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Chapter 9 

In t roduc t ion 

Many ion channels are known to be differentially regulated during (patho)physiological 

conditions, development and ageing. Changes in gene expression levels during 

pathological situations alter normal cellular behaviour and may lead to various 

abnormalities. Indeed, down-regulation of certain potassium channels during ventricular 

hypertrophy and heart failure results in action potential prolongation (reviewed by 

Tomaselli and Marban 1999). Also, profound changes occur in the kinetics and density 

of several ion channels during subacute and chronic ischemia/infarction, which could 

contribute to disturbances in electrical activity and arrhythmogenesis (Pinto and Bovden 

1999, Aimond et al. 1999). For the ATP-sensitive potassium (KATP) channel, only very 

few studies have been performed to evaluate alterations in channel expression during 

myocardial ischemia and infarction. The KATP channel activation occurs when the 

intracellular ATP is sufficiently decreased and constitutes an intrinsic cardioprotective 

mechanism. Thus, KATP channel upregulation during chronic states of metabolic 

deprivation could enhance myocardial tolerance and thus increase myocardial survival. 

Indeed, an increase in Kir6.1 (one of the KATP channel subunits) mRNA expression was 

observed in a rat model of regional ischemia, although only when followed by at least 24 

hours of reperfusion (Akao et al. 1997). 

RNA expression levels are usually studied using Northern blotting, RNase protection 

assays or semi-quantitative RT-PCR (Reverse-Transcriptase Polymerase Chain 

Reaction). PCR-based methods are often used for quantification analyses; the starting 

product is amplified during a pre-fixed number (i.e. 20 or 30) of PCR amplification 

cycles and the end-product is visualised and quantified using gel electrophoresis. 

However, this method involves an end-point analysis and is therefore sensitive to the 

influence of reaction conditions such as reagent exhaustion and enzyme instability 

(Kains 2000). Furthermore, PCR-based methods may not be sensitive enough to detect 

small but possibly biologically relevant differences in mRNA expression. In this study, 

we introduce a recently developed technique, real-time PCR, which enables on-line 

monitoring of the PCR amplification process. Due to the improved PCR reaction 

kinetics, this method may provide a more accurate, efficient and sensitive measurement 

of KATP channel mRNA expression levels in the heart. In general, this method is a 

promising tool in the study of ion channel expression behaviour during various 

(patho)physiological conditions. 
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m R N A expression of Kiró.1 and Kir6.2 

Methods 

Background 

Real-time PCR allows on-line monitoring of PCR amplification through the use of the 

fluorescent DNA binding dye, SYBR Green I, which emits only when bound to the 

minor groove of double-stranded DNA (dsDNA) (Gibson et al. 1996). The increase in 

fluorescence can be analysed on-line during the entire PCR cycling process, enabling 

detection during the log-linear phase of amplification instead of just an end-point 

analysis. The log-linear phase of PCR reactions is thought to represent the period of 

constant amplification efficiency, whereas various factors may decrease amplification 

efficiency during later stages of the PCR reaction (Technical Note No. LC 10/2000, 

Kains et al. 2000). By calculating the number of PCR cycles necessary to detect a 

threshold signal, the starting levels of a certain D N A can be determined. Before mRNA 

can be used for quantitative measurements, it is converted into complementary DNA 

(cDNA) by the use of priming oligo (oligo-dTuvx and/or gene-specific) and reverse-

transcriptase (RT). For our measurements, we performed a "two-step" RT-PCR 

reaction. First, single-strand cDNA is made, after which a small part is used as a 

template for the real-time PCR reaction. After completion of the amplification cycles, 

characteristics of the formed PCR product are checked by melting curve analysis and gel 

electrophoresis. 

RNA isolation, DNase I treatment and Northern blot analysis 

For RNA isolation, rabbit whole heart tissue (New Zealand Whites, 2.0-3.0 kg) was 

separated in atrial, left and right ventricular samples, frozen in liquid nitrogen and stored 

at — 80° C. RNA was isolated through a CsCl-cushion during overnight centrifugation, as 

described in Chapter 2. To remove any contaminating genomic DNA, 10-100 ug RNA 

was incubated with 10 units RQ1 RNase-frcc DNase (Promega, M6101) for 30 minutes 

at 37°C, extracted with phenol and finally ethanol precipitated and dissolved in 3 mM 

Tris-HCl (pH 7.5)/0.2 mM EDTA. Total RNA concentration was determined 

spectrophotometrically at 260 nm and RNA integrity was verified by gel electrophoresis. 

