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ABSTRACT 

Developmental changes in mouse cardiac K channels have been assessed in this 

dissertation using three techniques: whole-cell patch clamp, conventional microelectrode 

and [3H}-dofetilide binding assay. Patch-clamp studies showed that I was the dominant 

outward KI current in fetal mouse ventricular myocytes (day 18 of gestation). One day 

after birth, both I and 'Ks were observed, and 'Ks became the dominant component of 

'K in day 3 neonatal ventricular myocytes. In adult, neither I nor 'Ks was observed. 

In parallel, the extent of action potential prolongation (API)95) by dofetilide (1 SM), a 

I channel blocker, dramatically decreased from 137% ± 18% in fetal, to 75% ± 29% 

in day 1 neonatal, and 20% ± 15% in day 3 neonatal mouse ventricular endocardium 

(p<0.01). Dofetilide did not prolong APD95 in adult ventricle. Correspondingly, a high 

affinity binding site of [3H]-dofetilide was found in fetal mouse ventricle but was absent 

in adult. The complementary data demonstrate that expression of Iy, and 'Ks in mouse 

heart is developmentally regulated. 

The density of I,, in mouse ventricular myocytes significantly increased during 

development. At +50 mV, the density of I, was 6.7 ± 0.4 pA/pF in day 1 neonate, 

12.9 ± 1.2 pA/pF in day 3 neonate and 19.8 ± 2.3 pA/pF in adult. In parallel, action 

potential duration progressively and significantly decreased in mouse ventricle during 

normal development. 4-Aminopyridine (1 mM), a I, channel blocker, produced a greater 

prolongation of action potential duration in adult mouse ventricle than in neonate. These 

data suggest that developmental increase in the density of J, is associated with age-related 
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shortening of action potential duration in mouse ventricle. 

Unlike I, 'KS and Ia,, the density of 'Ki remained relatively constant from day 18 

fetal to adult mouse ventricular myocytes and resting membrane potential did not 

significantly alter in mouse ventricle during the same developmental stages. 

In conclusion, the findings in this dissertation illustrate that expression of K 

currents in mouse heart is age-dependent. The pattern of developmental changes in K 

currents in mouse heart is unique and different from previous reports of age-related 

changes in cardiac KI currents of other species. 
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CHAPTER ONE: BACKGROUND 

Potassium channels are membrane-spanning proteins that have fundamental 

importance in controlling repolarization of the action potential, regulating resting 

membrane potential, acting as substrates for neuromodulatory control of cardiac function, 

and are potential targets for Class III antiarrhythmic agents (33,59,140). During the last 

few years information about the structure, function, and pharmacological regulation of 

K channels has rapidly expanded. The integration of this information is particularly 

important to cardiac electrophysiology, to the design of class III antiarrhythmic agents 

and to understanding of the genetic basis of certain disorders in the heart, such as long 

QT syndrome. 

1.1 Potassium Channel Classification 

Recent advances in whole-cell and single-channel patch clamp techniques have 

extended our understanding of the KI currents in heart. A variety of distinct types of 

K currents with different time- and voltage-dependent properties and pharmacological 

sensitivities has been identified in mammalian heart (14,34,86,121,124,144,156,166). 

Based on their biophysical properties, these cardiac K currents are broadly classified 

into two groups: the depolarization-activated KI currents and the inwardly rectifying K 

currents. 

In addition, advances in molecular cloning of K channel subunits have led to the 

discovery of a wide variety of K channels with different gating properties in the heart. 

Some of these cloned K channels have been shown to closely match the properties of 
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some native K currents. Currently used nomenclature for cloned K channels is 

generally based on structural similarities, such as Shaker-related KI channel family, eag 

family, and inward rectifier family. 

1.la Classification of K channels in the heart 

Depolarization-activated r currents 

Two types of depolarization-activated KI channels are common to many 

myocardial tissues. They are the transient outward KI current (I(,) and delayed rectifier 

K' current (I). Other depolarization-activated KI currents, which are different from 

I, and 'K in terms of their gating properties and pharmacological profiles, have also been 

reported. However, these KI currents are usually found and described in a particular 

tissue only. Examples of these depolarization-activated KI currents include: a rapidly 

activating and non-inactivating current, which is insensitive to 'K channel blockers and 

named as plateau K current (IKp) in guinea pig ventricular myocytes (10,188); a rapidly 

activating, slowly inactivating, 4-AP-sensitive KI current referred as in rat atrial 

myocytes (17); a rapidly activating and non-inactivating K current referred as ' 88 in rat 

atrial myocytes or I,.. in human atrial myocytes (17,179). 

Inwardly rectifying K currents in the head 

To date, three inwardly rectifying KI channels have been identified in myocardial 

preparations. They are TKI 'KATP and ' ch, which denote a background K channel; a 

cellular ATP-regulated KI channel and an acetylcholine (ACh)-regulated K channel, 

respectively (22,63,123,124). Although the degree of rectification differs among these 
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inward rectifying K channels, they all pass K4 preferentially in the inward direction at 

membrane potentials negative to the equilibrium potential for K' (E but show 

profoundly reduced conductance in the outward direction at membrane potentials positive 

to EK. This property is referred to as inward rectification. 

1. lb Classification of the cloned K4 channels 

Based on their different molecular structures, the cloned K4 channels have been 

classified into: 1). the Shaker-related K4 channel family (Ky family), which contains six 

transmembrane segments (80,140); 2). the eag K channel family, which also contains 

six transmembrane segments, but has little amino acid sequence identity to that in .the 

Shaker-related K4 channels (140,180). 3). inward rectifies contain two transmembrane 

segments (16,96); 4). the minimal K4 channel (minK) contains only one transmembrane 

segment (85). Figure 1 illustrates the proposed transmembrane topology of K4 channel 

subunits from different K4 channel families. 

In addition, each of the cloned K4 channel families also contains several 

subfamily members. For example, the Shaker-related K4 channel family has been 

subdivided into subfamilies including Shaker (Kv1), Shab (Kv2), Shaw (Kv3), Shal (Kv4) 

(88,183). Furthermore, each of the Shaker-related K4 channel subfamilies also contains 

many members (140). For example, Kv1. 1, Kvl.2 and Kv1.5 in the Shaker subfamily 

have been identified in mammalian heart (40). The amino acid sequences of these K4 

channels are similar but their gating properties are different. Currently used 

nomenclature for the cloned cardiac K channels is summarized in Table 1. 
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Figure 1 

A. 
Voltage-gated K4channelS(shaker, eag) 

H 
Extracellular 

Intracellular 

NH 2 COOH 

B. Inward rectifier K+ channels 

C. 

COOH 

COOH 

Proposed transmembrane topologies of K channel subunits. Three 
different types of K channel subunits are displayed. Both the Shaker-
related K channel proteins and eag family KI channel proteins contain 
six transmembrane segments and a pore region (H5), both of which are 
voltage-gated K channels (Panel A). The inward rectifier K channel 
proteins contain two transmembrane segments and one H5-like pore region 
(Panel B). The minK protein contains only a single transmembrane 
domain and no corresponding H5 region (Panel Q. 



Table 1 Nomenclature of Cloned Cardiac V Channels and Their Biophysical Properties. 

V Channel Families Names Activation Inactivation Blocker 

Shaker family Shaker (Kv1) Kv1.2 

Kv1.5 

Fast 

Fast 

Very slow 

Very slow 

4AP 

4AP 

Shab (Kv2) Kv2. 1 Slow Very slow TEA 

Shaw (KO) 

Shal (Kv4) Kv4.2 Fast Fast 4AP 

eag family HERG Slow Very slow Dofetilide 

minK family minK Very slow None Clofihium 

Inward Rectifier 

family 

IRKi BaC12 

GIRK 

tA 
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1.2 Functional Roles of KF Currents in the Heart 

It is obvious that K channels are more diverse than other types of ion channels 

expressed in cardiac myocytes. The number of K channel families will probably be 

increased as we learn more about the complex nature of K channels. However, it is 

important to recognize that, despite their apparent complexity, K channels serve to 

control the action potential duration in the cardiac myocytes via the same basic 

mechanism: providing a pathway for efflux of K ions, resulting in repolarization. 

Depolarization-activated KI channels in the heart are mainly involved in 

regulating the various phases of the cardiac action potential repolarization (especially 

phase 1 and phase ,3 repolarization). The inwardly rectifying K current, 'Ki is critical 

for the determination of resting membrane potential. In addition, IF,, also contributes to 

the final phase of the action potential repolarization (142). A summary of the different 

KI currents responsible for the action potential repolarization in the heart is shown in 

Figure 2. 
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Figure 2 A cardiac action potential and underlying repolarizing K currents. 
A ventricular action potential is diagrammed, as are a subset of the 
outward currents contributing to its voltage-time course. 'Ki denotes the 
inward rectifying K current; 'K denotes the delayed rectifier K current 
including IK, and I; I, denotes the transient outward KI current including 
I and 1,,,2; IKAcb represents acetylcholine (Ach)-dependent K current; 
Iy represents ATP-dependentK current (modified fron reference 141). 
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Because of differences in their kinetics, voltage-dependence, and responses to 

regulators, these K currents serve distinct functions in normal and diseased hearts. In 

addition, it has been documented that the distribution of these KI currents in myocardial 

preparations is regional, species- and age-dependent (3,157). These differences 

contribute to the variability in action potential configurations recorded from different 

regions of the heart, different species and at different ages. 

This dissertation focuses on developmental changes in 'K and 'KI in mouse 

ventricle. Therefore, the biophysical properties, the physiological functions and the 

structure-function relationships of these KI channels will be reviewed in detail in the 

following sections. 
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1.3 The Cardiac Delayed Rectifier K4 Channels ('K) 

1.3a Biophysical properties and functional roles of 'K 

The first detailed description of the cardiac delayed rectifier current was made in 

1969 by Noble and Tsien (121). They found two components of K4 sensitive currents 

in the sheep cardiac Purkinje fibers. Since the currents were not perfectly K4 selective 

as judged by the equilibrium potentials, they named the currents i1 and i,a. Because 

activation of i, 1 and i,,2 was very slow and delayed as compared with rapidly activating 

Na4 and Ca24 currents, these conductances were referred to as delayed rectifier currents. 

After this pioneering work, other groups reported similar findings in a wide variety of 

cardiac preparations (111, 122). In most of these studies, the activation and deactivation 

kinetics of the delayed rectifier K4 current were found to be complex, supporting the 

original viewpoint of Noble and Tsien that the delayed rectifier K current might consist 

of two individual components. 

The idea of two components of 'K was supported by the use of a selective K4 

channel blocker, E-4031 (a Class Ill antiarrhythmic drug). In guinea pig ventricular 

myocytes, Sanguinetti and Jurkiewicz found that the current activated during 

depolarization pulses is less sensitive to E-4031 than the tail current induced during 

repolarization pulses (146). By subtracting the drug-sensitive current, they showed that 

E-403 1-sensitive current and E-403 1-resistant current exhibited fundamentally different 

activation kinetics and rectification properties. Therefore, these authors concluded that 

the delayed rectifier K4 current in guinea pig ventricular cells consists of two 

components: a rapidly activating and E-4031 sensitive current (named I) and a slowly 
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activating and E-4031 resistant current (named I). Both IKr and Iy, are activated in 

response to a positive shift in membrane potential but exhibit different properties of 

rectification. During progressive depolarization, the whole-cell conductance either 

increased and displayed outward rectification (J) or decreased and displayed a region 

of negative slope conductance (I). Using selective Iy, channel blockers, IK, and I have 

been identified in nodal cells, Purldnje fibers, atrial and ventricular myocytes in many 

species (148). The existence of the two components of 'K in human atrial myocytes and 

1Kr in human ventricular myocytes has also been reported (15,94, 172,178). 

The presence of ly, and IK, in the heart, and their relative magnitude are tissue-

and species-dependent (2,79,146,147,151,171). Since ly, and 'K, play an important role 

in phase 3 repolarization of cardiac action potentials (31,59,60,148), the different 

distribution of IK, and 'Ks can result in different action potential configurations as recorded 

from different regions of the heart and from different species. In addition, I and I 

channels are the major targets for Class III antiarrhythmic drugs. The investigation of 

the properties of IK, and 'K, and their regulation have significant clinical implications. 

1.3b Molecular basis of I 

Recent studies have reported that the human ether-a-go-go related gene, HERG 

encodes a K1 channel with biophysical properties almost identical to Iy, in cardiac 

myocytes (149). HERG was initially identified by screening a human hippocampal 

cDNA library with a mouse homolog of ether-a-go-go (eag), a Drosophila K channel 

gene, which consists of six transmembrane segments but only shares amino acid sequence 



11 

similarity with the S4 transmembrane and the H5 pore region of the Shaker K' channels. 

HERG was localized to human chromosome 7 by polymerase chain reaction (PCR) 

analysis of a somatic cell hybrid panel by Warmke and Ganetzky (181). Recently, 

mutations in HERG have been found in patients with the chromosome 7-linked form of 

inherited long QT Syndrome (35). Northern blot analyses showed that HERG was 

strongly expressed in the human heart, suggesting that HERG current may play an 

important role in the repolarization of cardiac action potentials (35). To define the 

physiological role of HERG, Sanguinetti et al cloned the full-length cDNA of HERG and 

expressed the HERG channel in Xenopus oocytes (149). Voltage clamp analyses of the 

expressed channel currents have revealed that HERG encodes a K channel with 

biophysical characteristics nearly identical to 1IC, in cardiac myocytes. The unique feature 

of Iv, (i.e. the negative slope conductance of the current-voltage relationship at potentials 

> 0 mV) was observed in HERG current (149). In addition, HERG current was also 

K selective, increased by an elevation of extracellular K concentration, blocked by 

lanthanum and displayed voltage-dependent activation with a peak current near 0 mV. 

So far, no other cloned K channels share all these characteristics with cardiac I. 

1.3c Molecular basis of I 

The biophysical properties of 'Ks are not well correlated with the properties of 

any cloned KI channels from the Shaker-related family or the eag family. Instead, the 

properties of 'K, resemble those of minK encoded K current. The minK channel was 

originally cloned from rat kidney and uterus (133,162). MinK has also been cloned in 
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human genomic DNA and neonatal rodent hearts (52,71,115). The minK protein 

predicted by the eDNA contains only 129-130 amino acids and only one transmembrane-

spanning domain. Therefore, minK is a unique K channel which is structurally different 

from the Shaker-type KI channels and has no amino acid sequence similarity with other 

cloned K channels (85). 

The physiological function of minK in the heart is still controversial. The 

arguments are focused on whether this small protein itself forms a functional K channel 

in the heart or whether it is a regulatory protein which modifies the properties of other 

KI channels, such as I (188). Evidence that the minK protein itself, may form a K 

channel, has been obtained from functional studies of recombinant channel activity 

expressed and measured in Xenopus oocytes. Injection of Xenopus oocytes with RNA 

encoding minK resulted in expression of a time- and voltage-dependent, non-inactivating 

outward current which resembles ly,, in cardiac myocytes. Similar to cardiac I, the 

minK current was blocked by a Class III antiarrhythmic drug, clofihium and by high 

external concentrations of Be'and TEA (52,71). Furthermore, transfection of 

mammalian (HEK 293) cells with minK demonstrates that its electrophysiological 

characteristics are similar to those of 'Ks recorded from guinea pig ventricular myocytes 

under similar experimental conditions (55). In addition, an antibody directed against the 

minK channel protein reacted with a surface antigen on adult guinea pig ventricular 

myocytes and sinoatrial nodal cells, where I is the dominant outward KI current (55). 

These data indicate that a minK like protein may underlie I. 

In summary, HERG likely encodes the I channel and minK probably encodes the 
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I channel. I and IK, are important repolarizing K currents in the heart under 

physiological conditions. Mutations in HERG are associated with acquired long QT 

syndrome, an inherited disorder that can cause lethal ventricular arrhythmias in affected 

individuals. 
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1.4 The Cardiac Transient Outward K Current (Ith) 

The transient outward K current (Ik,) is thought to consist of two components: 

a voltage-dependent, Ca2 -independent, and 4-AP sensitive component named T and 

a Ca2 -dependent, 4-AP-insensitive component named as 'th2 (57,156). Since only the 

developmental changes in L,j are studied in this dissertation. L,j will be referred as to 

It,, in the following sections for simplicity. 

1.4a Biophysical properties and functional roles of J( 

I, has been characterized in many myocardial preparations including mouse, rat, 

cat, ferret, rabbit, canine and human ventricular myocytes as well as rat, rabbit, canine 

and human atrial myocytes (5,13,19,20,58,100,152). I, is absent or relatively scarce in 

guinea pig myocardial cells (146,147). In addition, the distribution of L also varies in 

different regions of the heart (98,100,119). For example, the density of I, in sub-

epicardial myocytes of human left ventricle was fourfold higher than the current density 

of I, in sub-endocardial myocytes isolated from non-failing myocardium (119). Although 

I, recorded from various cardiac myocytes displays similar K selectivity and 4-AP 

sensitivity, the properties of I, activation and inactivation vary in different species and 

different regions of the heart. Activation thresholds of I., range from approximately -40 

mV to 0 mV (20). Half-activation potentials range from -12 mV in rabbit atrium (29) to 

+22 mV in ferret ventricle (19). The characteristics of L inactivation also vary from 

species to species (47,152). The inactivation time courses of It,, were well described by 

a single exponential function in some species (20), while they were best fit by a double 
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exponential equation in other species (20). The kinetics of recovery from inactivation 

for I, have also been described with single or double exponential functions. The range 

of recovery time constants differs strikingly from species to species. In rabbit atrium, 

it was 5.4 see, while in rat ventricle, it was 25.3 ms. Because of substantially different 

recovery kinetics, L is proposed to have a more pronounced effect on the frequency-

dependent modulation of the action potential configuration in rabbit atrium (slow kinetics) 

than that in rat ventricle, where recovery is very fast. 

