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Résumeé

Comparées aux hommes, les femmes ont des intervalles QT corrigés (QTc)
plus longs sur 'ECG et sont plus susceptibles de développer des torsades de pointes,
une arythmie ventriculaire sévére. Des études épidémiologiques suggérent que les
androgenes puissent étre impliqués dans ces différences. Par contre, leurs roles et
mécanismes d'action sont inconnus. Une étude antérieure réalisée au laboratoire a
démontré que la repolarisation des souris femelles était plus lente que celle des males.
Ce retard était di a une densité plus faible du courant potassique (K*) a rectification
retardée ultrarapide (Ik,) et de son canal associé, Kv1.5, dans les ventricules de
souris femelles. Nous avons exploité ce modéle afin de vérifier l'implication des
androgénes dans ces différences. Puisque la souris posséde plusieurs courants K*
ventriculaires, nous avons d'abord validé une méthode permettant de les étudier
individuellement. A I'aide de cette méthode et de techniques de biologie moléculaire,
nous avons comparé la repolarisation ventriculaire (canaux/courants K, potentiels
d'action, intervalles QTc) de plusieurs modéles présentant divers niveaux
d'androgénes. En premier lieu, nous avons démontré que des souris castrées
présentaient une repolarisation plus longue que celle des males intacts. Fait
intéressant, la repolarisation des maéles castrés ressemblait a celle des femelles. Ces
résultats suggéraient fortement que les différences male/femelle étaient dus aux
androgénes. L'accés a une lignée de souris (C57BL/6) ayant des niveaux de
testostérone endogene extrémement faibles nous a permis de confirmer ces résultats.
En effet, nous avons démontré que la repolarisation ventriculaire de ces souris était
similaire entre les sexes. Nous avons ensuite traité les males a la dihydrotestostérone
et avons observé des temps de repolarisation plus courts qui étaient alors différents de

ceux des femelles.

Le courant responsable des différences male/femelle chez la souris, Iy, n'est
pas présent dans le ventricule humain. Il ne peut donc étre responsable de la
différence dans les intervalles QTc. Par contre, il est possible que les courants jouant
un role similaire chez I'humain, les composantes rapide et lente du courant K* a

rectification retardée, Ik, et Ixs, pourraient étre impliqués. Nous avons testé cette



hypothése en étudiant la repolarisation ventriculaire du cobaye, qui posséde ces deux
courants. Nos résultats ont démontré que contrairement aux humains et aux souris, les
cobayes madles et femelles présentaient des intervalles QTc de durées comparables.
Une étude approfondie n'a relevé aucune différence entre les sexes au niveau des
potentiels d'action et des courants/canaux K*. Ces résultats suggérent que le cobaye
ne soit pas un modele optimal pour I'étude des différences reliées au sexe au niveau

de la repolarisation cardiaque.

Ces données démontrent clairement que les androgenes régulent la
repolarisation cardiaque et qu'ils sont grandement impliqués dans les différences
maéle/femelle. Elles soulignent aussi I'importance de vérifier le statut hormonal des
animaux utilisés pour des études touchant I'électrophysiologie cardiaque. Ces études
constituent un précédent pour des recherches sur des tissus humains. Finalement, une
augmentation des connaissances sur les différences reliées au sexe dans la
physiologie cardiaque aidera a développer des stratégies thérapeutiques améliorées

afin de prévenir le développement de torsades de pointes.

Mots-clés : électrophysiologie, cceur, ventricule, hormones sexuelles, souris, cobaye.



Abstract

Compared to men, women have longer rate corrected QT intervals (QTc) on
the ECG and are more prone to develop torsades de pointes, a potentially lethal
ventricular arrhythmia. Several epidemiological studies suggest a role for androgens
in these differences. However, the precise involvement and underlying mechanisms
of male sex hormones in this phenomenon remain unknown. A study from our
laboratory showed that female mice had delayed ventricular repolarization compared
to males. This prolonged repolarization was associated with a smaller density of the
ultrarapid delayed rectifier K" current (Ixw) and of its corresponding channel, Kv1.5,
in female ventricle. We took advantage of this model to verify the implication of male
sex hormones in this phenomenon. Since mouse possesses multiple ventricular K*
currents that activate simultaneously, we first validated a method that allows
separation of these currents. The use of this method combined with molecular biology
techniques allowed us to compare ventricular repolarization (K™ channels/currents,
action potentials, QTc intervals) of several mouse models with various androgens

levels.

First, we showed that androgen deficiency induced by castration leads to
lengthening of ventricular repolarization in male mouse heart. Indeed, castrated male
mice had prolonged ventricular repolarization compared with intact male mice but
similar to that of females. These results strongly suggested that male sex hormones
were involved in the observed sex differences in mouse repolarization. Access to a
naturally occurring model of low androgens levels (C57BL/6 male mice) further
confirmed these data. Indeed, these mice exhibited similar ventricular repolarization
than their female counterparts. Furthermore, androgen replacement in the C57BL/6

male mice fastened ventricular repolarization.

The current regulated by androgens and responsible for the difference in
mouse repolarization, Ix,r, is not present in human ventricle. In this tissue however,
two others currents, the rapid and the slow component of the delayed rectifier K*

current (Ix; and Igs) contribute to the repolarization phase of the ventricular action
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potential. We thus postulated that one or both of these K* currents could be different
between men and women and may explain the longer repolarization time observed in
females. To test this hypothesis, we compared repolarization in male and female
guinea pigs that express these currents. As opposed to the results obtained in humans
and mice, guinea pigs did not display sex difference in QTc intervals. Furthermore, a
comprehensive electrophysiological study revealed comparable K* channels/currents
densities and action potential duration between the two genders. Accordingly, guinea

pig may not be a suitable model to study gender difference in cardiac repolarization.

In summary, these results provide strong evidence that androgens are involved
in the sex difference observed in cardiac repolarization. Also, based on these findings,
it appears that special attention should be paid to the hormonal status of the animal
used when studying hormonal regulation of cardiac repolarization. These data provide
guidance for future studies on human tissues. Finally, increasing knowledge about
gender difference in cardiac electrophysiology will help to develop improved

strategies to prevent torsades de pointes.

Keywords : electrophysiology, heart, ventricle, sex hormones, mouse, guinea pig.
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CHAPITRE 1 Introduction

1.1 Relation entre I'ECG, le potentiel d'action et les

courants ioniques

1.1.1 L'électrocardiogramme

L'électrocardiogramme (ECG) mesure l'activité électrique du cceur générée a
chacun des battements cardiaques. Cette technique permet d'étudier le
fonctionnement des cellules des nceuds sinusal et atrio-ventriculaire, des oreillettes et
des ventricules. Ces cellules ont un point en commun: lorsqu'elles sont excitées, elles
sont capables d'engendrer des événements électriques appelés potentiels d'action.
C'est en fait la différence de voltage induite par les potentiels d'action qui est captée
par 'ECG. 11 est donc possible de corréler chacune des ondes de I'ECG avec les
phases des potentiels d’action des différentes cellules du cceur. Puisque cette thése
traite d'une arythmie ventriculaire, je ne traiterai que des signaux ventriculaires de
I'ECG, soit le complexe QRS et l'intervalle QT. Avant de faire ces corrélations,

définissons d'abord le potentiel d'action ventriculaire.

1.1.2 Le potentiel d'action

1.1.2.1 Mécanismes cellulaires

Le potentiel d’action ventriculaire est généré par le mouvement d'ions se
dirigeant vers l'intérieur ou vers I'extérieur de la cellule. Il peut étre divisé en cinq
phases, de 0 & 4 (voir Figure 1, p.20). Tout d'abord, les canaux Na* s'ouvrent et
laissent entrer massivement du Na* dans la cellule, ce qui la dépolarise (phase 0).
Ensuite, ces canaux s'inactivent alors que le courant K' transitoire sortant
indépendant du Ca”' (Io) s'active et cause la premiére phase de la repolarisation
(phase 1). A leur tour, les courants Ca®* de type-L et les composantes rapide et lente

du courant K & rectification retardée (Ixr et Iks) s'activent, ce qui résulte en un
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équilibre entre I’entrée d'ions Ca’" et la sortie d’ions K* (phase 2; plateau). A leur
tour, les canaux Ca®* s'inactivent et les courants Ikr, ks ainsi que le courant K* a
rectification entrante Ix; complétent la repolarisation (phase 3). Finalement, la pompe
Na'/K*-ATPase et I'échangeur Na*/Ca®" s'afférent & restaurer les gradients ioniques
afin de permettre la génération du prochain potentiel d'action et le courant Ix,

maintient le potentiel de repos stable (phase 4).

0mV

Figure 1: Bases cellulaires sous-jacentes au potentiel d'action ventriculaire d'humain
Adapté de !

1.1.2.2 Aspects physiologiques reliés a la durée du potentiel d'action

Maintenant que I'aspect biophysique des potentiels d'action a été décrit, il est
important d'exposer leur rdle. Les potentiels d'action sont essentiels & la bonne
fonction du muscle cardiaque puisqu’ils synchronisent la contraction et permettent
une éjection efficace du sang hors des ventricules. La durée du potentiel d’action régit
deux paramétres trés importants. Premiérement, elle détermine la période réfractaire,
c’est-a-dire le temps durant lequel une cellule ne peut étre stimulée. Cette période

d’insensibilité est cruciale puisqu’elle prévient une contraction prématurée ainsi
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qu’une contraction continue du muscle cardiaque. Ainsi, pendant ce temps, le
ventricule peut se remplir et accumuler assez de sang pour la prochaine contraction.
Deuxieémement, la durée du potentiel d'action détermine la quantité de calcium qui
entre dans la cellule et par le méme fait, la force de contraction. La durée du potentiel
d'action est donc un paramétre crucial de la fonction cardiaque qui doit étre finement
contrdlé. Les canaux K* y jouent un grand rdle puisqu'ils sont les principaux

responsables de la repolarisation.

1.1.2.3 Aspects pathologiques reliés a la durée du potentiel d'action

Il est connu qu'une variation a la hausse ou a la baisse de la durée du potentiel
d'action peut étre arythmogénique. En effet, un potentiel d’action trop court permet la
réexcitation d’une cellule déja stimulée et peut engendrer une déviation de I’influx
électrique et des phénoménes de réentrée, qui sont liés a certains types d’arythmies.
Un potentiel d’action trop long augmente I’incidence de dépolarisations précoces
(EAD; "early afterdepolarization"). Ces dépolarisations peuvent exciter des myocytes

adjacents et sont pressenties comme étant le point de départ de certaines arythmies.

1.1.3 Significations physiologiques de I'ECG

Sur I'ECG, la dépolarisation des myocytes ventriculaires se refléte par le
complexe QRS et la repolarisation par I'onde T. La polarité de ces deux ondes est
positive malgré le fait qu'elles soient associées respectivement a des courants négatifs
(entrée de cations dans la cellule) et positifs (sortie de cations de la cellule).
L'explication de ce paradoxe apparent se trouve dans l'ordre d'activation des couches
ventriculaires. En effet, la dépolarisation se fait de la couche endocardique (interne)
vers la couche épicardique (externe) alors que la repolarisation se fait en sens oppos€.
Des courants négatifs et positifs voyageant en sens opposés engendrent sur 'ECG des
signaux de méme polarité, ce qui explique que le complexe QRS et l'onde T sont tous
deux positifs (voir Figure 2, p.22). Par ailleurs, ce phénomene révele que le potentiel
d'action endocardique est plus long que celui de I'épicarde puisqu'il est le premier a

étre activé et le dernier a se repolariser. Cette hétérogénéité dans la durée des
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potentiels d'action génére l'onde T. En effet, le pic de l'onde T, qui correspond a la
plus grande différence de voltage observée pendant la repolarisation, est atteint
lorsque le potentiel d'action de la cellule épicardique se termine alors que celui de la
cellule endocardique se poursuit. La fin de I'onde T survient lorsque les deux types de
cellules ont terminé leur repolarisation. A ce moment, le voltage des deux types de
cellules est le méme (potentiel de repos), ce qui fait une différence de voltage nulle et
un signal plat sur I'ECG. Par conséquent, le temps entre le pic et la fin de I'onde T est

une mesure de la dispersion des durées de potentiels d'action des deux couches.
Repos;
Cellule polarisée

Début
dépolarisation

Fin
dépolarisation

Début
repolarisation

A

Fin
repolarisation

L {Ted 0

Figure 2: Représentation schématique de la formation de signaux électriques pendant
le déroulement d'une excitation au niveau d'un faisceau myocardique

Noter que la dépolarisation et la repolarisation voyagent en sens inverse.

Adapté de >

En plus de refléter I'hétérogénéité des durées de potentiels d'action des
diverses couches du myocarde, les caractéristiques de l'onde T varient aussi en
fonction de la configuration des potentiels d'action. Par exemple, I'onde T de la souris
est trés différente de celle de I'hnumain puisque la morphologie de leurs potentiels
d'action différe grandement. En fait, l'onde T du rongeur comporte une phase rapide
positive et une phase lente négative. La Figure 3, p.23, fait le parali¢le entre les
potentiels d'action et I'ECG et illustre bien les différences dans ces paramétres entre

I'hnomme et la souris. Cette dissemblance provient entre autres de la différence de
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composition et de densité des courants K*. La Figure 4, p.23, montre un potentiel
d'action ventriculaire de souris ainsi que les courants K impliqués dans la
repolarisation. Il est possible de comparer ces courants a ceux de l'humain en se

référant a la Figure 1, p.20.

Humain Souris
Potentiels d’action

.......... endo 1
— épi *
ECG
‘QRS'
QT /_/\__
T T T T r ! N !
) 0.5 1.0 0 50 100

Figure 3: Relation entre les potentiels d'action et 'ECG de 'homme et de la souris
Adaptée de

/ Ito’ Ito.s" IKur

/ IKur
/ IKI’ Iss

/IKI

20mV

|-

10 ms

Figure 4: Bases cellulaires sous-jacentes a la repolarisation d'un potentiel d'action
ventriculaire de souris
*

Myocytes du septum seulement

1.1.3.1 Controverse concernant I'onde T de la souris

La forme non-conventionnelle de I'onde T de la souris a engendré un débat sur

la détermination de l'intervalle QT. Tel qu'illustré & la Figure 5 (p.24), trois
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possibilités ont été suggérées pour la fin de cet intervalle. En plus des caractéristiques
inhabituelles de I'onde T, un aspect technique a contribué a cette controverse. En
effet, la partie négative comprise par le QT3 est de faible amplitude et donc plus
difficile a détecter, si bien que certains ont cru que l'onde T n'apparaissait pas sur
I'ECG de souris.” Toutefois, un placement adéquat des électrodes et la réduction du
bruit électrique extérieur viennent généralement a bout de cette difficulté technique.
Au fil des années, plusieurs évidences en faveur du QT3 comme mesure valide de
I'intervalle QT ont été dévoilées. Tout d'abord, deux laboratoires différents, incluant
le notre (données non publiées), ont enregistré simultanément un ECG de surface et
des potentiels d'action monophasiques ventriculaires.” La fin du potentiel d'action
survenait au retour de la phase négative a la ligne isoélectrique, prouvant qu'elle
faisait bel bien partie de la repolarisation ventriculaire. Par ailleurs, une équipe de
recherche a observé qu'une baisse de courant K était associée a I'élargissement de
l'onde négative® alors qu'une surexpression de courant K' abolissait presque
enti¢rement cette onde.’ Ainsi, la modulation de la phase négative par les courants de

repolarisation confirme son inclusion dans l'intervalle QT.

N

QT,
QT,
QT, |

Figure 5: Illustration d'un ECG de souris comprenant un battement cardiaque
QT).; représentent les mesures suggérées pour la fin de l'intervalle QT.
Adapté de’

1.1.4 Intervalle QT

Puisque ['intervalle QT englobe le complexe QRS et l'onde T, il correspond

approximativement a la durée du potentiel d'action ventriculaire (Figure 7, p.28). La
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durée de l'intervalle QT varie en fonction du rythme cardiaque: plus il est rapide, plus
I'intervalle QT est court.® Ainsi, au cours d'une méme journée, un individu aura des
durées d'intervalle QT différentes dépendant de son rythme cardiaque, d'ol la

nécessité de corriger ce paramétre avant de comparer différents groupes.

1.1.4.1 Correction de l'intervalle QT pour le rythme cardiaque (QTc)

Idéalement, la formule de correction devrait étre propre a chacun des sujets a
I'étude. Cette approche est toutefois extrémement difficile a appliquer puisqu'elle
nécessite I'acceés a de multiples données d'intervalles QT enregistrés a divers rythmes
cardiaques pour un méme sujet. C'est pourquoi la majorité des formules utilisées sont
basées sur des études de population (voir Tableau I, p.26). Dans ces analyses, des
paires de données (QT, RR) recueillies d'un certain nombre de sujets sont mises sous
forme de graphique. Des formules sont ensuite élaborées afin de représenter et de
corriger la relation entre les intervalles QT et RR. Le type de formule choisi est
parfois log-linéaire (Bazett, Fridericia, Koren) ou linéaire (Framingham, Carmeliet).
Le choix de la formule ainsi que le nombre de données utilisées pour générer la
courbe influence la correction. A cet égard, il est surprenant de constater que la
formule la plus utilisée, celle de Bazett, a été basée sur une analyse de 39 individus
seulement. Il s'avére que cette formule est fidele pour les rythmes cardiaques moyens.
Par contre, elle sous-estime et surestime les valeurs d'intervalles QTc associés a des
rythmes cardiaques lents et rapides, respectivement. La formule de Framingham,

basée sur une cohorte de cinq mille personnes, corrige ces points.

Les formules de Bazett et de Framingham ont servi de modéle pour celles de
Koren et Carmeliet, adaptées pour la souris. Par exemple, la formule de Koren rajoute
simplement une normalisation de 100 au niveau du dénominateur de I'équation de
Bazett. Ce chiffre correspond a l'intervalle RR moyen d'une souris consciente (100
ms; 600 battements par minute; bpm). De son c6té, la formule de Carmeliet est
similaire a celle Framingham mais corrige par rapport a un intervalle RR de 170 ms,
qui correspond environ & 350 bpm, rythme pouvant étre observé chez la souris sous

anesthésie.
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Formules de correction de l'intervalle QT

RC de Taille de la cohorte

o QTe référence étudiée

umain
Bazett’ QT/NRR 60 n=39
Fridericia'® QT/*RR 60 n=50
Framingham'' QT + 0.154(1-RR) 60 n=5018

Souris
Koren'? QT/N(RR/100) 600 n=6 durant 24h
Carmeliet"’ QT +0.3173(170-RR) 350

Tableau I: Formules permettant de calculer l'intervalle QTc
RC: rythme cardiaque
Adapté de '

1.1.4.1.1 Choix de la formule

Toutes les formules de correction contiennent un rythme cardiaque de
référence, qui correspond généralement au rythme cardiaque moyen de la population
étudiée. Ce paramétre devrait étre considéré dans le choix d'une formule puisqu'il est
au cceur de la correction. En effet, un intervalle QT enregistré au rythme cardiaque de
référence ne subira aucune correction alors qu'un autre enregistré a un rythme
cardiaque éloigné subira une grande correction. Plus la correction est grande, plus les
risques d'erreur augmentent. Ainsi, le rythme cardiaque de référence de la formule

choisie devrait étre comparable a celui de la population a I'étude.