For Northern blot analysis, 10 ug total RNA was separated on gel, blotted on a nylon 

membrane (Hybond-N, Amersham) and hybridised under stringent conditions with 32P-

labelled, full-length rabbit heart Kir6.1 or Kir6.2. 

Primer design 

cDNA PCR primers for rabbit heart Kir6.1 and Kir6.2 were designed from the RNA 

sequences obtained in Chapter 7, using the Oligo primer analysis (version 4.1, National 

Biosciences) and Primer Express (version 1.0, PE Applied Biosvstems) software (Table 

179 



Chapter 9 

1). In addition, measurements of total RNA by 18S were performed, which can be used 

as tissue base in order to compensate for differences in total RNA levels between 

separate samples. For 18S, the primer was designed from the rabbit sequence obtained 

from GenBank (Accession number X06778). Since cDNA synthesis, primed with oligo-

dTuvN, starts from the 3' end of the RNA strand, all PCR primers were designed at this 

end to increase the probability that all synthesised cDNA strands will contain the PCR 

primer annealing sites. All primer sets had a calculated annealing temperature of 59-60'C 

(nearest neighbour method) and regions containing a large number of purines (A or G), 

G / C tandems, repetitions or self-complementarity were avoided. Primers were ordered 

from Biolegio (The Netherlands). 

cDNA synthesis 

First-strand complementary D N A (cDNA) was synthesised by priming with either 

oligo-dTi-ivN (Biolegio, The Netherlands) together with the 18S antisense oligo or with a 

mix containing both oligo-dTnvN and gene-specific primers for Kir6.1, Kir6.2 and 18S 

(antisense only). First, the priming oligo (mix of 125 pmol oligo-dTnvN and/or 2 pmol 

gene-specific primer) was annealed to 1 ug of total RNA by incubadon at 70"C for 10 

minutes and cooling down to 4° C (total volume of 10 [i.1). Next, the reverse 

transcription mix was added with a final concentration of lx first strand buffer (Gibco), 

0.5 mM dNTP, 4 mM MgCb and 100U Superscript II (Gibco) and incubated at 42°C for 

60 minutes, heated to 70"C for 15 minutes and cooled to 4°C. In some cases, the reverse 

transcription mix also contained 10 mM DTT. Finally, 30 u.1 of a 3mM Tris-HCl (pH 

7.5)/0.2 mM E D T A solution was added. To check for the presence of contaminating 

genomic DNA, cDNA synthesis was also performed in the absence of reverse 

transcriptase (i.e. without Superscript II in the mix). 

Polymerase Chain Reaction using the Lightcycler System 

Real-time PCR amplification and subsequent data analysis were performed using the 

LightCycler Instrument and software version 3.0, respectively (both Roche). The 

reaction mixture (total volume 15 \x\) contained 2 ul cDNA, 0.5 piM of each primer 

(sense and antisense), 1.5 JJLI LightCycler FastStart DNA Master SYBR Green 1 mix 

(Roche, 2239264) and 4 mM MgCfe. For 18S measurements, the cDNA samples were 

first diluted 1000-fold. The LightCycler amplification protocol was as follows 

(fluorimcter gain for channel 5 set to 1): (1) pre-incubation at 95°C for 10 minutes for 

FastStart polymerase activation and cDNA denaturation, (2) 40 cycles of template 

amplification, each consisting of 10 seconds at 95°C (denaturation), 5 seconds at 58"C 

(primer annealing) and 10 seconds at 72"C (extension), (3) 10 seconds at 95°C and 15 

seconds at 50"C followed by slowly heating at 0.1°C/sec up to 95°C for melting curve 
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Gene Primer sequences Co-
ordi nates 

