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Abstract

Aim: To investigate the interacting effects of age and sex on electrocardio-

graphic (ECG) features of Scn5a+/) mice modelling Brugada syndrome.

Methods: Recordings were performed on anaesthetized wild-type (WT) and

Scn5a+/) mice and differences attributable to these risk factors statistically

stratified.

Results: Scn5a+/) exerted sex-dependent effects upon sino-atrial function

that only became apparent with age. RR intervals were greater in old male

than in old female Scn5a+/). Atrio-ventricular (AV) conduction was slower in

young female mice, whether WT and Scn5a+/), than the corresponding young

male WT and Scn5a+/). However, PR intervals lengthened with age in male

but not in female Scn5a+/) giving the greatest PR intervals in old male Scn5a+/)

compared with either old male WT or young male Scn5a+/) mice. In contrast,

PR intervals were similar in old female Scn5a+/) and in old female WT. QTc

was prolonged in Scn5a+/) compared with WT, and female Scn5a+/) compared

with female WT. Age-dependent alterations in durations of ventricular

repolarization relative to WT affected male but not female Scn5a+/). Thus,

T-wave durations were greater in old male Scn5a+/) compared with old male

WT, but indistinguishable between old female Scn5a+/) and old female WT.

Finally, analysis for combined interactions of genotype, age and sex

demonstrated no effects on P wave and QRS durations and QTc intervals.

Conclusion: We demonstrate for the first time that age, sex and genotype

exert both independent and interacting ECG effects. The latter suggest al-

terations in cardiac pacemaker function, atrio-ventricular conduction and

ventricular repolarization greatest in ageing male Scn5a+/).

Keywords age, electrophysiology, sex, sodium channel, transgenic mice.

The Brugada (BrS) and Lev-Lenegre syndromes (pro-

gressive cardiac conduction defect, PCCD) (Kyndt et al.

2001) are both associated with altered cardiac conduc-

tion and increased cardiac arrhythmogenic risk poten-

tially leading to sudden cardiac death. BrS is a leading

cause of death of men under the age of 50 in endemic

regions (Antzelevitch et al. 2002). Thus, men with BrS

have a higher prevalence of life-threatening arrhythmias
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than women corresponding to incidences of 9.5% and

3.8% respectively (Sacher et al. 2008).

Brugada syndrome typically presents with a particu-

lar electrocardiographic (ECG) pattern of ST segment

elevation in leads V1 to V3. However, female cases

often show a less pronounced ST elevation or an

absence of this spontaneous type 1 ECG pattern (Sacher

et al. 2008). ECG patterns in BrS patients can fluctuate

over time, altering between typical ST segment eleva-

tions or may even be transiently normal (Benito et al.

2008a). Conduction abnormalities may also occur in

BrS as reflected in right bundle branch block, P wave

and QRS duration widening, and PR interval prolon-

gation observed in some patients (Brugada & Brugada

1992, Shimizu 2006). Recent reports have also

described elongated PR intervals (Smits et al. 2002)

and prolonged QRS durations (Takagi et al. 2007) in

precordial ECG recordings. Furthermore, QRS dura-

tions were observed to be useful in stratifying BrS

patients into high or low risk categories (Takagi et al.

2007). PCCD reflects a primary age-related degenera-

tion in His-Purkinje conduction (Probst et al. 2003). It

is associated with the ECG changes in right or left

bundle branch block and widening QRS complexes in

the absence of ST segment elevation. These changes

progress to complete atrio-ventricular (AV) block caus-

ing syncope and sudden cardiac death (SCD) (Schott

et al. 1999).

Both BrS and PCCD are associated with SCN5A

haploinsufficiency. These mutations were identified in

the SCN5A gene which encodes the a subunit of the

cardiac Na+ channel (locus 3p21, 28 exons) (Benito

et al. 2008a). Males and females inherit this gene

equally. However, only 18-30% of patients diagnosed

with BrS are carriers of Na+ channel mutations (Priori

et al. 2000, Antzelevitch et al. 2005). Nevertheless 80%

of patients in Western populations and 90% in Asian

countries suffering from the ECG manifestations of BrS

caused by SCN5A mutation are males (Shimizu 2004).