Il est aussi possible de tester l'effet des formules sur nos données en
comparant les relations QTc versus RR obtenues avec les diverses formules. La
meilleure formule sera celle qui générera le plus faible degré d'association entre ces
deux paramétres. Ainsi, dans l'exemple illustré a la Figure 6 (p.27), la formule A est

supérieure a la formule B.
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QT QTc
QTC Formule A
QTC Formule B R2 A< RZB
QT
RR

Figure 6: Relations entre l'intervalle QT, les intervalles QTc obtenus a l'aide de deux
différentes formules et I'intervalle RR
Adapté de

1.1.5 Résumé

L'intervalle QT, les potentiels d'action et les courants ioniques sont des
phénomenes électriques intimement liés. Un changement au niveau d'un courant se
répercute aux deux autres niveaux. Par exemple, la réduction d'un courant sortant ou
l'augmentation d'un courant entrant entraine une prolongation du potentiel d'action et
de l'intervalle QT (Figure 7, p.28). Le syndrome du QT long (LQTS; "Long QT

Syndrome") fournit un trés bel exemple de cette relation.
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Intervalle QT

<+— basal —»
< prolongé —»
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courants K*)
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Figure 7: Relation entre l'intervalle QT, le potentiel d'action et les courants ioniques
Adapté de '

1.2 Syndrome du QT long

Le LQTS est associé a une repolarisation prolongée et un risque accru de
torsades de pointes, une arythmie décrite en détail a la section 1.3, p.34. Il existe deux
types de LQTS, congénital et acquis. Le LQTS congénital (LQTSc) référe & des
maladies génétiques autosomiques associées a une dysfonction de protéines
impliquées dans le potentiel d'action ventriculaire. Le LQTS acquis (LQTSa) référe a

la prise de médicaments qui prolongent la repolarisation de fagon excessive.

1.2.1 Syndrome du QT long congénital

Un des critéres du diagnostic du LQTS est une durée d'intervalle QTc
supérieure & 0.45 seconde pour un homme et a 0.46 seconde pour une femme.'® A ce
jour, sept différents types de LQTSc (1-7) sont connus, nommés selon la chronologie
de leur découverte. Il s'agit pour la plupart de mutations dans les génes codant pour

des canaux ioniques ou des protéines régulant leur fonction. Les canaux impliqués
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dans ce syndrome sont les canaux K* et Na*. Les divers types de syndromes varient
en fréquence, en sévérité et ont des caractéristiques qui leur sont propres sur 'ECG
(voir Tableau II, p.29). Les LQTSc sont divisés en deux sous-catégories, selon leur
mode de transmission génétique. Les syndromes Romano-Ward (RW) ont une
transmission dominante et sont associés a une mutation hétérozygote du géne
impliqué. De leur c6té, les syndromes Jervell-Lange-Nielsen (JLN) sont de nature
récessive et sont dus a une mutation homozygote du géne KCNQI ou KCNEI. La

transmission des LQTS2,3,4,6 est exclusivement dominante (RW) alors que celle des

LQTS]1,5 peut étre dominante ou récessive.' !
T Geéne Fonction de la protéine Fréquence Dfigre Caractéristique
YP®  hromosome (nom) A de I'ECG
severité
K S°”(s]'(“‘;‘£‘51‘3‘1‘)”'“ 50-60%  + onde T large
KCNH2 sous-unité o d'I, o onde T bossue, de
2 7 (HERG) 30-35%  H ible amplitude
SCN5A4 cr o long segment ST,
3 3 sous-unité o d'Iy, 10-15% ++ onde T étroite
4 Ankyrin-B protéine adaptatrice;
4 impact sur Ca®"; et I,
5 KCNE! sous-unité B d'Ix,
21 (minK)
6 KCNE2 sous-unité B d'Iy, (?)
21 (miRP1)
2 KCNJ2 sous-unité o d'lg, présence d'une
17 (Kir2.1) onde U

Tableau II: Caractéristiques des différents types de LQTS congénital
Adapté de 14,15,19-22
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1.2.1.1.1 LQTSL5

Des mutations dans les génes des sous-unités o. (KCNQI) et 8 (KCNEI) du
courant K" Iy, causent les LQTS 1 et 5, respectivement. Le LQTSI est la forme la
plus fréquente de tous les LQTS. Tel que mentionné précédemment, les LQTSI1,5
regroupent les syndromes RW et JLN. Ces deux types de syndromes sont associés a
des problémes cardiaques. Par contre, les patients JLN souffrent aussi de surdité,

témoignant de l'importance du courant Ix, dans le cceur et dans l'oreille interne."”

Les parents d'enfants atteints du syndrome JLN possédent une mutation
hétérozygote et sont peu affectés, contrairement aux patients RW, eux aussi
hétérozygotes. L'étude de I'impact des diverses mutations sur la fonction du courant
Ixs explique cette contradiction apparente. Tout d'abord, il est important de préciser
qu'un canal K* fonctionnel est composé de quatre sous-unités a, qui forment le pore,
et de quatre sous-unités f, qui modulent sa fonction et parfois son expression. L'étude
de l'effet des diverses mutations des génes KNCQ! et KCNEI a révélé deux types
d'impact : une perte de fonction associée ou non & un effet dominant négatif.® Les
canaux sans effet dominant négatif ne s'associent jamais avec les sous-unités
fonctionnelles, soit parce qu'ils ont perdu leur capacité d'association ou soit parce
qu'ils sont retenus dans le réticulum endoplasmique.?® Ceci fait en sorte que les
canaux présents a la membrane sont totalement fonctionnels. Etonnamment, leur plus
faible densité (50%) ne cause pas de prolongation de la repolarisation chez le porteur.
Cette observation suggére que le myocyte cardiaque posséde plus de courant K™ que
nécessaire et/ou que le courant I joue un rdle limité en conditions basales et qu'il
constitue une réserve utilisée dans certaines conditions. Quant aux canaux dominants
négatifs, ils s'associent aux sous-unités saines et nuisent a leur fonction. Ainsi, seuls
les canaux composés de quatre sous-unités intactes seront totalement fonctionnels,
soit environ 6% du nombre total. En résumé, les mutations hétérozygotes associées au
syndrome RW sont beaucoup plus dommageables que celles du JLN puisqu'elles
codent pour des sous-unités qui, en plus d'étre dysfonctionnelles, entravent la
fonction des protéines saines. Cette particularité explique le caractére dominant du

syndrome RW.
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Par ailleurs, il existe aussi des mutations entrainant un phénotype
intermédiaire di 4 un faible pouvoir dominant négatif.** Ceci corréle bien le fait que
certains porteurs soient asymptomatiques mais présentent des durées d'intervalles

QTc a la limite supérieure de la normale.

1.2.1.1.2 LQOTS2,6

Le LQTS2 est associ¢ a des mutations dans le géne de la sous-unité a
(KCNH2) du courant K' Ig. Il est le type le plus sévére de tous les LQTS.19 Fait
intéressant, les femmes en souffrent beaucoup plus que les hommes. En effet, une
étude a montré que les patientes du LQTS2 avaient quatre fois plus de chance de
vivre un épisode de torsades de pointes avant 40 ans que les hommes.'® Plusieurs
types de mutations ont été identifiés et caractérisés. Leurs effets sur la fonction du
canal sont tres variés. Certains réduisent ou suppriment le courant alors que d'autres

altérent les propriétés cinétiques du canal.”®

De son coté, le LQTS6 est relié a des mutations dans le géne KCNE2, dont le
produit (miRP1) est considéré comme la sous-unité B de Ix..2> Il existe toutefois une
controverse a ce sujet puisque la combinaison de HERG et miRP1 dans des syst¢mes
d'expression de cellules de mammiféres ne reconstitue pas toutes les propriétés
attribuées au courant natif.?® Par ailleurs, cette sous-unité peut aussi s'associer avec
les canaux Kv4.x,”’ KvLQTI?® et HCN2,® ce qui complexifie la situation.
Manifestement, d'autres études sont requises afin de préciser le(s) role(s) exact(s) de
miRP1 dans la repolarisation cardiaque. Son importance demeure toutefois indéniable

puisque les mutations de KCNE2 prédisposent aux arythmies.?

1.2.1.1.3 LOTS3

A l'opposé des types de LQTS précédemment décrits, qui entrainent une perte
de fonction d'un canal ionique, le LQTS3 est associ€ & un gain de fonction du courant
Na'. Les mutations impliquées dans ce syndrome affectent I'inactivation du canal et la
rendent incompléte.”® Ceci permet l'entrée de charge positive supplémentaire dans la

' + .y ., .
cellule. Puisque les canaux Na" sont constitués d'une seule sous-unité o, une mutation
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hétérozygote affecte 50% des canaux. Une plus grande proportion d'hommes que de

femmes souffre du LQTS3."

1.2.1.1.4 LOTS4

Les premiers cas de LQTS4 ont été répertoriés en 1995. Plusieurs membres
d'une famille frangaise présentaient des intervalles QTc prolongés en plus de souffrir
d'un dysfonctionnement du nceud sinusal et de fibrillation auriculaire. Une analyse
génétique a révélé une mutation dans le géne de la protéine ankyrin-B, une protéine
adaptatrice du cytosquelette dont le réle cardiovasculaire n'était pas encore connu.
Quelques années plus tard, I'acces & une souris transgénique déficiente en ankyrin-B a
dévoilé son implication dans la signalisation du Ca®* intracellulaire via une
interaction avec la pompe Na'/K*-ATPase, I'échangeur Na'/Ca®* et le récepteur a
I'inositol triphosphate (IP3).* Il semble que I'ankyrin-B soit aussi impliquée dans la
régulation des canaux Na" puisque les souris transgéniques possédaient un plus grand
courant Na' soutenu, possiblement impliqué dans la prolongation du potentiel
d'action observée chez celles-ci.”? Le LQTS4 est le seul type de LQTS qui n'est pas

associé a une mutation d'une sous-unité d'un canal ionique.

1.2.1.1.5 LQTS7

Connu aussi sous le nom du syndrome d'Anderson, le LQTS7 est dii & une
mutation dans le géne KCNJ2, codant pour la sous-unité o du courant K* a
rectification entrante, Ix;. Ce courant est présent dans les muscles cardiaque et
squelettique. Ainsi, en plus de souffrir de problémes cardiaques, les patients du
LQTS7 sont parfois atteints de paralysies périodiques. Leur phénotype cardiaque est
distinct et moins sévére que celui des autres formes de LQTS. En effet, bien que ces
patients souffrent de tachycardies ventriculaires, ils développent trés peu de torsades
de pointes et de fibrillation ventriculaire. De plus, aucune mort subite n'a été

rapportée chez les patients souffrant du LQTS7.?!
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1.2.2 Syndrome du QT long acquis

Les antiarythmiques de classes IA et III bloquent les courants K' et
prolongent ainsi le potentiel d'action et l'intervalle QTc. En régle générale, une
prolongation du potentiel d'action, et donc de la période réfractaire, protége le tissu
ventriculaire d'une ré-excitation précoce et d'une tachycardie. Par contre, une
prolongation excessive peut étre pro-arythmique et déclencher des torsades de
pointes. Le médicament cardiovasculaire provoquant le plus de torsades de pointes
est la quinidine (classe IA), avec un taux de 1-8%.’' Etonnamment, plusieurs
médicaments non-cardiovasculaires incluant I'érythromycine, la terfénadine et le
cisapride ont aussi été impliqués dans des cas de torsades de pointes.>? Des études ont
montré que ces agents, en plus de leurs actions pharmacologiques spécifiques,
bloquent le courant potassique I, et prolongent la repolarisation.”>** Deux de ces
médicaments, la terfénadine et le cisapride, ont méme été retirés du marché a cause
de leur potentiel pro-arythmique. Afin de prévenir l'entrée sur le marché de
médicaments possédant ce méme effet secondaire, la "Food and Drug
Administration" oblige maintenant les compagnies pharmaceutiques a inclure des
€tudes électrocardiographiques dans la phase I du développement de tous les
nouveaux médicaments afin de tester un effet possible sur l'intervalle QTc. Le
Tableau III de la p.34 présente une liste non exhaustive de médicaments susceptibles

de provoquer des torsades de pointes.

Par ailleurs, des études suggérent que certains cas de torsades de pointes
médicamenteuses puissent étre liés & des prédispositions génétiques. Napolitano et
coll. ont examiné I'ADN d'une patiente ayant souffert de torsades de pointes suite a la
prise de cisapride et ont découvert une mutation hétérozygote dans le géne KCNQ1.%
Une autre étude a comparé le géne KCNE2 de 98 patients sensibles a des
médicaments prolongeant la repolarisation et ont découvert trois mutations
sporadiques et un polymorphisme commun (une variation génétique recensée chez
plusieurs membres de la population).’’ Les mutations entrainaient une perte de
courant alors que le polymorphisme induisait une sensibilité accrue aux médicaments.

Ainsi, par divers mécanismes, des variabilités génétiques latentes pourraient
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prédisposer les porteurs a des événements de torsades de pointes médicamenteuses.
La portée de cette découverte est importante puisque certains polymorphismes sont

retrouvés chez 1.6% de la population générale.’

Classe pharmacologique

Nom générique

Anti-angineux

Antiarythmique: classe IA

classe 11

Antibiotique

Anti-cancéreux
Antihistaminique
Anti-infectieux
Anti-nausée
Anti-malaria

Anti-psychotique

Diurétique

Bépridil

Disopyramide, procainamide,
quinidine

Sotalol, dofétilide, ibutilide, brétylium

Clarithromycine, érythromycine,
sparfloxacine, azithromycine

Tamoxiféne

Astémizole, terfénadine
Pentamidine, foscarnet

Dolasétron, granisétron, ondensétron
Chloroquine

Chlorpromazine, halopéridol,
mésoridazine, pimozide, thiorizadine

Indapamide

Hypolipidémiant Probucol

Stimulant gastro-intestinal Cisapride, dompéridone

Tableau III: Liste de certains médicaments pouvant causer des torsades de pointes
Adapté de www.torsades.org

1.3 Torsades de Pointes

1.3.1 Historique

Dans les années soixante, le cardiologue frangais Dessertenne décrit pour la
premiere fois les torsades de pointes (TdP). Lors d'un enregistrement d'ECG d'une
patiente sujette a des évanouissements fréquents, il observe "une tachycardie de

fréquence peu différente, 200, qui fait alterner toutes les deux secondes des
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complexes qui ont tant6t la pointe en haut et tantdt la pointe en bas... avec une

amplitude... progressivement variable."*®

Figure 8: Exemple d'enregistrement de torsades de pointes
Source: *®

1.3.2 Caractérisation électrophysiologique des torsades de

pointes

Depuis ce temps, de nombreux cas de torsades de pointes ont été répertoriés et
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cette arythmie est maintenant bien caractérisée.”” 1l s'agit d'une tachycardie

ventriculaire polymorphique associée & une prolongation de l'intervalle QTc. Le
rythme ventriculaire des torsades de pointes se situe habituellement entre 200 et 250
battements par minute mais peut varier entre 150 et 300.% Le terme polymorphique
réfere aux complexes QRS de formes changeantes et révéle un circuit électrique
variable. L'initiation des torsades de pointes est distinctive. En effet, dans la majorité
des cas, le début de l'arythmie est précédé d'une séquence d’intervalles RR court-
long-court.’® Les torsades de pointes peuvent entrainer des palpitations,
I'évanouissement et méme la mort.> En effet, cette tachycardie qui se termine
généralement par elle-méme peut, dans certains cas, dégénérer en fibrillation
ventriculaire et étre fatale. Dans les cas d'arythmies non-soutenues, la durée est trés
variable. Une étude approfondie de 80 cas de torsades de pointes non-soutenues a

montré que les durées variaient de 3 a 117 battements avec une moyenne de 15+9

battements.>?
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1.3.3 Mécanismes cellulaires responsables des torsades de pointes

Les données recueillies jusqu'a ce jour indiquent que les torsades de pointes
seraient initiées par des dépolarisations précoces (EAD). Un des arguments
favorables a cette hypothése est que les conditions expérimentales qui promouvoient
les EAD (bradycardie, hypokaliémie, administration d'inhibiteurs de canaux K*) sont
celles qui favorisent les torsades de pointes en clinique.*® De plus, celles qui
empéchent la formation de EAD préviennent des activités électriques ectopiques qui

' Les EAD se produiraient

auraient pu déclencher des torsades de pointes.*
préférentiellement dans deux types de cellules, les fibres de Purkinje et les cellules M
du mid-myocarde.42 Le mécanisme cellulaire des EAD a été investigué et il semble
que le courant Ca** de type L (Icar) soit le candidat responsable de ces
dépolarisations précoces. Tout d'abord, les EAD se produisent a des voltages qui
correspondent & la fenétre d'activité de ces canaux. Dans les diverses conditions
favorisant une prolongation de la repolarisation, la cellule passe plus de temps aux
voltages dépolarisés du plateau, ce qui permet aux canaux Ca?* de sortir de leur
inactivation et de se réactiver, causant ainsi une dépolarisation.*® Une autre preuve de
I'implication des Ic,L et des EAD dans l'induction de la tachycardie ventriculaire
vient de l'observation que I'amiodarone, un puissant anti-arythmique de classe III
mais ayant aussi des propriétés de la classe I (inhibiteurs des canaux Na‘) et IV

(inhibiteurs des canaux Ca®") induit peu de torsades de pointes malgré sa capacité de

prolonger le QTc et de ralentir le rythme cardiaque (www.torsades.org).

Une fois initiée, les torsades seraient maintenues par des circuits électriques
de réentrée, favorisés par une dispersion des durées des potentiels d'action du
myocarde.”? Des études expérimentales attribuent justement la susceptibilité accrue
de leur modeéle de torsades de pointes a une augmentation de la dispersion temporelle
(d'un battement & l'autre)** ou physique (d'une couche du myocarde 4 I'autre)* de la

repolarisation.
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1.3.4 Facteurs de risque

Les facteurs de risque des torsades de pointes ont un point en commun: leur
association directe ou indirecte avec une prolongation marquée de l'intervalle QTc.
En plus des deux types de LQTS traités précédemment, des facteurs tels la
bradycardie, certains désordres métaboliques et le sexe féminin prédisposent aux
torsades de pointes. Une liste compléte des facteurs de risque est présentée dans le

Tableau 1V, p.37.

Facteurs de risque pour les torsades de pointes
LQTS congénital
LQTS acquis

Sexe féminin

Bradycardie
Hypokaliémie
Hypomagnésie sévére
Cardiomyopathie

Polymorphismes dans les canaux ioniques

Tableau IV: Facteurs de risque pour les torsades de pointes
Adapté de "2

1.3.4.1 Le LQTS congénital et les situations a risque

Tel que mentionné antérieurement, les patients du LQTS sont sujets a
développer des torsades de pointes. Fait notoire, ces arythmies surviennent dans des
situations trés précises telles I'exercice, les émotions, le repos et le sommeil.'>* Ces
conditions sont associées a la presque totalit¢ des événements cardiaques et leur
prédominance varie selon le type de LQTS. La Figure 9 (p.38) expose la fréquence de
chacune des conditions prédisposant aux torsades de pointes pour les LQTS les plus
courants, soit les LQTS1-3. Tel qu'illustré, une trés forte proportion de patients
LQTS1 développe des symptdmes en périodes d'exercices. La natation est le sport le
plus souvent associé a l'induction d'événements cardiaques et est fortement

déconseillé chez ces patients. Les périodes d'émotions et de repos/sommeil sont les
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conditions dans lesquelles se développent le plus fréquemment les symptomes des
patients LQTS2 et 3, respectivement. Par contre, leur prédominance n'est pas aussi
claire que celle de I'exercice pour le LQTS1. En ce qui a trait au type d'émotions
suscitant I'apparition de manifestations cliniques, on retrouve la peur, la colére et les
stimuli auditifs. Ce dernier facteur est tellement fréquent chez les patients du LQTS2
qu'il leur est recommandé de ne pas avoir de réveil-matin ni de téléphone dans leur

chambre a coucher.