I, with rapid activation kinetics is able to produce the rapid phase 1 

repolarization, which is responsible for the so-called " spike and dome" action potential 

configuration recorded in canine and human ventricular epicardium (20). Because of the 

regional differences in expression of L,, the action potential configuration differs among 

various regions of the heart, such as in canine epicardium vs endocardium (100). Even 

though the amplitude of I, substantially declines due to inactivation during depolarization, 

some maintained current may still flow during the later phase of the action potential 

plateau. Thus, in addition to the contribution to phase 1 repolarization, I, may also play 

a role in the action potential plateau (phase 2) and early phase 3 of the action potential 

repolarization. Following repolarization, I, channels recover from inactivation. Since 

the recovery kinetics are region and species dependent, the contribution of I, to the 

frequency-dependent modulation of the action potential configuration in various 

myocardial cell types also varies in the different regions of the heart and in different 

species. 
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1.4b The structure of Shaker-related K channels and molecular basis of cardiac 

'to 

The Shaker-related K channels The derived protein sequences of the Shaker K 

channels were found to have similarities to previously cloned Na and Call channels 

except that each of the four subunits (1,11, III and IV) is not covalently linked as they are 

in Na and Cal' channels (69,82). Voltage-dependent KI channels are multimers 

composed of four separate protein subunits (80,132). The NH2 and COOH termini of 

the individual subunits are both intracellular, whereas the middle core region contains six 

transmembrane-spanning hydrophobic segments designated Si to S6, and a pore region 

(H5) between S5 and S6 as shown in Figure 1A. 

Inactivation Inactivation is a characteristic of 't)• Two distinct mechanisms, termed N-

type and C-type inactivation have been proposed for both Shaker KI channels and 

Shaker-related KI channels. Data from extensive mutagenesis of the N-terminal region 

of Shaker KI channels suggest that the first 20 amino acids in the N-terminal region are 

particularly important for the process of fast inactivation and are collectively termed as 

"inactivation ball" (73). Since there are positively charged residues in the inactivation 

ball, one might expect that the receptor for the presumed inactivation ball in the N-

terminal region would carry some negative charges. Indeed, the sequence that connects 

the S4 sequence with the S5 sequence contains five negative residues and mutation of 

these amino acids remarkably changed inactivation properties (76). The S4-S5 loop is 

also near the cytoplasmic end of the pore. All these data suggest that the S4-S5 loop acts 

as a receptor for the fast inactivation "ball" after channel activation. Fast N-type 
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inactivation mechanism may also underlie cardiac I, inactivation. 

However, the mechanism of C-type inactivation is unknown. C-type inactivation 

is usually slow, and sensitive to external TEA (18). It has been noted that inactivation 

kinetics were different in alternatively spliced Shaker K channels that share common N 

termini but differ in their C termini (18,74). In these channels, inactivation has been 

shown to be sensitive to amino acid composition of the K channel pore (78,104). A 

single amino acid at position 413 or 463 in S6 near the C terminus of the channel protein 

was found to be possibly responsible for the C-type inactivation (18). However, how this 

residue influences the properties of K channel inactivation is unknown. 

Recently, two (3 subunits from the Shaker subfamily were cloned from rat brain 

(23,135). Co-expression of a and i3 subunits revealed that the (3 subunit modulates the 

inactivation kinetics of some KI channels in the Shaker subfamily. Therefore, an 

alteration in the accessory 0 subunits associated with a subunits of the KI channel may 

also contribute to the different kinetics of K' channel inactivation. For example, co-

expression of a KI channel 3-subunit (Kv(33) with Kv1 .4 a-subunit accelerated Kv1 .4 

inactivation and slowed recovery from inactivation for Kv1.4 (23). 

Activation and Selectivity The S4 sequence, referred to as the voltage sensor, appears 

to be specifically involved in voltage-dependent activation of K channels (159). The 

H5 region is composed of approximately 20 amino acids and highly conserved among the 

K channels. Numerous mutagenesis studies indicate that H5 is the K channel pore, 

and may contain multiple KI binding sites. Therefore, the H5 region is considered to 

be responsible for the KI permeation and K channel selectivity. 
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Molecular basis for 4, Several transient outward KI channels have been cloned 

from rat and human heart (129,138,139,163) based on homology with the Shaker K 

channels. The K channels cloned from rat heart are Kvl.2, Kv1.4, Kv1.5 (Shaker 

subfamily), Kv2. 1 (Shab subfamily) and Kv4.2 (Shal subfamily). Their expression in 

adult atrial and ventricular myocytes has been proven by Northern blots and quantitative 

RNase protection assays. In addition, the expression of these K channels is tissue 

specific. RNase protection data reveal that mRNA levels of Shaker subfamily (Kv1.2, 

Kv1.4, and Kvl.5) are higher in rat atria than in rat ventricle, whereas mRNA levels of 

Shal subfamily (Kv4.2) are higher in ventricle (40). 

What is the relation between these cloned KI channels and I, in native cardiac 

myocytes? It is generally believed that Kv1.4 and Kv4.2 channels are the most likely 

candidates for mammalian KI channels that conduct I, since expression of Kv1.4 or 

Kv4.2 in Xenopus oocytes reveals a transient outward K current similar to that recorded 

in rat ventricular myocytes. However, Barry et al have shown that Kv1.4 is barely 

detectable in the membranes of adult rat ventricular myocytes by immunohistochemistry 

(antibodies) and Western blot analysis, suggesting that it is unlikely that Kv1.4 

contributes to rat ventricular I,, (11). On the other hand, Kv4.2 is abundant on the 

membrane of adult rat ventricular myocytes. These data suggest that Kv4.2 most likely 

underlies L, in adult rat ventricular myocytes. 
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1.5 The Cardiac Inwardly Rectifying K Channel (Ia) 

1.5a Biophysical properties and functional roles of 'M 

Cardiac I is K4' selective and is blocked by barium (Be') (170). Whole-cell 

'Ki displays asymmetry in its K4' conductance. The 'KI channel preferentially passes K4' 

in the inward direction at membrane potentials negative to the K4' equilibrium potential 

(EJ, but provides high resistance to 1(4' flow in the outward direction at membrane 

potentials positive to BK, a property important for maintaining the cell resting membrane 

potential. The physiological membrane potentials are generally positive to BK (69). 

Therefore, little outward 'KI flows during the action potential plateau, which permits a 

long action potential duration and minimizes both intracellular K4' loss and extracellular 

K4' accumulation. During the final phase of repolarization (from -60 mV to -70 mV), 

'Ki conducts relatively large outward current. Therefore, 'Ki also plays a role in the final 

phase of the action potential repolarization. 

In the heart, 'Ki is present in high abundance in the atrial and ventricular 

myocytes as well as Purkinje cells, but it appears to be absent in pacemaker cells (170). 

Selective blockade of 'KI causes an increase in the action potential duration and changes 

the cell resting membrane potential to a more positive potential. 

1.5b Mechanisms of inward rectification 

The KI conductance of 'KI channels is increased with hyperpolarization and 

decreased with depolarization. This rectification is the opposite of that expected from 

the K4' gradient. Matsuda et al have shown that the physiological levels of intracellular 
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Mg" produce voltage-dependent blockade of the 'Ki channel, resulting in inward 

rectification (110). The inward rectification disappears if intracellular Mg" 

concentration is reduced (110). Evidence for a blocking particle (Mg2 ) model of inward 

rectification has also been provided by Vandenberg (169). She used single-channel 

recordings to implicate internal MgII ions as the endogenous blocking particles 

responsible for inward rectification. Addition of 17 M or 1.2 mM Mg` to the bath 

solution gave partial rectification or restored the normal extent of rectification, 

respectively. The steady-state block of the 'Ki channel was increased both by positive 

potential and by increasing the internal Mg2 concentration. Mg2 can not traverse 

through the pore, but it can be displaced by incoming K. Thus, MgII plugs the inner 

mouth of 'KI channel, which leads to inward rectification. Although the intracellular 

MgII is not the only factor to contribute to the rectification of 'KI Mg" is likely to be 

physiologically important because of its high concentration in the cell (0.5 - 1.0 mM) 

(117). These concentrations of Mg2 are sufficient to cause a marked inward 

rectification of IKI under cell-attached patch conditions. 

Recently, several lines of evidence indicate that intracellular polyamines such as 

spermine and spermidine also play an important role in the determination of the 

properties of inward rectification of 'Ki (45,50,102). Lopatin et al have shown that after 

patch excision, the intrinsic gating of the cloned IRKi channels disappeared, however, 

application of spermine and spermidine to the inside-out patches restored all the essential 

features of intrinsic rectification (102). These polyamines are present in almost all 

known cells and are more potent blockers of IRKi channels than Mg2 . Therefore, these 
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data suggest that the polyamines may be important intrinsic rectifying factors for k, 

1.5c Molecular basis of I 

Several inwardly rectifying K channels have recently been cloned and expressed 

in Xenopus oocytes or mammalian cell lines. These include IRKi (96), GIRK1 (36,97), 

ROMK1 (70). Another inward rectifier K channel cloned from cardiac tissue was 

named as rcKATP by Ashfold et al (8) or as CIR by Krapivinsky et al (95). Ashfold et 

al found that the biophysical properties of reKATp was similar to KATp in native cardiac 

myocytes. This finding was not confirmed by Krapivinsky et al. They found that the 

expressed CIR channels were not inhibited by intracellular ATP or opened by pinacidil. 

However, they have shown that the CIR subunits co-assemble with GIRK1 to form the 

cardiac muscarinic receptor-activated ' ch• 

The molecules of the inward rectifier KI channels are predicted to have only two 

transmembrane segments, Ml and M2 separated by an H5 segment (96). Like the 

Shaker-related KI channels, the N- and C-termini of the inward rectifier KI channels are 

modelled to reside within the cell. In addition, the H5-like region exhibits amino acid 

sequence similarity with the H5 region of other cloned KI channels, except for minK. 

Therefore it appears that the cloned inward rectifier KI channels and the Shaker-related 

K channels share the same basic pore design. 

IRKi (96) and GIRK1 (36,97) exhibit strong inward rectification, while ROMK1 

(70) and CIR (8) display weak inward rectification. On the other hand, IRKi and 
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ROMK1 are activated solely by membrane hyperpolarization (16), while GIRK1 requires 

the involvement of acetylcholine and G-protein. Among the hyperpolarization-activated, 

inwardly rectifying K channels, the expression of ROMK mRNA was only found in the 

kidney, whereas, an abundance of IRK1 mRNA was expressed in the heart (77,96,182). 

Expression of cloned IRKi channels in Xenopus oocytes yields inwardly rectifying K 

currents with properties similar to those of 'Ki described in a number of different cell 

types. Therefore, IRKi most likely underlies cardiac 'Kl• 

In summary, the 'Ki channel plays an important role not only in maintaining the 

cell resting membrane potential but also in controlling the shape of the action potential 

in the heart. Strong inward rectification of IKI at depolarized potentials is essential to 

achieve these functions. Strong inward rectification of 'Ki is mainly due to a open-

channel block by intracellular Mg2 and polyamines. IRK1 may encode cardiac 'KI• 

Further studies on the cloned inward rectifying KI channels will pave the way for a 

molecular understanding of the structure and function of cardiac 'KI• 
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1.6 Developmental Changes in 'K  L and 'M 

Recent studies have indicated that an age-related alteration of the cardiac action 

potential configuration is associated with developmental changes in K channel 

expression in the heart. Therefore, determination of the characteristics of KI currents 

in immature cardiac myocytes is of importance for understanding the cellular physiology 

of the heart as it develops through the late fetal and postnatal periods. In addition, 

evaluation of the ionic channels expressed in the fetal and neonatal hearts is clinically 

relevant since certain pathological conditions (i.e. cardiac hypertrophy) can result in re-

expression of fetal gene programs (168). 

1.6a Developmental changes in 'K 

I. plays an important role in the action potential repolarization in the heart. 

However, there is little information about the developmental changes in cardiac 'K in the 

literature. A previous study by Abrahamsson et al compared the effects of Class In 

antiarrhythmic agents (dofetilide, almokalant, and d-sotalol), known to preferentially 

block IK, channels, on the action potential duration recorded from fetal (13.5 days of 

gestation) and adult rat ventricular preparations (1). In fetal rat heart, all these agents 

produced a concentration-dependent prolongation of the action potential duration. In 

contrast, action potential prolongation was not observed in the adult heart (1), indicating 

that IKr is not likely to be involved in the action potential repolarization in adult rat 

ventricle. However, a study with the whole-cell voltage clamp configuration revealed 

that both fetal and adult rat ventricular myocytes exhibited an almokalant-sensitive 
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current (presumably I) (1). In this cited study, neither the density nor the properties 

of IK, in fetal and adult rat ventricular myocytes were assessed for developmental 

changes. 

Thus, although cardiac I, and 'Ki have been reported to change remarkably during 

postnatal development (these will be discussed in the next two sections), there are no 

clear data on developmental changes in cardiac 'K• Therefore, in this dissertation my 

efforts have mainly focused on evaluating developmental changes in 'K in mouse heart. 

i.6b Developmental changes in L, 

In most species, the action potential configuration recorded from the heart. of 

neonates is different from that recorded in the adult heart (3,81,90,127). For example, 

in neonatal rats, the action potential recorded from ventricular preparations has a distinct 

plateau phase and relatively long duration (90). During postnatal development, the 

plateau phase of the action potential disappears and the duration of the action potential 

rapidly decreases. By 21 days of age, the rat ventricular action potential has attained the 

adult configuration (90). Moreover, Kilborn and Fedida have shown that there is an 

approximately four-fold increase in'the current density of L in neonatal rat ventricular 

myocytes from day 1 to day 10 (90). Since 'ic, plays an important role in the action 

potential repolarization in the heart (58), a marked increase in the density of L in rat 

ventricular myocytes would explain the age-related shortening of the ventricular action 

potential in this species during postnatal development. 

Age-related changes in the action potential configuration have also been found in 
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canine epicardium and Purldnje tissues (3,127). The spike and dome morphology of the 

action potential found in adult canine ventricular epicardium is totally absent in the action 

potentials recorded from neonatal heart, and gradually appears over the first few months 

of life. The progressive development of the spike and dome morphology parallels a 

gradual increase in the density of L recorded from canine ventricular myocytes (3,81). 

Age-related changes in the manifestation of the spike and dome morphology have 

also been described in human atrial tissue (43). In parallel, the density of J., in human 

atrial myocardium also increases during the same developmental period (43). For 

example, Clarkson et al have shown that I, was absent in neonatal human atrial myocytes 

(3-7 days old) but present in adults (28-72 years old) (30). This absence of L may 

explain the action potential morphology (no spike and dome) recorded from human 

neonatal atrium. 

Although developmental changes in cardiac I have been observed in many 

species, it has not been systematically assessed in mouse heart. Since the distribution 

and expression of EM in myocardial tissues are species dependent, it is important to 

evaluate I, evolution in mouse heart. 

1.6c Developmental changes in Ija 

Previous studies have shown that the resting membrane potential becomes more 

negative during development (92,157). Kojima et al found that the resting membrane 

potential in rat ventricular muscle increased significantly from -55 mV to -80 mV 

between fetal days 12 and 18, and reached the adult level at neonatal day 1 (92). 'Ki is 
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essential in controlling resting membrane potential of cardiac myocytes (75). However, 

quantitative investigations of 'Ki in immature myocardium have revealed a close 

relationship between the developmental changes in the resting membrane potential and 

the developmental increase in cardiac 'KI• These studies have focused on comparisons 

of the differences in the properties of 'Ki among the adult, neonatal and fetal hearts from 

rats (90,108,173), rabbits (26,75), and embryonic chicks (83). Most of these studies 

demonstrated that the density of cardiac IKI increased developmentally. For example, the 

whole-cell 'Ki in rabbit ventricular myocytes increased between fetal day 21 and 28 (full 

term: 31 days). The current density remained constant throughout the neonatal period. 

Thereafter, 'Ki slightly increased until adulthood (75). In rat ventricular myocytes, whole 

cell 'K! also increased substantially during postnatal development (173). It has been 

suggested that this increase in the density of IKI channels not only contributes to the 

developmental changes in the resting membrane potential, but also may be associated 

with the postnatal shortening of the rat ventricular action potential (173). Further support 

for the developmental increase in Ix, comes from a study using single channel analysis 

(108). In contrast to all those findings, Kilborn and Fedida reported that J in rat 

ventricular myocytes decreased profoundly between neonatal day 1 and day 10 (90). 

Although the developmental changes in cardiac 'K! have been reported in many 

species, a detailed analysis of 'K! in the developing mouse heart has not been reported. 

This consideration leads to the assessment of the developmental changes of J in mouse 

ventricles in this dissertation. 
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1.7 Expression of K Channels in the Heart During Development 

Although many cloned KI channels have been identified in the heart, only a few 

studies have assessed developmental changes in expression of Shaker-related KI channels 

in the rat heart, and only one study has evaluated developmental changes in minK mRNA 

expression in the mouse heart. To date, developmental changes in HERG- or IRKi-

encoded KI channel have not been investigated in the heart. 

1.7a Developmental changes in expression of the Shaker-related cardiac K 

channels 

At the mRNA level: Roberds and Tamkun have examined the pattern of expression of six 

Shaker-related KI channel mRNAs: Kv1. 1 t Kvl.5 and Kv2.l over time from fetal to 

adult rat heart (139): Each of the K channel mRNA examined in rat heart was 

expressed at its highest level at 20 days after birth. An exception was Kv1.5, which was 

expressed at a relatively constant level at all time points by Northern blot analysis. 

Roberds and Tamkun suggest that Kv1.5 may play an important role in the basic function 

of the rat heart and that other K channels might take on various regulatory roles as the 

heart matures. However, Swanson et al reported that Kv1.5 in rat cardiac tissue 

significantly increased during development (160). In the later study, the amount of 

Ky 1.5 mRNA increased abruptly in the first two weeks after birth and thereafter 

remained relatively constant (160). 

At the protein level: By Western blot analysis, Xu et al have demonstrated that Kv4.2, 
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the potential candidate for It,, in rat ventricle increased 2 fold between postnatal day 5 and 

day 30 (185). In parallel, the density of L in rat ventricular myocytes also significantly 

increased during the same period of postnatal development. This result further supports 

that Kv4.2 likely underlies L in rat ventricular myocytes. These authors also examined 

the developmental expression of sarcoplasmic KI channel proteins encoded by Ky 1.2, 

Kv1.5 and Kv2. 1. In parallel they also measured the delayed rectifier KI current in the 

rat neonatal and adult ventricular myocytes. The rat delayed rectifier is distinctly 

different from cardiac Iy, and 'K, in other species in terms of the activation kinetics, 

rectification properties and pharmacological sensitivity. Xu et al found that the density 

of this rat delayed rectifier K current decreased slightly between 15 day and 25 day old 

neonates. Similarly, Western blot analysis revealed a decrease in expression of the 

Kv2. 1 encoded channel proteins, suggesting that Kv2. 1 may be related to the rat delayed 

rectifier in ventricular myocytes (185). Further, Xu et al have shown that during 

postnatal development, Kv1.2 was also increased, but Kv1.5 in rat ventricle was 

unchanged. The physiologic functions of Kvl .2 and Ky 1.5 in rat ventricle are still 

unknown. 