Individuals with the SCN5A mutation exhibit P wave,

PR and QRS durations prolongation that worsen with

age (Probst et al. 2003). However, around 84% of

carriers for SCN5A mutations have normal ECGs

(Kyndt et al. 2001). Such incidences have not been

established for PCCD.

The question as to which of the wide range of

clinically observed age- and sex-related changes

observed in BrS or Lev-Lenegre are the direct conse-

quence of a modified SCN5A genotype is thus unclear.

Nevertheless, a Na+ channel genetic knockout involving

Scn5a, whose features could be compared with other-

wise genetically identical wild-type (WT), has recently

been introduced to model these conditions. This het-

erozygous murine Scn5a+/) model shows prolonged

P wave and PR durations, right axis deviation and

second-degree AV block indicating conduction system

deficiency (Papadatos et al. 2002). It has been reported

that the duration of the QRS complex increased by 20%

after 6 months from first measurement (Royer et al.

2005). The present study now proceeds to examine the

implications of not only sex and age but also of their

possible interactions for cardiac changes related to the

Scn5a+/) mutation. Use of populations matched for both

age and sex avoided the under-recruitment of female

patients often occurring in human clinical trials study-

ing SCD that may limit extrapolation of trial results to

both sexes (Russo et al. 2009). It was then also possible

to either implicate or discount a role for the Scn5a+/)

mutation in the corresponding human ECG changes

through their occurrence or otherwise in the animal

system.

Methods

Mice were housed in an animal facility at 21 �C with

12 h light/dark cycles. Animals were fed sterile chow

(RM3 Maintenance Diet; SDS, Witham, Essex, UK) and

had free access to water. All procedures complied with

the UK Home Office regulations [Animal (Scientific

Procedures) Act 1986]. In order to develop a compre-

hensive risk assessment model of the two types of mice

studied, a total of 22 WT and 20 Scn5a+/) knockout

mice were used. All mice used for this study were

derived from their respective 129/sv background strains

to avoid any possible strain-related variation in the

study. The mice were divided into eight groups. Group

1 was WT male aged 3 months (n = 5); Group 2

was WT male >12 months (n = 6); Group 3 was WT

female 3 months (n = 5); Group 4 was WT female

>12 months (n = 6); Group 5 was Scn5a+/) male aged

3 months (n = 5); Group 6 was Scn5a+/) male

>12 months (n = 5); Group 7 was Scn5a+/) female

3 months (n = 5); and Group 8 was Scn5a+/) female

>12 months (n = 5). A self-compounded sterilin was

prepared using 1.8 mL ketamine hydrochloride

at 100 mg mL)1 (Ketaset�; Fort Dodge, Southampton,

UK) 0.35 mL of xylazine hydrochloride at 23.32 mg

mL)1 (Rompun�; Bayer, Newbury, UK) and 2.85 mL of

sterile phosphate base solution. The mice were then

anaesthetized at a dose rate of 0.10 mL per 10 g body

weight. Injection was given intraperitoneally with a

27G hypodermic needle into the left peritoneal cavity.

The mice were tilted downwards (�30�) to ensure that

visceral organs were avoided during drug injection.

After injection the mice were placed in a dark cardboard

cage and left undisturbed till the animal was under deep

sedation.

For ECG recording, mice were placed in supine

position on a heated platform to maintain a body

temperature at 37 �C. Small strips of adhesive tapes
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were attached to the limbs to reduce any small

movement thus reducing artefacts in ECG recordings.

Two 2 mm needle electrodes (MLA1204; ADInstru-

ments, Colorado Springs, CO, USA) were inserted in the

right forelimb and the left hind limb respectively to

produce Lead II recordings. The needle electrodes were

connected to an input box in turn connected to an

amplification (NL104) and filter (NL 126) unit mounted

within a NL900D chassis and power supply (NeuroLog-

Digitimer, Hertfordshire, UK). The low frequency

cut-off point was set at 50 Hz and the high frequency

cut-off point was set at 500 Hz. To further reduce

frequency interference from the surroundings, the

recording was performed in an iron chamber that had

been grounded. Conversion of analog input to digital

format was performed using the CED 1401 series

(Cambridge Electronic Design, Cambridge, UK) con-

nected to a computer. Spike II software (Cambridge

Electronic Design) was used to record and subsequently

analyse ECG recordings. ECG QT intervals obtained

under these conditions were closely similar to previous

reports of 90% action potential durations (APD90)

obtained from monophasic action potential readings in

isolated perfused hearts (Stokoe et al. 2007). Upon

completion of electrode placements, recordings were

carried out for 15 min inclusive of 5 min for the

stabilization of ECG recordings. Measurements for the

respective ECG parameters were made from recordings

obtained after the first 5 min only.