704
60+
501
40 B Exercices
30 OEmotions
20 B Repos, sommieil

Fréquence (%)

SRR

10+

LQTS1 LQTS2 LQTS3

Figure 9: Fréquence des diverses situations dans lesquelles surviennent les
symptdmes cliniques des patients LQTS1-3
Adapté de 9

1.3.4.1.1 Meécanismes pathologiques possiblement impliqués

La révélation de situations d'induction distinctes permet de spéculer sur les
mécanismes impliqués dans le déclenchement des torsades de pointes associées aux
divers types de LQTS. %6 Par exemple, I'exercice est accompagné d'une augmentation
progressive du rythme cardiaque et de la reliche de catécholamines, deux
phénomeénes qui affectent le courant K* Igs. D'une part, un rythme rapide favorise
l'accumulation de ce courant a déactivation lente. D'autre part, une exposition aux
catécholamines augmente la densité de ce courant. Ainsi, les deux conditions
stimulent Ixs et induisent un raccourcissement du potentiel d'action. Cette réponse
constitue un mécanisme compensatoire antiarythmique. En ayant un courant I réduit

ou absent, les patients du LQTS1 perdent cette protection et deviennent plus sensibles
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aux situations impliquant une augmentation du rythme cardiaque et la reldche de

catécholamines, tel que l'exercice.

A l'inverse, les patients LQTS2,3 possédent un courant Ixs fonctionnel et ont
donc une capacité d'adaptation & une augmentation du rythme cardiaque, ce qui
explique le faible nombre d'événements cardiaques survenant lors d'entrainements
physiques. Par contre, cette protection est absente si les changements de rythme
cardiaque se produisent de fagon abrupte, comme dans les cas de stress émotionnels.
Dans ces situations, le courant Ixs n'a pas le temps de s'activer de fagon optimale et
l'augmentation du rythme cardiaque s'effectue donc sans adaptation de l'intervalle

QT. Ceci résulte en un intervalle diastolique réduit qui favorise les circuits de

réentrée.

La prédisposition & développer des arythmies durant une période de repos ou
de sommeil est plus intrigante vu la quasi-absence de stimulation associée a ces
conditions. Deux hypothéses sont toutefois proposées pour expliquer ce
phénoméne.*® Tout d'abord, le rythme cardiaque lent d'un patient au sommeil ou au
repos pourrait constituer un facteur de risque puisqu'il favorise l'apparition de EAD. Il
faut aussi rappeler que ces personnes ont des intervalles QTc trés longs au niveau
basal et que la bradycardie physiologique associée aux périodes tranquilles pourrait
exacerber leur phénotype. D'autre part, le sommeil est faussement pergu comme une
période d'inactivité totale. En effet, alors que les muscles squelettiques sont au repos,
l'activité neuronale est toujours en fonction. De plus, des actions dynamiques ont lieu.
Par exemple, les transitions entre les diverses phases de sommeil sont accompagnées
de changement au niveau du systéme sympathique. Les mécanismes précis de cette

hypothése restent toutefois a étre explorés.

1.3.4.2 Genre féminin

Il est maintenant bien documenté que les femmes sont plus susceptibles de
développer des torsades de pointes que les hommes. Notamment, I'étude de plus de
3000 dossiers de patients recevant du sotalol a révélé que le sexe féminin constituait

un facteur de risque indépendant pour le développement de torsades de pointes. En
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effet, les femmes avaient trois fois plus de risque de développer cette arythmie que les
hommes.*” Cette nette prévalence est aussi observée lorsque tous les médicaments
cardiovasculaires sont considérés. Il a été rapporté que 70% des épisodes de torsades
de pointes suivant une prise de médicaments cardiovasculaires sont survenus chez des
femmes.*® Cette méme tendance prévaut dans le cas des médicaments non-
cardiovasculaires. Par exemple, 15 des 16 patients traités avec I'hypolipidémiant
probucol qui ont développé des torsades de pointes étaient de sexe féminin.*’ Le
méme scénario se reproduit au niveau du LQTS2 ou les femmes sont aussi plus

sujettes aux événements cardiaques que les hommes.>

Une explication fort plausible de la prédisposition des femmes a développer
des torsades de pointes est le fait que leur intervalle QTc basal soit plus long que
celui des hommes. Cette différence de 10 a 20 ms selon les études a été notée pour la
premiére fois par Bazett,’ en 1920, et a été confirmée par la suite par plusieurs
chercheurs.’'”? Les mécanismes responsables de la différence entre hommes et
femmes dans la durée de l'intervalle QTc sont peu connus et sont le sujet de la

présente thése.

1.4 Influence de I'dge et du sexe sur I'intervalle QTc¢

La différence homme/femme au niveau de l'intervalle QTc n’est ni présente a
la naissance,” ni durant I’enfance.’” Elle se manifeste plutdt a ’adolescence, lorsque
I’intervalle QTc des gargons raccourcit alors que celui des filles demeure allongé.”®>?
Chez les patients souffrant du LQTS, la durée de I'intervalle QTc régresse aprés |’dge
de 15 ans chez les hommes seulement.’®*'** Le Tableau V (p.41) présente les cas de
deux patients masculins dont les intervalles QTc ont grandement diminué pendant la
période de l'adolescence. Ces cas spectaculaires combinés au phénoméne observé
dans la population générale suggerent fortement que des changements au niveau de la

repolarisation se produisent durant la période de l'adolescence des gargons.
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intervalle QTc (sec)

pré-adolescence post-adolescence
Patient 1 0.62 0.49
Patient 2 0.6 0.45

Tableau V: Evolution de la durée de l'intervalle QTc chez deux patients du LQTS
Source: Adapté de >*

1.5 Influence du rythme cardiaque sur l'intervalle QTc

Puisque le QTc est corrigé pour le rythme cardiaque, une différence dans ce
paramétre pourrait se répercuter sur l'intervalle QTc. En fait, dans I'étude de
Rautaharju et coll. citée précédemment,” les valeurs de QT absolues ne différaient
pas entre les sexes. La différence provenait plutdt du rythme cardiaque plus lent chez
les hommes aprés leur puberté. A l'inverse, les deux autres études ont démontré
qu'une baisse du rythme cardiaque survenait autant chez les hommes que chez les
femmes apreés la puberté et n'induisait donc pas la différence entre les sexes au niveau
de l'intervalle QTc. Ce résultat a €té observé chez les patients atteints du LQTS ainsi
que dans la population générale.’®! En bref, toutes les études s'entendent pour dire
que l'intervalle QTc des femmes est plus long que celui des hommes alors que
certaines études seulement rapportent aussi une différence au niveau de l'intervalle
QT non corrigé. Un groupe de chercheurs a contourné l'influence de la correction de
l'intervalle QT en stratifiant selon les rythmes cardiaques. Ainsi, ils ont comparé la
repolarisation d'hommes et de femmes ayant des rythmes cardiaques similaires. Pour
tous les rythmes étudiés, 601, 70+1 et 801 bpm, l'intervalle QT des femmes était
plus long que celui des hommes.® Ainsi, le rythme cardiaque ne peut a lui seul

expliquer les différences entre les sexes au niveau de l'intervalle QTc.

Des chercheurs ont aussi €tudi¢ I'effet du changement de rythme cardiaque sur
le QT mais cette fois, sur une période de 24 heures.” Ils ont comparé la relation entre
les valeurs de QT absolues et l'intervalle RR d'hommes et de femmes en santé. A
l'aide d'une analyse de régression linéaire, ils ont montré que la relation entre ces

deux parameétres, définie par la pente, était plus abrupte chez les sujets féminins.
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Autrement dit, la durée de l'intervalle QT des femmes variait de fagon plus prononcée
que celle des hommes suite & un changement de rythme cardiaque. Par exemple, face
a des rythmes plus lents, l'intervalle QT de la femme prolongeait plus que celui des
hommes. Il est intéressant de noter que la bradycardie est un facteur de risque qui
pourrait donc étre plus important chez la femme. Les mécanismes responsables de

cette différence restent a étre élucidés.

1.6 Influence des hormones sexuelles sur l'intervalle QTc¢

Puisque l'intervalle QTc raccourcit chez les gargcons a l'adolescence, une
période marquée par une augmentation des concentrations d’hormones sexuelles, les
androgénes pourraient étre impliqués dans ce phénomene. Les résultats d’une étude
récente supportent cette hypothése. Il a été observé que I’intervalle QT d’hommes
ayant subi une castration allonge alors que celui des femmes exposées a un niveau
d’androgéne élevé raccourcit’®® Le méme groupe a aussi montré qu'une
administration de testostérone chez les hommes castrés diminuait la durée de leur
intervalle QT. De plus, il a été rapporté que des athlétes prenant de fortes doses de
stéroides anabolisants avaient des intervalles QT plus courts.”’ Ces études suggérent
que les hormones sexuelles males modulent la repolarisation ventriculaire. Les
CHAPITRE 3 et CHAPITRE 4 traitent de l'importance de ces hormones dans les

différences male/femelle observées dans la repolarisation cardiaque de la souris.

1.7 Modéles animaux utilisés pour étudier les différences

male/femelle

1.7.1 Introduction

Idéalement, les hypothéses  visant & comprendre des phénomenes
physiologiques et pathologiques humains devraient étre testées chez I’humain.
Malheureusement, ceci s’avére impossible dans bien des cas. Par exemple, dans le
domaine de I’électrophysiologie cardiaque, les courants électriques de cellules isolées

sont étudiés. Or, ’accés & des cceurs humains sains est rare et du point de vue



43

technique, I’isolation de myocytes humains est extrémement difficile. De plus, les
facteurs confondants tels la prise de médicaments, I’4ge et les antécédents de maladie
sont nombreux et impossible & contrdler. Pour ces raisons, la plupart des études
fondamentales utilisent des animaux de laboratoire. Le choix du modéle repose sur
plusieurs critéres. Tout d’abord, le potentiel expérimental de I’animal choisi (ex.
approche transgénique possible) et des aspects pratiques tels le cofit, I’accessibilité et
’hébergement doivent étre considérés. De plus, dans le cas d’études visant a
comprendre la physiologie humaine, il est important que le modéle choisi ressemble a
I’humain du point de vue du systeme biologique étudié. Ainsi, cette section décrit
d’abord les propriétés de I’humain quant a sa repolarisation cardiaque et & son profil
sexuel avant de le comparer & divers modéles animaux utilisés pour étudier la
régulation hormonale au niveau de la repolarisation cardiaque. Pour faciliter la

comparaison, les informations concernant les niveaux d’hormones sexuelles et

certains paramétres de la reproduction sont présentées sous forme de tableaux.

1.7.2 Définitions

1.7.2.1 Reproduction et sexualité

Voici les définitions de quelques termes qui seront utilisés dans les sections
suivantes. Les cycles menstruel et cestral sont les deux types de cycles retrouvés
chez les mammiféres. La femme et plusieurs autres primates femelles ont un cycle
menstruel alors que les autres mammiféres ont un cycle cestral. Dans chacun des deux
cycles, I’ovulation survient lorsque I’endométre s’est €paissi et vascularisé. Par
contre, en absence de grossesse, ’endomeétre est expulsé du corps dans le cycle
menstruel alors qu’il est réabsorbé par I’utérus dans le cycle cestral. De plus, le cycle
cestral est plus modulable que le cycle menstruel. Il peut étre par exemple modifié par
un changement de saison ou de climat. Finalement, les femmes peuvent étre
réceptives a I’activité sexuelle tout au long de leur cycle alors que la plupart des
autres femelles ne le sont qu’a I’ovulation. Cette période d’activité sexuelle est

appelée cestrus ou rut.”®
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Le cycle cestral peut étre divisé en quatre phases : pro-cestrus, cestrus, post-
cestrus et ancestrus. La phase pro-cestrus est caractérisée par la maturation
folliculaire, un processus qui se continue dans la phase cestrus ol survient
Povulation. La phase post-cestrus correspond a la formation et & la maturation du
corps jaune. Finalement, ’ancestrus est la période de repos sexuel correspondant a la
lutéolyse.® Les hormones sexuelles féminines fluctuent pendant ces quatre phases.
Les niveaux d’cestrogenes et de progestérone maximaux sont observés pendant le pro-
cestrus et le post-cestrus, respectivement. Les niveaux minimaux de ces mémes
hormones surviennent durant I’ancestrus. Le cycle peut étre poly-cestrien ou mono-
astrien si la femelle non-fécondée a des cycles récurrents ou non pendant la saison

sexuelle.”

1.7.2.2 Repolarisation cardiaque

Tel que mentionné précédemment, la repolarisation cardiaque est un processus
qui implique les courants K*. Voici les divers courants / canaux K* ventriculaires

retrouvés chez les humains et les adultes de diverses espéces animales:
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Sous-unités a possibles

Courant K Sous-unités B possibles
(géne)
Kv1.4 (KCNA4) KvB1, Kvf33
Lo Kv4.2 et/ou Kv4.3 KChIP2, miRP1, KChAP, DPPX, Kvpl1,

(KCND2, KCND3) KvB3

Iwr Kv1.5 (KCNAS) KvB2, Kvp3
g Kv1.2 (KCNA2)
Kv2.1 (KCNB2) KChAP
Is ERG (KNCH2) miRP1
Iks KVLQTI (KCNQI)  minK
L, Kir2.1 (KCNJ2)

+ .
Tableau VI: Correspondance entre les courants et canaux K présents dans le cceur
des mammiferes
Source:' %%

1.7.3 Comparaison entre ’humain et divers modéles animaux

1.7.3.1 L’humain

Electrophysiologie cardiaque. Les courants K* (canaux K*) retrouvés dans le
ventricule d’humain sont I, (Kv4.3), Ix, (HERG), Ixs (KVLQTI1, minK) et Ik;

(Kir2.1).1’65'69 Le rythme cardiaque est d’environ 76 battements par minute."!

Profil sexuel. Les premiers signes de puberté chez la fille et le gargon sont la
premiére menstruation, qui se manifeste vers 11-13 ans, et la premiére €jaculation de
spermatozoides viables, qui survient vers 13-14 ans.”® Chez le gargon, la production
d’androgénes débute un peu avant cette premiére manifestation, soit vers 1’age de 10
ans, atteint un maximum vers 20 ans et décline par la suite, sans jamais retourner a
des niveaux nuls.”® Les deux principaux types d’androgénes présents chez 1’homme
sont la testostérone et la dihydrotestostérone (DHT). La femme a un cycle menstruel
moyen de 28 jours au cours duquel les niveaux d’hormones sexuelles fluctuent

(cestrogenes : 20-350 pg/ml, progestérone : 1-20 ng/ml).7l Les hommes et les femmes
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possedent des récepteurs aux androgénes et aux cestrogénes au niveau de leurs

ventricules.”>”

1.7.3.2 Le chien

Electrophysiologie cardiaque. Les courants (canaux) K* présents dans le
ventricule de chien sont: I, (Kv4.3), Iy, (ERG), Ixs (KVLQTI, minK) et I,

(Kir2.1). 65887476 [ oyr rythme cardiaque moyen est de 87 battements par minute.”’

Profil sexuel. La chienne a un cycle mono-cstrien. Elle n'a que deux périodes
de rut par année, une au printemps et une & I’automne.’® La durée de son cycle sexuel
est de six mois et comprend une période d’ancestrus de trois & quatre mois. Cette
caractéristique est particuliére a la chienne puisque tous les autres mammiféres
femelles, incluant la femme, ont une période ancestrus beaucoup plus courte. La
présence de récepteurs aux hormones sexuelles dans le cceur de chien reste a étre

démontrée.

Autre caractéristique. Le chien est I’espéce animale domestique ol I’on
retrouve la plus grande variété de races, et en conséquence, la plus grande variété de
propriétés physiques (ex. taille). Ceci peut générer une grande variabilité inter-
animale tant au niveau de I’électrophysiologie cardiaque que du systéme reproducteur
(ex. maturité sexuelle : voir Tableau IX, p.50) et entraver la détection de différences

maéle/femelle.

1.7.3.3 Le lapin

Electrophysiologie cardiaque. Les courants (canaux) K" fonctionnels que
I’on retrouve dans les myocytes ventriculaires du lapin adulte sont I, (Kv1.4), Ik,
(ERG), et Ix; (Kir2.1)."%8™80 De ces trois courants K, seulement Ix, et Ix; ont la
méme base moléculaire que celle retrouvée chez I’humain. En effet, le courant I, du
lapin est associé au geéne Kvl.4 alors que celui de ’humain est associé au géne
Kv4.3. Par ailleurs, le fait que le lapin n'ait pas de courant I, fonctionnel constitue

une limitation puisqu'il empéche I'étude de l'interrelation entre Ik, et Igs, qui peut étre
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aussi importante que la densité des courants elle-méme. En effet, ces deux courants
aux propriétés distinctes jouent des rdles complémentaires au niveau du potentiel

d'action. Le rythme cardiaque du lapin est d’environ 190 battements par minute.®'

Profil sexuel. Contrairement aux femmes et a la plupart des autres
mammiféres, les lapines n’ont pas d’ovulation spontanée. Leur ovulation, appelée
ovulation induite, est plutdt provoquée par le coit.”%®? Bien que les ovulations
spontanée et induite requiérent I’hormone lutéinisante (LH) pour la rupture du
follicule, le mécanisme d’action differe. En effet, dans le premier type d’ovulation, la
relache de LH est cyclique et est contrdlée par les cestrogénes alors que dans le
deuxiéme type, elle est dépendante du coit. La lapine n’a donc pas de cycle cestral
traditionnel et ses niveaux d'cestrogénes sont toujours trés bas.®* De plus, puisque les
femelles utilisées en laboratoire sont séparées physiquement des males, la sécrétion
de LH, I’ovulation et la production de corps jaune ne sont jamais induites. Puisque le
corps jaune est la principale source de progestérone chez les femelles non-fécondées,
les niveaux de cette hormone sont aussi trés faibles chez les lapines (voir Tableau
VII, p.49). La présence de récepteurs aux hormones sexuelles dans le cceur de lapin

reste & étre démontrée.

1.7.3.4 Le cobaye

Electrophysiologie cardiaque. Les cobayes adultes possédent les courants
(canaux) K* suivants dans leurs ventricules : I, (ERG), Iks (KvLQT1/minK) et Ik,
(Kir2.1)." 68848 Ainsi, ils possédent tous les courants K retrouvés chez ’humain, a
Pexception de I, Leur rythme cardiaque moyen est de 240-250 battements par

minute.?’