Annealinq 
temperature 

Amplicon 
size (bp) 

Rabbit Forward (se): 5'-TCCATGGAAATACACCTGCTAAGA-3" 1933-1956 59°C 126 
K i r 6 ' ' Reverse (as): 5'-CTGCCCCCAGAGGCTGTTA-3' 2058-2037 60°C 

Rabbit Forward (se): 5'-TCCTAGTGGTAACTGGGACTCATTC-3' 2544-2568 59°C 151 
K i r 6 " 2 Reverse (as): 5'-CCATCAGGACCAAGGGCC-3' 2676-2694 60'C 

Rabbit Forward (se): S'-TTCGGAACTGAGGCCATGAT-S' 894-913 59°C 151 
1 RS 

Reverse (as): 5'-CGAACCTCCGACTTTCGTTCT-3' 1024-1044 59°C 
Tabic 1. Forward (sense) and reverse (antiscnse) primer sequences, coordinates and annealing temperatures 

and calculated amplicon (amplified fragment) size. Coordinates arc according to rabbit heart Kiró.1 and 
Kir6.2 sequences described in Chapter 7 and the 18S sequence from GenBank (Accession No. X06778) 

temperature (58 °C) and MgCfe concentration had been experimentally determined 

previously. Fluorescence intensity was measured at the end of each extension phase and 

reflects the amount of dsDNA formed. During melting curve analysis, a fast drop in 

fluorescence intensity is observed at the denaturing (melting) temperature of a dsDNA 

fragment. As the temperature is raised, the DNA starts to denature and the SYBR Green 

I dye is released from the dsDNA. Since each dsDNA product has its own unique 

melting temperature (Tm), the specificity of the PCR reaction can be checked after each 

amplification protocol. By plotting the negative first derivative of the fluorescence 

intensity against temperature, the melting peak can be obtained. Finally, DNA product 

identity and primer specificity were verified by size electrophoresis on a 10% non-

denaturing polyacrylamide gel, which was stained afterwards with ethidium bromide for 

visualisation. 

Standard curve analysis 

By calculating the number of PCR amplification cycles necessary to detect a threshold 

signal, the starting levels of a certain mRNA can be determined. For this, a calibration 

graph is calculated for a set of samples with known template concentration by 

determining at which PCR cycle number the amplification signal enters the log linear 
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Figure 1. Mathemathic relation between efficiency of target amplification and 
slope of the standard curve. 100% PCR efficiency corresponds to an Ex value of 2 

(dashed line) (see Methods section) 

region. As mentioned earlier, the log-linear phase of PCR reactions is thought to 

represent the period of constant amplification efficiency. Standard curves were generated 

from cDNAs synthesised from increasing amounts of total RNA (0.125, 0.25, 0.50, 1.0, 

2.0, and 4.0 jxg). Using the LightCycler quantification software, the threshold cycle (CT) 

was determined with the noise band set to 1 (Figure 2). The CT values obtained for each 

concentration were used to construct a linear regression line by plotting the logarithm of 

the template concentration (X-axis) against the corresponding threshold cycle (Y-axis). 

The correlation coefficient (r) reflects standard curve quality and indicates a linear 

relation when r approaches - 1 . The slope is used to evaluate target amplification 

efficiency (—Ex) using the equation 'Ex = (10'/s/oPe)-1 which is a mathematical derivative 

of Xn — Xo * (1+Ex)" where Xn denotes the number of target molecules at cycle n, Xo 

represents the initial number of target molecules, and n is the number of amplification 

cycles (Figure 1). A slope smaller than -3.3 implies a PCR efficiency of more than 1 (i.e. 

