneo et al., 1993). In order to further investigate the involvement of P/C-type 

inactivation, macroscopic inactivation and recovery from inactivation of Kv4.2 + DPP + 1b 

and Kv4.2 Δ10 + DPP + 1b were first recorded in control solution and then switched to 

elevated external TEA (ÑÉ mM) from the same oocyte, in order to inhibit P/C-type 

inactivation. Figure 4.14A shows normalized currents mediated by Kv4.2 + DPP + 1b, which 

were recorded in Z mM and ÑÉ mM TEA, respectively, from the same oocyte. Macroscopic 

inactivation was well fitted with a double-exponential function. Elevated external TEA had 

no significant effect on the inactivation kinetics of wild-type ternary. As shown in Figure 

4.14B, the fast recovery component was accelerated by elevated external TEA, with a τ1,rec 

of 38.3 ± 3.6 ms and a decreased relative amplitude of 43.0 ± 2.3 % (n = 5), while τ2,rec 

remained unchanged. Differently, the τf,inact and τs,inact of Kv4.2 Δ10 + DPP + 1b were both 

significantly reduced by elevated external TEA, and the relative amplitude of fast time 

constant was increased (Figure 4.14C; Table 4.8). Figure 4.14D shows that τ+,rec of Kv4.2 

Δ10 + DPP + 1b in elevated external TEA (YXÇX ± ZÜa ms; XÜ.X ± Z.a %; n = Ä) was smaller 

compared to τ+,rec  (Y^ÑX ± Z^É ms; XÄ.X ± Z.Ä %) in control solution, whereas the τ8,rec in 

different solutions remained unchanged (Table ^.É). Thus, superfusion with TEA solution 

had no obvious effects, except for an acceleration of current decay kinetics, which was more 

pronounced for Kv4.2 Δ10 + DPP + 1b than for wild-type channels. 
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Figure 4.14 Macroscopic inactivation and recovery from inactivation of wild-type and mutant ternary 
Kv4.2 + DPP + 1b channels in normal and elevated external TEA. A: Normalized currents of Kv4.2 + DPP 

+ 1b channels in control (red) and TEA solution (purple); dotted line represents zero current. Inactivation time 

constants and their relative amplitudes, obtained by fitting the current decay kinetics with a double-exponential 

function are plotted below (τf,inact and ampf,inact: circle, τs,inact and amps,inact: triangles; data pairs indicated; mean 

± SD); numbers of oocytes (n) indicated. B: Kinetics of recovery from inactivation of Kv4.2 + DPP + 1b 

channels in control and TEA solution were analyzed using a double-exponential function; recovery time 

constants and relative amplitudes (τ1,rec and amp1,rec: circles, τ2,rec and amp2,rec: triangles; data pairs indicated) 

are plotted below. C and D: Same measurements and analysis for Kv4.2 Δ10 + DPP + 1b in control (orange) 

and TEA solution (purple). All time constants and relative amplitudes are presented as means ± SD; number of 

oocytes (n) indicated; measurement carried out on d2. In the recovery plots the data are presented as means ± 

SEM. Individual pairs are shown and were compared using a paired Student’s t-test; significance of effects of 

switching to elevated external TEA are indicated as * (p<0.05) or ** (p<0.0001). 
 

 
4.3.4 Relationship between closed-state inactivation and KChIP1b-associated P/C-type 
inactivation features             

In a previous study (Barghaan and Bähring, 2009), alanine-scanning mutagenesis was 

performed in the S4-S5 linker and the distal part of S6 of the Kv4.2 α-subunit, to investigate 

the dynamic coupling between the voltage sensors and the cytoplasmic gate that underlies 
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inactivation in Kv4.2 channels. Electrophysiological recordings indicated that the mutations 

in this domain influenced the likelihood of the channel entering the closed-inactivated state. 

Here, two S6 mutants were selected and co-expressed with DPP and 1b to study the effects 

of 1b on inactivation and recovery from inactivation under the condition of modified Kv4.2 

channel CSI. The recovery time constant (τrec) of wild-type Kv4.2 in that study was 237 ms 

(Barghaan and Bähring, 2009; recovery potential at -100 mV). One mutant is Kv4.2 L400A, 

which exhibited the slowest recovery kinetics, with a τrec of 1924 ms, compared to wild-type 

Kv4.2 channel, indicative of a stable CSI. Another mutant is Kv4.2 N408A, which exhibited 

the fastest recovery kinetics, with a τrec of 69 ms, indicative of a very unstable CSI. Kinetics 

of macroscopic inactivation and recovery from inactivation of ternary configuration were 

measured in different solutions in order to study the relationship between CSI and KChIP1b-

associated P/C-type inactivation features.             

To investigate the mutant effects, normalized currents mediated by Kv4.2 + DPP + 1b (same 

as in Figure 4.2D on d2, as control), Kv4.2 L400A + DPP + 1b (Kv4.2 L400A ternary 

complex) and Kv4.2 N408A + DPP + 1b (Kv4.2 N408A ternary complex) are shown in 

Figure 4.15A. Macroscopic inactivation was here described with a triple-exponential 

function. The overall Kv4.2 L400A mutant effects was to slow the current decay. For Kv4.2 

L400A ternary complex, τ3,inact was 714 ± 125 ms (8.7 ± 3.0 %; n = 14), which was 

significantly larger compared to τ3,inact of the wild-type ternary complex (Figure 4.15A; Table 

4.8). The fast inactivation component accounted for 69.8 ± 11.5 % of the total decay, 

significantly larger compared to wild-type ternary complex. For Kv4.2 N408A ternary 

complex, τ1,inact  was significantly smaller (8.3 ± 1.8 ms), and its relative amplitude was larger 

(91.6 ± 2.2 %; n = 9), compared to the wild-type ternary complex, indicating that mutant 

effect of Kv4.2 N408A was to accelerate the current decay (Figure 4.15A; Table 4.8). In the 

absence of 1b, the recovery from inactivation of Kv4.2 N408A + DPP (21.3 ± 0.6 ms; n = 5) 

remained faster than Kv4.2 + DPP. Surprisingly, for Kv4.2 N408A ternary complex, 1b 

induced slower recovery kinetics, described by a single-exponential function (τrec was 690 ± 

57.2 ms; n = 9) compared to τrec of Kv4.2 N408A + DPP (Figure 4.15B). For Kv4.2 L400A 

ternary complex, the kinetics of recovery from inactivation (Figure 4.15B) were not different 

from wild-type ternary complex (same as in Figure 4.3D).  