Profil sexuel. La maturité sexuelle des femelles cobayes est plus hitive que
celle des males. Les femelles peuvent atteindre leur maturité sexuelle dés la
cinquiéme semaine de vie alors que les males ne produiront du sperme fertile qu’a
neuf semaines. Les femelles ont un cycle cestral moyen de 16 jours de type poly-
cestrien.”” Les cobayes possédent des récepteurs aux hormones sexuelles au niveau

ventriculaire (données du laboratoire non publiées).
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1.7.3.5 Lerat

E‘lectrophysiologie cardiaque. Les courants (canaux) K' présents dans le
ventricule de rat sont : I, (Kv4.2/Kv4.3), I, (Kv1.2) et Ig; (Kir2.1).!/656880.88:90 1 o)y

rythme cardiaque moyen est de 380 battements par minute.”’

Profil sexuel. Les femelles ont un cycle aestral moyen de 4-5 jours de type
poly-cestrien.”"* Les récepteurs aux androgenes et aux cestrogénes sont présents dans

les ventricules de rat.”?

1.7.3.6 La souris

Electrophysiologie cardiaque. Les souris adultes possédent les courants
(canaux) K" ventriculaires suivants : I,, (Kv4.2/Kv4.3), Ixur (Kv1.5), I (Kv2.1) et Ik,

(Kir2.1).2'%° Leur rythme cardiaque varie de 500 & 700 battements par minute.'?

Profil sexuel. Les femelles ont un cycle cestral moyen de 4-5 jours de type
poly-cestrien.®? Les souris possédent des récepteurs aux androgénes, aux cestrogénes

et 4 la progestérone au niveau ventriculaire.'”"

Autre caractéristique. L’accés aux souris transgéniques représente un outil
des plus intéressants afin d’étudier la régulation hormonale du cceur. En effet, il existe
plusieurs types de souris transgéniques dont les récepteurs aux hormones sexuelles ou
les niveaux d’hormones sexuelles ont été altérés.'”'® Par exemple, la disponibilité
de souris déficientes en certains récepteurs aux hormones sexuelles permet
d’investiguer spécifiquement le réle de ces récepteurs au niveau du cceur.'™'% De
plus, la présence du courant I, représente un autre atout de la souris puisqu'il s'agit

. . . 1
d'un courant majeur des oreillettes humaines.'”’
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17B-cestradiol (pg/ml)

Progestérone (ng/ml)

Femme'

Chienne”

Lapine
Cobaye™
Rate'®

Souris CD-1

20-350
20-70
~10 pg/mI*
30-70
17-88
112434°

1-20
1-20
0.30.1%
1-10
9-40
2_40108

Tableau VII: Niveaux de 17B-cestradiol et de progestérone détectés pendant le cycle
sexuel des femmes et des femelles adultes de différentes espéces animales

* r »
Données du laboratoire

Testostérone (ng/ml) DHT (pg/ml)
Homme"' 3-11 300-1000
Chiens'®” 2
Lapin®>!!° 5-6 839+/-173
Cobaye® 3-6
Rat'%® 2-4 74-190
Souris CD-1'"! 3-7 700-1200

Tableau VIII: Niveaux de testostérone et de DHT détectés chez les hommes et chez
les males adultes de différentes espéces animales
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Femelles Males
Humain® 11-13 ans 13-14 ans
Gros Chien'" 6-12 mois 6-12 mois
Petit Chien''? 4-7 mois 4-7 mois
Lapin’ 5-6 mois 5-6 mois
Cobaye” 5-6 sem. 8-10 sem.
Rat’ 8-10 sem. 10-12 sem.
Souris” 8-10 sem. 10-12 sem.

:I‘ableau IX: Age de la maturité sexuelle selon le sexe et les especes
Données provenant du site web de Charles River

Pro-cestrus (Estrus Post-cestrus Ancestrus
Femme'" 11-21 jours ~12-24 h 14 + 2 jours

(folliculaire) (ovulatoire) (lutéale)
Chienne® 4-15 jours 4-9 jours 2 mois 3-4 mois
Cobaye™ 1.5 jour 12h 6 jours 8 jours
Rate® 1 jour 12-34 h 12 h 2 jours
Souris> 1 jour 12h 1 jour 2.5 jours

Tableau X: Durée des différentes phases du cycle sexuel chez les femmes et chez les
femelles adultes de différentes espéces animales
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1.7.4 Recommandations

Quel est donc le meilleur modele expérimental pour I'étude des différences
méle/femelle dans la repolarisation cardiaque? En théorie, le chien s’avére étre un
modele de choix grice a ses grandes similitudes avec I'humain au plan
électrophysiologique. En pratique, par contre, la difficulté d'accés & une population de
chien uniforme en terme de race et d’age le rend moins attrayant. De plus, la trés
longue période ancestrus de la chienne (3-4 mois) peut retarder grandement
I'exécution de I'étude. Puisque aucun autre modéle ne posséde tous les courant K*
présents chez I'humain, I'approche complémentaire est possiblement la seule avenue

permettant de s'y rapprocher.

En excluant le chien, le cobaye est le modéle partageant le plus de courant K*
avec I'humain (Ik,, Ixs et Ix;). L'élément manquant, le courant I,,, est présent chez le
lapin, le rat et la souris alors que sa base moléculaire (Kv4.3) n'est présente que chez
le rat et la souris. Ceci affaiblit la candidature du lapin, d'autant plus que les femelles
de cette espéce ont des niveaux d'estrogenes et de progestérone trés faibles. Si l'on
compare maintenant les petits rongeurs, I’accés a des souris transgéniques rend ce
modele supérieur au rat compte tenu de toutes les nouvelles possibilités d’études
offertes par cette technologie. Ainsi, I'étude combinée du cobaye et de la souris
représente une approche adéquate et réaliste pour l'é¢tude des différences reliées au

sexe dans la repolarisation ventriculaire.

1.7.5 Modéle couramment utilisé

Jusqu'a maintenant, le modéle le plus utilisé dans le domaine de la régulation
hormonale est le lapin, ce qui va & l'encontre des recommandations présentées ci-haut.
Le choix de cette espéce est justifié uniquement par une durée de potentiel d'action
similaire & I'humain. Selon moi, les nombreux inconvénients du lapin présentés
précédemment surplombent cet avantage. Par ailleurs, le chien et le cobaye ont aussi

des durées de potentiel d'action similaires a I'humain.
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1.7.6 Choix de notre laboratoire

En plus des caractéristiques mentionnées ci-haut, l'accés aux souris
transgéniques déficientes en récepteurs aux cestrogeénes (souris ERKO) et a I’hormone
folliculostimulante (FSH; FORKO) a motivé le choix de la souris comme modéle
animal pour étudier les mécanismes de base des différences male/femelle. Nous
avons ensuite complété ces études en utilisant le cobaye, qui posséde les courants K*

I, et Ixs présents chez I'humain mais absents chez la souris adulte.

1.8 Différences male/femelle au niveau de Ila

repolarisation cardiaque - études expérimentales

Bien que I'importance des phénoménes cardiaques impliquant des différences
maéle/femelle soit reconnue, quelques études seulement se sont penchées sur ce sujet.

1.'"* ont rapporté qu'a des intervalles de stimulation longs seulement, les

Liu et col
intervalles QTc des lapins méles étaient plus courts que ceux des femelles. Ils ont
aussi observé une légere différence dans la densité des courants Ik, et Ik;, qui étaient
tous deux plus faibles chez les femelles. La différence dans le courant Ik, n'était
apparente qu'a partir de +30 mV, ou la contribution physiologique de ce courant est

incertaine. Le courant I, €était similaire entre les deux groupes.

Dans une autre série d'expériences, ce groupe a montré que malgré des
prolongations similaires induites par l'agent pharmacologique 4-aminopyridine (4-
AP), les lapins femelles développaient plus souvent des torsades de pointes.'"” Ils
n'ont toutefois pas fourni d'explications permettant d'éclaircir cette observation. Plus
récemment, Pham et coll.''® ont démontré que les durées de potentiel d'action
mesurées 4 30% de la repolarisation (APD3o) des muscles papillaires de lapins
femelles étaient plus longues que celles des males. Par contre, les valeurs d'APDg
étaient similaires entre les deux groupes. IIs ont aussi montré que l'inhibiteur de Ik, le
dofétilide, induisait une plus grande prolongation du potentiel d'action chez les
femelles que chez les males. Malheureusement, ils n'ont pas étudié le role des

courants K* dans ce phénoméne. En utilisant le rat comme modele, Leblanc et coll.'"
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n'‘ont observé aucune différence entre les sexes au niveau des potentiels d'action et

des courants Iy, I, Ix; et Ica.L.

Ces études fournissent des informations intéressantes mais disparates. En
effet, certaines d'entre elles étudient les courants, d'autres les potentiels d'action ou les
intervalles QT. Aucune d'entre elles ne fournit une description compléte du
phénomeéne étudié. Afin de comprendre les mécanismes impliqués, il est important de
faire le lien entre les canaux, les courants, les potentiels d'action et les intervalles QT

au sein d'une méme étude.

Notre laboratoire a été le premier a se pencher sur l'étude des différences
reliées au sexe chez la souris et ce, a4 tous les niveaux de la repolarisation
ventriculaire. Peu avant mon arrivée a la maitrise, I'étude effectuée par Trépanier-
Boulay et coll. a révélé ’existence de différences male/femelle au niveau de la
repolarisation cardiaque chez la souris.''® Comme chez les humains, le sexe féminin
était associ€ a une repolarisation prolongée. En effet, les potentiels d'action
ventriculaires étaient significativement plus longs chez les femelles que chez les
males (Figure 10, p.54). Ce retard était dii 4 une densité plus faible du courant K* Ixy
dans les ventricules de souris femelles (Figure 11, p.54). Tous les autres courants
étudiés, Ina, IcaL, Lo, Iss, Iki, étaient similaires entre les deux sexes. Des études de
biologie moléculaire ont ensuite montré que la diminution du courant Iy, résultait
d'une baisse de I'expression de son canal associé, Kv1.5. En effet, le signal du canal
Kvl1.5 était moins abondant dans les ventricules de femelles et ce, tant au niveau de la

protéine que de I'ARNm.

En dévoilant et en caractérisant une différence male/femelle dans la
repolarisation cardiaque de la souris, cette étude constituait une premiére dans I'étude

des différences électrophysiologiques reliées au sexe.
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Figure 10: Potentiels d'action de myocytes ventriculaires isolés de souris méles et
femelles

Exemples de potentiels d'action provenant de deux différentes femelles (A) et d'un
méle (B). C. Histogramme présentant les valeurs moyennes des durées de potentiels
d'action mesurées a 20%, 50%, et 90% de repolarisation chez les méles et les
femelles.''®
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Figure 11: Courant K* Ix,, de myocytes ventriculaires de souris males et femelles
A. Enregistrements typiques du courant Ig, dans les deux groupes. B. Relation

courant-voltage de I, des myocytes méles (M) et femelles (0).''®
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1.9 Régulation hormonale des canaux Kv

Des données expérimentales suggéerent que le contréle hormonal des canaux
+ » - . . . - . .
K" puisse s’effectuer par la régulation de leur transcription.''®'?° Ce fait n’est pas si

surprenant tenant compte des points suivants :

1. Le principal mode d’action des hormones sexuelles est la régulation de la
transcription suite a une liaison 4 leurs récepteurs;'?!

2. Des récepteurs aux androgenes, aux cestrogénes et a la progestérone
fonctionnels sont retrouvés dans des tissus qui expriment les canaux K*

(Utél‘US, C(EUI').73’92’101’|22’123

Le mode d’action classique des hormones sexuelles peut se résumer ainsi :
I’hormone pénétre la membrane cellulaire par diffusion et se lie a son récepteur, le
complexe migre alors vers le noyau ou il agit comme facteur de transcription positif
ou négatif.'?! Un des mécanismes du ciblage des génes par le complexe hormone-
récepteur est la reconnaissance d’une séquence de nucléotides précise, I’élément de
réponse. Le récepteur aux androgenes reconnait la  séquence
5’-GGTACAnnnTGTTCT-3’ alors que le récepteur aux cestrogénes se lie a cette
autre séquence : 5>~ AGGTCAnnnTCACT-3’."*!

L’étude des niveaux d’ARNm constitue une fagon de vérifier I’impact des
hormones sur la transcription. Il faut toutefois garder en téte qu’une perturbation des
niveaux d’ARNm peut aussi étre due a une dégradation ou stabilisation de I’ARNm,
phénomenes totalement indépendants de la transcription. Toutefois, en tenant compte
du mode d’action génomique des hormones sexuelles, il est légitime d’assumer un
lien entre les niveaux d’ARNm et la transcription. Une des premiéres études a avoir
démontré un lien entre I’expression des canaux Kv et les hormones sexuelles a été
effectuée sur le muscle utérin. Song et coll. ont tout d’abord observé que les niveaux
d’ARNm des canaux Kv4.3 étaient grandement réduits pendant la grossesse,'** un
phénoméne associé a une augmentation significative des hormones sexuelles
féminines. Cette diminution d’ARNm était accompagnée d'une densité protéique plus

faible du canal et d'un courant I, réduit. Ce groupe a ensuite montré que le phénotype
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pouvait étre reproduit chez des rates ovariectomisées (OVX) subissant un traitement
aux cestrogenes mimant les niveaux atteints durant la grossesse. Ces résultats
suggerent fortement que les cestrogénes étaient impliquées dans les changements
transcriptionnels observés chez la rate enceinte. Les hormones peuvent donc
influencer la transcription des canaux Kv et moduler & la baisse ou a la hausse les

+ .
courants K" résultants.

1.10 Effet des hormones sexuelles males sur la

repolarisation

A ce jour, trés peu d’études expérimentales visant 2 comprendre les effets des
androgénes sur la repolarisation cardiaque ont été réalisées. De celles-ci, aucune n’a
utilisé la souris comme modéle animal. En fait, la majorité des études a été effectuce
chez le lapin. Deux de ces études ont testé I'effet de la DHT sur la repolarisation
ventriculaire. Dans les deux cas, des lapins femelles OVX ont été traités a la DHT
durant 20 jours. Hara et coll. ont observé une diminution de la durée du potentiel
d’action chez les lapins OVX traitées & la DHT.'” Ces données supportent
I’hypothése que les androgénes favorisent une repolarisation rapide. Les courants K*
n’ayant pas été étudiés, on ne sait si [’augmentation de ceux-ci était responsable du
raccourcissement de la repolarisation. Le second groupe a observé que les niveaux
d’ARNm du canal Kvl1.5 et de minK étaient diminués suite au traitement a la DHT.
IlIs ont aussi observé que les lapins OVX recevant de la DHT avaient une
repolarisation plus lente que les OVX non traités.'”” Ces résultats sont en
contradiction avec ceux de Hara et coll. et sont difficiles & interpréter. En effet, les
courants associés aux deux canaux affectés, Ix, (Kv1.5) et Ixs (minK), ont des roles
trés limités chez le lapin et ne peuvent donc pas expliquer la prolongation de
I’intervalle QT. Un troisiéme groupe a étudié l'effet d'une déficience en androgenes
chez le lapin et n’a détecté aucun changement dans la durée des potentiels
d’actions.''® Vu les discordances des quelques études portant sur l'effet des hormones
sexuelles méles au niveau de la repolarisation ventriculaire, d'autres études sur ce

sujet sont clairement justifiées.
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1.11 Résumé de I'état des connaissances, buts de la thése

Trois grandes conclusions pouvant étre tirées de 1'étude de Trépanier-Boulay

et coll.''® ont guidé I'élaboration des travaux présentés dans cette thése.

La souris, comme I'humain, présente une différence male/femelle dans la
repolarisation cardiaque, ce qui renforcit la validité de ce modele pour I'étude des
différences électrophysiologiques reliées au sexe;

Un courant K, et non Na* ou Ca2+, est responsable de cette différence;

Une régulation de la transcription du canal K* est impliquée dans la densité plus

faible du courant.

Par ailleurs, les observations suivantes nous ont permis de préciser nos

objectifs.

Plusieurs études épidémiologiques suggérent que les androgénes affectent la
repolarisation;>*->>6:57

Des études expérimentales ont montré que les hormones sexuelles régulent
I'expression des canaux Kv;''*'?*

La souris et le cobaye possédent des courants K* cardiaques complémentaires qui
réunis, englobent ceux de I'humain;

Le profil sexuel de ces espéces est similaire a celui de I'humain.
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Ainsi, les objectifs de cette thése de doctorat furent de :

Vérifier I'implication des androgeénes dans la différence méle/femelle observée
dans la repolarisation cardiaque de la souris;
Etudier les différences reliées au sexe dans I'électrophysiologie cardiaque du

cobaye en portant une attention particuliére aux courants I, et Igs.



CHAPITRE 2 Méthode pour séparer les courants

K" fonctionnels dans le ceeur de souris

Les potentiels d'action trés brefs des souris sont adaptés a leur rythme
cardiaque rapide. Il n'est donc pas surprenant de retrouver chez cette espéce une
densité élevée de courant K, responsable de la repolarisation du potentiel d'action.
Le courant K" global de la souris comprend quatre courants distincts dont trois
sortants (L, Ixur €t Iss) €t un entrant (Ix;). Il est relativement facile de distinguer ces
deux classes mais la tiche se complexifie lorsqu'il s'agit de séparer les courants
sortants. Le défi provient du fait que ces courants s'activent tous a des voltages

similaires et que certains d'entre eux ont des cinétiques semblables.

Avant la publication de notre étude, les choix suivants s'offraient pour I'étude

des courants de repolarisation chez la souris :

1. Etude du courant K* sortant total;
2. Analyse par lissage de la phase d'inactivation du courant K* sortant total;
3. Utilisation d'inhibiteurs de canaux K”.

Ces trois types d'analyse comportent des limitations importantes. Tout
d'abord, I'analyse du courant sortant total est incompléte. En effet, les courants
responsables d'une baisse ou d'une hausse du courant total ne seront jamais identifiés
par cette méthode. De plus, elle limite la détection d'un remodelage cellulaire au
cours duquel un courant serait diminué alors qu'un autre serait augmenté. L'analyse
de la densité des courants par le lissage de courbe repose sur l'observation que les
trois courants sortants ont des vitesses d'inactivation différentes. Bien qu'il soit vrai
que la phase d'inactivation est modulée par l'inactivation distincte des trois courants
sortants, elle est aussi dépendante de la qualité de l'enregistrement. En effet, la
compensation €lectronique effectuée pendant I'enregistrement de courants électriques
affecte directement ce parametre. Si la compensation n'est pas optimale, dii & un
expérimentateur peu aguerri ou a des conditions d'enregistrement changeantes, la

phase d'inactivation en sera affectée ainsi que les résultats du lissage. De plus, ce type



P\

60

d'analyse ne permet pas I'étude du recouvrement de l'inactivation et de I'inactivation a
I'équilibre, des paramétres ayant de grandes implications physiologiques. Cette
limitation majeure est aussi partagée par la troisiéme technique. De plus, il n'existe
pas d'inhibiteurs spécifiques pour tous les courants. Par exemple, I'agent utilisé pour

inhiber I, le tetraéthylamonium, affecte aussi Ik, et IKl.xoo
En rendant possible la séparation des trois courants sortants, notre technique
procure les avantages suivants :

1. Une analyse individuelle des densités, des phases d'activation et d'inactivation

des trois courants sortants;

2. La possibilité d'étudier le recouvrement de l'inactivation et l'inactivation a
I'équilibre;
3. La visualisation des divers courants au cours méme d'une expérience.