1.7b Developmental changes in expression of the minK mRNA in mouse heart 

It has been reported that expression of minK mRNA in mouse heart was 

significantly altered during development. The amount of minK mRNA expression in 

mouse heart started to increase at fetal day 19 (term: day 20), and reached a peak level 

between neonatal day 2 and day 7. Thereafter, the level of minK mRNA expression 
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dramatically diminished and was almost undetectable in adult mouse heart (49). 

However, the corresponding developmental changes in 'K current in the mouse heart 

have not been examined. I believe that a measurement of IK, in mouse ventricular 

myocytes over the same time period as those used in the examination of minK mRNA 

expression in the mouse heart should facilitate our understanding of the relationship 

between the native Iy, channels and the cloned minK channels. 
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1.8 Rationale for Studying Mouse Heart 

The developmental changes in cardiac K currents have been widely investigated 

in chick, rat, rabbit, canine and human. However, the assessment of the age-related 

changes of the K currents in mouse heart has not been performed, and little is known 

information about the K currents present in fetal mouse heart. 

Transgenic animal experiments have provided unique insights into a variety of 

physiological and pathological processes in the cardiovascular system (28,42,51,137). 

It has recently been revealed that at least one form of the inherited cardiac arrhythmia, 

the long-QT syndrome is due to mutation of the HERG-encoded KI channels in human 

heart (149,181). Therefore, it will be very interesting to use transgenic animal models 

to explore the ionic basis for the altered cardiac electrophysiology. Currently, the 

techniques for developing transgenic animal model are limited primarily to mice (51). 

Despite availability of transgenic mice for molecular studies of the cardiovascular system 

and requirements for investigation of the ionic currents in wild-type mouse heart, 

currently there are only limited data regarding electrophysiological characteristics of the 

ion currents in adult (13), neonatal mouse cardiac myocytes (71) and cardiomyocytes 

differentiated from pluripotent mouse embryonic stem cells (10). The developmental 

change in the expression of K channels has not been assessed. Therefore, investigation 

of the KI currents in mouse heart during different developmental stages is one of the 

necessary steps towards future studies of ionic currents in transgenic mouse models. 
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CHAFfER TWO: HYPOTHESES 

2.1 Developmental changes in K currents such as 'K (1y,and/or I.), I, and 

'Ki occur in mouse heart. These changes may result from: 

a. alterations in corresponding channel densities during development. 

b. differential expression of the different types of K channels during 

development. 

C. combinations of "a" and "b". 

2.2 Developmental changes in the action potential configuration occur in 

mouse heart. These changes are at least partially due to the age-related 

alterations in expression of the K currents in mouse heart. 
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CHAPTER THREE: MATERIALS AND METHODS 

All experiments were performed in accordance with our institutional guidelines 

for animal use in research. All mice used in this dissertation were CD-1 mice purchased 

from Charles River, and then housed and maintained in compliance with the Guide to the 

Care and Use of Experimental Animals of the Canadian Council on Animal Care. 

Since the goal of this dissertation was to study the KI currents and the action 

potential in mouse heart during normal development, the following age groups were 

chosen: 

- Fetal mice, used at day 18 of gestation (full term at 19-20 days); 

- Neonatal mice used at 1 day after birth; 

- Neonatal mice used at 3 days after birth; 

- Adult mice (2 months). 

Measurements of the K currents, the action potential and 3H-dofetilide binding 

assay were all performed in each of these age groups. 
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3.1 Whole-Cell Patch-Clamp Technique 

3.la Single cell isolation 

Fetal and neonatal ventricular myocytes Single ventricular myocytes were isolated from 

fetal and neonatal mice by a modified method of collagenase dispersion, previously 

described for the isolation of the neonatal rat ventricular myocytes (27,90). Pregnant 

mice were anaesthetized with ether and the fetuses were removed under sterile 

conditions. The fetuses and neonates were sacrificed by decapitation and hearts were 

excised into a filter sterilized (0.2 sm), nominally C21-free Minimum Essential 

Medium, (MEM, Gibco, New York, USA) plus (mM) NaHCO3, 24; MgSO4, 1.2; dl-

carnitine, 1.0, pH 7.4 adjusted with NaOH. Atrial and great vessel tissues were 

carefully removed. The ventricles were washed twice with MEM solution and then 

minced in the same Ca2 free solution containing: collagenase 0.23 mg/ml (Yakult, 

Tokyo, Japan); bovine serum albumin 10 mg/ml (Sigma A-2153, Sigma, Missouri, 

USA); taurine 20 mM. The ventricular preparations were then incubated with 2 ml of 

the collagenase containing solution and stirred continuously at 37°C in a dry bath heater 

(Fisher Scientific, Ontario, Canada). The collagenase solution was replaced at 5-minute 

intervals. The supernatant obtained from the first 15 minutes was discarded. Thereafter, 

the supernatant was collected and diluted 1:1 in M-199 culture medium (Sigma) plus 

(mM) NaHCO3, 26; HEPES, 10; fetal calf serum, 15% (flyClone Laboratories, Inc, 

Utah, USA); penicillin G (sodium), 100 units/ml; gentamicin, 100 /Ag/ml; regular insulin, 

5 mg/ml; pH 7.40 adjusted with NaOH. After digestion, the cells were centrifuged at 

800 r.p.m. for 3 minutes and re-suspended in M-199 culture medium. The viability of 
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the ventricular myocytes isolated by this method was ≥ 90% as assessed by the Trypan 

Blue dye exclusion test. The cells were plated onto tissue culture dishes and maintained 

at 37°C in a 5% CO2 incubator for 20 minutes to remove the endothelial cells. Then the 

cells were re-plated at a density of 1.0-2.0 X iO cells/ml in the new tissue culture dishes 

containing glass coverslips. Finally, the ventricular myocytes were maintained in a 5% 

CO2 incubator at 37°C until use (within 48 hours). No differences in the properties of 

the K currents were observed during this short period of cell culture. 

Freshly isolated fetal and neonatal mouse ventricular myocytes were spherical 

in appearance without visible striations after isolation. During the short term cell 

culture, the cells flattened, spread and showed spontaneous beating. 

Adult ventricular myocytes Adult mouse ventricular myocytes were isolated using a 

modified Langendorff procedure described by Benndorf et al (12). After the mouse was 

anaesthetized by ether and killed by cervical dislocation, the heart was rapidly excised. 

The aorta was then cannulated and the heart was retrogradely perfused with Ca free 

Tyrode solution at a rate of 2 ml/min for 5 minutes. The solution contained (mM): 

NaCi, 137; KC1, 5.4; MgCl2, 0.5; NaH2PO4, 0.3; HEPES, 5; glucose, 10; pH 7.4 

adjusted with NaOH. Afterward, the heart was continuously perfused with this solution 

containing collagenase (0.125 mg/ml, Yakult, Tokyo, Japan) for 10 minutes, followed 

by a 5 min perfusion with KB solution containing (mM): Taurine, 20; 1-glutamic acid, 

70; KC1, 25; KH2PO4, 10; MgC12, 3; EGTA(K), 0.5; HEPES, 10; Glucose, 10; pH 7.4 

adjusted with KOH. During the whole procedure, the perfusion bath was maintained at 
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37 ± 0.2°C and the solutions were equilibrated with 100% 02. At the end of the 

perfusion the ventricles were isolated, cut into 8-10 pieces and then put into a beaker 

containing 10 ml of the KB solution. The ventricular myocytes were dispersed by gently 

shaking the beaker for 3 minutes. The undigested tissues were removed by filtration 

through a nylon mesh. The ventricular myocytes were kept in KB solution at 4°C for 

at least 1 hour before they were used for the patch clamp study. 

The adult mouse ventricular myocytes were Ca2 tolerant, and had typical rod-

shaped appearance and clear striations. The viability of cells isolated by this method 

varied from 55% to 75%. 

3.lb Whole-cell patch-clamp recording 

Since the major aim of this dissertation was to identify and characterize the K 

currents in mouse ventricular myocytes during different developmental stages, the fast 

inward Nal current ('N) was inhibited by holding the cell membrane at -40 mV and 50 

mV during measurements of 'K and 1Kt 'Na was also inhibited by '[TX (25 M) in some 

experiments when L was examined. The L-type Cel current was blocked by nisoldipine 

(0.4 IzM) (87). For recordings of normal action potentials, the cells were perfused with 

normal Tyrode solution in the absence of Na and C21 channel blockers. 

Whole-cell patch clamp techniques (64) were used to record K' currents and 

action potentials. For the recordings in fetal or neonatal ventricular myocytes, the glass 

coverslip with the cultured ventricular myocytes was transferred to the recording 

chamber. For the recordings in adult cells, a few drops of the cell-containing solution 
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were put into the recording chamber and 5 minutes were allowed for the myocytes to 

attach to the substrate. Then the cells were superfused at 2 ml/min at room temperature 

(22°C) with the HEPES-buffered Tyrode solution containing (mM): NaCl, 140; KC1, 4; 

MgCl2, 1; CaCl2, 1; glucose, 5.5; HEPES, 10; pH 7.4 adjusted with NaOH. 

An Axopatch 200 amplifier (Axon Instruments, California, USA) was used in all 

patch-clamp measurements. The amplifier was interfaced with a 386/33 MHz IBM 

compatible computer by a 125 kHz Labmaster board for data acquisition (Scientific 

Solutions Inc, Ohio, USA). The patch electrodes (thin-wailed borosilicate tubing with 

1.5 mm OD, World Precision Instruments, Inc, Florida, USA) were made with a 

horizontal pipette puller (Sutter Instruments, California, USA). The electrodes had 

resistances of 3.5-5 M( for fetal and neonatal cell recording, and 1-2 M( for adult cell 

recording when filled with an internal solution containing (mM): potassium aspartate, 

110; MgCl2, 6.4; K2ATP, 4.2; CaCl2, 2.7; NaCl, 8; HEPES, 5; EGTA, 5; pH 7.2 

adjusted with KOH. The internal pipette solution was passed through a 0.22 Am filter 

prior to use. A liquid junction potential of approximately 10 mV (pipette negative) was 

corrected electrically. The KI currents measured in the present study were filtered at 

1 kHz using a 4-pole Bessel filter and digitized at a sampling frequency of 2 kHz. The 

cell capacitance and series resistance were measured in whole-cell voltage clamp 

experiments from the capacitive transient elicited by a 20 mV depolarizing step from a 

holding potential of -100 mV. The capacitive transients were filtered at 10 kHz using 

a 4-pole Bessel filter and digitized at a sampling frequency of 50 kHz. The series 

resistance was electrically compensated in the range of 40% to 75% to minimize the 
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duration of the capacitive surge and to correct the voltage drop produced across the 

clamped cell membrane. The voltage command generation and data collection were 

controlled by pCLAMP software (Axon Instruments). 

Although there was a variability in the size of the individual cells at a given age, 

it was noted that the cell sizes fundamentally increased during development. The average 

capacitance of mouse ventricular myocytes was 23.7 ± 2.3 pF for fetus, 24.3 ± 2.4 pF 

for day 1 neonates, 35.4 ± 5.9 pF for day 3 neonates and 166.4 ± 10.1 pF for adults 

p<0.0l). 
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3.2 Conventional Microelectrode Techniques 

The myocardial tissues used for microelectrode recordings were not digested by 

collagenase and action potentials were recorded at a physiological temperature (37°C). 

The aims of these experiments were: 1) to assess whether developmental change in action 

potential configuration occurs in mouse ventricle; and 2) to evaluate functional roles of 

KI currents in action potential repolarization in mouse heart during normal development. 

3.2a Preparations and recordings 

This procedure has been previously described in detail (177). Briefly, right 

ventricular tissue was rapidly isolated from fetal, neonatal and adult mouse hearts and 

pinned to the bottom of a Sylgard coated Lucite muscle chamber with endocardium facing 

up. Thus, the intracellular recordings of the action potentials were obtained in the right 

ventricular endocardium for all age groups. The myocardial preparations were superfused 

at 37 ± 0.2°C with oxygenated HEPES-buffered Tyrode solution containing (mM): 

NaCi, 128; KCl, 5; CaCl2, 1.1; MgCl2, 1; sodium acetate, 2.8; glucose, 10; HEPES 10; 

pH 7.4 adjusted with NaOH. Stimulating frequency was 2 Hz. The recording electrodes 

were filled with 3M KC1 and had tip resistances of 10-20 MO. An IBM AT computer 

with a custom made software routine (Bascom Consultants, Montreal, Quebec, Canada) 

was used to measure the resting membrane potential, action potential duration at 50% and 

95% repolarization (APD50 and APD95) and the maximal upstroke velocity of phase 0 of 

the action potential (\T,). The action potential configuration was stored and analyzed 

using CELLSOFT program (University of Calgary, AB, Canada). 
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3.3 [311]-Dofetffide Equilibrium Binding Assay 

Dofetilide is a selective Iy, channel blocker (21,84). Recently, Chadwick et al 

and Duff et al have used [3H]-dofetilide as a specific radioligand for I channels and 

studied the drug and Iy, channel interaction at the molecular level (25,41). These studies 

have shown that [3H]-dofetilide specifically binds to sites associated with I channels in 

guinea pig ventricular myocytes. Therefore, PH]-dofetilide binding assay was used in 

this dissertation to evaluate whether there is an age-related change in IKr channels in 

mouse ventricles at the molecular level. 

3.3a Preparations 

A crude membrane homogenate of mouse ventricles was used in [3H]-dofetilide 

binding assay. The reasons for using this preparation were as follows: 1). Adult mouse 

heart is very small and one binding experiment may require pooling the ventricular 

myocytes isolated from at least 4 adult mouse hearts, thus limiting the feasibility of using 

mouse ventricular myocytes to carry out the [3H]-dofetilide binding assay; ' 2). The 

procedure for purification of cardiac sarcolemma can result in loss or denaturation of IKr 

channels or [3H]-dofetilide binding sites (25); 3). Preliminary experiments from our 

laboratory have compared the results of [3H}-dofetilide binding in the ventricular 

myocytes and ventricular homogenate from adult guinea pig, as well as the results in the 

ventricular myocytes and the ventricular homogenate from neonatal mouse. The 

ventricular myocytes and ventricular homogenate obtained from both species exhibited 

very similar isotherms of [3H]-dofetilide binding. Thus, use of the mouse ventricular 
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homogenate in this dissertation to assess the developmental changes in J channels or 

[3H]-dofetilide binding sites in mouse heart is justified. 

The mouse ventricular homogenate was prepared as follow. Briefly, hearts from 

fetal, neonatal and adult mice were rapidly excised and placed in nominally C21-free 

Minimum Essential Medium (Gibco, New York). The ventricles were isolated, washed 

and then immediately homogenized with a Brinkmann Polytron homogenizer for 20 

seconds in ice-cold, Ca2 -free incubation solution containing (mM): NaCl, 135; KC1, 5; 

MgCl2, 1; HEPES, 10; glucose, 10; EGTA, 1; and pH 7.4 adjusted by NaOH. The 

homogenate was then filtered through a 200 ttm silkscreen mesh. The protein 

concentrations were determined by the Lowry assay using bovine serum albumin as the 

standard. 

3.3b [311]-dofetfficle equilibrium binding 

The ventricular crude membrane homogenate ( 400 JAg protein/assay) was 

incubated for 30 minutes at 37°C with [3H]-dofetilide (10 nM) in the absence or presence 

of unlabelled dofetilide ranging from 0.3 nM to 10 M. Reactions were terminated by 

adding 3 ml Tris buffer solution into the assay. The Tris buffer solution contained 

(mM): Tris HCl, 25; NaCl, 130; KCl, 5.5; MgSO4, 0.8; glucose, 10; CaCl2, 50 jiM; 

BSA, 0.01 % pH 7.4 adjusted with Tris base. Then, the reaction solution was filtered 

through pre-soaked Whatman GF/C glass filter with Tris buffer supplemented with 1% 

BSA, followed by 2 rinses with 3 ml Tris buffer using a 24 well Brandel Cell Harvester 

(Model M-24R). The filters were dried and counted in Beckman Ready Safe scintillation 
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fluid with 60% efficiency. The retained radioactivity represents [3H]-dofetilide bound 

to the ventricular crude membrane homogenate. The rationale for the incubation and 

filtration conditions have been described previously (41). These conditions provide 

minimal background (nonspecific binding) and scatter with maximal specific binding. 

Total binding was determined in the absence of unlabelled dofetilide and nonspecific 

binding was determined in the presence of an excess amount of unlabelled dofetilide 

(10 1zM). Specific [3H]-dofetilide binding was determined by subtracting the nonspecific 

binding from total binding. 
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3.4 Chemicals 

[3H]-dofetilide and unlabelled dofetilide (N-[4-2-{2-[4-(methanesulfonamide) 

phenoxy]-N-methylethylamino}ethyl phenyl]) were kindly provided by Pfizer Research 

Central (Sandwich UK). To prepare the stock solution, dofetilide was dissolved in 

acidified distilled water (pH =4 adjusted with HC1) at a concentration of 10 mM (21). 

The stock solution was stored at 4°C and diluted to the final concentration during 

experiments. Nisoldipine (a gift from Bayer, Leverkusen, Germany) was prepared as a 

2 mM stock solution in 100% ethanol. Collagenase was purchased from Yakult, Tokyo, 

Japan. Nominally Ca2 free Minimum Essential Medium was purchased from Gibco, 

New York, USA. Fetal calf serum was purchased from HyClone Laboratories, Inc, 

Utah, USA. All other chemicals were purchased from Sigma Chemical Co. St. Louis, 

MO, USA. 
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3.5 Data Analyses 

Whole-cell patch clamp data were analyzed using pCLAMP software and plotted 

using graphic software, Fig.P. The time constants of activation, inactivation and 

deactivation of the K4 currents were determined from the fitting procedure in Clampflt 

(pClamp 6) program. The action potential configuration recorded from microelectrode 

experiments was stored, processed and analyzed using CELLSOFT (University of 

Calgary, Calgary, Alberta, Canada). The affinity and density of [3H]-dofetilide bindings 

were determined by Scatchard analysis using the nonlinear least squares curve fitting 

program LIGAND (Elsevier Biosoft, Cambridge, United Kingdom). All averaged and 

normalized data were presented as mean ± standard error (SE) unless otherwise 

indicated. Statistical significance among groups were determined using the one way 

Analysis of Variance (ANOVA). To define the difference between the subgroups 

compared within the ANOVA, such as fetal group vs adult group, the Dunnetts multiple 

range test was used. In addition, to evaluate the differences between paired observations, 

such as control vs drug treatment in the same cell, the Student t-test was used and p 

value less than 0.05 was considered significantly different. 
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CHAPTER FOUR: RESULTS 

4.1 Developmental Changes in 'K in Mouse Ventricle 

4.la Characterization of 'K  in fetal mouse ventricular myocytes 

To my knowledge, there are no previous data describing the presence of 'K in 

fetal mouse ventricle. Therefore, the first question addressed was whether 'K exists in 

fetal mouse ventricular myocytes. If 'K does exist in fetal mouse ventricle, then the next 

question was whether both IK, and ly,. co-exist in fetal mouse ventricular myocytes? Since 

Iy, and 'K, exhibit different biophysical properties and pharmacological sensitivity to 

several blockers, ly, and I were distinguished by studying their rectification properties, 

their activation kinetics, and their responses to selective ly, and I. channel blockers. 