To further investigate the involvement of P/C-type inactivation in two mutants upon 1b co-

expression, normalized currents mediated by Kv4.2 L400A ternary complex recorded in Z 

mM and ÑÉ mM external K+ from the same oocyte are shown in Figure 4.15C. The 
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macroscopic inactivation remained best described by a double-exponential function under 

this condition. The fast and slow inactivation constants of Kv4.2 L400A ternary complex 

were both significantly reduced by elevated external K+, from 39.8 ± ZÄX ms (ÉÑ ± X %) in 

Z mM K⁺ to Z^.Ü ± Z.^ ms (ÑY ± Z %) in ÑÉ mM K⁺ for τf,inact, and from 532 ± Y^a ms (YY ± 

X %) in Z mM K⁺ to 350 ± ÉÉ ms (Ñ ± Z %) in ÑÉ mM K⁺ for τs,inact (n = 5), accompanied by 

an increased relative amplitude of τf,inact (Table ^.É). τ₂,rec of Kv^.Z L^ÇÇA ternary complex 

was significantly reduced by elevated external K⁺, from YZa^ ± ZÄÄ ms in Z mM K⁺ to ÉÉX ± 

ZÄX ms in ÑÉ mM K⁺ (n = Ñ; p < Ç.Ça), with a decrease of its relative amplitude (from ^Y.É ± 

^.^ % to ZÉ.Ñ ± Ü.Y %), whereas τ8,rec remained unchanged (Table ^.É; Figure ^.YaD). The 

acceleration of the slow recovery component and inactivation of Kv4.2 L400A ternary 

complex in elevated external K+, indicates that 1b co-expression resulted in a similar 

modulation of inactivation and recovery kinetics in Kv4.2 L400A and wild-type Kv4.2 

ternary.  

Figure 4.15E shows the normalized currents mediated by Kv4.2 N408A + DPP + 1b, 

recorded in Z mM and ÑÉ mM external K+ from the same oocyte. The fast inactivation time 

constant of Kv4.2 N408A + DPP + 1b was significantly reduced by elevated external K+, 

and its relative amplitudes were decreased (Table 4.8). Interestingly, the recovery kinetics of 

Kv4.2 N408 A + DPP + 1b were well described with a single-exponential function under 

both conditions (Figure 4.15F), with a significantly faster recovery in ÑÉ mM K+ (XYÇ ± ZÜ.a 

ms; n = a) compared to in Z mM K+ (ÄÄÄ ± ÄX.a ms). Taken together, these results indicate 

that 1b co-expression attenuates the CSI of Kv4.2 N408A ternary complex and therefore the 

channel complex now potentially enters another inactivated-state that slows the recovery 

process. The slow recovery process can be accelerated by inhibiting P/C-type inactivation. 

Thus, the attenuation of closed-state inactivation emphasizes that 1b enhances P/C-type 

inactivation. 
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Figure 4.15 Macroscopic inactivation and recovery from inactivation of Kv4.2 S6 mutants co-expressed 
with DPP and 1b in normal and elevated external K+. From a previous alanine mutagenesis scan (Barghaan 

and Bähring, 2009) in the distal S6 segment Kv4.2 L400A and N408A (slowest and fastest recovery kinetics 

obtained in that study, respectively) were picked and co-expressed with DPP and 1b. A: Normalized currents 

of Kv4.2 + DPP + 1b (red), Kv4.2 L400A + DPP + 1b (olive) and Kv4.2 N408A + DPP + 1b (green) channels. 

Current decay kinetics were fitted with a triple-exponential function; inactivation time constants and relative 

amplitudes of the total decay (t1,inact and amp1,inact: circles; t2,inact and amp2,inact: triangles; t3,inact and amp3,inact: 

squares) are plotted below. B: Kinetics of recovery from inactivation were fitted with a single-exponential 

function (Kv4.2 N408A + DPP + 1b) or a double-exponential function (Kv4.2 + DPP + 1b and Kv4.2 L400A 

+ DPP + 1b). Recovery time constants and their relative amplitudes (τ1,rec and amp1,rec: circles; τ2,rec and amp2,rec: 

triangles; τ rec: diamond) are plotted below. C: Normalized currents of Kv4.2 L400A + DPP + 1b channels in 2 

mM KCl (olive) and 98 mM KCl (purple). Time constants of macroscopic inactivation and their relative 

amplitudes obtained with double-exponential fitting are shown (τf,inact and ampf,inact: circle, τs,inact and amps,inact: 

triangles; data pairs indicated; mean ± SD). D: Kinetics of recovery from inactivation of Kv4.2 L400A + DPP 

+ 1b channels in 2 mM KCl (olive) and 98 mM KCl (purple) were analyzed using a double-exponential fit; 

recovery time constants and their relative amplitudes (τ1,rec and amp1,rec: circles; τ2,rec and amp2,rec) are plotted 

below. E: Normalized currents of Kv4.2 N408A + DPP + 1b channels in 2 mM KCl (green) and 98 mM KCl 

(purple). Time constants of macroscopic inactivation and their relative amplitudes obtained with double-

exponential fitting are shown (τf,inact and ampf,inact: circle, τs,inact and amps,inact: triangles; data pairs indicated; 

mean ± SD). F: Kinetics of recovery from inactivation of Kv4.2 N408A + DPP + 1b channels in 2 mM KCl 

(green) and 98 mM KCl (purple) were analyzed using a single-exponential fit; recovery time constants (τrec: 

diamond log-scale) are plotted below. 