L'article suivant présente et valide notre technique de séparation des courants
K" chez la souris. De plus, il décrit les propriétés et les roles fonctionnels de chacun

des courants sortants.
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SUMMARY

Although the K currents expressed in ventricles in hearts of adult mice have
been studied extensively, detailed information concerning their relative sizes and
biophysical properties in ventricle and atrium is lacking. Here we describe and
validate pharmacological and biophysical methods that can be used to isolate the
three main time- and voltage-dependent outward K* currents which modulate action
potential repolarization. A Ca2+-independent transient outward K* current, I, can be
separated from total outward current using an “inactivating prepulse”. The rapidly
activating, slowly inactivating delayed rectifier K* current, Ix,r, can be isolated using
sub-millimolar concentrations of 4-aminopyridine (4-AP). The remaining K" current,
Iss, can be obtained by combining these two procedures: (i) inactivating I, and (ii)
eliminating Ik, by application of low concentration of 4-AP. I activates relatively
slowly and shows very little inactivation, even during depolarizations lasting several
seconds. Our findings also show that the rate of reactivation of I, is more than 20-
fold faster than that of Ik, These results demonstrate that the outward K™ currents in
mouse ventricles can be separated based on their distinct time- and voltage-
dependence, and different sensitivities to 4-AP. Data obtained at both 22°C and 32°C
demonstrate that although the duration of the inactivating prepulse has to be adapted
for the recording temperature, this approach for separation of K current components
is also valid at more physiological temperatures. To demonstrate that these methods
also allow separation of these K" currents in other cell types, we have applied this
same approach to myocytes from mouse atria. Molecular approaches have been used
to compare the expression levels of different K* channels in mouse atrium and
ventricle. These findings provide new insights into the functional roles of Iy, I, and

Iss during action potential repolarization.
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INTRODUCTION

The extensive efforts to develop transgenic mouse models of cardiovascular
diseases have resulted in strong interest in defining the functional properties and
molecular basis of the K currents in mouse heart. Accordingly, a number of detailed
studies focussing on K" currents in adult mouse ventricular myocytes have appeared
(Benndorf et al., 1987; Wang & Duff, 1997; Barry et al., 1998; Babij et al., 1998;
Zhou et al., 1998; London et al., 1998a; London et al., 1998b; Guo et al., 1999;
Wickenden ef al., 1999; Xu et al., 1999a; Xu et al., 1999b; DuBell et al., 2000; Jeron
et al., 2000; Guo ef al., 2000; London ef al., 2001; Zaritsky et al., 2001; Kuo ef al.,
2001; Zhou et al, 2003; Brunet et al, 2004; Bondarenko et al., 2004). In
combination, these results provide a reasonably consistent and quite detailed account
of the number and type of time- and voltage-dependent K* currents expressed in adult
mouse ventricle. Although a number of different strategies have been developed for
separating the total K™ current into individual K™ conductance components, none of
these approaches are optimal for discerning the functional roles of these K*
conductances. The separation of the outward K* currents in mouse ventricle is
particularly challenging because a number of distinct, relatively large K* currents
activate in a similar voltage range and with comparable kinetics. To fully understand
action potential repolarization, more detailed knowledge of the biophysical properties
of each of these K currents is needed. In addition, understanding the functional
role(s) of the different repolarizing K* currents expressed in adult mouse ventricular
myocytes will provide essential insights into murine models of repolarization

abnormalities.

The main goals of the present study were: (1) to develop an experimental
approach that allows direct determination of the amplitude and kinetics of each
individual K" current, and yields these findings during an experimental protocol, as
opposed to requiring extensive off-line analyses, (2) to provide a comprehensive
description of the densities and the biophysical and pharmacological properties of the
K" currents of adult mouse right ventricle, and (3) to use this information to

determine the role of each K* current in modulating the repolarization phase of the
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action potential. In addition, we have applied these methods to adult mouse atrial
myocytes. The resulting data allow a detailed comparison of the current density of the
different K* currents which are expressed in these two heart chambers. These include:
i) a Ca’*-independent transient outward K* current (Ip), ii) an ultrarapid delayed
rectifier K current (Igy), and iii) a slowly activating and noninactivating (steady-
state) outward K* current (Iis). To relate our data to previously published molecular
characterizations of K* channel subunits in adult mouse atria and ventricles, we have
supplemented electrophysiological findings with molecular data which compare the
expression levels of several K channel a—subunits in the atria and ventricles of the

adult mouse heart.
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METHODS

Isolation of Myocytes

The enzymatic dispersion technique used to isolate single ventricular myocytes from
adult male Swiss-Webster or CD-1 mice (2-3 months of age) has been described in
detail previously (Trépanier-Boulay et al., 2001; Brouillette et al., 2003). Briefly, in
accordance with the Canadian Council Animal Care guidelines, animals were
heparinized, anaesthetized by inhalation of isoflurane and then killed by cervical
dislocation. The hearts were rapidly removed, and retrogradely perfused through the
aorta using a modified Langendorff apparatus. The following solutions were applied:
(i) HEPES-buffered Tyrode solution containing (in mM): 130 NaCl; 5.4 KCI; 1
CaCly; 1 MgCly; 0.33 Na,HPO,4; 10 HEPES; 5.5 glucose (pH adjusted to 7.4 with
NaOH) for 5 min; (ii) Tyrode solution without added Ca®" (“Ca**-free”) for 10 min;
(iiiy Ca®*-free Tyrode solution containing 73.7 U ml' collagenase type 2
(Worthington Co. Ltd, Freehold, NJ, USA); 0.1% bovine serum albumin (BSA;
Fraction V, Sigma Chemicals Co., St. Louis, Mo, USA); 20 mM taurine and 30 uM
CaCl; for 20 min; and (iv) a “KB” solution (Isenberg & Klockner, 1982) containing
(in mM): 100 K-glutamate; 10 K-aspartate; 25 KCI; 10 KH;PO4; 2 MgS04; 20
taurine; S creatine base; 0.5 EGTA; 5 HEPES; 0.1% BSA; 20 glucose (pH adjusted to
7.2 with KOH) for the final 5 min. During the entire perfusion procedure the
solutions were maintained at 37 + 1°C and were constantly gassed with 100% O,. The
heart was removed from the perfusion system at the end of the perfusion sequence, and
the right ventricular free wall was cut into small pieces in the KB solution. The pieces
were triturated gently until they were dissociated into rod-shaped single myocytes.
Isolated myocytes were stored in KB solution at 4°C until use. For atrial myocytes,
the methods were similar except the digestion period (iii) was 25 min. The atrial

myocytes were obtained from both left and right atria.

Electrophysiological recording procedures and data analysis. An aliquot of
solution containing individual myocytes was placed in a recording chamber (volume
~ 200 pl) mounted on the stage of an inverted microscope. After allowing 5-10 min

for the myocytes to settle to the bottom of the chamber, they were continuously
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superfused with HEPES-buffered Tyrode solution containing (mM): 130 NaCl, 5.4
KCl, 1 CaCly, 1 MgCl,, 0.33 Na,HPO,4, 10 HEPES, and 5.5 glucose (pH adjusted to
7.4 with NaOH). 4-Aminopyridine (4-AP) was added to the Tyrode solution at the
concentrations indicated. Experiments were carried out at room temperature (20-22
°C), or 32 = 1 °C, as indicated. Superfusion solutions were constantly equilibrated
with 100% O,. In this study, K* currents were recorded in absence of L-type Ca®*
channels blockers, e.g., inorganic ions such as Cd**, Mn** or Co®". This allows
recordings of K" currents and action potentials from the same myocyte and avoided
the known effects of these compounds on the voltage-dependence and kinetics of I,
(Agus et al., 1991). Furthermore, Ca** currents were small under the recording
conditions used here (i.e., | mM external Caz+, room temperature), and hence the
outward currents were not significantly distorted by the presence of underlying
inward Ca** currents. To rule out the possibility that the K* currents records were
significantly distorted by Ca* currents, we measured K* currents in the absence or
presence of 100 pM cadmium chloride in the same ventricular cell. These
experiments were carried out at both 22°C and 32°C. At each of these temperatures,
the current-voltage relations of K* currents recorded with and without cadmium were
not significantly different, although the membrane potential dependence of I, was

shifted to more depolarized membrane potentials (data not shown).

Whole-cell voltage and current recordings were made using a patch-clamp
amplifier (AXOPATCH 200B, Axon Instruments, Foster City, USA). Pipettes were
made from borosilicate glass (World Precision Instruments, Sarasota, FL., USA), and
had resistances in the range 1.5-4 MQ when filled with the following solution (mM):
110 K*-aspartate, 20 KCI, 8 NaCl, 1 MgCl,, 1 CaCl,, 10 EGTA or BAPTA, 4
K>ATP and 10 HEPES (with EGTA, pCa ~ 8.2; with BAPTA, pCa ~ 7.5) (pH
adjusted to 7.2 with KOH). Pipette series resistance in the whole-cell mode was in the
range of 4-8 MQ; series resistance (Rs) compensation was applied to reduce Rs by
80-90%. Voltage-clamp currents were low-pass filtered at 1 kHz with a 4-pole Bessel
analog filter, digitized at 4 kHz and stored in a microcomputer using PCLAMP 8.0

software (Axon Instruments).
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Voltage-clamp protocols and data analysis. Current magnitudes were
normalized to cell capacitance. Capacitive currents elicited by a 10 mV depolarizing
step from a holding potential of -80 mV were filtered at 10 kHz and digitized at 25
kHz. Cell capacitance was determined from the integral of these current transients.
The mean capacitance of a sample of aduit mouse right ventricular cells was 84.2 +
5.6 pF (n= 24). The mean resting membrane potential of right ventricular myocytes

was -73.7 £ 0.8 mV (n=42).

Recorded membrane potentials were corrected by -10 mV to compensate for
the patch pipette-bath liquid junction potential. The voltage dependence of steady-
state inactivation was obtained using a two-step protocol consisting of an
“inactivating prepulse” to selected potentials (between -110 and -20 mV), followed
by a fixed “test” pulse to +30 mV. The duration of the inactivating and test pulses
depended on which current component was being measured; details are given in
Resuits. The test current amplitude at each prepulse potential was normalized to the
maximal amplitude of this current (I/Ima), and plotted as a function of the
inactivating prepulse potential. Data were fit to a Boltzmann equation: I/Imax = 1/]1 +
exp((Vm-Vu)/Sy)], where Vi, represents the membrane potential (Vy,) at which 50%
of the channels are inactivated and Sy, is the mid-point slope factor. Recovery from
inactivation was studied using a two-step protocol in which an inactivating step to
+30 mV was followed by an identical test step, delivered at a series of time intervals
between the inactivating and test steps. The ratio of the current amplitude elicited by
the second (test) to the first (inactivating) pulse (P2/P;) was plotted as a function of
the interpulse interval yielding the time course of recovery from inactivation.

Exponential functions were fitted to these data as described below.

Current sizes were measured relative to the zero current level, except where
noted. Plotting of membrane voltage and current records, and curve fitting of
Boltzmann equation and exponential functions were done using SIGMAPLOT
(Jandel Scientific Software, CA), Origin (OriginLab, MA) and Clampfit (Axon

Instruments, CA).
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Ribonuclease Protection Assay. A RNase protection assay was used to compare the
mRNA levels for Kv1.5, Kv2.1, Kv4.2 and Kv4.3 K' channel a-subunits in
ventricular and atrial tissues obtained from adult male mice. The preparation of the
RNA and the RNase protection assay were performed as previously described
(Trépanier-Boulay et al., 2001). For ventricular RNA, only the lower (apical) 3/4 of
the ventricles was used to ensure that no atrial or aortic tissue was present. For atrial
RNA, only left and right atrial appendages were used. Areas around the major vessels
were removed to avoid inclusion of vascular tissue and/or parasympathetic cardiac
ganglia. The wet weights were about 100 mg for ventricular tissue, and 5 mg for atria
tissue. Each atrial sample used for RNA extraction was pooled from dissections of
four or five animals. Transcription was carried out using the MAXIscript In Vitro
transcription kit (Ambion; Austin, TX). The RNase protection assays were performed
using the RPA III® Kit (Ambion). The total RNA samples and the probes were
hybridized at 48°C overnight. Mouse B-actin was included in all reactions as an
internal control. The mRNA transcript levels were quantified on a Bio-Rad®

PhosphoroImager.

Statistical analysis. Averaged values are shown as Mean + S.E.M,, and n refers to
the number of different cells. Parameters obtained from curve fitting are shown as the
value + S.E.M. Statistically significant differences (p < 0.05) were determined with a
two-tailed, paired or unpaired Student’s ¢ test, or an analysis of variance, when

appropriate.
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RESULTS

Separation of the three outward K* currents in mouse ventricle: I, Ixur, Iss

The complex and multiphasic decay of outward currents in adult mouse ventricular
myocytes reflects the differential inactivation of the K* currents which are expressed
in this tissue (Xu ef al., 1999b). It is known that the inactivation of each of these K*
currents exhibits distinct time- and voltage- dependence. Advantage can be taken of
the presence of “fast” and “slow” phases of inactivation of these currents in
specifying voltage clamp “inactivating” protocols to emphasize or isolate the
different K* conductances. In our study, based in part on previous results, which
demonstrated that the inactivation phase of K* currents in mouse ventricle is multi-
exponential, a voltage protocol was designed to selectively inactivate one component
without significantly affecting the others. Figure 1A shows the effect of increasing
the duration of an “inactivating prepulse” on the most rapidly decaying component of
outward current when recording at room temperature. Note that the peak outward
current decreased significantly as the prepulse duration was increased from 10 ms to
about 50 ms, and that it decreased further, but by a proportionally smaller amount, as
the prepulse duration was further increased up to 300 ms (see below). Figure 1B
shows that the “fast” and “slow” phases of inactivation of the outward current
produced by a strong depolarizing step (e.g., +30 mV) can be separated using a
voltage-clamp protocol which includes a short prepulse which immediately precedes
the main depolarizing step. In this experiment, a 500 ms depolarizing voltage-clamp
step to +30 mV produced a rapidly activating current that decayed in distinct “fast”
and “slow” phases. If a 100 ms “inactivating prepulse” to -40 mV preceded the +30
mV step, the initial “fast” phase of current decay (which corresponds to I;;) was
abolished, but there was no significant effect on the magnitude or time-course of the
“slow” phase of decay. This finding was confirmed on 6 different myocytes. This
“voltage-sensitive” component of the current, determined by subtracting the current
record obtained with the inactivating prepulse voltage-clamp protocol from the
current record obtained without the prepulse, consisted of a very rapidly activating

(<2 ms) outward current that inactivated almost completely within about 150-200 ms.
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Such voltage-sensitive difference currents obtained with longer prepulse durations (>
100 ms) often had a second, considerably slower phase of current decay which had a
much smaller amplitude than the rapid decay. The time-course of inactivation of the
voltage-sensitive current was well fitted by a single exponential function; the time
constant of inactivation (at a membrane potential of +30 mV) ranged from 20 to 35
ms in 12 different myocytes (28.0 + 1.2 ms). This voltage-sensitive difference current
corresponds to the Ca**-independent transient outward current, I;,. Figure 1C shows
current recordings obtained with the protocol used in Figure 1A in the presence of
100 uM 4-AP. At this concentration, 4-AP blocks Ik, without any significant effect
on I, (see below, Fig 2). The duration of the inactivating step (-40 mV) was increased
in 10 ms increments from 0 to 60 ms, and then in 100 ms increments to 300 ms. Note
the decrease in peak current with increasing prepulse duration. To analyze these data,
the current activated following the longest prepulse was subtracted from each of the
currents; the resulting “difference currents” were normalized with the one obtained
without prepulse. This ratio was then plotted against the inactivating prepulse
duration (Figure 1D). A single exponential function was fitted to the data and yielded
a time constant of 19.0 + 1.7 ms (n=8). This procedure illustrates that to ensure
complete inactivation of I, the duration of the inactivating prepulse should
correspond to approximately 5 times its inactivation time constant (in this case 100
ms prepulse duration). The next step was to verify that the selected prepulse duration

did not alter Ik, (see Figure 2).

Low concentration of 4-aminopyridine was used to block a rapidly activating,
slowly inactivating outward K* current (Ix,). The current remaining after
inactivation of Iy, is denoted Iksow and is composed of Ik, (or the 4-AP-sensitive
component) and I (or the 4-AP-resistant component). Our previous work (Fiset et
al., 1997a; Trépanier-Boulay ef al., 2001; Brouillette et al., 2003) demonstrated that
adult mouse ventricular myocytes express a K* current that can be blocked by low
concentrations (10-200 uM) of 4-AP, results which have been confirmed by others
(Zhou et al., 1998; Xu et al., 1999b; DuBell et al., 2000; London et al., 2001). Figure
2A shows the effect of 100 uM 4-AP on membrane current produced by a 500 ms
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voltage-clamp step, in this case to +10 mV. The main effect of 4-AP was to abolish
the large, slowly inactivating phase of the current (corresponding to Iky). In the
presence of 4-AP, the outward current waveform consisted of a transient current that
rapidly decayed to a constant level by the end of the 500 ms voltage-clamp step.
Figure 2A also compares the effect of an inactivating prepulse on the membrane
currents before and after the addition of 4-AP. As shown in Figure I, in the absence
of 4-AP the prepulse abolished the rapidly inactivating component of the current (Iy,).
The prepulse had a very similar effect in the presence of 4-AP: the initial transient
current component (I,,) was abolished by the prepulse, leaving a current that slowly
activated to a constant magnitude during the duration of the voltage-clamp step (Is,;
see below). The magnitude and time-course of the 4-AP-sensitive current was
obtained by subtracting current records after application of 4-AP from those obtained
in the absence of 4-AP. Since two different voltage-clamp protocols were used (i.e., a
depolarizing step with or without the inactivating prepulse), the 4-AP-sensitive
current (or Ixy) could be obtained by subtracting two different pairs of current
records. Figure 2A shows that the 4-AP-sensitive currents obtained by subtracting
pairs of currents (i.e., before and after 4-AP), obtained either with or without the
inactivating prepulse, were virtually identical in magnitude and time-course,
demonstrating that the inactivating prepulse had no significant effect on the 4-AP-
sensitive current. Very similar results were obtained when these subtraction
experiments were repeated on 6 different cells. This is shown in Figure 2C. The 4-
AP-sensitive current activated rapidly, but inactivated much more slowly than I,,. By
the end of the 500 ms voltage-clamp steps to +10 mV, this current had inactivated to
about 30% of its peak. Complete inactivation of the 4-AP-sensitive current required
voltage-clamp steps of at least 2 sec duration (cf. Figure 3). Figure 2A shows that the
rapidly activating, slowly inactivating outward K" current (Ixy) can be isolated
(identified) using a low concentration of 4-AP and that this current is not affected by
the prepulse used to inactivate I,. Additional experiments using a different
depolarizing voltage (+30 mV instead of +10 mV) showed that the subtraction

procedure yielded similar results (e.g., Figure 12).
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To evaluate the selectivity of this pharmacological manoeuvre additional
experiments were done to evaluate whether the concentration of 4-AP used to block
Ikur altered li,. Figure 2B shows that I, obtained by subtracting the pairs of currents
(with and without the prepulse) in control conditions was very similar to I;, obtained
by subtracting the pairs of currents in the presence of 4-AP. Similar results were
obtained in 6 different cells (see Figure 2C). Comparable results were also obtained
for test pulses of +30 mV (data not shown). These data are consistent with the
relatively low sensitivity of I;, in mammalian myocytes to 4-AP; the 50% blocking
concentration of 4-AP is in the range 1-5 mM (Josephson et al., 1984; Wettwer et al.,
1993; Campbell et al., 1995; Fiset et al., 1997b), hence 100 uM 4-AP would be

expected to have little effect on the amplitude of I,.