Finally, whether 'K plays any role in action potential repolarization in fetal mouse 

ventricular myocytes was assessed. 

General propeilies of I in fetal mouse ventricular myocytes 

To examine whether Iy, is present, fetal mouse ventricular myocytes were 

depolarized from -40 to +40 mV in 10 mV increments for 500 ms and then returned to 

the holding potential -40 mV as shown in the inset of Figure 3. The time-dependent 

outward 'K elicited by depolarization pulses is defined as activating currents and 'K 

assessed after repolarization pulses is defined as deactivating tail currents in this 

dissertation. An example of 'K elicited by this protocol is shown in Figure 3A. The 

separate current traces elicited by each voltage step are shown in Figure 3B. The 
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activation of the currents was delayed, resulting in a sigmoidal time course. As shown 

in Figure 3A and 3B, the activating currents progressively increased from -30 mV and 

reached a maximum amplitude at 0 mV. The amplitude of currents gradually declined 

with further depolarization. Deactivating tail currents were measured after repolarization 

of the cell to the holding potential of -40 mV. The amplitude of deactivating tail currents 

also progressively increased with depolarization and peaked at 0 mV. Thereafter, the 

amplitude of the tail currents did not change significantly with further depolarization. 

Current-voltage relationships of activating currents and tail currents were plotted in 

Figure 3C. The currents activated during depolarization were measured at the end of the 

500 ms depolarization pulse and the deactivating tail currents were measured at the 

maximum amplitude of the tail current. Note that a negative slope conductance of the 

current-voltage relationship for the activating currents was observed at potentials positive 

to 0 mV. Panel D shows the voltage-dependent activation plotted by normalizing 

amplitude of the peak tail current as a function of test potential. The curve through the 

data in Figure 3D is the best-fit Boltzmann function, given by equation 1: 

Iftd = /[1+exp(Y - V.)/k] 

where L, Yh, Vm and k denote the peak tail current amplitude, half-activation voltage, 

test potential and slope factor, respectively. The half-activation voltage was -16.3 mV 

and the slope factor was 6.3 mV. All the features of this current shown in Figure 3 are 

similar to Iy, described in guinea pig ventricular myocytes (146). Therefore, these results 

demonstrate that ly, also exists in fetal mouse ventricular myocytes. 
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Figure 3 General properties of 'K in fetal mouse ventricular myocytes 
Panel A: An example of the superimposed outward current elicited by the 
depolarizing protocol shown in the inset. Panel B: Single current traces 
elicited by each of the individual depolarizing steps from Panel A. Panel 
C: The current-voltage relationship for the activating currents (IK..) and 
the deactivating tail current (IK). The 'K displays a negative slope 
conductance when test potentials were more positive than 0 mV. Panel D: 
Voltage-dependent activation curve of IK plotted by normalizing the tail 
currents as a function of test potentials. The continuous curve through the 
data points represents the best fit to the Boltzmann function (Eq. 1), n=7. 
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Does I also exist in fetal mouse ventricular myocytes? To answer this question, 

a different protocol was used to elicit I. Since I and 1K, exhibit different properties 

of voltage and time-dependent activation, one component, either IKr or 'Ks, would 

dominate at a given membrane potential and depolarizing duration. For example, at 

+50 mV, the amplitude of Iy, is noticeably reduced due to strong rectification. 

However, the amplitude of I is continuously increased with large depolarization. On 

the other hand, during the short duration of the depolarization pulse at 0 mV, the 

dominant current activated is I, since its activation kinetics are much faster than 'Ks• 

The protocol used to examine I is as follows. Depolarization from -30 mV to 

+60 mV in 10 mV increments for 2 sec were applied to the cell from a holding potential 

of -40 mV. An example of the single current traces elicited by this protocol is shown 

in Figure 4. The current activated during depolarization showed rapid activation and 

strong rectification at more positive test potentials. This feature is not consistent with 

the kinetics of the slowly activating and outwardly rectifying 'Ks• In addition, the 

properties of the tail currents also resemble those seen in Figure 3. A similar result was 

observed in 7 of 7 fetal mouse ventricular myocytes. Thus, the 'K current in fetal mouse 

ventricular myocytes either does not contain an 'Ks component, or the amplitude of Iy is 

very small. Further pharmacological and envelope tests of the 'K tail are required to 

prove the absence of I in fetal mouse ventricular myocytes. 
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Figure 4 Effects of pulse duration and membrane potential on 'K in fetal mouse 
ventricular myocyte. The cell was depolarized from a holding potential 
of -40 mV to +60 mV for 2000 ms and then returned to the holding 
potential of -40 mV. Selected current traces evoked by depolarizing the 
cell to -30 mV, -10 mV + 10 mV and +50 mV are shown. The current 
activated rapidly and full activation was seen at + 10 mV. Thereafter, the 
amplitude of the activating currents decreased with further depolarization. 
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Reversal potential of I in fetal mouse ventricular myocytes 

To examine the ion selectivity of I. in fetal mouse ventricular myocytes, the 

reversal potential of the deactivating tail current was evaluated using a standard two pulse 

protocol. The constant first pulse (P1) was from the holding potential of -40 mV to a test 

potential of + 10 mV for 500 ms. P1 was used to fully activate I. P1 was followed by 

the second pulse (Ps), which repolarized the cells to various test potentials in the range 

from -100 mV to -10 mV for 1000 ms. Figure 5A illustrates a representative recording 

of the reversal potential in fetal mouse ventricular myocytes measured at 4 mM [K]O. 

At this concentration, the deactivating tail currents in fetal mouse ventricular myocytes 

reversed around -80 mV. This value is close to the equilibrium potential predicted by 

the Nernst equation for K, thereby suggesting a high selectivity for K'. In addition, 

the reversal potential was also measured at three different [K']0 levels: 4, 8 and 16 mM. 

The mean reversal potentials in each of these [K]0 levels were plotted in Figure SB. 

The regression line for the E - log[K]0 relation had a slope of 59.8 mV per decade, 

close to the theoretical value of 58.2 mV as predicted by the Nernst equation for a K 

selective current. These data demonstrate that the 'K channel in fetal mouse ventricular 

myocytes is highly selective for K. 
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Figure 5 Measurements of the reversal potential for 'K in fetal mouse 
ventricular myocytes. Panel A: A representative recording of reversal 
potential elicited by a two-pulse protocol as shown in the inset. P1 
depolarized the cell from a holding potential of -40 mV to a test potential 
of + 10 mV for 500 ms and followed by the Pn ranging from -100 mV to 
-40 mV. Panel B: A plot of the reversal potentials obtained at three 
different [K]0. The regression line had slope of 59.8 mV per 10-fold 

change in [K]0 (n=5). 
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Envelope of IK tails test in fetal mouse ventricular myocytes 

To further distinguish whether 'K in fetal mouse ventricular myocytes is conducted 

through a single or multiple population of channels, an envelope of 'K tails test was 

performed. Theoretically, if there is only one current component, the ratio of the 

deactivating tail currents to the activating currents will be constant and independent of 

the pulse duration. In contrast, if the ratio varies significantly as a function of test 

duration, it suggests that there is more than one component of 'K' Figure 6A shows a 

representative envelope of the 'K tails test in fetal mouse ventricular myocytes. The cell 

was depolarized from a holding potential -40 mV to a test potential of 0 mV for various 

durations and then returned to the holding potential. Clearly, during the test pulse 

durations, the increase in the amplitude of the activating 'K (iK.ou was proportional to the 

increase in the deactivating 'K tail current (IK). The ratio of 'K-tail and 'Kt was plotted 

as a function of the pulse duration shown in Figure 613. In contrast to guinea pig 

ventricular myocytes (146), the ratio of 'K to 'Kt in fetal mouse myocytes was 

constant and independent of pulse duration, indicating the presence of only one rectifying 

component of 'K' 
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Envelope of IK.w  test in fetal mouse ventricular myocytes 
Panel A: A representative recording of the envelope of 'K1 tests elicited 
from a holding potential of -40 mV to a test potential of 0 mV for various 
pulse duration from 200 ms to 1500 ms. Panel B: The averaged ratio of 
'K-VU to 'K as a function of the pulse duration (n=6). The envelope of 
I. tails test for one component of 'K is satisfied 
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Furthermore, if there is only one component of 'K deactivation time constant of 

the tail current should be independent of test potentials. To test this hypothesis, the cells 

were depolarized from a holding potential of -40 mV to test potentials of -10 mV, 0 mV 

and +20 mV and then returned to the holding potential. The representative examples 

are shown in Figure 7A (-10 mV), 7B (0 mV) and 7C (+20 mV). The deactivation time 

constants for the tail currents evoked by each step of the test potentials were determined 

by bi-exponential fitting and plotted as a function of the pulse duration (Figure 71)). As 

shown in Figure 7D, both fast and slow deactivation time constants were independent of 

test duration and voltage. These results further support the findings that there is only one 

current component of 'K (1) in fetal mouse ventricular myocytes. 

An example of the activation kinetics of 'K tail currents determined by the 

envelope of tail test is shown in Figure 8. The amplitude of tail currents was measured 

and plotted as a function of the pulse duration. The solid curve through the data points 

represents the least-squares one-exponential fit according to equation 2: 

TKtai1 = L, x [1-exp(-tlr)] 

where r and t denote the activation time constant and pulse duration, respectively. The 

time constant for the envelope of 'K tail current was 158 ms at a test potential of 0 mV. 

The data were well described by a mono-exponential function. All these results, the 

envelope of the 'K tails test and the plots of the 'K tail current activation and deactivation 

kinetics, further support that 'K in fetal mouse ventricular myocytes only consists of the 

rapidly activating component, I. 
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Figure 7 Representative recordings of the envelope of the I tail tests recorded 
from different test potentials. The cell was depolarized from a holding 
potential of -40 mV to test potentials of -10 mV (Panel A), 0 mV (Panel 
B) and +20 mV (Panel C) for various pulse duration from 200 ms to 
1500 ms. Panel D shows the plots of deactivation time constants for each 
tail current as a function of the pulse duration at test voltages of -10 mV, 
0 mV and +10 mV, respectively. 
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A plot of 'K activation kinetics determined from the envelope of tail 
currents. The amplitude of the 'K tail currents elicited from repolarizing 
the cell from 0 mV to the holding potential of -40 mV was measured and 
plotted as a function of the pulse duration. The curve through the data 
points was the best fit to the least-squares single exponential function (Eq. 
2). The activation time constant of the tail currents at 0 mV was 158 ms. 
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The activation and deactivation kinetics of 'K in fetal mouse ventricular myocytes 

The time constants of 'K activation and deactivation were voltage-dependent. To 

assess the activation kinetics of 'K the cell was depolarized to various membrane 

potentials ranging from -40 mV to +40 mV and then returned to the holding potential 

of -40 mV. To assess the deactivation kinetics of the 'K tail currents, a double-pulse 

protocol was used. The cell was first depolarized to a fixed test of + 10 mV. The 

second pulse was varied and repolarized to various membrane potentials ranging from 

-100 mV to -30 mV. The activation and deactivation time constants were determined by 

the exponential fitting of the currents evoked by each voltage step. The time constant 

for activation was best fit with a single exponential function. The rate of activation 

increased with incremental changes in the test potential (from 511 ± 71 ms at -20 mV 

to 54 ± 14 ms at +20 mV). The rapid activation kinetics further support that this 

current in the fetal mouse ventricular myocytes is I. The deactivation process of 'K was 

voltage-dependent and well fit with a bi-exponential function. Rates of both fast and 

slow deactivation were faster at more negative potentials. The mean data of the 

activation and deactivation time constants of 'K plotted as a function of the test potential 

are shown inFigure 9. 
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Figure 9 Time course of 'K activation and deactivation in fetal mouse 
ventricular myocytes. The graph shows voltage-dependent kinetics of 'K 
activation and deactivation time constants (n= 12). 
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Effects of dofetilide on 'K in fetal mouse ventricular myocytes 

It has been reported that dofetilide selectively blocks IKr with an IC50 of 32 nM, 

and completely abolishes Iy, at a concentration of 1 /LM but had no effect on I even at 

a concentration of 10 IAM (84). Figure 10 displays the 'K recordings before (Panel A) 

and after dofetilide application (Panel B). As shown in Panel B, dofetilide at a 

concentration of 1 M completely abolished the 'K tail currents, indicating that a 

dofetilide-sensitive component of 'K is the major contributor to the repolarization-induced 

'K tail current in fetal mouse ventricular myocytes. Panel C shows the dofetilide-

sensitive current which was obtained by subtracting the dofetilide-resistant current (Panel 

B) from drug-free current (Panel A). The current-voltage relationships for the control 

current and the dofetilide-sensitive current are shown in Panels D and E, respectively. 

The similarities in the amplitude of the currents during depolarizing pulses and the strong 

rectification for 'Kt (Panels D and E) further suggest that fetal mouse ventricular 

myocytes express a single component of I, the I. A comparison of the biophysical and 

pharmacological properties of I among fetal mouse ventricular myocytes, guinea pig 

ventricular myocytes (146), mouse AT-1 cell line (186) and HERG expressed in oocytes 

(149) is provided in Table 2. 
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Effects of dofetifide on 'K in fetal mouse ventricular myocytes. The 
superimposed outward K currents were recorded before (Panel A) and 
after (Panel B) application of 1 jM dofetilide. The currents were elicited 
from a holding potential of -40 mV to test potentials ranging from -30 mV 
to +40 mV by 10 mV step increment for 500 ms. The dofetilide-sensitive 
current is shown in Panel C. The current-voltage relationships for the 
control current and dofetilide-sensitive current are displayed in Panel D 
and E. Ix, and TK1 denote the activating current and the deactivating 
tail current of 'K respectively. 



Table 2 Comparison of the Characteristics of Ixr in Different Cardiac Preparations 

IKr in various preparations I() 
(mV) 

Negative 
slope 

conductance 

Activation Dofetifide (IC) 
(nM) 

Reference 

V. (mV) Slope (mV) 

Fetal Mouse VM* 0 + -16 6.7 13 

Guinea Pig VM 0 + -22 7.5 32 146 

Mouse AT-i cells' +10 + +0.9 NA 12 186 

Oocytes injected with HERC? - 0 + -15 7.9 NA  149 

* VM denotes ventricular myocytes; b AT-i denotes atrial tumor cell line, C HERG represents human eag-related gene and d 
denotes not available in that study. 
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Functional role of 'Kr in fetal mouse ventricular myocytes 

To evaluate whether I plays a physiological role in action potential 

repolarization, the effects of dofetilide (1 AM) on action potential duration were assessed 

in fetal mouse ventricular myocytes (Figure 11). I and the action potentials were 

recorded in the same cell before and after application of dofetilide. I was first recorded 

in the absence of the drug (Panel A•). Then the circuit of the patch amplifier was 

switched to the current-clamp mode, and the spontaneous action potentials were recorded 

under drug-free conditions and after application of dofetilide (1 M) (Panel B). 

Thereafter, the circuit was switched back to the voltage-clamp mode to record the effects 

of dofetilide on J (Panel AU). As shown in Figure hA, dofetilide at 1 /LM completely 

'abolished the deactivating tail current. Blockade of IKr by dofetilide caused a dramatic 

prolongation of the action potential duration (Panel B). In some fetal mouse ventricular 

cells, after-depolarization (At)s) were observed after dofetilide treatment (Panel C). 

These data suggest that IK, plays an important role in action potential repolarization in 

fetal mouse ventricles. 
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Effects of dofetifide on IKr and the spontaneous action potentials in 
fetal mouse ventricular myocytes. The currents were evoked from the 
holding potential of -40 mV to the test potential of 0 mV for 500 ms. In 
the same cell, I (Panel A) and the action potentials (Panel B) were 
recorded both before and after 1 14M dofetilide was applied. ADs were 
observed in some cells after dofetilide was applied (Panel Q. 
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4.lb Developmental changes in the delayed rectifier K channels (IK) in mouse 

ventricle 

Age-related changes in 'K in mouse ventricular myocytes assessed by whole-cell voltage-

clamp technique 

As mentioned previously, IKr and Iv differ in their activation kinetics, rectification 

properties and pharmacological sensitivity (146). Accordingly, to assess whether I and 

IK,, are developmentally regulated, the properties of 1K in ventricular myocytes from 

neonatal and adult mice were evaluated and compared with the parameters obtained from 

fetal mouse ventricular myocytes. 

As shown in Figure 12, the properties of 'K in day 1 neonatal ventricular 

myocytes varied from cell to cell. An example of currents obtained from a day 1 

neonatal mouse ventricular myocyte which expressed dominantly I is shown in Panel 

A. In contrast, Panel B shows that a different ventricular cell isolated from a day 1 

neonate expressed a current with characteristics of I, such as slow activation and 

outward rectification. Approximately 60% of cells from day 1 neonatal hearts expressed 

a dominant IKr pattern. 
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Figure 12 Variation of 1K in day 1 neonatal mouse ventricular myocytes. As 
shown in this Figure, both I and Iy, are present in day 1 neonatal cells. 
Panel A shows an example of a cell which expressed dominant l and 
Panel B shows an example of a cell which expressed dominant I. The 
currents were evoked from a holding potential of -40 mV to test potentials 
of -30 mV, -10 mV and +30 mV for 500 ms (In) and 5 s (I), 
respectively. 
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The 'K recorded in day 3 neonatal mouse ventricular myocytes resembled IK. in 

cardiac myocytes of other species. The current activated slowly and did not reach a 

steady state even during a 5 seconds depolarization pulse. The amplitude of the 

activating currents increased continuously with membrane depolarization. As a result, 

the current-voltage relationship of the activating current displayed a positive slope 

conductance throughout the voltage range examined. The properties of the slow 

activation and linear current-voltage relationship suggest that this current is largely 'Ks• 

Cells which expressed a dominant IK, were not identified in day 3 neonatal mouse 

ventricular myocytes. Figure 13 illustrates the differences between the IKr traces and the 

plot of its current-voltage relationship obtained from fetal mouse ventricular cells (Panel 

A and B), and 'Ke traces and the plot of its current-voltage plot obtained from day 3 

neonatal mouse ventricular cells (Panel C and D). 