For all interval measurements, a standard criterion

was used to ensure consistency. There is some varia-

tion between previous reports as to how such intervals

are obtained from murine ECG traces. Figure 1a,b

illustrates typical ECG recordings taken and the

Wild type, 3 months, male

ECG

R-R

200 ms

ECG
QRS

P wave

Scn5a+/–, > 12 months male

T wave

ECG

QT interval
PR

200 ms

TVTV

ECG

200 ms

(a) (c)

(b)

(e)

(d)

Figure 1 Lead II electrocardiographic traces obtained from anaesthetized wild-type (WT) and Scn5a+/) mice. Dipole recordings

obtained with the negative electrode placed on the right fore limb and the positive electrode placed on the left hind limb. (a, b) The

dotted lines indicate the intervals between (a) and within (b) successive electrocardiograms obtained using Spike II software

(Cambridge Electronic Design). (c, d) Representative recordings from (c) young WT male (3 months) and (d) old Scn5a+/) male mice

(>12 months). Mice were anaesthetized with ketamine and xylazine and placed on a heated platform during ECG recordings.

(e) Occurrence of spontaneous non-sustained ventricular tachycardia (VT – indicated by arrow) was observed in one of the Scn5a+/)

old female mouse. The VT lasted for approx. <5 s and did not degenerate into ventricular fibrillation. This mouse was >12 months

old and appeared clinically healthy prior to commencement of experiment (date of birth: 28 March 2007; date of killing: 10 May

2008). It was housed in an animal facility at 21 �C with 12 h light/dark cycles. The mouse was fed sterile chow (RM3 Maintenance

Diet; SDS) and had free access to water.

� 2010 The Authors
Journal compilation � 2010 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2010.02110.x 25

Acta Physiol 2010, 200, 23–33 K Jeevaratnam et al. Æ Electrocardiographic changes with age and sex in Scn5a+/) mice



intervals measured in the present study. Measurements

were made by assigning specific cursors to the respec-

tive points on the ECG trace and intervals in millisec-

onds were generated by Spike II software (Cambridge

Electronic Design). Analysis of ECG features in each

group was made blinded and codes were only broken

after the completion of Spike II analysis for the

purpose of grouping and statistical analysis. The QTc

interval was derived from the QT interval and this

calculation was performed as described in a previously

published report (Mitchell et al. 1998). The nonpara-

metric statistical method using the Kruskal–Wallis test

was chosen for this study. Statistical Package for Social

Sciences v 16.0 [SPSS 16.0; SPSS (UK), Woking,

Surrey, UK] was used in Kruskal–Wallis analysis, and

STATA v10.1 (STATA Corporation, College Station,

TX, USA) in multivariate linear regression model

analysis of the results obtained from the recordings.

P < 0.05 was considered to indicate significant differ-

ence and the data files were split for genotype, age and

sex to further explore age and sex as interacting

variables.

Results

Figure 1c,d compares typical ECG recordings from

young (age 3 month) male WT (c) and old (>12 months)

male Scn5a+/) (d) mice to represent the greatest

phenotypic extremes encountered in the study. Record-

ings from all experimental groups showed similar

waveforms with a regular sinus rhythm with no ECG

abnormalities, permitting comparison of particular

parameters between groups. The exception was one

female Scn5a+/) old mouse that developed a spontane-

ous, non-sustained ventricular tachycardia (VT). Fig-

ure 1e illustrates this VT recording, which would be

consistent with the expected phenotype from the

Scn5a+/) mice modelling the BrS. Its relatively rare

occurrence, in 1 of 20 Scn5a+/) mice, is consistent with

the reported, rare occurrence of capturing spontaneous

Scn5a+/)-associated VT on human ECG recordings.