The third component of outward K' current in adult mouse ventricle is a
slowly activating, 4-AP-resistant current (I5). The “4-AP-resistant” outward current
that remained in the presence of 100 uM 4-AP (Figure 2) resembled a relatively
slowly activating, non-inactivating delayed rectifier. However, block of K* channels
by 4-AP can exhibit complex time and voltage-dependence (Campbell et al., 1995;
Tseng et al., 1996). It was therefore very important to establish whether the residual
4-AP-resistant current was a component distinct from I, and Ik,, or whether it
resulted from incomplete block by 4-AP of Ik,. Figure 3 shows data from an
experiment that was designed to distinguish between these possibilities. In this
experiment, a depolarizing voltage-clamp step that was of sufficient duration (in this
case, 5 sec) to completely inactivate Ik, was applied to a ventricular myocyte. This
long depolarizing step was followed by a second, shorter (750 ms) depolarizing step.
A brief (100 ms) “gap”, at -40 mV, was interposed between the two depolarizing
steps. Note that in control conditions the current produced by the second depolarizing
step activated slowly, and maintained a constant amplitude throughout the 750 ms
step. The same voltage-clamp protocol was repeated after application of 100 pM of 4-
AP. As shown in Figure 2, the slowly inactivating component of current elicited by
the first depolarizing step was abolished by 4-AP; however, the slowly activating

current produced by the second depolarizing step was identical to that recorded under
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control conditions. Subtraction of the current records before and after application of
4-AP showed that the 4-AP-sensitive current (i.e., Ixy), which was activated by the
first step was completely inactivated by the end of the 5 sec step. Subtraction of the
currents also showed that there was no net difference current during the second step;
this finding indicates that the current activated in the absence of Ik, was very similar
whether Ik, was removed by either inactivation, or by block by 4-AP. These data
confirm that the 4-AP-resistant current is a K™ current which is distinctly different
from either Iy, or Ik, and that its slow activation kinetics are not an artefact due to
complex channel blocking actions of 4-AP. These results also demonstrate that the
concentration of 4-AP used to block Ik, did not affect the non-inactivating current
since the amplitude of the currents elicited by the second pulse in absence or presence
of 4-AP were identical. This 4-AP-resistant delayed rectifier showed little
inactivation, even during long depolarizations (Figure 3), accordingly, it is denoted as

the “steady-state” current, or “I”.

Separation of the outward K* current at 32°C

Figures 1-3 describe the strategy used to separate the outward K* currents which are
express in adult mouse ventricular myocytes when recording at room temperature. To
determine whether this method is also valid when data are obtained at more
physiological temperatures, we repeated the experiments presented in Figure 1C at
32°C. Our results demonstrate that although the protocol has to be adapted, the same
strategy can be applied at more physiological temperatures. At 32°C, a 100 ms
prepulse completely inactivated I, but also inactivated a fraction of I, due to its
faster kinetics at more physiological temperatures (data not shown). Accordingly, the
duration of the inactivating prepulse had to be reduced. To establish the appropriate
parameters for the separation protocol to be used at 32°C, we applied the same
strategy that we used at room temperature (see Figures 1-2). Figure 4 presents data
obtained at 32°C with the protocol outlined in Figure 1 in the presence of 100 uM 4-
AP. The duration of the inactivating prepulse varied from 5 ms to 50 ms. At 32°C, the
peak current was decreased following a much shorter prepulse than at room
temperature because the time constant of inactivation of I, (calculated from the plot

of the ratio of the “difference currents” (P,/Py) vs. the prepulse duration) was
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significantly faster at 32°C; the time constant of I, inactivation was 10.1 + 0.7 ms at
32°C, and at 22°C it was 19.0 = 1.7 ms. These data were obtained from seven
different cells and are presented in Figure 4B. Based on these results, the duration of
the inactivating prepulse at 32°C was set to 50 ms. We repeated the experiments
presented in Figure 2 at 32°C and confirmed that a 50 ms prepulse has no detectable
effect on Ig, and also showed that the effect of 100 M 4-AP on I, at 32°C was
minimal (Figure 4C). This pattern of results was confirmed in each of the six

different myocytes studied.

Contribution of current components to I-V relationship and ventricular action
potential. The data shown in Figures 1 to 4 and results from other laboratories (Heath
et al., 1998; Zhou et al., 1998; Xu et al., 1999b; DuBell et al., 2000; Knollmann et
al., 2000; Nerbonne, 2000; Brunet et al., 2004) make it clear that outward K* currents
in adult mouse right ventricular myocytes consist of at least three distinct
components. Each has different kinetics of activation and inactivation, a distinct
voltage range for inactivation, and sensitivity to block by 4-AP. To gain information
concerning the functional significance of these currents, it is necessary to determine
their relative magnitudes, and hence their contributions to the peak I-V relationship.
Figure 5A illustrates an example of the three K* current components activated in a
ventricular myocyte by a voltage-clamp step to +30 mV and recorded at room

temperature.

The components of K* currents were isolated using the voltage-clamp and
pharmacological protocols outlined in Figures 1 and 2. Figure 5B shows an example
of the three outward K* currents activated at 32°C by a +30 mV step. As expected,
the kinetics of activation and inactivation of each current component were faster and
the amplitude was larger at 32°C than at room temperature. Note however, that at
both 22°C and 32°C, I, and I, were the two largest components. This pattern of
responses was observed in the majority (> 95%) of the right ventricular myocytes
studied. The mean peak current densities (at +30 mV) of each of the three
components recorded at 22°C and 32°C are shown in Figure 5C. The current densities

of Ixuw and I, were not significantly different from each other, while I, was



75

significantly smaller than either Ixy or I, (p < 0.05) at both temperatures. The
activation threshold for Ik, and I;, was about -40 mV; I was first detectable at about
-30 mV. All three current components exhibited outward rectification over the

potential range of -40 mV to +50 mV.

A visual inspection of the recording presented in the lower panel of Figure 5A
shows that the activation rate differed significantly among these three K* currents.
We measured the rate of activation by fitting the activation phase of each type of K*
current with a single exponential function. Figure 6 presents the activation time
constants for the three K* currents. These parameters were obtained at two different
membrane potentials (+10 and + 30 mV) at room temperature. At both membrane
potentials, both I, and Ik, had fast activation rates while I activated much more
slowly. For example, at +10 mV, the activation rate of I was 30 times and 11 times
slower than that of I, and Ik, respectively. All three K* currents displayed a faster
activation at +30 mV compared to +10 mV, but this difference was more pronounced

for 1.

Mouse ventricular myocytes have action potentials that are very brief
compared with most other mammalian cardiac action potentials (Fiset et al., 1997a;
Barry et al., 1998; London et al., 1998b; London et al., 2001; Trépanier-Boulay et al.,
2001; Knollmann et al., 2001; Danik et al., 2002; Brouillette et al., 2003; Brunet et
al., 2004). We previously reported that action potentials in isolated adult mouse
ventricular cells (4 Hz, room temperature) had 50% and 90% durations, which
averaged 6.0 and 20.7 ms (Fiset ef al., 1997a), respectively, and that action potential
duration (APD) was significantly prolonged by concentrations of 4-AP that
selectively blocked Ik, (Fiset et al., 1997a; Trépanier-Boulay et al., 2001). Figure 7A
and C shows an example of the effect of blocking Ik, on the action potential
waveform, and on the K* currents activated at membrane potentials near the peak of
the action potential, recorded from the same ventricular myocytes at room
temperature. In control conditions, the peak of the action potential was about +40
mV, and complete repolarization occurred within about 25 ms. In the presence of 100

uM of 4-AP, neither the resting membrane potential nor the peak overshoot of the
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action potential were changed, but the time-course of repolarization was prolonged
dramatically. For the example shown in Figure 7A, the 90% repolarization time
increased from 13.7 ms to 49.5 ms. The maximum rate of repolarization of the action
potential (Figure 7B), which occurred less than 1 ms after the peak, was reduced from
-48.6 V/s to -23.1 V/s by 100 uM 4-AP. In seven myocytes, the maximum rate of
repolarization was reduced from -39.0 £ 2.5 V/s to -17.3 + 2.3 V/s after application of
100 uM 4-AP (p < 0.001; paired t-test). In addition, the membrane potential at which
the maximum rate of repolarization occurred was more depolarized after application
of 4-AP than it was in control conditions. For the example shown in Figure 7A, the
maximum rate-of-repolarization occurred at +17.2 mV in control conditions, and
+27.2 mV after 4-AP; for the same seven myocytes, maximum rate-of-repolarization
occurred at +13.9 £+ 3.8 mV before, and +23.7 + 3 mV after application of 4-AP,
respectively (p < 0.01; paired t-test). Figure 7C shows the net membrane currents
produced by a voltage-clamp step from the resting membrane potential to the peak of
the action potential. In control conditions, the peak outward current was 14.5 nA at
this membrane potential (+40 mV); the peak current was reduced to 7.1 nA after
blocking Iy with 100 pM 4-AP. This large reduction in the magnitude of outward
current contributed significantly to the more than two-fold increase in action potential
duration measured at 90% of repolarization. The experiment illustrated in Figure 7A
was repeated with a different myocyte at 32°C. For the example presented in Figure
7D, the 90% repolarization time increased from 20.3 ms to 49.4 ms in the presence of
100 uM 4-AP. Figure 7E shows mean action potential duration measured at 20, 50
and 90% of repolarization recorded at 22°C and 32°C in the absence or in the
presence of 100 uM 4-AP. Under control conditions (without 4-AP) APDy and
APDs, were significantly shorter at 32°C than at room temperature, while APDgy was
not significantly different at both temperatures. The block of Ik, by 100 uM 4-AP
produced a comparable prolongation of the APD at 22°C and 32°C suggesting that the
contribution of this current to the action potential waveform was similar at both

temperatures.
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Inactivation/reactivation of I, in adult mouse ventricular myocytes. Figure 8
shows the membrane potential dependence of “steady-state” inactivation for I,
obtained with a two-pulse protocol at 22°C (see Methods). The 100 ms-inactivating
prepulse varied from -110 to -20 mV in 10 mV increments. The currents recorded
with inactivating prepulses of -30 mV or -20 mV were not identical to that recorded
with the -40 mV prepulse. There was an additional reduction of peak current at these
voltages, compared with the -40 mV prepulse (see Figure 8A). We attempted to
determine whether this loss of current corresponded to inactivation of I, and/or Ixy,
by applying the same steady-state inactivation protocol in presence of 100 uM 4-AP
(Figure 8B), a concentration of 4-AP that does not block I, (cf. Fig. 2). Our rationale
was that if the reduction of current at positive prepulse corresponded to inactivation
of I;,, we would observe a difference between the test pulse currents obtained with the
-20, -30 and -40 mV inactivating prepulses. This was not the case; in presence of 4-
AP, the test pulse currents obtained with prepulses at -20 mV, -30 mV and -40 mV
superimposed (Figure 8B) and did not show any inactivating component. This finding
ensures that in this voltage range, the prepulse can completely inactivate I,,. These
results also confirm that the choice of -40 mV as the prepulse voltage used to separate
I, and Ik is optimal. Indeed, choosing a more positive prepulse voltage (-30 mV)
would inactivate a small portion of Ik,, while choosing a more negative voltage (-50

mV) would not fully inactivate I,.

Figure 8C presents mean data for steady-state inactivation of I;, under control
conditions and in presence of 100 uM 4-AP. The amplitude of I, for each prepulse
potential was determined by subtracting each test pulse current from that obtained
with the 100 ms prepulse at -40 mV (data presented in insets on Fig. 8A and B). The
normalized current data were fitted to a Boltzmann function (see Methods), yielding a
half-inactivation potential of -55.8 £ 1.3 mV, and a mid-point slope factor of 6.6 +
0.5 mV for Iy, under control conditions, and -53.5+ 1.9 mV and 5.5 £ 0.5 mV in the
presence of 4-AP. Neither the respective half-inactivation potentials nor the mid-point
slope factors were significant different. In addition, Figure 8C shows that inactivation

of I, is almost completely removed at the normal resting membrane potential of
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mouse ventricular cells, suggesting that this current plays an important functional

role.

When the membrane potential dependence of steady-state inactivation of I,
was studied at 32°C very similar parameters were obtained (Figure 9). At 32°C, the
amplitude of I, corresponding to each prepulse potential was determined by
subtracting the test pulse current from that obtained with a 50 ms prepulse at -40 mV
(see Fig. 4 for justification of the prepulse duration and data presented in insets on
Fig. 9A and B). This protocol also yielded important information about the choice of
the inactivating prepulse (50 ms at —40 mV) used to eliminate I, at 32°C. Similar to
the pattern of results obtained at room temperature, Figure 9A shows that there was a
progressive reduction of peak current when the inactivating voltage steps were varied
from -40 mV to -20 mV. This reduction in current magnitude appeared to be
associated with a decrease in the slow phase of inactivation of the current. We
verified whether this reduction of current was due to reduction of li, Ixu or both
currents by repeating this protocol in the same myocyte in the presence of 100 uM 4-
AP (i.e. in the absence of Ix,). Figure 9B shows that the reduction of current
observed in Figure 9A was due to partial inactivation of Ik, since the currents
recorded following the -20, -30 and -40 mV inactivating pulses are superimposed in
presence of 4-AP. These results confirmed that at 32°C, a 50 ms inactivating prepulse
at -40 mV was sufficient to completely inactivate I,,, with minimal effect on I,

These findings were confirmed on each of the six different cells studied.

Figure 9C presents mean data for steady-state inactivation of I, under control
conditions and in presence of 100 uM 4-AP. The normalized current data were fitted
to a Boltzmann function (see Methods), yielding a half-inactivation potential of —52.0
= 0.7 mV, and a mid-point slope factor of 5.5 £ 0.6 mV for I, under control
conditions, and -51.4 + 0.9 mV and 5.0 + 0.5 mV in the presence of 4-AP. Neither the
respective half-inactivation potentials nor the mid-point slope factors were significant
different. Similar to what observed at 22°C, inactivation of I, is almost completely

removed at the normal resting membrane potential of mouse ventricular cells (Figure

9C).
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Data describing the kinetics of reactivation or recovery of I, from inactivation
are summarized in Figure 10. The time-course of recovery was measured using a two-
pulse voltage-clamp protocol (see Methods). An example of a family of currents that
illustrates the time course of recovery at -80 mV is shown in Figure 10A. The
membrane potential between the two pulses was changed to measure the time-course
of recovery at three different membrane potentials in the diastolic range. I, amplitude
was measured as the difference between peak current and current 150 ms after the
peak, which corresponds to approximately 5 times its macroscopic inactivation time
constant at +30 mV, 22°C (28.0 £ 1.2 ms, n=12). The data of Figure 10B,
summarized from seven different myocytes, shows the time-course of recovery at -60,
-70 and -80 mV. Recovery was more rapid at more hyperpolarized potentials, and at
-80 mV, near the normal resting membrane potential, recovery was complete in less
than 200 ms. The mean data for each membrane potential were determined to
approximate to single exponential functions (Figure 10B), with time constants of 34.6
ms at -80 mV, 55.0 ms at -70 mV, and 117.8 ms at -60 mV. These recovery
experiments were repeated at 32°C. I, amplitude was measured as the difference
between peak outward current and current 50 ms after the peak, which corresponds to
approximately 5 times its macroscopic inactivation time constant at +30 mV, 32°C
(9.9 £ 0.6 ms, n=10). As expected, recovery from inactivation was faster at more

physiological temperatures (at -80 mV, t = 18.0 £ 5.7 ms, n=6).

Inactivation/reactivation of Ik, in adult mouse ventricular myocytes. The
voltage-dependence of steady-state inactivation of Ik, was measured with a two-
pulse protocol similar to that used for I, (Figure 8), except that the pulse durations
were considerably longer because of the very much slower inactivation kinetics of
Ikur- Figure 11A shows an example of the membrane potential dependence of steady-
state inactivation of Ik, measured with a two-puise protocol. Note that the
preconditioning pulse of 5 sec in duration (i.e. 50 times longer than the duration of
the Iy, inactivating prepulse) ensured that Ik, was completely inactivated (cf., Figure
3). A 100 ms pulse to -40 mV was interposed between the inactivating and test
pulses; this removed I, from the test pulse current. Inactivating pulse potentials for

the data shown in Figure 11A ranged from -80 mV to -20 mV. Figure 11B
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summarizes normalized data from seven different myocytes. The Boltzmann function
fitted to the data yielded a half-inactivation potential of 44.7 + 1.7 mV, and a mid-
point slope factor of 6.0 +£ 0.6 mV. Steady-state inactivation was also studied at 32°C.
The protocol included a 50 ms prepulse to 40 mV, as opposed to the 100 ms
prepulse used at room temperature (see Figure 4 for justification of the prepulse
duration). At 32°C, the Boltzmann function fitted to the data yielded a half-
inactivation potential of -48.3 + 1.3 mV and mid-point slope factor of 5.8 £ 0.5 mV,
n=12.

Figure 11C describes the time course of recovery from inactivation of Ik, at
room temperature. The paired-pulse protocol used to measure the time-course of
recovery was similar to that applied in I;, experiments, except that the inactivating
pulse was 3-fold longer and both pulses were preceded by the I, inactivating prepulse
(100 ms, -40 mV). The current records shown in Figure 11C demonstrate that Ix,,
recovered from inactivation much more slowly than I;,. Recovery was measured at
membrane potentials of -60, -70 and -80 mV, and data pooled from seven different
myocytes are plotted in Figure 11D. As for I, recovery of I, from inactivation was
more rapid for more hyperpolarized potentials, but the time constants for recovery of
Ixwr were more than 20-fold greater than the corresponding time constants for
recovery of I, When these experiments were repeated at 32°C, the reactivation time
of Ixur was found to be much faster than at room temperature (at -80 mV, 1 =441 %
45 ms, n=13). For these recovery experiments carried out at 32°C, the -40 mV

prepulse duration was reduced to 50 ms.