In adult mouse ventricular myocytes, neither IKr nor I type currents were 

observed when using the same depolarization protocols applied to fetal and neonatal 

mouse ventricular myocytes. 
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Comparison of the properties of Iv, in fetal and I in day 3 neonatal 
mouse ventricular myocytes. The holding potential was -40 mV in both 
preparations, but the duration of depolarization pulses applied in the day 
3 cell was 10 fold longer than that in the fetal cell (5 s vs 500 ms). The 
activation kinetics and rectification properties are fundamentally different 
as compared IK, in fetal mouse ventricular myocytes (Panel A and B), 
n=7 with IK, in day 3 neonatal mouse ventricular myocytes (Panel C and 

D), n=5. 
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The representative activation fittings for 'K in fetal, day 1 and day 3 neonatal 

mouse ventricular myocytes are shown in Figure 14. The currents were elicited from 

a holding potential of -40 mV to a test potential of + 10 mV for 500 ms (I) or +50 mV 

for 5000 ms (IJ, respectively. Depolarizing the cell to + 10 mV, IKr reached a steady 

state during a 500 ms pulse in fetal (Panel A) and day 1 neonatal mouse ventricular 

myocytes (Panel B). The activation time constants at + 10 mV were 82 ± 7 ms for fetal 

mouse ventricular myocytes (n=6) and 83 ± 7 ms for day 1 neonatal mouse ventricular 

myocytes in which I was expressed dominantly (n =5). Activation of I, however, did 

not reach a steady state during a 5000 ms step to +50 mV (Panel C and D). At +50 

mV, activation time constant of IK, in day 1 neonatal mouse ventricular myocyte, which 

expressed dominantly I, was 1734 ± 438 ms (n=3); and activation time constant of I 

in day 3 neonatal mouse ventricular myocytes was 1850 ± 300 ms (n=4). 
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Representative mono-exponential fittings for 'K activation in fetal, day 

1 and day 3 neonatal mouse ventricular myocytes. Panel A shows that 
IK, elicited from fetal mouse ventricular myocytes activates rapidly, as 
judged by activation time constant. Panel B and C show that both rapidly 
activating current, IK, and slowly activating current, ly.. are present in day 
1 neonatal ventricular myocytes. Panel D shows that the current in day 
3 neonatal ventricular myocytes activates slowly, which is consistent with 

1Ks 
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Results shown in Figure 15 compares the effects of dofetilide (1 M) on 'K 

activated during depolarization from -40 mV to + 10 mV for 5000 ms in fetal (Panel A), 

day 3 neonatal (Panel B) and adult (Panel C) mouse ventricular myocytes. The tail 

current was completely abolished by dofetilide in fetal mouse ventricular myocyte (n =5), 

suggesting that only ly, contributes to this tail current. However, in day 3 neonate, 

dofetilide only partially blocked the tail current (n=4). This finding suggests that both 

the dofetilide-sensitive current, ly, and the dofetilide-insensitive current, IK. contribute to 

the tail current. In adult mouse ventricular myocytes, the current evoked by the same 

protocol displayed very rapid activation and inactivation (n=8). These properties 

fundamentally differ from the properties of I and I. Dofetilide at 1 M did not have 

any effect on this transient outward current in adult mouse ventricular myocytes (n=4). 
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Effects of dofetilide on 'K in mouse ventricular myocytes recorded at 
different developmental stages. Dofetilide (lM) completely abolished 
the 'K tail current in fetal mouse ventricular myocytes (Panel A) but only 
partially blocked the 'K tail current in day 3 neonatal mouse ventricular 
myocytes (Panel B). Dofetilide had no effects on the current recorded in 
adult mouse ventricular myocytes (Panel Q. 
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Relations between developmental changes in 'K and the action potential configuration 

in mouse ventricle assessed by conventional microelectrode technique 

This dissertation has shown that the expression of 'K in mouse ventricular 

myocytes changes remarkably during development. Can these changes in 'K expression 

in mouse ventricular myocytes result in a corresponding alteration in the action potential 

configuration? Figure 16 shows the representative action potential recordings obtained 

from fetal, neonatal and adult mouse ventricular endocardium under drug-free conditions. 

The action potential in fetal mouse ventricular endocardium has a distinct plateau with 

long duration. The action potential duration in mouse ventricle dramatically decreased 

within 1 day after birth, then further shortened by the third day of postnatal life. The 

action potential configuration became spike-like in the adults. Action potentials with 

large and rapid phase 1 repolarization followed by a prolonged plateau (130 to 150 ms) 

at more negative potentials ( -40 my) were observed in 3 of 60 records from 12 adult 

mice. Since these distinct and uncommon action potentials may have been recorded from 

a distinct cell type, such as Purkinje fibers, this type of action potential was not included 

in the data analysis in the present study. The action potential characteristics in each age 

group are summarized in Table 3. 
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Examples of the representative action potentials in fetal, day 1, day 3 
neonatal and adult mouse ventricular endocardium. The preparations 
were perfused with normal Tyrode solution at 37°C and were paced at 2 
Hz. The profound decreases in action potential duration with age may 
result from developmental changes in KI currents underlying the action 
potential repolarization in mouse heart (see Table 3). 
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Table 3 The Characteristics of Action Potentials in Mouse Ventricular 

Endocardium During Development 

Age RMP (mV) APD50 (ms) APD% (ms) Vm , (V/sec) 

Fetal (18 days) -81±2 74±11 133±20 210±54 

Neonate (1 day) -80±2 43±14* 94±16* 207±66 

Neonate (3 days) -80±3 18±6*t 51±9*t 182±49 

Adult -81±2 10±3*t$ 67±20*t 221±45 

Values represent mean ± S.D (n ≥ 8 for each groups); * denotes significantly different 

from fetal, p <0.01; t denotes significantly different from the day 1 neonate, p < 0.01; 

* denotes significantly different from the day 3 neonate; RMP represents resting 

membrane potential; APD50 and APD95 represent the action potential duration at 50% and 

95% repolarization, respectively; 'STIX denotes the maximum upstroke velocity of the 

phase 0 of the action potentials. 
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To examine whether age-dependent changes in the action potential configuration 

in mouse ventricular endocardium were related to the developmental changes in cardiac 

'K the extent of the action potential prolongation by selective 'K channel blockers was 

assessed in fetal, neonatal and adult mouse ventricular endocardium. Since both I and 

'Kg are present in mouse ventricular myocytes during development, the responses of the 

action potential to a selective IK, blocker, dofetilide (21,84) and a selective 'Ks blocker, 

indapamide (167) were assessed. Figure illustrates the representative examples of the 

effects of dofetilide (1 M) on the action potential duration in mouse ventricle at each 

developmental age groups. The mean data are summarized in Figure 18. The action 

potential duration in fetal mouse ventricular endocardium was dramatically prolonged by 

dofetilide (APD95 137% ± 18%, n =7). The extent of the action potential prolongation 

by dofetilide profoundly decreased during the first day of life (API)95 75% ± 29%, n=5) 

and further decreased by the 3rd day for neonates (API)95 20% ± 15%, n=5). In adult 

ventricular endocardium, dofetilide did not prolong the action potential duration (n=4). 

Dofetilide at 1 AM had no significant effects on resting membrane potential and for 

all age groups. 

In contrast to the effects of dofetilide on the action potential duration, at the same 

pacing cycle length, IK, channel blocker, indapamide (100 M) did not significantly 

prolong the action potential duration at any age groups. This finding suggests that Iy. is 

not likely to play an important role in the action potential repolarization in mouse heart. 
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Representative examples of the effects of dofetilide on action potential 
duration in fetal, day 1, day 3 neonatal and adult mouse ventricular 
endocardium. Dofetilide (1 tiM) produced a remarkable prolongation of 
the action potential duration in fetal mouse heart. However, the effects 
of dofetilide dramatically decreased during early postnatal period. In adult 
mice, dofetilide did not lengthen the action potential duration. 
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Effects of dofetilide on the action potential prolongation in mouse 
heart during development. The data in each age group were obtained 
from at least 4 different recordings and presented as mean ± S.D. Neo-1 
and Neo-3 denote day 1 and day 3 neonates. The mean data show that 
effects of dofetilide on the action potential prolongation in mouse heart 
progressively and significantly decreased during development. 
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Age-related changes in 'Kr channels in mouse ventricle assessed by PHI-dofetilide 

binding assay 

It has been reported that [3H]-dofetilide is a specific radioligand for I channels 

in guinea pig ventricular myocytes (25,41). Therefore, an [ H]-dofetilide binding assay 

was employed to study the developmental changes in J channels in mouse heart. Under 

our experimental conditions, the specific binding of CH]-dofetilide was 50-63 % in the 

crude ventricular membrane homogenate from fetal and day 1 and day 3 neonatal mice. 

The specific binding of [3H]-dofetilide was not detected in adult mouse ventricular 

homogenate. 

A representative Scatchard plot of the rH]-dofetilide binding isotherni in fetal 

mouse ventricular homogenate is shown in Figure 19. Scatchard analysis of this fitting 

indicates a single CH]-dofetiide binding site with a high binding affinity. The averaged 

Kd of [3H]-dofetilide binding in fetal tissues was 13 ± 2 nM (n=4). During early 

postnatal development, the Scatchard analysis showed that the lCd of the [3H]-dofetilide 

binding site significantly increased to 37 ± 7 nM in day 3 neonatal ventricular 

homogenate (p < 0.05, n=8) without a change in B. Although the B, values were 

not significantly changed during early postnatal development, the declined affinity during 

development suggests that the properties of [3H]-dofetilide binding protein may be altered 

at 3 days after birth. In adult mouse ventricular homogenate, no specific [3H]-dofetilide 

binding was detected. Presence of the high affinity [ H]-dofetilide binding sites in fetal 

mouse ventricular homogenate and absence in adult mouse ventricles support the parallel 

electrophysiological findings. Mean data of Kd and B. of [3ff1-dofetilide binding in the 
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preparations of mouse ventricular homogenate from different age groups are summarized 

in Table 4. 
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An example of Scatchard analysis of dofetifide binding to fetal mouse 
ventricular homogenate. The data were best fit to a single binding site 
model. The slope of the curve represents the affinity of [3H]-dofetilide 
binding to its binding site expressed as Kd. The X intercept of the curve 
represents the maximal binding density as B. (for K. and B values see 
Table 4). 



Table 4 Comparison of Kj and B of [3111-Dofetffide Binding to Mouse Ventricular Membrane Homogenate 

During Development 

Age 1d (nM) B (fmol/mg protein) n 

Fetal (18 days) 13±2 26±5 4 

Neonate (1 day) 17±3 33±6 6 

Neonate (3 days) 37±7* 21±2 8 

Adult NSB NSB 7 

* denotes significant difference from the results of fetal mouse group, P<0.05. NSB represents no specific [3H]-dofetilide 

binding in adult mouse ventricle. 
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4.2 Developmental Changes in the Transient Outward Currents, L in Mouse 

Ventricle 

Developmental changes in cardiac L have been documented in many species, 

however they have not been investigated in mouse heart. Thus, this dissertation aimed 

to evaluate whether I,, in mouse heart also changes during development. First, L, was 

measured using whole-cell patch-clamp technique. The following properties of I, in 

single ventricular myocytes during development were assessed: the current-voltage 

relations; the density of Ia,; the inactivation kinetics; the steady-state inactivation of I, 

and responses to 4-aminopyridine (4-A?, an L blocker). Percentage of the cells that 

expressed L in fetal mouse ventricular myocytes was very low, therefore, the 

measurements of L, in fetal mouse ventricular myocytes are not presented in this 

dissertation. Secondly, the physiological significance of L in the action potential 

repolarization was also determined by assessment of the extent of the action potential 

prolongation by 4-A? in the mouse ventricular tissue from day 1, day 3 neonatal and 

adult mice at physiological temperature (37°C). 

4.2a Age-related changes in k in mouse ventricular myocytes assessed by whole-

cell patch-clamp technique 

Current-voltage relations and the density of 4, in mouse ventricular myocytes during 

development 

To record Ia,, the outward currents were routinely measured during depolarization 

to membrane potentials between -60 mV and +50 mV in 10 mV increments from a 
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holding potential of -70 mV unless indicated otherwise. Figure 20 shows the 

representative recordings of the superimposed transient outward currents elicited by this 

protocol from a day 1 neonatal mouse ventricular cell (Panel A), a day 3 neonatal mouse 

ventricular cell (Panel B) and a adult mouse ventricular cell (Panel Q. The transient 

outward currents shown in Figure 20 progressively increased during depolarization to 

more positive test potentials and the largest amplitudes of the outward currents were 

evoked at +50 mV in all three age groups. The currents activated rapidly in response 

to the cell membrane depolarization and exhibited a incomplete inactivation during the 

depolarizing pulses. The rates of the inactivation of the transient outward currents were 

obviously different between neonates and adult. The currents in day 1 and day 3 

neonatal mouse ventricular myocytes inactivated faster than those seen in adult mouse 

ventricular myocytes and reached a steady-state within 250 ms. In contrast, the transient 

outward current in adult mouse ventricular myocytes inactivated slowly and did not reach 

the steady state even at the end of 1000 ms depolarization pulse. 

Because the transient outward currents in adult mouse ventricular myocytes 

inactivated slowly, a longer depolarization protocol was used to allow more time for the 

inactivation process. Figure 21 displays the transient outward currents in adult mouse 

ventricular myocytes elicited by three different depolarization pulses. The inactivation 

of the transient outward current was close to a steady state level at the end of a 3500 ms 

depolarization pulse. 
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Figure 20 Transient outward currents in mouse ventricular myocytes during 
development. The currents were evoked by depolarizing the cells from 
a holding potential of -70 mV to a maximum of +50 mV, in 10 mV 
increments. The inactivation kinetics of the transient outward currents in 
day 1 (Panel A) and day 3 (Panel B) neonatal mouse ventricular myocytes 
were different from those observed in adult mouse ventricular myocytes 
(Panel Q. The amplitude of the transient outward current significantly 
increased in mouse ventricular myocytes during development. 
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Effects of the depolarizing pulse duration on the transient outward 
currents in adult mouse ventricular myocytes. The cell was held at -70 
mV and then depolarized to one of 12 levels, separated by 10 mV 
increments, up to a maximum of +50 mV. The currents shown in this 
Figure were recorded from the same cell at different depolarization pulse 
duration: 350 ms (Panel A), 1000 ms (Panel B) and 3500 ms (Panel Q. 
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For plots of current-voltage relations, the amplitudes of peak outward current in 

response to each depolarizing step were measured in day 1 and day 3 neonatal and adult 

mouse ventricular myocytes. The density of peak outward current was examined by 

normalizing the individual current amplitudes to cell capacitance. These values were 

then averaged (n = 16) and plotted as a function of test potential (Figure 22A). Unlike 

IO channel appears to have relatively linear ion transfer characteristics in 

physiological K concentrations. In all age groups, activation of the currents was 

voltage-dependent, and no apparent saturation in current was observed over the test 

potentials ranging from -30 mV to +50 mV. The activation threshold of the outward 

current was approximately -20 mV in both day 1 and day 3 neonatal ventricular 

myocytes. However, the current was activated at more negative threshold (-50 mV) in 

adult mouse ventricular myocytes. As shown in Figure 22A, the mean densities of the 

peak outward current significantly and progressively increased in the mouse ventricular 

myocytes during development. At +50 mV, the density of the peak currents increased 

from 6.7 ± 0.4 pA/pF in day 1 neonatal mouse ventricular myocytes to 12.9 ± 1.1 

pA/pF in day 3 neonatal mouse ventricular myocytes (p < 0.01). The density of the total 

peak currents further significantly increased to 27.2 ± 5.7 pA/pF in adult mouse 

ventricular myocytes (p<0.01). 

If the total peak current consists of a transient outward component (U and a non-

inactivating component (the sustained current, I,,), the increase in the density of the total 

peak currents may be due to either an increase in Is,, or an increase in I, or both. To 

examine the contributions from each of these components to the developmental changes 
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in the total outward peak current in mouse ventricular myocytes, L was measured and 

subtracted from the total outward peak current. The residual current after L subtraction 

was considered as the transient outward current, J. The current-voltage relationship of 

I and L in each age group were illustrated in Figures 22B and 22C. During 

development, the density of J( in mouse ventricular myocytes profoundly increased. At 

+50 mV the density of L increased from 3.0 ± 0.3 pA/pF in day 1 to 7.0 ± 0.5 pA/pF 

in day 3 neonatal mouse ventricular myocytes. In adult mouse ventricular myocytes, 

further significantly increased to 19.1 ± 4.7 pA/pF (p<0.01). The increase in the 

density of I.. was also significant but less dramatic compared with these substantial 

increases in the density of L in mouse heart during development. Therefore, the 

developmental increase in the total outward peak currents are mainly due to increases in 
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Figure 22 Current-voltage relationships of the transient outward currents in 
mouse ventricular myocytes in different age groups. The current-
voltage relationships of the peak outward current (Panel A), the non-
inactivating sustained current (L) (Panel B) and the inactivating outward 
current (Ia,) (Panel C) in day 1, day 3 and adult mouse ventricular 
myocytes are compared. In neonatal mouse ventricular myocytes, L was 
measured at the end of a 1000 ms depolarization pulse. In adult mouse 
ventricular myocytes, L was measured at the end of a 3500 ms 
depolarization pulse. Ito was obtained by subtracting L from the peak 
outward current. The results shown in this Figure indicate that I, is the 
main contributor to the developmental increases in the density of the total 
peak currents. 
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The inactivation kinetics of the transient outward currents in mouse heart during 

development. 