Tables 1-4 summarize the results of the successive

stratifications that permitted the following comparisons

(1) by genotype (WT vs. Scn5a+/)) alone (Table 1), (2)

by genotype and age (3 months vs. >12 months)

(Table 2), (3) by genotype and sex (male vs. female)

(Table 3) and (4) following a full stratification by

genotype, age and sex, that also permitted assessments

of interactions between these parameters (Table 4).

These yielded the following findings concerning each

ECG parameter.

Figure 2a–f summarizes the results of a quantitative

breakdown of the strategic intervals between successive

features or durations of particular components of the

observed ECG waveforms. It displays all these values

obtained for each individual mouse in each population

(total n = 42 animals) used for these experiments. The

RR interval of one mouse was found to be scattered

further away from the overall group (Fig. 2f) and when

back-traced, this value was derived from the Scn5a+/)

female mouse with the VT episode described above.

Qualitative assessment through visual observation of

the ECG recordings thus did not show any obvious

further differences. However, major differences

emerged with quantitative assessment.

Sino-atrial function

Of the four levels of stratification, differences in

sino-atrial conduction as reflected in RR intervals were

only observed in the final stratification by genotype, age

and sex. Thus, sino-atrial function was compromised

specifically in the old male Scn5a+/) relative to the

old female Scn5a+/) mice (RR: 215.56 � 17.03 ms vs.

155.70 � 22.48 ms, P = 0.047). In contrast, they were

indistinguishable between young male and young

female WT, young male and young female Scn5a+/)

and old male and old female WT.

Atrial conduction

Differences in atrial conduction were observed only

in the stratification involving genotype and age. Thus,

old Scn5a+/) mice showed significantly shorter P wave

durations than young Scn5a+/) mice (16.08 � 1.07

vs. 21.13 � 1.35 ms, P = 0.034). In contrast, young

Scn5a+/) mice had similar P wave durations as young

WT mice. Ageing thus reduces a prolonged P wave

duration initially observed in young Scn5a+/) to corre-

sponding values similar to those observed in aged WT.

Such differences were absent in all the other levels of

stratification.

Table 1 Genotypic differences in wild-type (WT) and Scn5a+/) mice

Genotype n RR ms (�SE) P wave ms (�SE) PR ms (�SE) QRS ms (�SE) QTc ms (�SE) T wave ms (�SE)

WT 22 210.4 (10.83) 20.24 (1.00) 41.87a (1.20) 16.11 (0.44) 29.72b (1.05) 26.1 (0.84)

Scn5a+/) 20 183.4 (8.81) 18.61 (1.02) 46.67a (1.07) 16.85 (0.57) 34.26b (1.84) 28.53 (1.72)

Means with similar superscript differ significantly with each other at P < 0.05.
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Atrioventricular conduction

Stratification by genotype alone revealed that Scn5a+/)

mice showed increased PR intervals compared with

WT mice (PR: 41.87 � 1.20 ms vs. 46.66 � 1.07 ms

P = 0.007), confirming previous reports (Papadatos

et al. 2002). However, PR intervals in WT and

Scn5a+/) mice were statistically indistinguishable in

young animals. Nevertheless, PR intervals in the two

genotypic groups diverged with age: they were greater

in the old Scn5a+/) than in the old WT (PR: 48.75 �
0.94 ms vs. 41.61 � 1.75 ms, P = 0.006). Analysis by

genotype and sex revealed opposing sex differences

in the effect of the mutation on AV conduction. Thus,

PR intervals were greater in the WT female than in

the WT male population (PR: 44.02 � 1.76 ms vs.

39.73 � 1.42 ms, P = 0.045). PR intervals were

also greater in the female Scn5a+/) than in the male

Scn5a+/) but this result was not significant. The effect

of the Scn5a+/) mutation on slowing AV conduction

was greater in males than in females. Thus, on the one

hand, PR intervals were greater in the Scn5a+/) males

compared with WT males (PR: 44.80 � 1.55 ms vs.

39.73 � 1.42 ms, P = 0.009). On the other hand,

although PR intervals were also greater in the female

Scn5a+/) than the female WTs, this result was not

significant.