Comparison of K' currents between adult mouse ventricular and atrial
myocytes. To demonstrate that these voltage-clamp protocols, which we developed
for studying K* current in mouse ventricle can also be used to separate time- and
voltage-dependent K currents in other cell types, we applied the same voltage-clamp
protocols to adult mouse atrial myocytes. The data presented in Figure 12 compare
the K* currents in adult mouse right ventricular and atrial myocytes recorded at room
temperature. These findings show that the atrial K* currents consist of very similar

components as those in adult mouse ventricular myocytes. The upper panel illustrates
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total K* current elicited by 500 ms voltage clamp step to +30 mV, from a holding
potential of -80 mV. As noted, in atrial cells, this depolarizing voltage step elicited
outward current(s) with similar time- and voltage-dependence to those observed in
ventricular myocytes. However, current density in atrial cells was 2- to 3-fold
smaller. The current traces in the middle and lower panels of this figure compare K*
currents recorded in presence of the inactivating prepulse without (middle) or with 4-
AP (lower). In summary, in atrial myocytes, a transient K* current (I,) is inactivated
by the prepulse, and low concentrations of 4-AP completely blocks a slowly
inactivating current (Ixu). A 4-AP-resistant component of outward K* current that
does not display inactivation (I5) is also observed (Lomax et al., 2003). Figure 12C
compares current densities (at +30 mV) for the three outward K" currents expressed
in adult mouse right ventricular and atrial myocytes. These plots show that in atrial
myocytes the current densities of I;, and Ik, are significantly smaller than in adult
mouse ventricle. Compared to the large Ik, in ventricular myocytes (34.2 + 3.5
PA/pF), Iky in adult atrial cells was small (7.3 £ 0.9 pA/pF). Also, the density of I,
measured at +30 mV was much larger in the ventricle compared to the atrium (34.5 +
26 and 128 + 2.9 pA/pF, respectively). Finally, we found that the
electrophysiological features as well as the current density of I were very similar
between mouse ventricle and atrium (I at +30 mV, 15.6 + 1.6 and 12.6 + 1.6 pA/pF,

respectively).

Comparison of expression of K' channel isoforms in adult mouse ventricle and
atrium. RNase protection assays were used to compare the RNA levels of Kv1.5
(encoding Ikur), Kv2.1 (underlying Igs), Kv4.2 and Kv4.3 (responsible for Iy,) in adult
mouse ventricular and atrial tissue. Figure 13A consists of an autoradiogram showing
the relative levels of Kv1.5 transcript in adult mouse ventricle and atrium. This K*
channel a subunit is expressed in both tissues; however, Kv1.5 is expressed at a much
higher level in ventricle than in atrium. Quantification of mRNA levels (see Methods)

showed that Kv1.5 transcripts were more than 3-fold more abundant in ventricle than

in atrium. Kv2.1, Kv4.2 and Kv4.3 transcripts were also detected in both atrium and
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ventricle (Figure 13B and C). Kv2.1 and Kv4.3 were detected at similar levels in both

tissues, while the expression of Kv4.2 was higher in the ventricle.
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DISCUSSION

Summary of findings. Our results demonstrate the utility of a biophysical and
pharmacological approach for separating the three main time- and voltage-dependent
components of the K* current which are expressed in cardiac myocytes isolated from
the heart of adult mice. This approach provides an accurate description of densities
and kinetic properties of these K* conductances during the time-course of an
experiment. In addition, information regarding their functional significance in action
potential repolarization is made available during each experiment. In agreement with
previous analyses (Fiset et al., 1997a; Trépanier-Boulay et al., 2001; Brouillette ef
al., 2003), our results show that the time- and voltage-dependent K" currents in adult
mouse ventricular myocytes can be separated using protocols that take advantage of
their distinct kinetics and dependence on membrane potential, as well as differential
sensitivity to the K™ channel blocker, 4-AP. In the present study data were obtained at
both 22°C and 32°C. As expected from classical findings and theory, our results
confirm that this approach for separation of these components of K* current is as
effective at “physiological” temperatures as it is at room temperature, although the
duration of the inactivating prepulse has to be adapted to the altered current kinetics

measured at 32°C.

Ixur is a rapidly activating but slowly inactivating outward current, which
apart from its very much slower rates of inactivation, is clearly different from I, by
its much higher sensitivity to 4-AP. The ICso of 4-AP for Iy, is 10-fold higher than
that of Ig, (Wettwer et al., 1993; Campbell et al., 1995; Fiset et al., 1997a). As a
consequence, by applying an inactivating prepulse and by using a low concentration
of 4-AP, we have been able to separate Iy, and lio. A third component of outward K*
current is much more slowly activating, and shows virtually no inactivation, even for
depolarizations lasting several seconds. This component, I, can be distinguished
from Ik, on the basis of its sensitivity to 4-AP; I is not affected by concentrations of
4-AP that completely block Iky (Zhou et al., 1998; Xu et al., 1999b). Our data show

that this K* current is distinctly different from either I, or Ik, and provide evidence
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that its slow activation kinetics are not an artefact due to complex channel blocking

actions of 4-AP.

Previous work has provided strong evidence for general pattern of K* current
expression which we have determined in adult mouse ventricle e.g. (Xu et al., 1999b;
Nerbonne, 2000). The majority of these studies have made use of knockout or
dominant negative strategies to eliminate targeted K channel a-subunits. The
resulting changes in action potential waveform have been convincingly related to the
documented alterations in K* currents using off-line biophysical analysis based on
curve fits of mathematical expression consisting of sums of exponential functions to
the experimental data. Our approach differs fundamentally and, as illustrated, can be
used to advantage during an experiment, without concerns about cellular/tissue
adaptations to the genetic manipulation. Our data (Figs 5, 6, 7) in conjunction with
previously published findings provide important insights into the functional roles of
Tto, Ikur and Ig.

Recent papers from our group illustrate how the experimental approach described
here can also be used to separate the K* currents which are expressed in adult mouse
atrium (Lomax et al, 2003) and in adult mouse ventricular endocardial myocytes

(Kuo et al., 2001) where Iio s (Kv1.4) (Guo et al., 1999) is present.

Action Potential Repolarization

With this experimental design and our approach for data analysis, it is possible to
determine the relative magnitudes of the three outward components, and hence to
deduce their relative contributions to the peak I-V relationship and action potential
repolarization. As mentioned, in right ventricular myocytes, the peak current densities
of Ik, and I, were not significantly different, while I was significantly smaller than
either Ixy or I, (Fig 5). Our findings and the clear differences in activation and
- inactivation rates amongst these three K currents reveal their roles in repolarization
of the action potential. The large magnitude and rapid activation kinetics of both Iy,
and I, result in these currents making a major contribution to early repolarization of
action potential. In contrast, the activation of I is more than 10-fold slower than

either I, or Ix,r at a membrane potential of +10 mV. Consequently, this K™ current
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would be expected to make a smaller contribution to the total peak outward current.
In keeping with this, Zhou et al. (Zhou et al., 1998) reported that high concentrations
of tetraethylamonium (TEA; which block ;) produced only a slight inhibition of the
outward current in mouse ventricular myocytes. In their study, the amplitude of the
TEA-sensitive current was < 10% of total outward current. In addition, inhibition of
this current by TEA did not significantly alter action potential duration, suggesting
that the TEA-sensitive current does not play a major role in determining the action
potential waveform. This finding is consistent with another study of Zhou et al.
(Zhou et al., 2003) which showed only a small effect of 5 mM TEA on the APD of
mouse ventricle. However, DuBell et al. (DuBell et al., 2000) have reported that 20
mM TEA produced a marked prolongation of APD. In the present study, we have
examined the possibility that this discrepancy in the contribution of a TEA-sensitive
component to the action potential may be related to the difference in recording
temperatures between the study of DuBell ez al. (32°C) and those of the other groups
which were carried out at room temperature. To do so, we evaluated the contribution
of the TEA-sensitive current on the action potential duration at room temperature and
at 32°C. We observed that 20 mM TEA produces a similar prolongation of APDg at
22°C and 32°C (26 + 9% and 39 + 4%, respectively, n=3, P=0.2). However, based on
these data and the known non-linear relationship between K* current magnitude and
rate of repolarization of the action potential, it is not possible to define the
contribution of I to the APD. In fact, our TEA experiments showed that in addition
to block of most I, 20 mM TEA also inhibited a small portion of both Ik, and the

inwardly-rectifying background K™ current, Ix;.

As shown in Figure 5, Iy, Ikwr and I inactivate at very different rates; Ixy
inactivated 10-to-20-fold more slowly than I;,, while I inactivates very little even
during depolarization of 5 sec duration. In addition and more importantly for
physiological responses, the time-course of reactivation of I, was much faster than
that of Ik, at diastolic membrane potentials. Note that the time constants for recovery
from inactivation of Ik, were more than 20-fold greater than the corresponding time
constants for I,, at membrane potentials in the normal diastolic range. These findings

have important implications for the relative role of these K* currents at (i) the very
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high heart rate of the mouse and (ii) when heart rate is changed in response to

physiological or imposed stimuli.

Comparisons of the expression of different K currents/channels in adult mouse
ventricle and atrium. Electrophysiological data obtained with the approach
described here show that all the major K' currents expressed in adult mouse
ventricular myocytes are also expressed in adult mouse atrial myocytes (Lomax et al.,
2003). In keeping with this, our studies of the levels of expression showed that all the
K" channel isoforms examined (Kv1.5, Kv2.1, Kv4.2 and Kv4.3) are present in both
mouse ventricular and atrial tissues. The largest difference in K* channel expression
between atrium and ventricle was for Kv1.5 transcript: it was more than 3-fold more
abundant in ventricle than in atrium. These expression data are consistent with the
electrophysiological results obtained in both ventricle and atrium. In adult mouse
heart, Ix, shows significant chamber-specific expression. Although this current is
relatively small in mouse atrial myocytes, it is a large and hence important repolarizing
current in ventricle. All electrophysiological properties of I, were very similar
between atrium and ventricle; however the density of this current was much larger in
the ventricle compared to the atrium (Figure 12) (Lomax et al., 2003). The mRNA
experiments showed that Kv4.2 and Kv4.3 were both expressed at significant levels
in mouse atrium and ventricle. Kv4.2 was expressed at about 80% higher levels in
ventricle compared with atrium, while Kv4.3 was expressed at approximately equal
levels in both tissues. These findings suggest that the chamber-specific difference in
the expression of I;, may be related to Kv4.2 expression. The density of I as well as

the Kv2.1 mRNA expression were similar between atrium and ventricle.

Contribution of K* channel B-subunits. Voltage-gated K" channels are protein
complexes composed of four integral membrane o subunits and up to four cytoplasmic
B subunits (England et al., 1995a; Bekeler-Arcuri et al., 1996). B-subunit association
can contribute to the diversity of K* currents in mammalian myocardium (England et
al., 1995b). B-subunits associate with the channel-forming o.-subunits of K" channels,

influencing both the kinetics of these channels and their targeting/insertion into the
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plasmalemma (Li et al., 1992; Rettig et al., 1994; Majumder et al., 1995; England et
al., 1995a; England et al., 1995b; Shi et al., 1996; Fink et al., 1996; Uebele et al., 1996;
Uebele ez al., 1998; Shi et al., 1996). These distinct forms of regulatory interactions
among the principal and B subunits of the voltage-gated K* channels serve to increase
greatly the flexibility of their regulation and may play a critical role in defining the
physiological properties of excitable cells (Isom et al., 1994). Detailed examination of
the functional role(s) of the B-subunits was not addressed in the present study, since we
recognized that each subunit requires a complete electrophysiological / biophysical
study. We note, however, that the approach for rapid, semi-quantitative determination
of the K* current size and time-course made possible by methods developed and
validated in this study will be essential for meaningful assessment of modulation of
mouse heart repolarization by B-subunits, experimental pharmacological agents,

autonomic transmitters or co-transmitters.

In summary, our action potential recordings, in combination with voltage-
clamp data, strongly suggest that in ventricular myocytes, early repolarization is
brought about by activation of both I, and Ik, In the final phase of repolarization,
Ixur, Ik1 and possibly I contribute to outward current (Figs 5, 6, 7). These results, in
combination with the recovery or reactivation data (Figs 10, 11) and steady-state
inactivation curves (Figs 8, 11), provide significant new insights into several

important aspect of the electrophysiology of the mouse heart.
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FIGURES AND LEGENDS

Figure 1. Isolation of rapidly inactivating component of K* current, I,

A. Effect of an “inactivating prepulse” on outward K* current of a voltage-clamped
adult mouse ventricular myocyte.

Upper records. The voltage-clamp protocol is shown at upper right: the duration of
the inactivating prepulse (-40 mV) was varied between 0 and 300 ms (0, 10, 20, 30,
40, 50, 60, 100, 200, 300 ms). Each prepulse was followed by a 500 ms step to +30
mV. Note the rapid decrease in the peak current which exhibits a fast phase of decay
with progressively increasing prepulse durations.

Lower records. Same current records as above, on expanded time scale. Numbers
next to selected current records indicate duration of prepulse. Note that fast phase of
current decay was abolished by prepulses longer than about 60 ms; increasing
prepulse duration further resulted in very little additional reduction in peak current.

B: “Fast” and “slow” phases of decaying of outward K* current can be separated
using inactivating prepulse voltage-clamp protocol.

Upper records. Membrane current produced by 500 ms voltage-clamp step to +30
mV, from H.P. -80 mV.

Middle records. The same voltage clamp step as above was repeated, but in this case
it was preceded by a 100 ms “inactivating” prepulse to -40 mV. Note that the initial
rapid phase of current decay was abolished.

Lower records. Difference current obtained by subtracting record with the
inactivating prepulse voltage-clamp protocol from that without the prepulse.

C. Time course of inactivation of I, for prepulse of -40 mV at room temperature.
The voltage protocol illustrated in A was repeated in the presence of 100 uM of 4-
aminopyridine (4-AP).

D. Plot of the ratio of the “difference current” at prepulse duration t=n (P,) and t=0
(Po, Py/Py) against prepulse duration. Data points denote mean + SEM. Smooth curve
is the best-fit single exponential function. Note that the data presented in Figures 1-3

were obtained at room temperature.
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Figure 2. Low concentration of 4-aminopyridine (4-AP) selectively blocks the
rapidly activating, slowly inactivating outward current, Ix,,.

Left column in A: Superimposed pairs of current records, before (“control”) and after
application of 100 uM 4-AP (“+4-AP”). The upper pair of currents was produced by
a 500 ms step to +10 mV (H.P.: -80 mV). The lower pair of records was produced by
an identical step which was preceded by an inactivating prepulse (100 ms, -40 mV).
Right column in A: 4-AP-sensitive “difference” currents, obtained by subtraction
(control - 4-AP), for each pair of records at left. Note that the difference current was
the same whether or not the depolarizing step was preceded by the inactivating
prepulse.

Left column in B: The current records in A were rearranged, so that both control
records are superimposed, and both “+4-AP” records are superimposed.

Right column in B: Potential-sensitive “difference” currents, obtained by subtraction
of currents obtained with and without the inactivating prepulse. Note that the
difference current, I;,, was very similar in the presence and in the absence of 4-AP.

C. Bars graph comparing Ik, and I, amplitude recorded at +10 mV with and without
prepulse or 4-AP, respectively (n=6). Ik, and I, recorded in absence of prepulse or 4-
AP were set to 100%. Comparable results were also obtained for test pulses of +30

mV (data not shown).
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Figure 3. Inactivation of Ik,, reveals a third component of outward current, I.
Left column: Membrane currents produced by a double-pulse voltage-clamp protocol
(inset), consisting of a 5 sec, +30 mV step, and a 0.75 sec, +10 mV step. The
depolarizing steps were separated by a 100 ms “gap” at -40 mV. The “difference”
current (Ix,r) was obtained by subtracting the “control” current, and the current after
application of 100 uM 4-AP (“+4-AP”). Note that Ix,, was completely inactivated by
the end of the 5 sec step. The time and current calibrations are identical for all three
current traces.

Right column: The membrane currents produced by the step to +10 mV are shown on
expanded time and current scales (see vertical arrows at left). The dashed lines
indicate zero current. This current was slowly activating, and was showed no
significant inactivation during the 0.75 sec step. Note that the currents are identical in

the presence and absence of 100 uM 4-AP.
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Figure 4. Time course of inactivation of I,, for prepulse of -40 mV at 32°C.

A. Current traces obtained with a 500 ms step to +30 mV preceded by a -40 mV
inactivating prepulse of various duration (0, 5, 10, 15, 20, 25, 30, 35, 40, 45 ms) are
shown. Currents were recorded in presence of 100 uM 4-AP. B. Plot of the ratio of
the “difference currents” against prepulse duration. The current following the 50 ms
prepulse was subtracted from each current to obtain a “difference current” (P,) at
every prepulse duration. These difference currents were then normalized to the
difference current obtained without prepulse (Po, P,/Pg). Smooth curve is the best-fit
single exponential function. C. Bars graph comparing Ik, and I, amplitude recorded
at +10 mV with and without prepulse or 4-AP, respectively (n=5, differences not
significant). Ik, and I, recorded in absence of prepulse or 4-AP were set to 100%.

Comparable results were also obtained for test pulses of +30 mV (data not shown).
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Figure S. Comparison of magnitude and kinetics of I, Ixur and I in adult
mouse ventricular myocytes recorded at 22°C and 32°C.

Upper records in A: Superimposed potential-sensitive (I,), 4-AP-sensitive (Ix.) and
4-AP-insensitive (I) current components, separated using 100 pM 4-AP and
inactivating prepulse voltage-clamp protocols, as described in Figures 1 and 2. The
voltage-clamp step was +30 mV, for 3 sec (upper right). Note the very large
difference in rate of inactivation of these three currents.

Lower records in A: The same set of records is shown on a much faster time scale.
Note that I, and Ik, activate very quickly compared with I.

B. Repetition of the protocol shown in A with the exception that the currents were
recorded at 32°C. Note the expanded time scale.

C. Bar graph represents mean (+ SEM) peak current density of each of the three
components of outward K* current recorded at 22°C or 32°C, measured at a test
potential of +30 mV from a H.P. of ~80 mV. The data obtained at 22°C and 32°C

were averaged from 12 and 10 different ventricular myocytes, respectively. *p<0.05
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Figure 6. Comparison of activation kinetics of Iy, Ik, and I in adult mouse
ventricular myocytes at room temperature (22°C).

Bar graph showing mean (x SEM) activation time constants for Iy, Ik and Ig
recorded at two different voltages, +10 and +30 mV, from 12 ventricular myocytes at

room temperature. Each current exhibited distinct activation kinetics.
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Figure 7. Role of Iky in repolarization of adult mouse ventricular action
potential.

A. Comparison of action potentials recorded at room temperature before (“control™)
and after application of 100 pM of 4-AP (“+4-AP”) in the same myocyte. Stimulation
frequency was 1 Hz. Voltage-clamp step to +40 mV is also shown. Dashed line
indicates zero membrane potential. B. First derivative (dV/dt) of action potentials
before and after 100 uM AP. C. Membrane currents produced by a depolarizing step
to +40 mV from a H.P. of -80 mV in same myocyte, before and after application of
100 uM of 4-AP. Ik, (“4-AP-sensitive” current) was obtained by subtraction. The
voltage-clamp step (and hence the current) was aligned to coincide with the end of
the waveform stimulus current. Dashed line indicates zero current. D. Comparison of
action potentials recorded at 32°C before (“control”) and after application of 100 pM
4-AP (“+4-AP”) in the same myocyte. Stimulation frequency was 1 Hz. E. Bar graph
showing mean (+ SEM) durations of action potentials recorded without and with 4-
AP at 22°C (open and black bars, n=10 for both groups) and at 32°C (grey and
hatched bars, n=9 and 5, respectively). *p<0.05 vs. 22°C without 4-AP group.
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Figure 8. Voltage-dependence of steady-state inactivation of I, at room
temperature (22°C).