The inactivation time constants of the transient outward currents in mouse 

ventricular myocytes from day 1 and day 3 neonates and adults were determined by the 

exponential fitting program in CLAMPFIT software. At test potentials between + 10 mV 

and +50 mV, the decay phases of the transient outward currents in day 1 and day 3 

neonatal mouse ventricular myocytes were well described by a single exponential 

function. The inactivation time course in adult mouse ventricular myocytes was well fit 

with a double but not a single exponential function. These results indicate that the 

transient outward currents in adult mouse ventricular myocytes may consist of two 

inactivation components. A comparison of fits to inactivating currents with mono-

exponential and bi-exponential functions in day-1 and adult mouse ventricular myocytes 

are shown in Figure 23 (Panel A and B) and Figure 24 (Panel A and B). 
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Figure 23 Examples of exponential fits to transient outward currents in day 1 
neonatal mouse ventricular myocytes. The transient outward current 

was evoked from a holding potential of -70 V to a test potential of +50 
mV. The smooth curves in Panel A and Panel B represent the mono-
exponential fitting and the bi-exponential fitting for the inactivation 
process in neonatal mouse ventricular myocytes. Since there were no 
significant differences between these two fittings, it is suggested that only 
one inactivation component contributes to the transient outward current in 
neonatal mouse ventricular myocytes. 
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Figure 24 Examples of exponential fits to transient outward currents in adult 
mouse ventricular myocytes. The current was evoked from a holding 
potential of -70 mV to a test potential of +50 mV. The smooth curves 
represent the mono-exponential fitting (Panel A) and the bi-exponentia]. 
fitting (Panel B) for the inactivation process in adult mouse ventricular 
myocytes. Since the bi-exponential better fits the data, it is suggested that 
two components with different inactivation kinetics, or two distinct 
currents may contribute to the transient outward current in adult mouse 
ventricular myocytes. 
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The inactivation time constants of the transient outward currents obtained by the 

exponential analyses from each age groups were averaged and displayed in Figure 25. 

These data reveal that the inactivation time constants were voltage-independent over the 

potentials from + 10 mV to +50 mV in all age groups. In addition, the inactivation time 

constants were in a similar range at all test potentials between day-i and days-3 neonates. 

For example, as shown in Panel A, the inactivation time constants during depolarization 

steps between + 10 mV and +50 mV were 66 ± 16 ms to 61 ± 10 ms in day 1 

neonates, which were not significantly different from 99 ± 27 ms at + 10 mV and 82 

± 20 ms at 50 mV in day 3 neonates. In contrast, the exponential fitting analyses 

revealed that the inactivation time constants of the transient outward currents in adult 

mouse ventricular myocytes consisted of two components with distinct kinetics. The 

decay of the fast inactivation component of the transient outward current in adult was 

similar to those results obtained from neonates ranging from 58 ± 5 ms at + 10 mV to 

69 ± 7 ms +50 mV (Panel B). However, the decay of the slow inactivation component 

of the transient outward current in adult was more than 10 fold slower than those in 

neonates (Panel B). These data suggest that the total depolarization activated outward 

current in adult mouse cells may contain three currents with different inactivation 

properties: the rapid inactivation, the slow inactivation and non-inactivation. The decay 

of the total outward current in adult mouse ventricular myocytes was considerably slower 

than that in neonatal mouse ventricular myocytes. 
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Figure 25 The inactivation time constants of the transient outward currents in 
mouse ventricular myocytes during development. Panel A shows that 
the inactivation time constants in day 1 and day 3 neonatal mouse 
ventricular myocytes are in the similar ranges over the test potentials. 
The data were averaged from four individual cells of each age group. 
Panel B displays that there are two inactivation components with distinct 
time constants in adult mouse ventricular myocytes (n=5). 
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Steady-state inactivation of the transient outward currents in mouse ventricular 

myocytes during development 

A two-pulse protocol was used to assess the voltage dependence of steady-state 

inactivation of In,. The pre-pulses depolarized the cell to different membrane voltages 

ranging from -100 mV to 0 mV. Each pre-pulse was followed by a single test 

depolarization to +50 mV. Representative current traces elicited by this double pulse 

protocol from day 1 neonatal mouse ventricular myocytes (Panel A) and adult mouse 

ventricular myocytes (Panel B) are shown in Figure 26. The amplitude of the peak 

currents was reduced substantially when a pre-pulse progressively depolarized the cell 

membrane from -100 my to 0 my, suggesting that the numbers of channels that can be 

activated by the second test pulse were decreased. The amplitude of peak currents 

evoked during depolarization to +50 mV from a pre-pulse of -100 my was considered 

as maximum activation. The peak current preceded by each pre-pulse was then measured 

and normalized to the maximum amplitude. Figures 26C and 26D are plots of the 

normalized current amplitudes obtained from day 1 neonatal and adult mouse ventricular 

myocytes as a function of pre-pulse potential, respectively. The curves through each data 

point represent the best fit by the Boltzmann equation. The mean values of Vh and slope 

factors obtained by Boltzmann equation for day 1 neonate were -67 ± 4 mV and 13 ± 

2 my (n=6). These results indicate that the currents undergo substantially steady-state 

inactivation at the potentials close to the resting membrane potentials. At -67 my, 

approximately 50% of the available channels have been inactivated in neonatal mouse 

ventricular myocytes. In contrast to the neonates, the channels in adult mouse ventricular 
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myocytes undergo steady-state inactivation at much more positive potentials with a value 

of V. -46 ± 3 mV and slope factor 12 ± 1 mV (n=7). 
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Effects of 4-aminopyridine on I in mouse ventricular myocytes 

4-aminopyridine (4-AP) is widely used as a blocker of the voltage-dependent, 

Ca2 independent transient outward current, L (89). The effects of 4-AP on the transient 

outward currents were examined in day 1 neonatal and adult mouse ventricular myocytes. 

A single depolarization pulse was applied to depolarize the ventricular myocytes from -80 

mV to +50 mV for 1000 ms. The transient outward currents elicited by this protocol 

were recorded under drug-free and after application of 4-AP (1 mM). As shown in 

Figure 27, after application of 1 mM 4-AP, the transient outward currents were 

profoundly decreased in both day-1 neonatal (Panel A) and adult (Panel B) mouse 

ventricular myocytes. Similar results were observed in 5 neonatal cells and 8 adult cells. 

Subtraction of the 4-AP sensitive currents from the total outward current revealed that 

4-AP blocked both components of the transient outward currents in adult mouse 

ventricular myocytes. The inhibition by 4-AP of the transient outward currents could be 

completely reversed after 15 min washout with normal Tyrode's solution. 



97 

A. 

+5OmV   

—8OmV 

0 
0 

500ms 

B. 
+50 mV   

—80mV 

100 Oms 

3500ms 

. 

Figure 27 Effects of 4-AP on the transient outward currents in day 1 neonatal 
and adult mouse ventricular myocytes. The transient outward currents 
in both neonatal (Panel A) and adult cells (Panel B) were first recorded 
under drug-free conditions (0), then measured after application of 4-AP 
(1 mM) (•). Similar results were obtained in 5 cells in day 1 neonates 
and 8 cells in adult. 
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4.2b The relations between developmental changes in L, and the action potential 

configuration in mouse ventricle 

The greater density of the peak transient outward current and the slower 

inactivation time constants in adult mouse ventricular myocytes lead to a reasonable 

hypothesis that the action potential repolarization will be more rapid in adult than 

neonatal mouse ventricles. 

To test this hypothesis, the effects of 4-AP on action potential duration were 

further assessed in mouse ventricular endocardium using conventional microelectrode 

technique. The myocardial preparations from day 1, day 3 neonatal and adult mice were 

continuously paced at 2 Hz. The action potentials in each age group were recorded 

before (0) and after application of 1 mM 4-AP (•) and are shown in Figure 28. In the 

absence of the drug, the action potential recorded from day 1 neonatal preparation 

displayed a small amplitude of phase 1 repolarization, followed by a clear plateau, the 

phase 2 repolarization. In contrast, the initial repolarization of the action potential was 

considerably more rapid in day 3 neonatal and adult mouse ventricular preparations. The 

mean data of the characteristics of the action potentials are summarized in Table 3 (page 

73). The developmental increase in the rate of the repolarization in the mouse 

ventricular tissues supports the above hypothesis which is based on the findings of the 

macroscopic K current changes in neonatal and adult mouse ventricular cells. These 

data suggest that developmental changes in L density are physiologically relevant and 

contribute to developmental changes in action potential configuration of mouse heart. 

Since the density of the transient outward K' currents in adult mouse ventricular 
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myocytes was higher than those in the neonates, one would expect that 4-AP produces 

a more significant prolongation of the action potential duration in the adult. As shown 

in Figure 28, 4-AP indeed produced a greater prolongation of action potential duration 

in adult than in neonatal mouse ventricular preparations. 
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Figure 28 Effects of 4-AP on action potential duration in mouse ventricular 
myocardium during development. The myocardial preparations were 
perfused with normal Tyrode solution at 37°C and the tissues were 
constantly paced at 2 Hz. The action potentials were recorded under 
drug-free (0) and after application of 1 mM 4-AP (•). The effects of 
4-AP in all age groups were more profound in the initial phase of the 
repolarization, but with a significantly greater prolongation of action 
potential duration in the adult as compared to the neonates. 
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4.3 Developmental Changes in IKI in Mouse Ventricle 

Developmental changes in cardiac IKI have been documented in many species, but 

it has not been previously investigated in mouse heart. To determine whether 'Ki is also 

altered during development, whole-cell 'KI was measured in fetal, neonatal and adult 

mouse ventricular myocytes. Since IKI is mainly responsible for maintaining the resting 

membrane potential, the changes in 'KI may result in alteration of the resting membrane 

potential in mouse heart during development. Therefore, the cellular resting membrane 

potentials in ventricular tissue from fetal, day 1 and day 3 neonatal and adult mice were 

also measured using conventional microelectrode methods. 

4.3a Age-related changes of IK, in mouse ventricular myocytes assessed by whole-

cell voltage-clamp technique 

In order to record I, a typical hyperpolarization voltage pulse protocol was used. 

The cells from fetal, day 1 and day 3 neonatal, and adult mouse hearts were clamped at 

-50 mV (to diminish the contaminations of 'Na and I). Then the cells were pulsed to test 

potentials of -110 mV to -20 mV for 1000 ms applied in 10 mV increments. In all age 

groups, the currents evoked by this protocol exhibited pronounced inward rectification. 

When hyperpolarizing pulses were applied, large inward currents were observed. 

However, there was little outward current when test potentials were more positive than 

-70 mV. Figure 29 shows the representative examples of the whole-cell 'Ki traces in the 

ventricular myocytes isolated from day 1 neonatal (Panel A) and adult mice (Panel B). 
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A. 

B. 

Figure 29 Representative recordings of Ija in mouse ventricular myocytes 
isolated from day 1 neonatal and adult mice. The cells were held at 
-50 mV. The current traces were elicited by the test potentials ranged 
from -110 mV to -40 mV, spaced at 10 mV intervals. I recorded from 
day 1 neonatal (Panel A) and adult mouse ventricular myocytes displays 
similar biophysical properties. 
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The density of 'KI in each age group was obtained by measuring the amplitudes 

of the currents at the end of 1000 ms pulses at each test potential and then the measured 

amplitudes in each age group were normalized by their cell capacitance. Figure 30 

displays the current-voltage relationships of 'Ki in mouse ventricular myocytes during 

development. The prominent negative slope conductance between -60 mV to -20 mV 

found in many other species, i.e. in rabbit ventricular myocytes, was not obvious in 

mouse ventricular myocytes in any age group. In addition, the density of both inward 

and outward IKI did not significantly change in mouse ventricular myocytes during 

development. 

IKI in mouse ventricular myocytes in all age groups was sensitive to the IKI 

channel blocker, BaC12. Figure 31 illustrates representative examples of IKI in day 1 

neonatal mouse ventricular myocytes before (Panel A), and after application of 0.1 mM 

BaC12 (Panel B). BaC12 significantly blocked 'Ki in neonatal mouse ventricular myocytes. 

This effect was reversible after washout with drug-free Tyrode's solution. Figure 32 

shows a similar effect of BaC12 on 'Ki in adult mouse ventricular myocytes. 
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Figure 30 Current-voltage relationships of 'M  in mouse ventricular myocytes 
during development. The mean data were obtained from at least 4 
individual cells at each age groups. No significant differences in the 
density (pA/pF) of I current were observed in mouse ventricular 
myocytes isolated from fetal, day 1 neonatal, day 3 neonatal and adult 

mice. 
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A. 

B. 

Figure 31 Effects of BaCl2 on IKI in day 1 neonatal mouse ventricular myocytes. 
Panels A and B show the currents recorded before and after BaCl2 (0.1 
mM) perfusion. BaCl2 significantly blocks the current. Similar results 

were obtained in 4 neonatal cells. 
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Figure 32 Effects of BaCl2 on IKI in adult mouse ventricular myocytes. Panels 
A and B show the currents recorded before and after BaC12 (0.1 mM) 
superfusion. 'Ki in adult mouse ventricular myocytes is very sensitive to 
BaCl2. Similar results were obtained in 4 adult ventricular cells. 
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4.3b Assessment of the relations between I and the resting membrane potential 

in mouse heart during development 

The major function of 'Ki is to maintain the cell resting membrane potential. Age-

related increase in cardiac 'Ki in rat ventricular myocytes has been found to be related 

to the changes in the resting membrane potential during development. Therefore, the 

developmental changes in cardiac 'Ki can be indirectly assessed by measurement of 

resting membrane potentials. The resting membrane potentials in mouse ventricular 

endocardium from fetal, day 1 and day 3 neonatal and adult mice were measured by 

conventional microelectrode techniques. The values of resting membrane potentials were 

found to be not significantly different in mouse ventricle during development. The mean 

data are summarized in Table 3 (j)age 73). These findings are consistent with the data 

of whole-cell 'KI recordings in mouse ventricular myocytes. However, these data are 

different from previous studies that reported developmental changes in cardiac IKI of 

other species such as rat and rabbit (75,108,173,145). 
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CHAPTER 5: DISCUSSION 

Developing heart has been a subject of investigation for many decades. The 

electrophysiology of developing heart was investigated first by visual means, i.e., by 

observing the rate of heart contraction and later by recording transmembrane potentials 

(microelectrode recordings). Numerous studies have been published on the development 

of normal cardiac action potentials in a variety of species. The pattern of developmental 

changes in the action potential configuration differs depending on species. For example, 

the plateau of the action potential with initial notch in adult canine ventricle is not found 

in neonate (81). The action potential in neonatal rat ventricle displays a prolonged 

plateau. The plateau disappears during development leaving a spike-like action potential 

in adult rat. The different patterns of developmental changes in the action potentials 

indicate that age-related expression of ionic channels in the heart varies among species. 

With technological advances in single-cell and single-channel electrophysiological 

techniques, the study of ionic currents that underlie cardiac action potentials was made 

possible. It is well known that cardiac KI currents are mainly responsible for 

repolarization of the action potential. As a result, the age-related changes in the action 

potential configuration and the age-related expression of cardiac KI currents have been 

investigated in many species including rat, rabbit, canine and human (26,78, 

81,90,108,157). However, these previous studies have mainly focused on developmental 

changes in cardiac L and 'Ki and there are few investigations of developmental changes 

in cardiac 'K• In addition, there is no published study regarding to developmental 

changes in K' currents in mouse heart from fetal to adult. As discussed before, the 
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pattern of expression of K currents in the heart is species-dependent. Thus, it is 

important to study KI currents expressed in mouse heart during normal development. 

This information is essential prior to defining which K4 channels should be targeted for 

creating transgenic mouse models. 

This dissertation, for the first time identifies the KI currents in fetal mouse 

ventricular myocytes as well as the developmental changes in cardiac K currents in 

mouse ventricle from late fetal to adult. The main novel findings of this dissertation are: 

1). I, the dominant repolarizing KI current in fetal mouse ventricular myocytes is 

developmentally down-regulated during the first few days of neonatal life. IK, is 

transiently expressed in mouse heart during the early postnatal period; 2) In contrast, 

is developmentally up-regulated in mouse ventricular myocytes and increases six-fold in 

adult mouse ventricular myocytes as compared to day 1 neonates; 3) Unlike 'K and L,, 

the expression of 'KI in mouse ventricle is relatively constant during the development 

period ranging from late fetal life to adult stages. The detailed results will be discussed 

separately in the following order: the developmental changes in 'K in mouse ventricle; 

the developmental changes in L in mouse ventricle; the developmental changes in 'Ki in 

mouse ventricle; future mechanistic studies. 
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5.1 Developmental Changes of 'K  in Mouse Ventricle 

5.la Summary of results 

Expression of I and Iy., in mouse heart is developmentally regulated. Iy, is the 

dominant repolarizing K current in fetal mouse ventricles, but its expression is altered 

during early postnatal development and it disappears in adult mouse ventricular 

myocytes. Expression of I is transient in mouse heart. I is absent in fetal, co-exists 

with I in the early neonatal stages, and disappears in adult mouse heart. The results 

of microelectrode studies support the findings of voltage-clamp data. Dofetilide (a 

selective Iy, channel blocker) produces a profound prolongation of the action potential 

duration in fetus; less prolongation of action potential duration in neonate as compared 

to that in fetus; but has no effect on action potential duration in adult. Finally, in 

keeping with these electrophysiological findings, the bindings of [3H]-dofetilide to mouse 

ventricular preparation are also altered during development. High affinity [ H]-dofetilide 

binding sites are present in fetal mouse ventricles, but absent in adult mouse ventricle. 

In addition, the binding affinity of [3H]-dofetilide in day 3 neonatal mouse ventricle 

significantly decreases as compared to fetal mouse ventricle. These data suggest that 

conformational changes in the dofetilide binding site on Iy, channels in mouse ventricle 

may occur during perinatal development. 
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5.lb Comparison with previous studies of 'K in mammalian heart 

The cardiac 'K has been identified in many species and is one of the major 

outward K currents in cardiac myocytes responsible for the repolarization of the action 

potential (59,148). It is well known that 'K in many species consists of two components, 

IK, and I, which can be distinguished by their activation kinetics, rectification properties 

and drug sensitivity (60,122,146,147). The single channel conductances of I and I 

are also different. In general, single channel conductance of I is larger (8-13 pS) than 

'Ks (< 1-5 pS) in symmetrical K (72,79,151,171,172, 175). 

However, there are not always two components of 'K in the heart. Depending on 

species and region of the heart, the delayed rectifier KI current may appear to be only 

one component, such as 'K, in guinea pig nodal cells (2) and only IK, in rabbit atrial and 

ventricular myocytes and rabbit nodal cells (79,116,171). In addition, 1K, and 'Ks 

densities vary in different myocardial cell types and in different regions of the ventricle. 

For example, 1Kr and I densities in guinea pig atrial myocytes are approximately two-

fold higher than those in guinea pig ventricular myocytes, contributing to a shorter action 

potential duration in atrium than ventricle (147). 