(A-F): grey traces: Kv4.2 N408A + DPP; black traces: Kv4.2 + DPP; single-exponential fit, in 2 mM external 

KCl, as control; dotted line represents zero current; numbers of oocytes indicated (n); Kv4.2 (mutants) + DPP 

+ 1b (1.7 + 5 + 10 ng per oocyte), measurement carried out on d2. Mutant effects were compared using unpaired 

Student’s t-test; individual pairs are shown and were compared using a paired Student’s t-test; significance of 

mutant effects and effects of switching to elevated external K+ are indicated as * (p<0.05) or ** (p<0.0001).
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5. Discussion 

In this study, we aimed to critically revise a previous report regarding the modulation of Kv4 

channels by KChIP1 splice variants, especially the distinctive features of the KChIP1b 

(referred to as 1b). In accordance with a previously reported trend, our results suggest that 

the ability to enhance the functional surface expression of Kv4 channels is attenuated for 1b 

in comparison to KChIP1a (referred to as 1a). The previously reported induction of a novel 

extremely slow recovery component by 1b is confirmed by our results, but in addition, our 

data reveal that 1a co-expression also causes biphasic recovery kinetics. This universal 

KChIP1 feature, albeit more pronounced for 1b than for 1a co-expression, is consistently 

observed for all Kv4.x subtypes, both in a binary configuration and in a ternary configuration 

with DPP. Kv4.2 + DPP + 1b ternary channels were chosen for a mechanistic study of the 

slow recovery process. 

 

5.1 Modulation of Kv4 channels by KChIP1 in heterologous systems 
Co-expression of an initially identified KChIP1, which is identical to the 1a splice variant 

used herein, with Kv4.2 in tissue culture cells and Xenopus oocytes has defined hallmarks 

of Kv4 channel modulation by KChIPs. These included an increase in current density, a 

slowing of macroscopic inactivation, an acceleration of recovery from inactivation and a 

shift of the voltage of halfmaximal activation to more negative potentials (An et al., 2000). 

The initially identified KChIP1 was in the focus of a detailed analysis of Kv4 channel 

assembly and trafficking. In particular, KChIP1 stabilizes the tetramerization of Kv4.3 (Cui 

et al., 2008), facilitates the release of Kv4.2 from ER retention by assisting the proper folding 

of its α-subunits hydrophobic domains, and promotes its localization to the cell surface 

(Hasdemir et al., 2005; Shibata et al., 2003). Additionally, KChIP1-specific N-terminal 

myristoylation is required for the subcellular targeting of the Kv4.2 + KChIP1 complex to 

post-ER transport vesicles (O’Callaghan et al., 2005), which together explains the observed 

increase in current densities upon KChIP1 co-expression. Moreover, the initially identified 

KChIP1 was used for a detailed biophysical analysis in Xenopus oocytes, showing similar 

remodelling of Kv4.1 and Kv4.3 channel inactivation, which included the typical 

streamlining effect on macroscopic currents, characterized by a slowing of the early phase 

of current decay and an acceleration of the late phase, with a crossover of normalized current 

traces obtained in the absence and presence of KChIP1, respectively (see Figure 4.2 and 

Figure 4.6). A shift of steady-state inactivation curves to more positive voltages was also 
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observed, most likely reflecting the accelerated recovery from inactivation (Beck et al., 

2002). Our experimental results obtained with 1a co-expression largely confirmed these 

earlier observations. These effects may be explained by the structure basis of the Kv4 + 

KChIP1 interaction, in which  KChIP1 has been shown to stabilize the S6 conformation and 

interact with both the C-terminal S6 segment and the N-terminal domain of a neighbouring 

α-subunit (Kise et al., 2021). 

1b, an alternatively spliced variant of KChIP1, contains the N-terminal myristoylation motif 

required for subcellular targeting, but differs from 1a by the insertion of an extra 11-amino 

acid at the N-terminus (residues 22 - 33 in 1b; Figure 5.1), which is rich in aromatic side 

chains (Boland et al., 2003; Pruunsild and Timmusk, 2005; Van Hoorick et al., 2003). Apart 

from this aromatic cluster, a number of amino acid residues are conserved in KChIP2, 

KChIP3, and KChIP4 sequences but differ in the KChIP1 sequence. The less conserved N-

terminal section of KChIP1 may contribute to the distinct modulation of Kv4 channels by 

KChIP1 splice variants. Similar to 1a, the 1b splice variant was shown to co-localize with 

Kv4.2 in the plasma membrane, indicating that 1b also functions as an integral component 

of A-type channel and contributes to post-ER membrane trafficking (Cui et al., 2008; 

Hasdemir et al., 2005; O’Callaghan et al., 2005; Shibata et al., 2003). 1b also increased 

Kv4.2 current density, and slightly lower current densities for Kv4.2 + 1b compared to Kv4.2 

+ 1a were observed, but the difference proved to be not significant in the original study (Van 

Hoorick et al., 2003). However, in our experiments using Xenopus oocytes injected with 

defined amounts of Kv4.x and KChIP1 cRNAs, the current upregulation induced by 1b was 

significantly smaller compared to that by 1a and this observation was not dose-dependent 

(see Figure 4.1). Of note, in the ternary configuration with DPP, 1b even induced a 

suppression of current amplitudes. Together, these findings suggest that the distinct 11-

amino acid N-terminal aromatic cluster may possibly have an adverse effect on channel 

trafficking, likely representing an intrinsic property of the 1b splice variant. Although 1a and 

1b have a similar overall effect on current decay, they modulate Kv4.2 channels differently 

in the binary configuration, mainly due to the fractional contribution of each inactivation 

time component, which is independent of the heterologous expression system used, while 

this difference tends to disappear in the ternary configuration with DPP. The 1b splice variant 

has previously been shown to differ substantially from 1a, by inducing biphasic recovery 

kinetics with an unprecedented extremely slow component. Accordingly, and in contrast to 

1a, 1b was shown to shift the Kv4.2 steady-state inactivation curve to more negative voltages 
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(Van Hoorick et al., 2003). 