>100%) and indicates that more than twice as much fragments are amplified per PCR 

cycle, which is impossible. 
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Results 

Quantification and standard curve analysis 

Figure 2 shows examples of three separate LightCycler experiments for all three primer 

sets Kiró.1, Kir6.2 and 18S. The increase in fluorescence intensity with increasing 

number of amplification cycles is shown in ventricular samples from rabbit heart (Figure 

2A). In panel B, standard curve analysis for each primer set is shown, using various 

dilutions of a single ventricular tissue sample. The crossing point of the noise band (set 

to 1) with the amplification curve represents the threshold cycle (Gr value) for each 

sample (lower panels). Using the C T values of the various dilutions, a standard curve is 

constructed, as shown in the insets in the lower panels of Figure 2. The slope and 

correlation coefficient (r) of each standard curve is calculated (Table 2). The graphs 

shown in Figure 2 were all obtained from cDNA samples which were synthesised by 

priming with oligo-dTuvN together with the gene-specific primers for Kiró.1, Kiró.2 and 

18S. Similar experiments were also performed with cDNA samples synthesised by 

priming with just oligo-dTuvN and 18S. In Table 2, it can be seen that the results for 

Kiró.1 using gene-specific priming (Kiró.1+Kir6.2+18S) are somewhat better than those 

for oligo-dTi4VN+18S, with Ex of 0.98 (i.e. around 98% PCR efficiency) and a near-

linear relation (r = -0.99). However, the threshold cycle (CT) for Kiró.1 is around 23, 

indicating that the mRNA in question is expressed at low levels or shows a low 

abundance. In our experience, optimal results are usually obtained when threshold cycles 

are reached after 15-20 cycles. For Kir6.2, the CT values are even higher, 25-26, 

indicating an even lower abundance of this mRNA in ventricular tissue as compared to 

Kiró.1. Using gene-specific priming, the standard curves for Kir6.2 are slightly improved, 

but still show a slope of 2.81 or a PCR efficiency of 126%. This is most probably due to 

low abundance of the mRNA, which makes these samples unsuitable for standard curve 

analysis, since reproducibility is dependent on mRNA copy number (i.e. mRNA 

abundance). In future experiments, this can be overcome by adding a fixed amount of 

amplified amplicon, purified from the PAGE gel, to each sample, thereby artificially 

increasing the abundance of the amplified fragment, lmportandy, the standard curve 

characteristics for 18S showed optimal conditions for both oligo-dTi4VN+18S and gene-

specific priming, indicating that the latter does not negatively influence the PCR process. 

PCR product identity and primer specificity 

To evaluate PCR product identity and primer specificity, melting curve analysis and 

polyacrylamide gel electrophoresis were performed. For Kiró.1, Kir6.2 and 18S a single 

melting peak was observed, indicating the formation of a single PCR product during the 

amplification protocol (Figure 3A). Furthermore, a negative control sample was added in 
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m R N A expression of Kiró.1 and Kir6.2 

which cDNA synthesis had been performed in the absence of reverse transcriptase. 

Although a PCR product was formed during the amplification protocol, this occurred 

only after a high number of cycles and the product showed a different melting peak 

compared to either Kiró.1 and Kir6.2 (not shown), suggesting that there was no 

contamination of genomic DNA in the cDNA samples used. 

Melting curve analysis only indicates whether primer specificity exists (i.e. the 

formation of a single PCR product) but it does not give any information on the identity 

of the product formed during the PCR process. For this, the size of the PCR product 

can be checked on a polyacrylamide (PAGE) gel and compared to the expected size of 

the amplified fragment (amplicon). Indeed, the estimated fragment size on PAGE gel 

was 125 bp for Kiró.1 and 150 bp for both Kir6.2 and 18S (Figure 3B), which closely 

resembles their estimated amplicon sizes as depicted in Table 1. Thus, the Kiró.1, Kiró.2 

and 18S primer sets are all product specific. 

LightCycler versus Northern blot results 

Figure 4 shows two sets of LightCycler experiments using both atrial and ventricular 

tissue samples. For these examples, Dithiothreitol (DTT) was included in the reverse 

Primers cDNA priming CT value Slope Ex 

Kiró.1 oligo-dT,4vN+18S 22.62 

oligo-dT,4VN+ 18S + Kiró.1 + Kiró.2 22.73 

Kiró.2 oligo-dT,4vN+18S 26.22 

oligo-dT,4vN + 18S + Kiró. 1 + Kiró.2 25.46 

18S oligo-dTi4vw+ 18S 12.09 
oligo-dTuvN + 18S + Kir6.1 + Kir6.2 12.13 

Table 2. Effect on cDNA priming on standard curve, amplification efficiency and detection sensitivity 
(CT vaIue=threshold cycle; Ex=amplification efficiency; r=corrclation coefficient) 