The final stratification involving genotype, age and

sex demonstrated that AV conduction was slower in

young female mice compared with young males,

regardless of genetic background. Thus, PR intervals

were significantly greater in young female WT com-

pared with young male WT mice (46.26 � 1.75 ms vs.

38.11 � 1.21 ms, P = 0.009). They were similarly

greater in young female Scn5a+/) than young male

Scn5a+/) mice (48.07 � 2.54 ms vs. 41.09 � 1.01 ms,

P = 0.047).

It was additionally observed that AV conduction in

young male carriers of the Scn5a+/) mutation was

normal but slowed with age. Thus, ageing males

carrying the Scn5a+/) mutation showed increases in

PR intervals from 41.09 � 1.00 to 48.52 � 1.68 ms

(P = 0.009). In contrast, the male WT mice showed no

such detectable changes in PR intervals with age.

Furthermore, PR intervals were similar in young male

WT and young male Scn5a+/) mice. Together these

findings were consistent with the final observation that

old male Scn5a+/) showed significantly longer PR

intervals compared with old male WT (41.07 �
2.36 ms) (P = 0.028). Female mice showed a markedly

contrasting pattern in PR interval with age. Thus,

regardless of genotype, they did not show deteriorations

in PR intervals with age in contrast to the findings in

males. Thus, there were no significant differences in

PR intervals for either old female WT or old female
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Scn5a+/) when compared with the respective old male

WT or Scn5a+/).

Ventricular depolarization

QRS durations were longer in the WT male when these

were compared with the Scn5a+/) male (QRS: 16.81 �
0.54 ms vs. 15.74 � 0.36 ms, P = 0.041). In contrast,

there were no significant differences in QRS durations

between sexes in either the WT or the Scn5a+/)

populations. The other stratification analysis by just

genotype, genotype and age, and genotype, age and

sex all revealed no differences in ventricular depolar-

ization.

Combined ventricular depolarization and repolarization

phase

Stratification by genotype alone revealed greater

QTc intervals in Scn5a+/) compared with WT mice

(QTc: 29.72 � 1.05 ms vs. 34.26 � 1.84 ms, P =

0.047). Stratification by genotype and age revealed that

QTc intervals in WT and Scn5a+/) mice were statisti-

cally indistinguishable in young animals. However, the

two genotypic groups diverged with age. Thus, we

observed greater QTc intervals in the older Scn5a+/)

than in the older WT (QTc: 37.16 � 2.80 ms vs.

30.32 � 0.87 ms, P = 0.021). When stratified by geno-

type and sex, the QTc intervals were greater in Scn5a+/)

compared with WT females (QTc: 37.32 � 3.01 ms vs.

29.07 � 3.01 ms, P = 0.035). However, there were no

differences in QTc intervals between groups stratified

by their genotype, age and sex.

Ventricular repolarization

The initial stratification analysis by just genotype and

then by genotype and sex revealed no differences in

ventricular depolarization. Thus, T wave durations in

WT and Scn5a+/) mice were statistically indistinguish-

able in young animals. However, stratification by

genotype and age revealed T wave durations in the

two genotypic groups that diverged with age. Thus, they

were greater in the old Scn5a+/) than in the old WT

(T wave: 31.93 � 1.77 ms vs. 26.77 � 1.12 ms, P =

0.021).
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Figure 2 Individual electrocardiographic data sets for WT (n = 22) and Scn5a+/) (n = 20) mice used for ECG recordings. Complete

description of the data acquired for every mouse studied. A descriptive view of mean distributions for (a) RR interval, (b) P wave

duration, (c) PR interval, (d) QRS duration, (e) QTc duration and (f) T wave duration demonstrated that all mice had mean values

that were similar to their respective groupings. One Scn5a+/) mouse was observed to have an abnormally short R-R duration in

comparison with the rest of the study group and when traced back, corresponded to the mouse with the VT described in Figure 1e.
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We further observed that, in the final stratification, by

genotype, age and sex, durations of ventricular repo-

larization were greater in old male Scn5a+/) compared

with old male WT, but similar in old female Scn5a+/)

and old female WT. Thus, T-wave durations for the

Scn5a+/) old male were significantly greater than the

corresponding value found in the WT old male

(32.45 � 1.23 ms vs. 25.57 � 1.34 ms, P = 0.006).