 

Figure 5.1 KChIP amino acid sequences. Alignment of KChIP1 (Q9NZI2; 1a and 1b splice variant shown), 

KChIP2a (Q9NS61), KChIP3a (Q9Y2W7) and KChIP4a (Q6PIL6) amino acid sequences created with UniProt 

(https://www.uniprot.org/); numbers on the right indicate amino acid positions. Residues that are perfectly 

conserved (*) or exhibit either strong (:) or weak (.) similarity are indicated.  Note the highly variable KChIP 

N-termini but conserved core regions with four EF hand motifs (shaded grey). The eleven amino acid N-

terminal aromatic cluster found in KChIP1b (red), but not in KChIP1a (blue), is captured by none of the 

available KChIP1 3D structures, starting with His34 (1; (Zhou et al., 2004)), Glu37 (2; (Kise et al., 2021)) or 

Gly38 (3; (Ma et al., 2022; Pioletti et al., 2006; Scannevin et al., 2004; Wang et al., 2007)). 

 
Accordingly, and in contrast to 1a, 1b was shown to shift the Kv4.2 steady-state inactivation 

curve to more negative voltages (Van Hoorick et al., 2003). Our critical revision of this 

previous report on the distinctive features of 1b was motivated by the fact that the authors 

had used transient transfection of a stable Kv4.2-expressing cell-line with KChIP1 cDNA. 

In this system, cell-to-cell variations in cDNA uptake and differences in the temporal 

expression profiles of a-(stable) and b-subunits (transient), combined with a possible limited 

surface expression of 1b-containing channels, may result in the co-existence of two different 

Kv4.2 channel populations present in the plasma membrane, Kv4.2 alone (stable) and Kv4.2 

+ 1b, with fast and slow recovery kinetics, respectively. To overcome these limitations, we 

subjected the previous findings to a rigorous test by re-examining the effects of 1b-

coexpression on Kv4.2 recovery kinetics using Xenopus oocytes, a system in which the 
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amount of injected cRNA can be precisely adjusted. However, the previously reported 

biphasic recovery kinetics were similarly observed, irrespective of the amount of 1b cRNA 

excess injected (see Figure 4.3). Thus, our results do not support the initial assumption that 

the expression system significantly influenced the findings. Furthermore, we asked whether 

the special 1b effect on recovery kinetics is also observed for other Kv4 subtypes, and 

whether it is still visible in a ternary configuration with DPP. Since DPP itself strongly 

accelerates the recovery of Kv4 channels from inactivation (Maffie and Rudy, 2008), by 

stabilizing the voltage sensor S1 and S2 conformations in order to promote the S4 movement 

(Kise et al., 2021), it may mask the 1b-induced effects. In our experiments, all Kv4 subtypes 

were co-expressed with excess amounts of 1b, both in a binary configuration and a ternary 

configuration with DPP, and recording were done on different days after cRNA injection, 

but the induction of an extremely slow recovery component by 1b was consistently observed, 

supporting that slowing recovery from inactivation is an intrinsic property of this isoform. 

This notion is further supported by our findings that the two Kv4.3 splice variants (S and L; 

Isbrandt et al., 2000), known for their differential modulation by KChIP2 (Abbott, 2017), 

displayed the same modulation by the 1b splice variant as seen for Kv4.2 and Kv4.1 (see 

Figure 4.5-Figure 4.8). Apart from 1b, KChIP2e has also been reported to show opposite 

effect compared to other KChIP isoforms, such as slowing recovery from inactivation of 

Kv4.3, due to the existence of an alternative exon 10 located at C-terminal (Decher et al., 

2004).  

Unexpectedly, we found that, similar to 1b, 1a is also capable of inducing a slow recovery 

component. Notably, most of the previous reports of initially identified KChIP1 co-

expression effects on Kv4 channel, both in cDNA-transfected tissue culture cells (Amarillo 

et al., 2008; An et al., 2000; Bourdeau et al., 2011; Hatano et al., 2002; Van Hoorick et al., 

2003; Van Hoorick et al., 2007; Zhou et al., 2004) and in cRNA-injected Xenopus oocytes 

(An et al., 2000; Beck et al., 2002; Boland et al., 2003; Bowlby et al., 2005; Holmqvist et 

al., 2002; Kaulin et al., 2008; Kise et al., 2021; Nadal et al., 2003; Pioletti et al., 2006; 

Scannevin et al., 2004; Wang et al., 2007; Zhang et al., 2003), have used a single-exponential 

function to describe the kinetics of recovery from inactivation. In our recordings, the slow 

recovery component was less obvious in binary Kv4.x + 1a channels, as the slow recovery 

time constant was smaller and contributed less to the total recovery process compared to 

Kv4.x + 1b channels. However, in ternary Kv4.x + DPP + 1a channels, the slow recovery 

component became more evident (Figure 4.3 and Figure 4.7), which differs from previous 
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studies on ternary Kv4.2 + DPP + 1a channels in either tissue culture cells (Amarillo et al., 

2008) or in Xenopus oocytes (Nadal et al., 2003), where recovery kinetics were analysed 

using only a single-exponential function. Multi-exponential fitting of the 1a-induced 

recovery kinetics was not considered in these previous studies, despite sometimes the 

obvious inadequacy of the fitting procedure. It should be noted that in some of the previously 

used experimental protocols the interpulse durations may have been not long enough to 

capture such a slow component of recovery from inactivation. Van Hoorick and coworkers 

further showed that 1b-mediated recovery behavior can be converted into that of 1a-

mediated recovery behavior by removal of three aromatic amino acid located on the N-

terminal of 1b (Van Hoorick et al., 2007). Of note, a previous study using similar condition 

as in the present study, also reported that 1a induced biphasic recovery for Kv4.1 and Kv4.2 

(Nakamura et al., 2001), consistent with our observations. Furthermore, our study noticed 

that both binary and ternary configurations containing 1b always exhibited the most negative 

inactivation curves, likely reflecting the extremely slow recovery kinetics of Kv4 channel 

complexes with 1b. 