3.20 
3.35 

2.66 
2.81 

3.24 
3.33 

1.05 
0.98 

1.38 
1.26 

1.04 
1.00 

-0.96 
-0.99 

-0.90 
-0.99 

-1.00 
-1.00 
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m R N A expression of Kiró.1 and Kir6.2 

Figure 4. Increase in fluorescence intensity (Y-axis) depending on amplification cycle number 
(X-axis) for Kiró.1 and Kir6.2 in atrial (A) and ventricular (B) tissue samples. In atrial samples, 
Kiró.1 and Kir6.2 show similar amplification curves (A), whereas in ventricular samples, Kiró.1 

fluorescence intensity increased after a lower number number of amplification cycles 
compared to Kiró.2 (B). 

transcriptase mix during cDNA analysis, which may explain the slight initial increase in 

fluorescence before reaching the threshold cycle. Since it was shown that DTT is best 

omitted from the cDNA synthesis reaction (see Lekanne Deprez et aL 2001), we did not 

include DTT in the other experiments described before. Although the results are still 

preliminary, it can be seen that in atrial tissue, both Kiró.1 and Kir6.2 PCR product 

formation started after equal number of amplification cycles (Figure 4A). In contrast, in 

three separate ventricular tissue samples, the Kiró.1 PCR products were consistently 

formed after a lower number of amplification cycles as compared to Kir6.2 (Figure 4B). 

These observations suggest that in ventricular tissue, Kiró.1 is expressed at a higher level 

than Kir6.2. These findings are in accordance with results obtained from Northern blot 

analysis, where a high expression level of Kiró.1 is observed in both atrial and ventricular 

tissue, whereas Kir6.2 is only moderately expressed in right and left ventricle compared to 

atrial tissue (Figure 5). 

Discussion 

In general, gene expression is a dynamic process which enables cells to respond to 

specific conditions with the up- or downregulation of protein activity. In this process, 

multiple steps are involved, including gene transcription, where mRNA is synthesised 
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from genomic DNA, and translation from RNA into protein (see van den Hoff and 

Moorman 1999). In addition, post-translational modification occurs, with protein 

processing, assembly, trafficking and degradation occurring within the cell cytoplasm. 

Regulation at all these levels of gene expression may be altered during certain 

(pathophysiological conditions and ultimately determine the final effect on the 

biological function and activity of the protein in question (Roden and Kupershmidt 

1999). 

Regulation of gene expression may play a role not only during pathological 

conditions, but also in the process of tissue development. For instance, certain genes are 

known to be expressed only during the embryonic stage of development or rather during 

ageing. The density of ATP-sensitive potassium (KATP) and inward rectifier potassium 

(IKI) currents was shown to increase progressively before birth in rat ventricular 

myocytes (Xie et a/. 1997). in rabbits, KATP single-channel conductance and channel 

density was significantly smaller in neonatal myocytes as compared to adult ventricular 

cells (Chen et al. 1992). Neither RNA nor protein expression levels were assessed in 

these studies and it therefore remains uncertain whether changes in the number of 

channels, or alterations in channel activation efficiency, or both, accounted for the 

observed differences. Similar changes in densities and properties have been observed in 
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Figure 3. Northern Blot analysis of rabbit Kiró.1 and Kir6.2 
showingniRNA expression in various regions of the heart 
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m R N A expression of Kiró.1 and Kir6.2 

the developing mammalian myocardium for voltage-gated K+ channels (Nerbonne 

1998). Similarly, during pathological conditions such as myocardial infarction and heart 

failure, the electrophysiological properties of cardiac tissue are dramatically altered due to 

changes in the function or expression of genes encoding ion channels or other proteins 

crucial for cardiac electrophysiology (Roden and Kupershmidt 1999, Pinto and Boyden 

1999). 