Discussion

The present experiments investigated the influence of

both age and sex differences on electrophysiological

phenotypes in systematically grouped intact heterozy-

gous Scn5a+/) and WT mice for the first time. They

extend previous studies (Papadatos et al. 2002, Royer

et al. 2005) and demonstrate the major effects of both

age and sex as contributing or interacting factors in the

physiological differences between Scn5a+/) and WT for

the first time. This was accomplished by studying larger

Scn5a+/) and WT populations that could be segmented

by sex and age, which examined a wider range of ECG

parameters. This made it additionally possible to either

implicate or discount roles for the Scn5a+/) mutation in

the corresponding clinical ECG changes (see introduc-

tion) through their occurrence or otherwise in the

animal system.

In our analysis of the results from the recordings, the

nonparametric statistical method using the Kruskal–

Wallis test was used in this study. P < 0.05 was

considered to indicate significant difference and the

data files were split for genotype, age and sex to

further explore age and sex as interacting variables.

Our use of such a robust nonparametric method

permitted comparison of groups each containing sam-

ple sizes of < 30 per group, avoiding assumptions of

normal distributions. Each successive stratification

represents a new grouping of mice being examined

and thus corresponds to a different research question

at every level examined. Therefore, even if an associ-

ation is not found at one level, this does not negate an

association being found at a different level. Our results

for ECG parameters suggest that age and sex act as

interacting variables, e.g. the association between ECG

parameter and genotype varies at different age levels

(old vs. young) and between the sexes (males vs.

females). For example, if we examine the QTc data,

we find a significant association between QTc and the

two genotypes (Table 1). However, if we then stratify

the data by age, the association remains significant

only for the old mice (Table 2). Similarly, if we stratify

the data by sex, the association remains significant in

females but not in males (Table 3). In Table 4, the

final stratification allows us to make a number of

additional comparisons in groups broken down by

both age and sex, again demonstrating the interactive

effect of these variables.

We nevertheless conducted a series of multivariate

linear regression models to examine the association

between each ECG parameter and genotype, adjusting

for age and sex. The association between each ECG

parameter and genotype remained the same after adjust-

ment for age and sex, suggesting that these variables are

not confounders of the relationship between ECG

parameters and genotype. Furthermore, running a mul-

tivariate model with age and sex as covariates does not

allow us to tease out the independent interacting effects

of age and sex, hence we have presented Kruskal–Wallis

group comparisons separately by age and sex to explore

this trend. We therefore did not adopt this multivariate

statistical analysis model in our study.

First, sino-atrial pacemaker function was compro-

mised, leading to increased RR intervals in older male

compared with older female Scn5a+/). Thus, although

age or sex did not affect RR interval when considered

independently, when considered together these resulted

in a bradycardic phenotype in old male Scn5a+/). The

present results thus provide a physiological basis impli-

cating Na+ channel mutations for recent clinical reports

associating bradycardic episodes in both asymptomatic

and symptomatic BrS patients with augmented ST

segment elevation (Mizumaki et al. 2006). Both phe-

nomena occur more often in older male patients

(Brugada et al. 2002, 2003, Eckardt et al. 2005).

Secondly, intra-atrial conduction, reflected in P wave

durations, was prolonged in young Scn5a+/) compared

with old Scn5a+/) mice. Such a finding may have been

masked in the earlier studies that may have grouped

mutants together regardless of age and sex (Papadatos

et al. 2002, Royer et al. 2005).

Thirdly, AV conduction, reflected in PR intervals,

was slower in both the young female WT and the young

female Scn5a+/) relative to the respective male animals.

As this PR interval prolongation applied to both WT

and Scn5a+/), it could therefore be attributed to actions

of the female hormone, oestrogen, rather than the

presence or absence of a Scn5a+/) genotype, on cardiac

conduction. Our study compared young mice at the

early to peak period of their reproductive cycle with

older, >12 month, mice that had reached the end of

their reproductive cycle, which would be expected to be

accompanied by a decline in oestrogen levels (Silver

1995). Saba et al. (2002) reported that oestrogen

replacement therapy prolonged PR intervals and short-

ened right ventricular refractory periods in ovariecto-

mized mice (Saba et al. 2002). These differences would

contrast with the relatively sustained levels of testoster-

one in male mice through similar ages.