 

5.2 Mechanism of KChIP1-mediated remodelling of Kv4 channel inactivation 

Inactivation of voltage-gated K+ channels is a process, in which channel conductance is shut 

down during a prolonged or sustained membrane depolarization. This process is essential for 

controlling the occurrence and shape of action potentials, as well as establishing firing 

patterns in excitable tissues (Bähring and Covarrubias, 2011). By pure electrophysiological 

examination and in the absence of any structural correlate, Kv4 channels have been shown 

early on to undergo preferential CSI at all physiologically relevant membrane potentials. The 

closed-inactivated state is absorbing, meaning that during moderate depolarization,  channels 

enter it directly from a preopen closed state without opening, whereas during strong 

depolarization, channels may only transiently open but tend to accumulate in the closed-

inactivated state (Bähring et al., 2012; Bähring and Covarrubias, 2011). The conclusion was 

drawn from identical single-exponential recovery kinetics as well as their voltage 

dependences obtained for Kv4.2 channels, regardless of whether inactivation was induced 

at +40 or -50 mV (Bähring et al., 2001a). Different from most other KChIPs, the KChIP1 

splice variant 1b causes Kv4 channel gating modulation with biphasic recovery kinetics 

((Van Hoorick et al., 2003; Van Hoorick et al., 2007) and present data). For Kv4.2 + DPP + 

1b, if inactivation is induced for 3s at +40 mV, allowing channels to open before they 



 
 
78 

inactivate, recovery from inactivation follows a double-exponential time course. The 

biphasic recovery kinetics, with both fast and slow recovery components exhibiting a 

shallow but similar voltage dependence (qₐₚₚ ≈ 0.5), suggest the presence of two distinct 

final inactivated states occupying roughly equal fractions of the channels. Intriguingly, if 

inactivation is induced at -70 mV for 10 s (see Figure 4.9D), without channel opening, 

recovery from inactivation follows a single-exponential time course, with the time constant 

and voltage dependence resembling those of the slow component observed in the former 

situation (recovery after 3 s at +40 mV; see Figure 4.9C). Apparently, Kv4.2 + DPP + 1b 

ternary channels need to open to exhibit the biphasic recovery kinetics; otherwise, they 

accumulate exclusively in the novel inactivated state with slow recovery kinetics. If channels 

are allowed to open, with inactivating voltages more positive than -40 mV, occupancy of the 

novel inactivated state is decreased with increasingly more depolarized inactivating voltages, 

suggesting that opening enables the channels to occupy an inactivated state from which 

recovery occurs rapidly. However, this trend seems to saturate with inactivating voltages 

around +70 mV (see Figure 4.10C), presumably due to a maximal opening probability. In 

contrast, if the inactivation is induced with increasingly longer inactivation pulses durations 

(from 40 ms to 20 s), the channels tend to accumulate in the novel inactivated state, and 

recovery from inactivation becomes increasingly slower (see Figure 4.10D). Taken together, 

these findings support the notion that, similar to preferential CSI, channels have to re-close 

after opening in order to enter the novel inactivated state, and that its entry is slow, while 

occupancy of an inactivated state with fast recovery is only temporary.  

State occupancy kinetics related to the 1b-associated gating modulation has been computer-

simulated by Van Hoorick and co-workers (Van Hoorick et al., 2007) using a Markov-chain 

model, based on the one that had been introduced earlier by Beck and co-workers to describe 

KChIP1 (= 1a) remodelling of Kv4 channels (Beck et al., 2002). In the adapted model 

(Figure 5.2A) one additional inactivated state (I7), directly coupled to the final closed-

inactivated state (I4), was included. This "deeply" inactivated state is only occupied in the 

presence of KChIP1, with a particularly low exit-rate for 1b modelling (Van Hoorick et al., 

2007). This gating model was able to reproduce the experimentally observed biphasic 

recovery kinetics. Notably, direct coupling of I4 and I7 in the model is in accordance with the 

highly similar voltage dependences of the two recovery time constants observed in our 

experiments (see Figure 4.9). 

The gating model described above cannot explain the structure functional relationships of 
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the 1b-mediated inactivation behavior. Experimental evidences have identified three major 

inactivation mechanisms in Kv channels. Besides CSI, which is prominent in Kv4 channels 

(Bähring and Covarrubias, 2011), two other mechanisms of inactivation are utilized in many 

Kv channels, including N-type inactivation, where the open channel is blocked by an 

intrinsic N-terminal inactivation domain from the cytoplasmic side (Armstrong and 

Hollingworth, 2017), and/or P/C-type inactivation, involving conformational 

rearrangements of the external pore mouth near the selectivity filter (Hoshi and Armstrong, 

2013). In Shaker-related (Kv1) channels CSI plays a minor role, whereas N- and P/C-type 

inactivation are the major pathways of inactivation. N-type inactivation is faster than P/C-

type inactivation and dominates the current decay, while slow P/C-type inactivation controls 

the rate of recovery from inactivation because its rate-limiting properties (Bett et al., 2011). 