Identification of abnormally expressed genes during (pathophysiological conditions 

may increase our knowledge of affected pathways and in some cases provide useful 

information regarding disease diagnosis, prognosis, and therapy. In most studies, 

changes in mRNA expression levels are used as a measure of gene expression alteration. 

Although changes in mRNA levels do not necessarily reflect protein levels and thus 

channel activity, they may provide useful information regarding the processes involved. 

mRNA expression levels are usually studied using Northern blotting, RNase protection 

assays or competitive RT-PCR. The disadvantage of competitive RT-PCR is that it can 

be an unreliable and insensitive method. Therefore, there is a growing need for the 

development of more sensitive and reliable mRNA detection methods. Recently, real

time PCR has been introduced in which data can be collected in the log-linear phase of 

the amplification reaction. In addition, a two-step RT-PCR method has been developed 

that allows for reliable quantification of mRNA expression levels (Lekanne Deprez et ai 

2001). In the present study, we have used this method and system to determine whether 

Kiró.1 and Kir6.2 mRNA levels can be reliably quantified. Our ultimate goal is to use the 

LightCycler System to study (small) changes in mRNA expression levels for the ATP-

sensitive potassium (KATP) channel during myocardial ischemia, heart failure, cardiac 

development, ageing, as well as regional differences within the myocardium. This 

channel opens when the intracellular ATP concentration is low and provides an 

endogenous protective mechanism for the heart (and other tissues) during periods of 

metabolic deprivation such as ischemia and infarction. Therefore, the investigation of 

KATP gene expression regulation during these conditions is of particular interest. In a 

previous study, upregulation of Kiró.1 (one of the channel subunits) mRNA expression 

was observed after 60 minutes of regional ischemia in the rat heart, but only when 

followed by at least 24 hours of repcrfusion (Akao et al. 1997). However, these results 

were obtained using Northern blot analysis, and this method may not have been 

sensitive enough to detect small but potentially important changes in mRNA expression 

levels during the earlier stages of the experimental protocol. Thus, it will be interesting to 

see whether the new real-time PCR method is capable of improved detection of small 

alterations in mRNA levels during similar experimental models. 

The real-time RT-PCR method has a number of important advantages compared to 

conventional PCR based methods. The latter actually represents an end-point analysis, 
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since the starting product is amplified during a pre-fixed number (i.e. 20 or 30) of PCR 

amplification cycles and the end-product is visualised and quantified using gel 

electrophoresis. In contrast, the Lightcvcler System allows real-time detection of PCR 

products and collection of data during the log linear phase of the PCR reaction, which is 

considered the period of constant amplification efficiency (Kains 2000). Therefore, 

different RNA samples can be compared at similar PCR amplification efficiencies. Due 

to the exponential nature of the PCR amplification process, small changes in 

amplification efficiency can have profound effects on the final outcome. For 

quantification purposes, relative quantification methods are commonly used, where the 

target concentration is expressed in relation to the concentration of a housekeeping gene 

or the total amount of RNA (i.e. 18S or 28S). Using real-time PCR, the expression levels 

of the target and the housekeeping gene can be determined with the help of separate 

standard curves for each gene. However, since the target concentration is ultimately 

expressed in arbitrary units, the expression levels can only be used to compare samples 

which were measured in the same experimental set-up. An even more promising 

application of real-time PCR involves absolute quantification, or expression of the target 

concentration as an absolute value, i.e. the number of mRN A molecules. For this, an in 

vitro translated RNA transcript identical to the native RNA with a known concentration 

is used as a standard. However, since exact RNA concentration measurement and 

accurate calibration of this standard is difficult to achieve, this approach needs further 

optimisation. Finally, by combining melting curve analysis with PAGE gel 

electrophoresis, the LightCycler System allows for the detection of both specific and 

aspecific PCR product formation, thereby providing not only a sensitive but also a 

specific method of mRN A expression analysis. 

In this study we have optimised the two-step real-time PCR reaction for the 

assessment of K.yrp channel mRNA expression levels in the rabbit heart. In future 

studies we plan to use this highly sensitive and specific method to evaluate mRNA 

expression levels for this channel during certain (patho)physiological conditions, 

including myocardial ischemia, preconditioning and cardiac development. 
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