Fourthly, AV conduction was also slower in Scn5a+/)

compared with WT mice when these were considered as
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a whole. Further stratifications of experimental groups

additionally demonstrated that PR intervals were longer

in the old Scn5a+/) compared with their WT counter-

parts. They finally identified this difference in PR

intervals with the old male Scn5a+/) mice. These

findings contrast with the observations that intra-atrial

conduction, reflected in P wave durations in such old

male Scn5a+/), was not significantly different from those

observed in the young male Scn5a+/). Nevertheless,

taken together these findings attribute the increased PR

durations specifically to disruptions in the AV node.

Thus, old male Scn5a+/) mice show a greater vulnera-

bility to AV node conduction disorder in comparison

with old female Scn5a+/) and all the WT. This pattern of

PR changes with age, sex and/or genotype, in our

experimental system, provide an electrophysiological

basis, attributable to the Scn5a+/) mutation, for corre-

sponding changes previously observed in human BrS.

These latter studies attributed the stronger BrS pheno-

type in males to more prominent right ventricular

epicardial transient outward currents, Ito, brought

about by the hormonal action of testosterone (Di Diego

et al. 2002). Conversely, orchiectomy abolished ST

elevation in BrS patients (Matsuo et al. 2003). Others

reported an absence of correlations between ST segment

elevation and testosterone but higher levels of this

hormone in BrS compared with normal males (Shimizu

et al. 2007). It has also been reported that testosterone

administration increased net outward currents thus

increasing the occurrence of the BrS phenotype (Shuba

et al. 2001, Liu et al. 2003).

Fifthly, durations of ventricular repolarization in our

initial stratification that were confined to the effect of

sex showed that T wave durations were prolonged in

the old Scn5a+/) compared with the old WT. The

subsequent stratification isolated this prolongation spe-

cifically to the old male Scn5a+/) mice where it was

observed that T wave durations were greater in old male

Scn5a+/) compared with old male WT, but were similar

in aged female Scn5a+/) when compared with old female

WT. Prolonged ventricular repolarization is a known

risk factor for ischaemic heart disease and cardiac-

related mortality. This finding thus suggests that older

males carrying the SCN5A+/) mutation are potentially

at higher clinical risk for the aforementioned condition

compared with older males who are non-carriers. More

importantly this finding provides evidence that the

Scn5a mutation may not only cause SUDS but could

also lead to various other cardiac-related mortalities.

Finally, QTc durations were increased in the old

Scn5a+/) group compared with the old WT group in our

initial stratification. When examined specifically for the

influence of sex, the Scn5a+/) females showed a QTc

prolongation compared with the corresponding WT

females. In contrast, the Scn5a+/) males showed QTc

intervals that were similar to the corresponding WT

males. This preferential prolongation of QTc durations

in the mutant females parallels clinical findings that

sodium channel blockers significantly increased QTc

intervals in female BrS patients (Benito et al. 2008b).

A human clinical study observed QTc prolongation in

ECG of patients administered flecainide (Pitzalis et al.

2003). In view of the known inhibitory effect of

flecainide on Na+ channels, this would suggest that such

a QTc prolongation reflects downregulatory changes in

Na+ channel expression. However, full stratifications by

sex and age yielded no differences in QTc durations

amongst the resulting groups. Thus, our carefully

designed study made it possible to prove that age and

sex are independent factors associated with QTc prolon-

gation in the Scn5a+/) mice.

In conclusion, our investigation separated both

independent and interacting effects of age, sex and

the Scn5a+/) genotype on ECG features of anaesthetized

129sv mice. Taken together our findings demonstrate

for the first time that age, sex and genotype each exert

varying effects on the observed ECG parameters. When

combined, they thus result in altered cardiac pacemaker

function, AV conduction and ventricular repolarization

in ageing male Scn5a+/) in parallel with clinical findings.

These latter effects thus extend simple biophysical

predictions of uniform reductions in cardiac conduction

expected from the loss of Na+ channel function.
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