These classical Shaker inactivation mechanisms are also present in Kv4 channels in vestigial 

form (Gebauer et al., 2004; Kaulin et al., 2008), and may be enhanced by 1b co-expression 

to introduce the novel inactivated state. Several approaches were used in our study to test 

this possibility. Our data confirmed that N-type inactivation is not involved in the biphasic 

recovery kinetics, since a ten amino acid N-terminal truncation on Kv4.2 + DPP + 1b channel 

showed similar recovery behaviours to that of wild-type channels (see Figure 4.12B). 

Interestingly, elevated external K+ specifically accelerated the slow component of the 

biphasic recovery process in our study (see Figure 4.13). The acceleration of recovery from 

inactivation observed in the elevated external K+ is similar to what has been reported in 

typical P/C-type inactivation channels such as Kv1.3 (Levy and Deutsch, 1996) and Kv1.4 

(Rasmusson et al., 1995), suggesting that the novel deeply inactivated state of Kv4 channels 

induced by 1b is related to P/C-type inactivation. Kaulin and co-workers previously reported 

the presence of P/C-type inactivation features in Kv4 + KChIP1 (= 1a) channels, observing 

that the inactivation of Kv4 + 1a was accelerated by elevated external K+ (Kaulin et al., 

2008), which supports the assumption that removal of  vestigial P/C-type inactivation allows 

the channels to accumulate faster in the closed-inactivated state (Bähring et al., 2001a; Jerng 

and Covarrubias, 1997; Kaulin et al., 2008; Kirichok et al., 1998; Shahidullah and 

Covarrubias, 2003). Similarly, Eghbali and coworkers revealed that Kv4.3 exhibits P/C-type 

inactivation as removal of external K+ destabilized the conducting state and accelerated the 

inactivation rate, leading to the collapse of the pore (Eghbali et al., 2002). To mechanistically 

explain these observations, Kaulin and coworkers introduced a corresponding gating model, 

(Figure 5.2B) showing that the main activation pathway (C0 ... C5, O) is paralleled not only 
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by a chain of closed-inactivated states (I0 ... I5), but also by a chain of P/C-type inactivated 

states (P0 ... P6). The main activation pathway runs between the two inactivation chains, 

indicating that each closed state has the chance to undergo either P/C-type inactivation or 

CSI, whereas the open state can only undergo P/C-type inactivation. In this model, the 

channels will not accumulate permanently in the P/C-type inactivated states, reflecting a 

relatively stable selectivity filter conformation of Kv4 channels. Of note, this model (Kaulin 

et al., 2008) substantially differs from the model suggested by Van Hoorick and co-workers 

(Van Hoorick et al., 2007), in that two optional inactivated states are directly coupled in the 

latter but not in the former (Figure 5.2A and 5.2B). 

 

Figure 5.2 Modified Kv4 channel gating schemes. A: A model introduces one additional inactivated state 

(I7), directly coupled to the final closed-inactivated state (I4) adopted from Van Hoorick et al. (2007). C, closed-

state, main activation pathway; O, open state; I, closed-inactivated state. B: A model introduces two parallel 

inactivation pathways adopted from Kaulin et al. (2008). C, closed-state, main activation pathway; P, P/C-type 

inactivated states; I, closed-inactivated state.  

 

These functional observations promoted investigations into the structural basis of Kv 

channel inactivation. Recently, high resolution cryo-EM data provided detailed structural 

insights into P/C-type inactivation in Kv1.2 channels, suggesting a dilation instead of a 

constriction of the selectivity filter on the external side in the P/C-type inactivated states 

(Reddi et al., 2022). Moreover, isoleucine residues at position 398 (I398) along the pore 

lining segment S6 from four subunits seem to act as a state-dependent hydrophobic gate that 
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blocks K+ conduction in P/C-type inactivation (Treptow et al., 2024). Another high 

resolution cryo-EM data elucidated the inactivation mechanisms of Kv4.2 channels. Upon 

inactivation, the homo-tetrameric channel pore loses its 4-fold symmetry and becomes 2-

fold symmetric, accomplished by the coupling of the S4-S5 linker to both upper (Ile398) and 

lower gates (Val402). This conformational change produces a tight constriction that blocks 

K⁺ conduction. They also reported that KChIP2 and DPP6 modulated gating properties but 

did not directly interact with the upper and lower gates, indicating the unprecedented 

symmetry breakdown for pore closure is an intrinsic feature of Kv4 channel alone (Ye et al., 

2022). The lower gate involves the dynamic coupling between voltage sensors and gate 

modules (Barghaan and Bähring, 2009), leading to a symmetry breakdown of S6-segments, 

which underlies Kv4 channel CSI (Barghaan and Bähring, 2009; Ye et al., 2022). 

Intriguingly, Kv4.2 residue I398 corresponds to the conserved isoleucine gate responsible 

for Kv1 channel P/C-type inactivation  (Treptow et al., 2024). Thus, based on these structural 

similarities, we speculate that in the presence of the 1b, the upper (isoleucine) gate in Kv4.2 

channels may evolve into a major inactivation gate (P/C-type inactivation), especially if S6-

related CSI (lower gate) is unstable, as suggested by our experimental findings with the 

N408A mutant (Figure 4.15).     

Apart from the role of KChIPs in modulating Kv4 N-type inactivation by interacting with 

Kv4.2 proximal N-terminus (Gebauer et al., 2004), the structure-function relationships of 

Kv4 channel remodelling by KChIPs remain largely unknown. High resolution 3D structures 

involving KChIP1 have shown that the b-subunit also binds to the T-domain and to the 

cytoplasmic C-terminus of Kv4 channel a-subunits. However, the extra aromatic cluster 

inserted into the N-terminal domain of KChIP1 by alternative splicing, which is thought to 

be responsible for the special Kv4 remodelling by 1b (Van Hoorick et al., 2003; Van Hoorick 

et al., 2007) is not included in any of the KChIP1 structures available to date (Kise et al., 

2021; Ma et al., 2022; Pioletti et al., 2006; Scannevin et al., 2004; Wang et al., 2007; Zhou 

et al., 2004; see also Figure 5.1). Thus, a putative interaction interface with the Kv4 a-

subunit remains largely undefined.  