'K in mouse heart was first reported by Honore et al (71). They found that 'K 

in cultured newborn mouse ventricular myocytes had biophysical properties similar to the 

characteristics of I and cloned minK current i.e.: slow kinetics of activation; outward 

rectification; sensitivity to clofihium and regulation by protein kinase C activators (71). 

These results suggest that 1K, exists in newborn mouse heart. However, these studies did 

not determine whether Iy, was also present in neonatal mouse ventricle. Recently, Nuss 



112 

and Marban reported that 'K in a mixed population of 1 and 3 day old neonatal mouse 

ventricular myocytes consisted of both components: J and I, but largely I (125). In 

addition, it has been reported that AT-1 cells derived from transgenic mice express only 

I (186). In contrast to findings in neonatal mouse ventricular myocytes and similar to 

those findings in AT-1 cells, the results obtained from this dissertation indicate that 

mouse ventricular myocytes isolated from a late stage of fetus displays a delayed rectifier 

KI current with biophysical properties similar to I described in guinea pig ventricular 

myocytes, but not I (146). First, 1K, in fetal mouse ventricular myocytes and guinea 

pig ventricular myocytes was fully activated at 0 mV in less than 500 ms, whereas full 

activation of 11c, took a few seconds. Secondly, Ir, in fetal mouse ventricular myocytes 

and in guinea pig ventricular myocytes showed a negative slope conductance at 

membrane potentials > 0 mV. In contrast, Iy,, in guinea pig ventricular myocytes 

displays outward rectification (146). Thirdly, the half activation potentials and slope 

factors of I were similar in fetal mouse ventricular myocytes (-16.3 mV and 6.3 mV), 

and in guinea pig ventricular cells (-21.5 mV and 7.5 mV). On the other hand, the half 

activation potential for I in guinea pig ventricular cells was more positive (+ 15.7 mV) 

and the slope factor was less steep (12.7 mV). Fourthly, dofetilide at a concentration 

of i AM completely abolished the 'K tail current in fetal mouse ventricular myocytes. 

In contrast, using the same concentration of dofetiuide, the tail current was partially 

inhibited and the dofetilide-resistant current (Iy) was still observed in guinea pig 

ventricular cells (84). 

A recently published paper (Davies et a!, Circ Res. 1996) showed that Iy, was the 
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dominant delayed rectifier KI current in mouse ventricular myocytes of fetal day 11 to 

day 20, but Iy.. was not observed until day 20, just before birth (37). These findings are 

very similar to the results in fetal mouse ventricles shown in the present study. The 

paper of Davies et al complements our study in that Davies et al only focused on intra-

utero-development, whereas the present study systematically examined the age-

developmental changes in 'K in mouse ventricle from late fetal to adult. In this 

dissertation, 'K was characterized in mouse ventricular myocytes isolated from different 

ages ranging from late fetal, day 1 and day 3 neonates and adult, and therefore, dramatic 

developmental changes in 'K in mouse heart were revealed. 'K in mouse heart changes 

substantially during the perinatal period: from Iy, as the solely expressed 'K in fetal 

mouse ventricular myocytes; to ly, solely expressed and/or Iy, and I co-expressed in day 

1 neonates; and further to IK, and Iy,, co-expressed, but largely In in day 3 neonates. 

Finally, neither Iy, nor I, was observed in adult mouse ventricular myocytes. These 

findings indicate that expression of ly, and Iy,, channels in mouse ventricle are not static, 

but are profoundly altered during development. 

In addition, the data regarding developmental changes in cardiac 'K in other 

species are also quite limited. A previous study by Abrahamsson et al compared the 

sensitivity of fetal and adult rat heart to Class III antiarrhythmic drugs (1). There are 

both similarities and differences between their findings and the present study. Similar 

to the present study, almokalant (an 'K channel blocker) significantly prolonged the action 

potential duration in fetal rat heart, but did not prolong the action potential duration in 

adult rat heart. However, Abrahamsson et al did not systematically assess 'K in each 
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developmental stage. They only examined the 'K in fetal and adult rat ventricular 

myocytes. They found that both fetal and adult rat ventricular myocytes displayed an 

almokalant-sensitive current, which was not consistent with the results observed in mouse 

ventricular myocytes. In addition, I and IK, were not distinguished in their study. In 

this dissertation, developmental changes in 'K have been investigated in fetal, neonatal 

and adult mouse heart using three different techniques. Both I and 'K, were found to 

be developmentally regulated in mouse heart, but with different pattern. IKr is down-

regulated in mouse heart during development. 'Ks is only transiently expressed in mouse 

ventricle during early postnatal development. 
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5.lc Functional role of Iv, in mouse ventricular myocytes 

This dissertation has demonstrated that the action potential configuration in mouse 

ventricle significantly changes during development. Most action potential recordings in 

mouse ventricle were performed with conventional microelectrode techniques since it 

method allowed stable recording of the action potentials for a few hours under 

physiological conditions (at 37°C and without dialysis of the cells). Using this method 

also avoids exposure of tissues to collagenase. However, the microelectrode recordings 

could not directly assess the properties of individual currents and their functional role in 

cardiac action potential repolarization. Alternatively, the action potentials were also 

recorded in single cells using current-clamp technique. The results obtained by these two 

methods are very similar. 

Functional roles of IK, and ly. in the action potential repolarization and their 

possible role in the evolution of action potentials in mouse ventricle during development 

were assessed using selective I and ly channel blockers: dofetilide and indapamide. As 

expected, dofetilide significantly prolonged the action potential duration in fetal mouse 

ventricular myocytes (current clamp) and ventricular tissues (conventional 

microelectrode). During dofetilide perfusion, some of the fetal mouse ventricular 

myocytes failed to repolarize the action potential and ADs occurred, which was 

associated with a complete block of I. The effects of dofetilide on action potentials 

dramatically diminished immediately after birth and progressively decreased during early 

postnatal development. Dofetilide did not prolong action potentials in adult mouse 

ventricle. These results suggest that I is an essential repolarizing KI current in fetal, 
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but not in adult mouse ventricles. In addition, these results imply that the developmental 

shortening of the action potential duration is not due to decreases in I. A decrease in 

IKr alone would result in prolongation of action potential duration. 

On the other hand, although IK, was present in neonatal mouse heart, IK. channel 

blocker, indapamide (167) did not significantly prolong action potential duration in 

neonates under the conditions used in the present study. Since API)50 and APD95 in • 

ventricles of day 3 neonates were only 18 ± 6 ms and 51 ± 9 ms at pacing frequency 

of 2 Hz (37°C, Table 3, page 73), such a short duration of the action potentials is 

expected to activate little 1Ks• This may explain the lack of effects of indapamide on 

action potential prolongation in neonatal mouse heart. The additional factors may also 

contribute to the lack of effects of indapamide on action potential prolongation. They 

are: 1). IK, and It,, were also observed in neonatal mouse ventricular myocytes and their 

activation kinetics are much faster than I; 2). At day 3 neonate, the density of I, in 

mouse ventricular myocytes dramatically increased. The large magnitude and rapid 

activation rate of L in mouse ventricular cells may dominate repolarization in day 3 

neonates, and thereafter, until adult; 3). The pacing frequency used in this study was not 

fast enough to observe the effects of In on action potential repolarization. 
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5.ld [3H]-dofetllide binding study 

The findings of developmental changes in I in mouse ventricle were further 

supported by the results obtained from [3}IJ-dofetilide binding assay. A high affinity 

[3H]-dofetilide binding site was found in fetal mouse ventricles, but was absent in adult 

mouse ventricle. However, the biology of 'K channel expression in the early postnatal 

period is complicated in mouse heart. The extent of action potential prolongation by 

dofetilide decreased profoundly in neonatal mouse ventricle as compared to that in fetal 

mouse ventricle, suggesting that the number of functional Jr, channels involved in action 

potential repolarization was reduced. However, the results from radioligand binding 

assays showed that the density of [3H]-dofetilide binding sites (B) was unchanged from 

fetal to day 3 neonatal mouse ventricle, indicating that the number of the IKr channels 

expressed in the mouse ventricle may remain relatively constant over this early neonatal 

period. However, the K. of [3H]-dofetilide binding in day 3 neonatal mouse ventricle 

was significantly increased as compared with that in fetal mouse ventricle, indicating a 

developmental decrease in the H]-dofetilide binding affinity in neonatal mouse ventricle. 

Although the perinatal change in Kd, instead of B. of [3 I]-dofetilide binding in mouse 

heart are not common, similar findings were also reported in another receptor-ligand 

interaction system (136). Richards et al found that the B. of [3H]5-hydroxytryptamine 

binding in ovine cerebral cortex was constant from 120 days gestation through the early 

neonatal period (3 weeks after birth). However, there was a significant increase in the 

Kd of [3HJ5-hydroxytryptamine binding at 1-5 days after birth compared to all other age 

groups (136). 
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Two potential mechanisms are proposed to explain the results of [3H]-dofetilide 

binding obtained in neonatal mouse ventricle. First, the [3H]-dofetilide binding site 

(protein) may undergo conformational changes and these conformational changes appear 

to precede the complete loss of the [3H]-dofetilide binding sites. As a result, the affinity 

of rifi-dofetilide binding in mouse heart decreased, but the total density of [3H]-

dofetilide binding in mouse heart was not changed in the early neonates. Secondly, in 

addition to the conformational changes in the dofetilide binding protein itself, protein-

protein interactions may allosterically modulate the affinity of a ligand for its binding 

site, such as has been reported for interactions of adenylate cyclase with the /3-receptor 

(24,38,68,150). Recently Yang et al have reported that expression of minK gene can 

regulate IKr channels in AT-1 cells (187). Since the levels of the minK mRNA transiently 

increase in mouse heart just before birth and reach a peak at neonatal day 7 (49), the 

sharp increase in the expression of minK during perinatal period may modulate I 

channels. As a result, the interaction between minK protein and IIc, channel protein may 

alter the affinity of [3H]-dofetilide binding in day 3 neonatal mouse heart. 

The estimated density of [3B]-dofetilide binding sites may be higher than the 

estimated number of I channels per ventricular myocyte in mouse heart. However, 

several unknown factors and assumptions may account for this discrepancy. For 

example, the single channel conductance and open probability of J in mouse heart may 

differ from the values previously reported in other species (72,151,171); Most single 

channel recordings were carried out under symmetric [K] condition. Under this 

condition, the single channel conductance was larger than the conductance obtained from 
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physiological condition. In addition, Sanguinetti et al reported that the kinetics of IKr 

inactivation were much more rapid than activation. Therefore, Iv, evoked by the 

conventional activation protocols does not manifest the total current. All these factors 

may result in under-estimate I channel number in mouse heart. In addition, it is 

unknown how many dofetilide binding sites exist on each IKr channel. Thus, it is 

impossible to accurately convert the density of [3H]-dofetilide binding sites into IKr 

channel numbers per cell. 

In the present study, both electrophysiological measurements and PH]-dofetilide 

binding results show concordant developmental changes in I. Both I current and the 

high affinity [3}[]-dofetilide binding sites are present in fetal mouse ventricle but are 

absent in adult mouse ventricle. 
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S.le Relationships between cardiac 'K channels and cloned K channels 

The biophysical differences between IKr and ly, indicate the expression of two 

distinct molecular entities. This idea is supported by the recent findings that two 

candidate genes may encode I and I channel proteins (52,65,149,162). Sanguinetti 

et al have shown that HERG encodes a delayed rectifier KI channel with biophysical 

characteristics nearly identical to ly, in native cardiac myocytes. The mouse homolog of 

HERG has been identified and named MERG. It is abundant in mouse heart (101). 

However, it is unknown whether expression of MERG mRNA and the protein coded by 

MERG is developmentally regulated. It will be very interesting if expression of MERG 

is also developmentally regulated in a manner similar to I in mouse heart. 

Of all channels cloned to date, minK is the most likely candidate to underlie I 

since the minK current shares many biophysical properties with I in native cardiac 

myocytes (52,65,149,162). Both 'K in native cardiac myocytes and the minK current 

display slow activation kinetics, a current-voltage relationship with a positive slope 

conductance, and similar responses to intracellular regulators (71). However, some 

studies suggest that minK itself does not form a functional K channel but encodes a 

regulator protein, which may regulate the expression of other ionic channels (9,187). 

For example, Yang et al recently reported that expression of the minK gene in AT-1 

cells upregulates Iv, amplitude, but there is no sign of I expression in AT-1 cells (187). 

Thus, the functional and physiological roles of minK are still uncertain. 

This dissertation has shown that 'Ks was absent in fetal and adult mouse 

ventricular myocytes, but was observed in day 1 neonatal mouse ventricular myocytes. 
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An increase in I was observed in day 3 neonatal mouse ventricular myocytes. 

Therefore, it appears that IK, is only transiently expressed in mouse ventricular myocytes 

during the early postnatal development. If minK indeed encodes I channels, the levels 

of minK mRNA would also be expected to change during a similar developmental period. 

Recently, Felipe et al showed that minK mRNA in mouse heart was dramatically altered 

during development (47). The expression of minK mRNA peaked in day 2 neonate and 

was found at extremely low levels in fetal and adult mouse heart. These results are in 

accordance with the pattern of developmental changes in I in mouse heart observed in 

the present study. 
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5.2 Developmental Changes of k in Mouse Ventricle 

5.2a Summary of results 

The action potential in fetal mouse ventricle exhibits a long duration with 

prominent plateau phase, which shortens immediately after birth and progressively 

decreases thereafter. In keeping with these changes in the action potential duration, the 

density of k in mouse ventricle also changes substantially during the same developmental 

period. L, is generally absent in fetal mouse ventricular myocytes. However, it was 

observed in approximately 30% of day 1 neonatal mouse ventricular myocytes. The 

density of I, in mouse ventricular myocytes increased approximately six fold from day 

1 neonate to adult. In addition, the inactivation kinetics of I4 were fundamentally 

different between neonatal and adult mouse ventricular myocytes. The inactivation time 

course of I, in neonatal mouse ventricular myocytes was faster than that in adult. 

Exponential analyses reveal that the inactivation process of L was well described by a 

single exponential equation in the neonatal mouse ventricular myocytes, whereas it was 

best described by a two exponential function in adult mouse ventricular myocytes. The 

developmental increases in the density of Lc, in mouse ventricular myocytes along with 

the alteration in its inactivation kinetics may be closely related to the developmental 

shortening of the action potential duration in mouse heart. 
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5.2b Comparison with previous findings 

The characteristics of L in adult mouse ventricular myocytes were first examined 

by Benndorf and Nilius (13). Using whole-cell voltage clamp technique, they observed 

a large voltage-dependent, 4-AP sensitive transient outward current in adult mouse 

ventricular myocytes. This dissertation reports similar results in adult mouse ventricular 

myocytes. However, the inactivation kinetics of the whole-cell transient outward current 

characterized in this dissertation were very different from the previous report by 

Benndorf and Nilius (13). The differences may be due to different experimental 

conditions used between these two studies. First, the currents were evoked from 

different holding potentials: -50 mV (Benndorf and Nilius) vs -70 mV (this dissertation). 

Secondly, the duration of the depolarization pulses in Benndorf and Nilius was only 50 

ms. In such a short time course, the inactivation of I., was far from complete. 

Therefore the inactivation time constants of I, based on measuring such a short time 

course may result in inaccurate values. Thirdly, the temperatures used were different: 

36°C (Benndorf and Nilius) vs 22°C (the present study). All these factors may result 

in the different inactivation kinetics of In,. 

The features of the transient outward current in adult mouse ventricular myocytes 

characterized in the present study are not identical to the properties of T, in adult 

ventricular myocytes of other species. Typically, L activates and inactivates rapidly in 

adult ventricular myocytes such as in rat, rabbit and canine. Also the inactivation time 

course of L(, has been shown to be best fit by a single exponential function in the 

ventricular cells isolated from the heart of these species. In contrast, the inactivation 
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kinetics of the transient outward current in adult mouse ventricular myocytes (n=36) 

shown in this dissertation were much slower than those recorded in rat, rabbit and canine 

ventricular myocytes. In addition, in the present study the inactivation time course of 

the transient outward current in adult mouse ventricular myocytes was best described by 

a two exponential equation, suggesting that the transient outward current consists of two 

inactivation components: a fast inactivation component and slow inactivation component. 

Although these findings are not in agreement with k in adult ventricular myocytes from 

other species, they are similar to the transient outward K currents recorded in rat atrial 

myocytes (17). Boyle and Nerbonne distinguished two components of the transient 

outward current in rat atrial myocytes and showed that the inactivation time constant for 

the fast inactivating component was 181 ± 124 ms and the inactivation time constant for 

the slowly inactivating component was 3006 ± 1016 ms (17). 

In addition to the fast and slow inactivation components of the transient outward 

currents, a rapidly activating, non-inactivating component (I,) was also recorded in adult 

mouse ventricular myocytes. Thus, the total outward current recorded in adult mouse 

ventricular myocytes appears to be the sum of three current components. 

The finding of developmental increases in the density of L in mouse ventricular 

myocytes are similar to the previous reports of the age-related increases in L in rat, 

rabbit, canine and human heart. In addition, a developmental increase in L was also 

noted in the present study. The magnitude of an increase in L was not as large as that 

of L in mouse heart during development. Gross et al recently found that I,. in human 

atrial myocytes also increased significantly with age, but the density of I, in human atrial 
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myocytes was not changed during development (62). 

Developmental changes in the inactivation kinetics of L observed in mouse 

ventricular myocytes display a different pattern from previous studies in other species. 

Generally, the inactivation time course in neonatal heart is much slower than in mature 

heart. For example, Jeck and Boyden have shown a rapidly activating, slowly 

inactivating outward current in about 23% of all neonatal canine epicardial cells (81). 

They claimed that this slow inactivating current was never observed in adult myocytes. 

In contrast, the transient outward current in mouse ventricular myocytes inactivated more 

rapidly in neonates than in adult. The rapid inactivation of L4, in neonatal mouse 

ventricular myocytes was also shown by Nuss and Marban (125). These data indicate 

that expression of L channels in mouse ventricular myocytes occurs earlier than in other 

species. 

To my knowledge, there is no study addressing the age-related changes in 

expression of the Shaker-related V channel mRNAs in mouse heart. Also there is no 

clear clue about the relationships between the cloned V channels and cardiac V 

currents in mouse ventricle. Therefore, assessment of the developmental changes in V 

channel expression at the molecular level may provide useful information about the 

relationship. between the cloned V channels and wild-type V currents in mouse heart. 
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5.2c Functional role of k in action potential repolarization in mouse heart during 

development 

Although the transient outward current is present in neonatal mouse ventricular 

myocytes, at a membrane potential of -67 mV, approximately half of the available k 

channels are closed due to steady-state inactivation. In addition, the activation threshold 

in neonate was more positive than that in adult. Moreover, the inactivation kinetics were 

faster in the neonate than in adult. As a result, I, is expected to be less important for 

action potential repolarization in neonatal mouse ventricle than in adult mouse ventricle. 