It is intriguing that the naturally occurring Kv1.5 D209 N-terminal truncation variant exhibits 

not only classical P/C-type inactivation but also a form of CSI, which results in biphasic 

recovery from inactivation (Kurata et al., 2005). Notably, the Kv1.5 D209 variant lacks the 

T-domain, a configuration which apparently favors CSI. In the presence of a T-domain, 

Kv1.5 exhibits only classical P/C-type inactivation. Possibly, the presence and stabilization 
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of T-domains, for example by the clamping action of KChIP1 (Cui et al., 2008), may favor 

P/C-type inactivation. 

 

5.3 Distribution and physiology of KChIP1-expressing neurons 
Kv4 channels mediate the subthreshold activating somatodendritic A-type current (ISA; Pak 

et al., 1991; Wei et al., 1990), a transient current widely expressed in excitable neurons (Jerng 

and Pfaffinger, 2014). ISA plays a key role in regulating the neuronal excitability, controlling 

the firing frequency and action potential back-propagation, and influencing synaptic 

plasticity and integration (Hoffman et al., 1997). Kv4 channels require both of auxiliary b-

subunits, KChIPs and DPPs, to achieve native A-type currents (Rhodes et al., 2004). In fact, 

Kv4 + KChIP + DPP ternary channels are thought to underlie a major portion of ISA 

(Amarillo et al., 2008; Jerng et al., 2005; Jerng and Pfaffinger, 2012; Maffie and Rudy, 2008). 

The variety of b-subunit splice variants and their interaction with Kv4 α-subunits jointly 

contribute to the diversity of ISA properties in different cell types with a considerable impact 

on neuronal excitability and discharge behavior (Jerng and Pfaffinger, 2014). 

Immunohistochemical and biochemical studies have shown that that the expression and 

localization profiles of Kv4 α-subunits, KChIPs and DPPs exhibit distinct distributions in 

the brain, but also considerable overlap, allowing a prediction of possible likely 

combinations (Clark et al., 2008; Rhodes et al., 2004; Xiong et al., 2004; Zagha et al., 2005). 

Specifically, Kv4.3 and KChIP1 are primarily co-localized in the somata and dendrites of 

hippocampal, striatal, and neocortical interneurons (Rhodes et al., 2004), and electron 

microscopic analysis further revealed that KChIP1 and Kv4.2 immunoreactivity is co-

localized at the plasma membrane of cerebellar granule cell somata and dendrites (Strassle 

et al., 2005). In addition to its co-localization with Kv4 a-subunits, KChIP1 itself is highly 

expressed in a specific group of neurons throughout the brain, particularly in Purkinje cells 

of the cerebellum and in the reticular thalamic and medial habenular nuclei. Notably, in the 

reticular thalamic nucleus, only Kv4.2 transcripts are reported, suggesting the distinct 

interaction between KChIP1 and different Kv4 channels (Xiong et al., 2004). Consistent 

with these patterns, Kv4.3 and DPP6 are co-expressed in Purkinje cells, substantia nigra, and 

the periglomerular region of the olfactory bulb (Malloy et al., 2022). Of note, these initial 

studies on the distributions of KChIP1 in the brain did not distinguish between the 1a and 

1b splice variants, and currently no specific researches have investigated co-localization of 

different KChIP1 splice variants with Kv4 channels and DPPs in the brain. However, several 
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other studies reported that both 1a and 1b are expressed in different brain regions with 

distinct abundances. 1a is broadly expressed across all examined human brain regions, such 

as cerebellum, hippocampus, striatum, and cerebral cortex (Pruunsild and Timmusk, 2005), 

and 1b has also been detected in the corresponding brain regions in mice (Boland et al., 2003; 

Van Hoorick et al., 2003; Xia et al., 2010), but the expression profiles of 1b in different 

human brain regions have not been clearly reported so far. Interestingly, 1a and 1b show 

different distributions in peripheral human tissues (Van Hoorick et al., 2003). These findings 

suggest that both KChIP1 splice variants may play equally important roles in shaping the 

properties of ISA, as they can interact stably with Kv4.2 channels. 

Apart from a component of ISA, KChIP1 was highly co-localized with GABA transmitters in 

hippocampus and cerebral cortex, and potentiates GABA-mediated inhibitory synaptic 

transmission by increasing presynaptic GABA release. KChIP1 facilitates inhibitory 

synaptic transmission in neurons by inhibiting potassium channel activity rather than by 

enhancing calcium channel currents (Xia et al., 2010). In KChIP1-deficient mice, 

susceptibility to PTZ-induced epilepsy seizure, suggesting that increasing expression of 

KChIP1 strengthens GABAergic neurons activities and inhibits moto seizure pathways (Su 

et al., 2008; Xiong et al., 2009). Bourdeau and coworkers used short interfering RNA (siRNA) 

to down-regulate KChIP1 expression in order to investigate its contribution to ISA properties 

and cellular excitability. In hippocampal interneurons, suppression of KChIP1 by siRNA 

moderately reduced peak ISA and slowdown recovery from inactivation. In addition, siRNA-

mediated knockdown of KChIP1 did not affect individual action potential waveform, but 

accelerates repetitive firing frequency during suprathreshold depolarizations, indicating that 

KChIP1 regulates interneuron excitability and enhances inhibitory control of firing during 

sustained activity (Bourdeau et al., 2011). Our data indicate that 1b is less effective than 1a 

in enhancing surface expression and slowing macroscopic inactivation, and has the opposite 

effect on recovery kinetics and steady-state inactivation, indicating that these two KChIP1 

splice variants might also act as competitive inhibitors to regulate ISA properties and 

modulate membrane excitability.  