In contrast, I( in adult mouse ventricular myocytes displays a large magnitude, relatively 

negative activation threshold and slow inactivation kinetics. Therefore, I, is believed to 

be an important factor in repolarization of the action potential in adult mouse ventricle. 

Also developmental increases in I., may be the major contributor to the developmental 

shortening of action potential duration in mouse heart. These predictions regarding the 

functional roles of I, in action potential repolarization during development were 

supported by studies with the L channel blocker, 4-AP. The extent of action potential 

prolongation by 4-AP was significantly greater in adult than in neonatal mouse 

ventricular myocardium at pacing cycle length of 2 Hz. 
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5.3 Developmental Changes of I in Mouse Ventricle 

5.3a Summary of results 

This dissertation demonstrates that the whole-cell current density of 'Ki does not 

significantly alter in mouse ventricular myocytes during development (from late fetal to 

adult). In parallel microelectrode studies, it was shown that the resting membrane 

potential in mouse ventricular endocardium does not developmentally change, but remains 

relatively constant. 

5.3b Comparison with previous findings 

Developmental changes in IKI in cardiomyocytes have been investigated in rat 

(90,108,173) and rabbit (75,145). Controversial results were observed in the rat 

ventricular myocytes. Kilbom and Fedida reported that 'Ki significantly decreased 

between day 1 and day 10 neonatal rat ventricular myocytes (90). In contrast, Wahier 

found that Ijcl significantly increased between day 3 and day 10 neonatal rat ventricular 

myocytes and remained relatively constant until adult (173). Wahler found that 'Ki 

decreased dramatically in culture, depending on the age of the rat from which the cells 

were obtained. For example, day 1 neonatal cells in culture for 3 days did not cause 

significant differences in the magnitude of 'Ki as compared to 'K! recorded in freshly 

isolated cells. However, day 9 to day 13 neonatal cells in culture for 3 days showed a 

significant decrease in the amplitude of 'K! (173). Therefore it is possible that a 

developmental decrease in 1K, reported by Kilborn and Fedida may be due to a 

modification of 'K, channels induced by cell culture (173). Moreover, using both whole-
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cell configuration and single channel analysis, Masuda and Sperelalds also demonstrated 

that 'Ki in rat ventricular myocytes increased from fetal until neonatal day 5-10 and 

remained constant thereafter (108). In addition, the study in rabbit ventricular myocytes 

also showed that 'KI markedly increased between fetal day 21 and 28 (full term, 31 days), 

and it remained constant until the neonatal period, following which it further increased 

slightly until adult (75). Another study by Sanchez-Chapula et al also showed that the 

density of 'Ki in rabbit ventricular myocytes increased from day 1 and day 3 neonates to 

adult (145). 

Developmental changes in 'KI in mouse heart have not been systematically 

examined from fetal to adult. Recently, Davies et al examined IKI in fetal mouse 

myocytes (37). They found that 'Ki density did not significantly change in fetal mouse 

ventricular myocytes (from day 11 to day 20 fetus), but percentage of the cells that 

expressed IKI increased fourfold in late fetal developmental stage (day 17 to day 20) as 

compared to early fetal stage (day 11 to day 13). In the present study, IK I has been 

measured in mouse ventricular myocytes from late fetus (day 18), neonates (day 1 and 

day 3) and adult. In contrast to those previous observations, neither the density nor the 

expression frequency of 'KI in mouse ventricular myocytes significantly change from late 

fetal development to adult in the present study. In addition, it has been noticed tJKI J 

in mouse ventricular myocytes exhibited pronounced inward rectification, with little 

current at potentials positive to -60 mV in all age groups. The negative slope 

conductance of the outward portion of 'KI was not as obvious as those in rabbit 

ventricular myocytes (154). 
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Kojima et al reported that the resting membrane potential in rat ventricular tissue 

increased from -55 mV at fetal day 12 to -80 mV at fetal day 18, and at day 1 neonates, 

it reached the adult level. However, no evidenëe of significant changes in the resting 

membrane potential was observed in mouse ventricular endocardium from late fetal to 

adult. These results indicate that at the late fetal developmental stage, both the density 

of 'Ki and the resting membrane potential in mouse ventricle have already reached the 

adult level. 

Although several inward rectifier K channel genes have been cloned, age-related 

expression of the cloned KI channels in the heart has not been investigated. The 

knowledge of developmental expression of these KI channels will aid in defming their 

function and the relation to the wild-type 'KI in cardiac myocytes. Therefore, it will be 

very interesting to explore the molecular mechanisms that modify the expression of 

cardiac K channels at a given age. 
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5.4 Future Studies 

5.4a Potential mechanisms 

It is known that the levels of circulating hormones, autonomic innervation and 

intracellular regulators substantially alter during perinatal development and parallel 

electrophysiological changes in the heart (93). Therefore, it is possible that changes in 

one or more of these extracellular and intracellular signals in combination may be 

responsible for the regulation of KI channel expression in the developing heart via direct 

or indirect pathways as diagrammed below. 

Hormones 

Glucocorticoid Thyroid 

4, 
Expression of Cardiac K Channels 

a-Adrenergic system j3-Adrenergic system 

v 
Sympathetic Innervation 

Hormones and K channel expression in the developing heart 

Several studies have demonstrated that hormones, such as glucocorticoid and 

thyroid hormones change dramatically during late gestation and immediately after birth, 

leading to speculation that such changes may affect the morphology of cardiac action 

potentials and expression of different cardiac K channels over the same period. 

Glucoeorticoid The maternal levels of glucocorticoid (corticosterone) sharply 

decline on day 19 of gestation in rat. After birth, the circulating hormone levels in the 
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newborn decline continuously until the adrenals synthesize and release the hormone 

during the third postnatal week (32). The relation between action potential shortening 

and a concomitant decline in circulating glucocorticoid levels in the newborn rat has been 

examined by Penefsky and McCann (130). They found that treatment of newborn rats 

with only one injection of dexamethasone (a synthetic glucocorticoid) largely inhibited 

the initial rapid repolarization, thereby, prevented the disappearance of the plateau phase 

and the shortening of the action potentials. If the effects of dexamethasone on the action 

potential duration are through regulation of K channel expression, it is likely that 

existence of glucocorticoid in the circulation may inhibit certain types of KI channel 

expression during development. In other words, the normal decline of glucocorticoid in 

the perinatal period may induce the expression of a K channel or change the existing 

channel numbers. 

Recently, it has been reported that dexamethasone specifically upregulated Kv1.5 

channel gene expression in rat ventricle, but hadno effects on Kv1.4 and Kv2.1 mRNA 

levels (161). Although this study was not designed to assess the mechanisms by which 

dexamethasone altered K channel expression during development, these data suggest that 

dexamethasone may regulate the developmental expression of KI channels. Kv1.5 is not 

likely to underlie developmental changes in action potentials in mouse heart since 

dexamethasone was found to prevent the normal shortening of the action potential during 

development (130). 

Thyroid Hormone It has been reported that thyroid hormones gradually increase in the 
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last few days of gestation (39,53,126), with an abrupt increase during the first few hours 

of extrauterine life (39). Thyroid hormones can influence rat fetal development even 

before the thyroid gland becomes fully active (2-3 days before birth) (114). According 

to the studies of T3 receptor ontogenesis by Perez-Castillo, the rat heart gradually 

develops the capacity to respond to thyroid hormone from the 13th day of gestation 

onwards, with maximum responsiveness at 20-30 days of postnatal life (131). These data 

indicate that before establishment of fetal thyroid function, thyroid hormones from the 

mother may influence fetal development. It is known that thyroid hormone is important 

for developmental processes occurring in the last days of fetal life and during the 

postnatal period. However, little is known about the specific events, such as expression 

of cardiac KI channels triggered by thyroid hormones. Thyroid hormone may modify 

cardiac K currents in adult heart. For example, 'K in guinea pig ventricular myocytes 

and I, in rabbit ventricular myocytes were significantly enhanced, resulting in a 

shortening of action potential in hyperthyroidism (143,153). However, Shimoni et al 

found that under hyperthyroid conditions I, was not significantly altered in rat ventricular 

myocytes (155), which contrasts with the finding of a distinct increase in L, in the 

ventricular myocytes isolated from hyperthyroid rabbit. These data, therefore indicate 

that thyroid hormone does regulate the K channel gene expression in heart, but its 

effects are cell type-specific or species-dependent. These results also lead to the 

hypothesis that alteration in the circulating concentrations of thyroid hormones during the 

perinatal period may be an important factor for regulating the expression of certain types 

of KI channels in mouse heart during development. This hypothesis will be tested in 
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future studies. 

Sympathetic innervation and KI channel expression in the developing heart 

Nerve growth factor (NGF) During normal development, complete maturation of the 

sympathetic nervous system takes place after birth. The density of intramural innervation 

increases gradually in the rat heart during the first 2-3 weeks of life, by which time the 

degree of innervation of the adult is attained (61). In the rabbit heart, innervation 

develops fully over the first 5 weeks after birth ( 128). 

To evaluate whether the postnatal evolution of sympathetic innervation occurs 

concurrently with changes in cardiac repolarization, Malfatto et al treated rats with either 

NGF to accelerate innervation, or antiserum to NGF to retard innervation at 10 days of 

age (106). They found that antiserum-treated rats exhibited a longer QT interval on ECU 

than the NGF- or placebo-treated rats, indicating that sympathetic innervation indeed 

modifies the process of cardiac repolarization. In addition, they also suggested that the 

modulation of sympathetic innervation by NGF was associated with an increase in 

receptor-effector coupling with no significant effect on j3-adrenergic system (159). 

However the relationships between innervation and specific ion channels which underlie 

the action potential repolarization were not determined in that study. 

Recently, Liu et al continued to explore the effects of NGF on cardiac 

repolarization by measuring whole-cell KI currents (99). They demonstrate that 

sympathetic innervation regulates K currents in rat ventricular myocytes during early 

postnatal development. The densities of L and 'KI in neonatal rat ventricular myocytes 
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treated with antiserum were significantly lower than those treated with NGF. In parallel 

to these KI current changes, the action potential duration and QT interval were also 

significantly longer in the antiserum-treated neonatal rats than in NGF-treated neonatal 

rats. Therefore, it is likely that sympathetic innervation provides a " signal" that results 

in the shortening of action potential duration by regulating the expression of K channels 

in the developing heart. However, a direct relationship between expression of K4 

channels and a and /3-adrenergic stimulation during development was not determined. 

a- and (3-Adrenergic stimulation and cardiac K channel expression 

To my knowledge, there is no report about the direct relationship of the K4 

channel expression, and a- and /3-adrenergic activities in the developing heart. However, 

modulation of K channels by a- and j3-adrenergic agonists have been demonstrated in 

the adult heart from different species. Generally, both a1- and /3-adrenergic stimulation 

enhances I in guinea pig ventricular myocytes (54,165,174,176). In contrast, a1- and 

j3-adrenergic stimulation decreases I, in rabbit cardiac myocytes (46,47), in rat 

ventricular myocytes (4,134) and in canine Purkinje fibers (120). a1- and I3-adrenergic 

stimulations also reduce the amplitude of 'KI in rabbit cardiac myocytes (48). 

a1- and (3-Adrenergic stimulation in cardiac myocytes is associated with activation 

of protein ldnase C (PKC) and protein kinase A (PKA) pathways. Recently, Murray et 

al showed that phorbol esters resulted in a significant reduction in Kv1.4 current (118). 

In contrast, Matsubara et al reported that treatment of primary cultured rat neonatal 

cardiac myocytes with phorbol ester substantially increased Kv1.4 mRNA expression 
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(109). These data suggest that regulation of K channel expression by PKC is species-

and age-dependent. Although the physiological correlate of Kv1.4 current in native. 

cardiac myocytes is not well understood, these results suggest that direct K channel 

phosphorylation by PKC may be one of the molecular mechanisms of regulating 

functional KI channels in the developing heart. On the other hand, intracellular cAMP 

levels and PKA activation are associated with upregulation of Kv1.5 gene transcription 

(113). These data suggest that expressions of Kv1.4 and Kv1.5 are regulated through 

different intracellular pathway. In addition, dramatic alterations of intracellular PKC and 

PICA activities occur during perinatal period (93), which may modify the expression of 

cardiac K channel expression during development. 

Is there a common pathway of K channel regulation between developing heart and 

diseased heart? 

It has been shown that certain heart diseases such as cardiac hypertrophy induce 

a re-expression of a fetal gene program (168). This implies that there may be some 

common regulatory pathways between the diseased heart and fetal developing heart. 

These regulatory pathways may invOlve several intracellular and extracellular signalling 

systems. It has been reported that myocardial hypertrophy in both human and animal 

models, such as the spontaneously hypertensive rat (SHR) is associated with changes in 

intracellular signals, including increased intracellular concentrations of Ca2 , inositol 

phosphates, and diacyiglycerol. The increased concentrations of these intracellular 

factors result in PKC activation (112). Interestingly, these intracellular factors are also 
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altered in the heart during development. 

In addition, electrophysiological studies have demonstrated that transmembrane 

action potentials were significantly prolonged in hypertrophied ventricles of renal 

hypertensive rat (RHR), SHR and hypertrophied ventricles in other species, including 

human (7,66). Similarly, in fetal or early postnatal rat heart, the action potential 

duration is prolonged as compared with that in adult rat heart. The prolonged action 

potential duration in hypertrophied heart is thought to be due to a decrease in the 

amplitudes of I, (184).'Interestingly, an absence of J., in fetal rat heart and a lower 

density of L in neonatal rat ventricular myocytes is also considered to contribute to the 

prolonged action potential duration observed in fetal and neonatal rat heart. These 

similarities between the diseased heart and the developing heart indicate that 

understanding of the regulation of K' channel expression in the normal developing heart 

may provide insights into the mechanisms underlying modification of K channel 

expression in the diseased heart. 
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5.4b Future studies to address potential mechanisms 

The following aspects will be assessed in future studies to explore the mechanisms 

of the regulation of cardiac KI channels during development. 

1. The effects of thyroid hormones on cardiac K channel expression during 

development. 

2. The effects of glucocorticoid hormone on cardiac KI channel expression 

during development. 

3. The effects of - and /3-adrenergic activities on cardiac KI channel 

expression during development. 

4. The effects of intracellular messengers, such as cAMP, PKA, [Ce+1j and 

PKC on cardiac K channel expression during development. 

Regulation of K channel protein expression by these extracellular and 

intracellular signals may occur at any level including transcription, translation and post-

translation. In addition, these factors may directly modified cardiac KI channel function 

without effects on channel protein synthesis. Thus, the future studies may involve 

several techniques such as Northern blot (mRNA), Western blot (protein) analysis and 

patch clamp. The measurements of mRNA for the K channels such as HERG (or 

MERG), minK, Kv4.2, Kvl.4, Kv1.5, Kv2. 1 and IRKi may provide valuable 

information on the developmental changes in K channel expression and the relationships 

between native cardiac KI channels and cloned K channels. 
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5.5 Limitations 

All patch clamp experiments were carried out at room temperature in this 

dissertation. Since activation and inactivation kinetics of the ionic currents including the 

KI currents are very sensitive to temperature, the results obtained at room temperature 

may not accurately describe the properties of the cardiac KI currents at physiological 

temperature. However, the microelectrode results of this dissertation, which were 

performed at 37°C support the patch-clamp findings of the developmental changes in the 

KI currents in mouse heart. 

Since developmental change in sarcoplasmic reticulum occurs in the heart, this 

change may result in developmental changes in Ca2 -dependent transient outward current. 

Although in the present study, developmental changes in (voltage-dependent, Ca2 -

independent transient outward current) were examined in the presence of a Cel channel 

blocker, nisoldipine (0.4 M) in the external solution and EGTA (5 mM) in the internal 

solution, the effect of Ca2 -dependent transient outward current on the results of 

developmental changes in Ic could not be completely excluded. 

Ion currents were distinguished on the basis of biophysical characteristics and 

response to selective pharmacologic blockers. No attempt was made to assess if 

developmental changes altered the concentration -response relationships to these blocker. 

We recognize that all blockers are selective, not perfectly. However, pharmacologic 

responses are linked to a biophysical assessment of currents in this dissertation. 

In addition, as discussed, the B of [3H}-dofetilide binding sites may not 

quantitatively reflect the actual number of I channels in mouse ventricles. However, 
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the data obtained from [3H]-dofetilide binding assay may qualitatively reflect the pattern 

of developmental changes in I channels in mouse ventricles. 
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CHAPtER 6: CONCLUSIONS 

1) Developmental changes in I, ly, and Ii,, occur in mouse heart 

2) These developmental changes result both from alteration in the density of these 

KI currents and from expression of different KI currents at different times during 

development. 

3) Developmental changes in action potential configuration are related to 

developmental changes in expression of KI currents in mouse heart. 
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6.1 Significance of Findings 

The findings of age-related alterations in K currents and action potential 

configuration in mouse heart have made a contribution to our knowledge about the 

electrophysiological changes in cardiac cells during normal development. Since 

expression of KI currents changes dramatically in perinatal mouse heart, the heart at 

each developmental stage may exhibit different responses to KI channel blockers. For 

example, fetal mouse heart is much more sensitive to I channel blocker, dofetilide, than 

adults. If this result has applicability to humans, the human fetus may have extreme 

sensitivity to ly, channel blockers and this class of drug should be avoided or used with 

extreme caution in this situation. In addition, the diseased heart at any age may mimic 

the events occurring in embryonic or fetal life. Thus, an understanding of the 

developmental biology of the cardiovascular system may be a prerequisite for prevention 

and optimal management of heart disease at any age. The modulators that trigger 

alteration of KI channel expression may be similar for both the developing heart and the 

diseased heart. Future studies to address the potential mechanisms by which cardiac V 

channel expression is regulated during development may provide important insights for 

understanding the modulation of the cardiac V channel expression in the diseased heart. 

Furthermore, with the advances in molecular techniques, transgenic mouse models will 

facilitate the mechanistic studies of the certain heart diseases. From this point of the 

view, the results obtained from this dissertation not only illustrate the characteristics of 

V currents in mouse ventricular myocytes during normal development, but also provide 

a basic knowledge for future studies of ionic currents in transgenic mouse. 
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