Taken together, we hypothesize that some KChIP1-expressing inhibitory neurons may rely 

more on 1a splice variant to maintain the low excitability, while the presence of 1b splice 

variant may reduce ISA availability and thereby control of excitability and discharge behavior. 

Therefore, the variety of KChIP splice variants may contribute to the diversity of 

physiological roles of ISA in different neuronal populations. 



 
 
84 

6. Summary 

6.1 Summary 
Voltage-gated potassium channels of the Kv4 subfamily mediate a somatodendritic A-type 

current, which controls repetitive firing, dendritic excitation and synaptic plasticity. Kv4 

channels form complexes with two types of auxiliary b-subunits, DPPs and KChIPs, which 

enhance channel surface expression and modify channel gating. Although ternary Kv4 

channel complexes (Kv4 + DPP + KChIP) resemble native channel configuration, our 

knowledge about the concerted modulation of channel properties by DPPs and KChIPs, 

especially by certain b-subunit splice variants, is fragmentary. Here, we studied the 

modulatory effects of two functionally distinct KChIP1 splice variants (1a and 1b), utilizing 

two-electrode voltage-clamp in the Xenopus oocyte expression system. We tested Kv4.1, 

Kv4.2, Kv4.3S, and Kv4.3L co-expressed with the two KChIP1 splice variants, both in a 

binary (Kv4 + KChIP1) and in a ternary channel configuration (Kv4 + DPP + KChIP1). We 

observed that in binary channels a stronger peak current amplitude increase for 1a than for 

1b co-expression. Both KChIP1 splice variants induced an extremely slow component of 

recovery from inactivation, which was more prominent for 1b co-expression. In a ternary 

configuration with DPP, peak current amplitude could be suppressed by KChIP1 splice 

variants, but the induction of an extremely slow recovery component by both 1a and 1b 

persisted. For Kv4.2 + DPP + 1b ternary channels, the relative amplitude of the slow 

recovery component increased from 40% up to 100% with longer and less depolarized 

inactivating pulses, suggesting a distinctive state dependence of slow recovery kinetics. 

Further mechanistic investigations revealed that the normally vestigial P/C-type inactivation 

in Kv4 channels may play a crucial role in 1b-mediated biphasic recovery kinetics. Thus, the 

special regulation by 1b is general applicable and observed for all Kv4 channel subtypes and 

in a ternary configuration with DPP, independent of the utilized expression system and 

recording technique. Our results corroborate the distinct functional roles of KChIP1 splice 

variants, by critically controlling the time-dependent availability of the somatodendritic A-

type potassium current in neurons. 
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6.2 Zussamenfassung 

Spannungsgesteuerte Kaliumkanäle der Kv4-Unterfamilie vermitteln einen 

somatodendritischen A-Typ-Strom, der repetitives Feuern, dendritische Erregung und 

synaptische Plastizität steuert. Kv4-Kanäle bilden Komplexe mit zwei Arten von 

zusätzlichen β-Untereinheiten, DPPs und KChIPs, die die Expression des Kanal-Gating 

verstärken und die Kanalsteuerung modifizieren. Unser Wissen darüber, wie DPPs und 

KChIPs, insbesondere bestimmte β-Untereinheit-Spleißvarianten, gemeinsam die 

Eigenschaften ternärer Kv4-Kanalkomplexe modulieren, ist noch unvollständig. Hier 

untersuchten wir die modulatorischen Effekte zweier funktionell unterschiedlicher KChIP1-

Spleißvarianten (1a und 1b) unter Verwendung einer Zweielektroden-Spannungsklemme im 

Xenopus-Oozyten-Expressionssystem. Wir testeten Kv4.1, Kv4.2, Kv4.3S und Kv4.3L in 

Koexpression mit den beiden KChIP1-Spleißvarianten, sowohl in einer binären als auch in 

einer ternären Kanalkonfiguration. Wir beobachteten, dass in binären Kanälen die Zunahme 

der Spitzenstromamplitude für die Koexpression von 1a größer war als für die Koexpression 

von 1b. Beide KChIP1-Spleißvarianten führten zu einer sehr langsamen Erholung von der 

Inaktivierung, wobei dieser Effekt bei 1b stärker ausgeprägt war. In der ternären 

Konfiguration konnte KChIP1 die Spitzenstromamplituden unterdrücken, jedoch blieb die 

Induktion der extrem langsamen Erholungskomponente durch sowohl 1a als auch 1b 

bestehen. Bei ternären Kanälen (Kv4.2 + DPP + 1b) nahm die relative Amplitude der 

langsamen Erholungskomponente mit längeren und weniger depolarisierten inaktivierenden 

Pulsen von 40 % auf 100 % zu, was auf eine starke Zustandsabhängigkeit der langsamen 

Erholungskinetik hinweist. Mechanistische Untersuchungen zeigten, dass die normalerweise 

rudimentäre P/C-Typ-Inaktivierung in Kv4-Kanälen eine zentrale Rolle in der 1b-

vermittelten biphasischen Erholungskinetik spielen könnte. Diese spezifische Regulation 

durch 1b ist allgemein gültig und tritt in allen Kv4-Kanalsubtypen sowie in ternären 

Konfigurationen mit DPP auf – unabhängig vom Expressionssystem oder der Messtechnik. 

Unsere Ergebnisse bestätigen die wichtige funktionelle Rolle der KChIP1 Splice-Varianten, 

welche die zeitabhängige Verfügbarkeit des somatodendritischen A-Typ-Kaliumstroms in 

gezielt steuern.  
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