A. Example of a family of currents produced by a two-pulse voltage-clamp protocol.
The 100 ms inactivating prepulse potential was varied from -110 to -20 mV; the test
pulse potential was +30 mV (protocol shown at top). Numbers next to current records
indicate corresponding potential of inactivating pulse. Inset in A shows *difference
currents: subtraction of the test pulse current following each prepulse from that
obtained with the -40 mV prepulse.

B. Example of currents produced by the protocol used in A after superfusion of the
same cell with 100 uM of 4-AP which eliminated Ik,, without affecting l,,. Inset in B
shows *difference currents: subtraction of the test pulse current following each
prepulse with that obtained with the -40 mV prepulse.

C. Plot of voltage dependence of steady-state inactivation of I, under control
conditions (e) and in presence of 4-AP (o). The amplitude of I, for each prepulse
membrane potential was determined by subtracting each test pulse current with that
obtained with the -40 mV prepulse. The I, test pulse amplitude was normalized to the
amplitude at the most negative prepulse potential. Data points are mean + S.E.M
(control, n=6: +4-AP, n=4). The smooth curves are the best-fit Boltzmann function

(see Methods).
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Figure 9. Voltage-dependence of steady-state inactivation of I, at 32°C.

A. Example of a family of currents produced by a two-pulse voltage-clamp protocol.
A 50 ms inactivating prepulse potential was varied from -110 to -20 mV; the test
pulse potential was +30 mV (protocol shown at top). Numbers next to current records
indicate corresponding potential of inactivating pulse. Inset in A shows *difference
currents: subtraction of the test pulse current following each prepulse from that
obtained with the -40 mV prepulse.

B. Example of currents produced by the protocol used in A after superfusion of the
same cell with 100 uM of 4-AP which eliminated Ik, without affecting Iy,. Inset in B
shows *difference currents: subtraction of the test pulse current following each
prepulse from that obtained with the -40 mV prepulse.

C. Plot of voltage dependence of steady-state inactivation of I, under control
conditions (@) and in presence of 4-AP (o). The amplitude of I, for each prepulse
membrane potential was determined by subtracting each test pulse current from that
obtained with the -40 mV prepulse. The I, test pulse amplitude was normalized to the
amplitude at the most negative prepulse potential. Data points are mean + S.E.M
(control, n=6: +4-AP, n=6). The smooth curves are the best-fit Boltzmann function

(see Methods).



113

1s
+30 mV
20 mV
-80 mV
-110 mV
50ms
Difference currents - Control
-60
Control 50
-60
-50
2.5nA l
:§8 SN

25 ms

Difference currents - +4-AP
-60
+4‘AP _50
-60 o
-50

2.5nA
20, -30, -40 l_

25 ms
2.5nA !

50 ms

0.0 o [

2120 -100 -80 -60 -40 -20
V (mV) Fig.9



114

Figure 10. Time-course of recovery of I, from inactivation at room temperature
(22°C).

A. Example of a family of membrane currents produced by a two-pulse voltage-
clamp protocol, showing the time-course of recovery of I, from inactivation. A 500
ms inactivating pulse (+30 mV) was followed at intervals of 10, 20, 30, 40, 50, 60,
80, 100, 200, 400, and 600 ms by an identical test pulse; numbers next to selected
records indicate interpulse interval (ms).

B. Membrane potential dependence of recovery from inactivation of I,. Data (mean +
S.E.M.) were pooled from 7 different cells. Po/P, is the ratio of test pulse
current/prepulse current amplitudes. I, amplitude was measured as the difference
between peak outward current and current 150 ms after the peak. Recovery was
measured at interpulse potentials of -60 mV (0), -70 mV (&) and -80 mV (o). The
smooth lines are best-fit single exponential functions with time constants of 35 + 2

ms for -80 mV, 55+ 3 ms for -70 mV and 118 £ 9 ms for -60 mV.
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Figure 11. Inactivation of Ik, at room temperature (22°C)

A and B. Membrane potential dependence of steady-state inactivation of Ix,,. A.
Example of a family of currents produced by a two-pulse voltage-clamp protocol.
Inactivating pulse (5 sec duration) was varied from -110 to -20 mV:; the test pulse
potential was +30 mV. Numbers next to current records indicate membrane potential
for the corresponding inactivating pulse. Traces obtained with inactivation pulse
ranging from -80 mV to -20 mV are shown. B. Plot of voltage dependence of steady-
state inactivation of Ixy. The Ik, test pulse amplitude was normalized to the test
amplitude for the most negative prepulse potential. I, was obtained by subtraction
of the current at the end of the test pulse from the peak test pulse current. Data were
pooled from 7 different myocytes. Data points are mean + S.E.M. The smooth curve
is the best-fit Boltzmann function (see Methods).

C and D. Time-course of recovery of Ik, from inactivation. C. Example of a
family of membrane currents produced by a two-pulse voltage-clamp protocol,
showing the time-course of recovery from inactivation of Ixy. A 1.5 sec inactivating
pulse was followed at intervals between 50 ms and 3 sec by a 500 ms test pulse. Both
inactivating and test pulses were preceded by a brief (100 ms at -40 mV) pulses to
inactivate Ii,. The holding and interpulse potentials were -80 mV. Numbers next to
selected records indicate interpulse interval, in seconds. D. Membrane potential
dependence of recovery from inactivation of Ik, Data (mean + S.E.M.) were pooled
from 7 different cells. Po/P is the ratio of test pulse current/inactivating pulse current
amplitudes. Ixur amplitude was measured by the difference between peak inactivating
or test pulse current and the current at the end of the inactivating pulse. Recovery was
measured at interpulse potentials of -60 mV (a), -70 mV (m) and -80 mV (o). The
smooth lines are best-fit single exponential functions with time constants of 0.74 +

0.04 sec for -80 mV, 1.51 £ 0.06 sec for -70 mV and 2.74 + 0.13 sec for -60 mV.
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Figure 12. Comparison of the K* currents in adult mouse ventricular (A) and
atrial (B) myocytes at room temperature.

Upper records: Current traces produced by 500 ms steps to +30 mV (H.P.: -80 mV).
Middle records. Current traces produced by a 500 ms step to +30 mV preceded by an
inactivating prepulse (100 ms, -40 mV). The potential-sensitive “difference” currents,
(Io) obtained by digital subtraction of currents recorded with and without inactivating
prepulse, are shown in inset. Lower records. Current records obtained in the presence
of both the inactivating prepulse and 4-AP. The 4-AP-sensitive “difference” currents,
obtained by digital subtraction, are shown in inset. C. Bar graph comparing the
current density of Iy, Ik, and I in adult mouse ventricular and atrial myocytes. The
test potential was +30 mV from an H.P. of -80 mV. Data (mean + SEM) was

averaged from 12 different ventricular and 15 atrial myocytes.
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Figure 13. Comparison of K' channel mRNA expression between adult mouse
ventricle and atrium.

RNase protection assays depicting K* channel expression to compare adult mouse
atrium and ventricle. Panels show autoradiographs of polyacrylamide gels.
Radioactively-labelled antisense riboprobes specific for mouse K* channel isoforms
were hybridized with total RNA (2.5 pg) from atrium or ventricle and digested with
RNaseA/T1. Reaction mixtures were analyzed by polyacrylamide gel electrophoresis,
followed by autoradiography. See Methods section for details. A. Comparison of
Kvl.5 RNA expression in atrium and ventricle. Lane P shows undigested riboprobes
for Kvl.5 and for B-actin (which was used as the internal control). Lane C is yeast
RNA, which is the negative control. Post-digest (protected fragments) for Kvl.5 and
B-actin were run simultaneously in three lanes each for atrial and ventricular RNA
samples. Note that the B-actin signal was very similar in all six lanes. B. Comparison
of Kv4.2 and Kv4.3 RNA expression levels in atrium and ventricle. C. Comparison

of Kv2.1 RNA expression levels in atrium and ventricle.
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CHAPITRE 3 Effet de la castration sur la

repolarisation cardiaque de la souris

Tel que mentionné dans l'introduction, les résultats de plusieurs études
suggerent que les androgénes régulent la repolarisation et qu'ils pourraient étre
impliqués dans la différence reliée au sexe dans la repolarisation cardiaque.’®
5254365719125 Afin de confirmer cette hypothése, nous avons étudi¢ les conséquences
d'une déficience en androgénes. L'article suivant traite de I'effet de la castration sur la

repolarisation cardiaque de souris.



123

Journal of Physiology 546.2 (2003) 403-413

EFFECT OF ANDROGEN DEFICIENCY ON MOUSE VENTRICULAR REPOLARIZATION

Judith Brouillette, B.Sc.,'” Véronique Trépanier-Boulay, M.Sc.'? and Céline Fiset,
Ph.D."?

I Research Center, Montreal Heart Institute
?Faculty of Pharmacy, University of Montreal

Montréal, Québec, Canada

Running Title: Effect of castration on cardiac repolarization

Corresponding author: Dr. Céline Fiset
Research Center, Montreal Heart Institute
5000 Bélanger est, Montréal, Québec, Canada, HIT 1C8
Phone : (514) 376-3330 (ext. 3025)
FAX :(514) 376-1355



.
I .I

124

SUMMARY

We previously demonstrated that female mouse ventricles have longer action
potential durations (APD) than males. This delayed repolarization results from a
lower current density of the ultrarapid delayed rectifier K* current (Ix,) and a lower
expression level of its underlying K channel (Kv1.5). To evaluate whether this sex
difference could be attributable to the action of male sex hormones, we studied the
effect of androgen deficiency on ventricular repolarization. We compared cardiac
electrophysiological properties in castrated (orchiectomized: ORC) and control (CTL)
male mice. QTc intervals as well as APD measured at 20%, 50%, and 90% of
repolarization were all significantly longer in ORC than in CTL. The current density
of Ixy was significantly lower in ORC than in CTL (at +50 mV, ORC: 29 + 4
pA pF!, n=25; CTL: 48 + 5 pA pF", n=17; p=0.006). In contrast, all the other K*
currents present in mouse ventricular myocytes were comparable between ORC and
CTL. Moreover, results of Western Blot analysis showed a lower expression level of
Kvl1.5 protein in ORC but no difference between the two groups for the other K*
channels studied. This study demonstrates that androgen deficiency leads to a
reduction in the density of Ik, and Kv1.5 in mouse ventricle, and consequently, to
prolongation of APD and QTc interval. In conclusion, these findings strongly suggest
that male sex hormones contribute to the sex difference that we previously reported in

cardiac repolarization in adult mouse heart.

Key Words: K™ currents; Heart; Hormones.
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INTRODUCTION

Recently, we have shown that there is sex difference in ventricular
repolarization in mouse heart (Trépanier-Boulay e al. 2001). We demonstrated that
repolarization was longer in females than in their male counterparts. Indeed, action
potential durations (APD) were significantly longer in myocytes isolated from female
ventricle. We then showed that this prolonged repolarization was due to the lower
expression of a major repolarizing K* current, the ultrarapid delayed rectifier K*
current (Ixu), and of its underlying K* channel (Kv1.5) in females. In the present

study, we investigated one possible mechanism underlying this sex difference.

It is now well recognized that cardiac repolarization is different between men and
women (Bazett, 1920; Rautaharju et al. 1992; Lehmann et al. 1997; Yang et al.
1997). As in mice, women have prolonged ventricular repolarization, reflected by
longer rate corrected QT interval (QTc), when compared with men (Rautaharju ef al.
1992; Lehmann et al. 1997; Locati et al. 1998; Bidoggia et al. 2000). This sex
difference is not observed at birth (Stramba-Badiale et al. 1995) nor during childhood
where both girls and boys have long QTc intervals. It is at puberty that the difference
appears when boys’ QTc interval shortens (Rautaharju et al. 1992; Lehmann et al.
1997; Locati et al. 1998). Since at puberty, young men have an important increase in
male sex hormones, androgens might be responsible for this QT shortening. Recently,
(Bidoggia et al. 2000) observed that castrated men, which have low levels of
androgens, had longer QT interval than intact men while virilized women, who have
abnormally high level of male sex hormones, had shorter QT interval than control
women. The same group also reported that testosterone shortened QT interval in
castrated men. Moreover, it has been reported that athletes who take large doses of
anabolic androgenic steroids have shorter QT intervals (Stolt et al. 1999). Altogether,

these studies strongly suggest that androgens may affect repolarization.
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Therefore, we carried out the present study to determine whether androgens
are involved in the sex difference that we observed in repolarization in mouse heart.
The findings presented here clearly show that androgen deficiency induced by
castration leads to lengthening of ventricular repolarization in male mouse heart
strongly suggesting a role for male sex hormones in the regulation of cardiac K*

channels.
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METHODS

Animals. All experiments were performed on 4 to 5 month old CD1 male mice
weighing about 30 g. Castrated (orchiectomized: ORC) and control (CTL) male mice
were obtained from Charles River (St-Constant, Québec, Canada). Male mice were
castrated at 37 days of age, i.e just before reaching sexual maturity. ORC mice were
always compared with aged-matched CTL males. Sham-operated mice also obtained

from Charles River were used for some experiments (see below).

Radioimmunoassay. Sa-Dihydrotestosterone (DHT) was measured by
radioimmunoassay according to the manufacturer’s instructions (Diagnostic Systems

Laboratories Inc. Texas, USA).

Mouse ventricular myocytes. All experiments conformed with the Canadian
Council Animal Care guidelines. Animals were heparinized (100 U, LP.),
anaesthetized by inhalation of isoflurane and then killed by cervical dislocation.
Single epicardial myocytes were obtained from the right ventricle of CTL and ORC
mice using a previously described cell isolation protocol (Trépanier-Boulay et al.
2001). Briefly, the hearts were rapidly removed, and retrogradely perfused through
the aorta on a modified Langendorff apparatus with the following solutions: (i) 5
minutes with HEPES-buffered Tyrode solution containing (in mM): 130 NaCl; 5.4
KCI; 1 CaCly; 1 MgCly; 0.3 Na;HPO,; 10 HEPES; 5.5 glucose (pH adjusted to 7.4
with NaOH), (ii) 10 min with Tyrode solution without added Ca®* (“Ca**-free”), (iii)
20 min with Ca**-free Tyrode solution containing 73.7 U ml collagenase type 2
(Worthington Co. Ltd, Freehold, NJ, USA), 0.1% bovine serum albumin (BSA;
Fraction V, Sigma Chemicals Co., St. Louis, Mo, USA), 20 mM taurine and 30 uM
CaCl,, and (iv) 5 min with a Kraft-Brithe (KB) solution (Isenberg & Klockner 1982)
containing (in mM): 100 K-glutamate; 10 K-aspartate; 25 KCI; 10 KH;PO4; 2 MgS04;
20 taurine; 5 creatine base; 0.5 EGTA; 5 HEPES; 20 glucose and 0.1% BSA (pH
adjusted to 7.2 with KOH).
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ECG recordings. Mice were anaesthetized with pentobarbital (65 mg Kg', I.P.)
(Nuyens et al. 2002). Platinum electrodes were placed s.c. and lead I surface ECG
were acquired using the Biopac System MP100 at a rate of 2 kHz. Recordings were
analyzed using AcqKnowledge 3.7 program (Biopac System Inc., Santa Barbara, CA,
USA). Mice body temperature was maintained at 37°C using a heating pad. The QT
intervals were calculated manually, using a blind-trial procedure, from signal-
averaged ECG recordings. The QTc interval was calculated using the formula

reported by (Mitchell ef al. 1998), QTc = QT/(RR/100)".

Electrophysiological recordings. The myocytes were superfused with HEPES-
buffered Tyrode solution (see above section Mouse ventricular myocytes). Whole-
cell voltage and current recordings were made with a patch-clamp amplifier
(Axopatch 200B, Axon Instruments, Foster City, USA). Pipettes were made from
borosilicate glass (World Precision Instruments, Sarasota, FL., USA), and had
resistances in the range 1.5-4 MQ when filled with the following solution (mM): 110
K+-aspartate, 20 KCI, 8 NaCl, 1 MgCl,, 1 CaCl,, 10 BAPTA, 4 K,ATP and 10
HEPES (pH 7.2 with KOH). Series resistance (Rs) was between 4 and 8 MQ; and
compensation was applied to reduce Rs by 80-90%. Voltage-clamp currents were
low-pass filtered at 1 kHz with a 4-pole Bessel analog filter, digitized at 4-10 kHz
and stored in a microcomputer using pClamp 8.0 software (Axon Instruments). All
experiments were carried out at room temperature (20-22 °C). K* currents were
recorded in absence of sodium or L-type Ca>* channels blockers to allow recordings
of K* currents and action potentials from the same myocyte. Furthermore, under these
recording conditions (e.g. room temperature), Ic, is small. Also, the very fast
activation and inactivation of the fast sodium current (which represents the largest
part of the Ina) (Ju ef al. 1996; Nuyens et al. 2002) prevent interference with K*

currents.
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K" currents recordings. Current-voltage (I-V) relationship for the total K™ current
(Ipeak), for the Ca2+-independent transient outward K* current (L), for Iky, for the
steady-state outward K" current (Iss) and for the inwardly rectifying K" current (Ik1)
were constructed from the current elicited by a 500 ms voltage-clamp step applied in
10 mV increment from -110 to +50 mV from a holding potential of -80 mV at a
frequency rate of 0.1 Hz. The method of separation of the K* currents is described in

the Results section.

Steady-state inactivation. The voltage dependence of steady-state inactivation for
Ikuar was measured using a two-step voltage-clamp protocol consisting of a first 5 s
inactivating pulse to selected potentials (between -110 and -20 mV), followed by a
second (test) pulse of 2.5 s duration to +30 mV, at a repetition rate of 30 s. In
addition, a 100 ms pulse at -40 mV was interposed between the inactivating and test
pulses in order to inactivate Ii,. Ik Was obtained by subtraction of the peak test pulse
current from the current at the end of the test pulse. The current amplitude of Ik, at
each first pulse potential was normalized to the maximal amplitude of this current
(I/Imax), and plotted as a function of the inactivating pre-pulse potential. Data were
fit to a Boltzmann equation: I/Imax = 1/[1+exp ((Vm-V12)/ S12)], where V,; represents
the membrane potential (V) at which 50% of the channels are inactivated and S is

the mid-point slope factor.

Recovery from inactivation. To measure the time and voltage dependence of
recovery from inactivation of Ik, a 1.5 s inactivating pulse was followed at intervals
between 50 ms and 3 s by a 500 ms test pulse, at a rate of 0.1 Hz. Inactivating and
test pulses were both preceded by a brief (100 ms at -40 mV) pulse to inactivate .
The holding and interpulse potentials were -80 mV. Ik, amplitude was measured by
the difference between peak outward current and the current 500 ms after the peak.
The ratio of current amplitude elicited by the second (test) to the first (inactivating)

pulse was plotted as a function of the interpulse interval.
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Western blots. Proteins were prepared from mouse hearts (3 pooled ventricles)
homogenized in TE buffer (20 mM Tris, | mM EDTA, pH 7.4) containing protease
inhibitors (Leupeptin, Aprotinin, Benzamidine, PMSF and Na3;VO,). The homogenate
was centrifuged at 10 000 g. The supernatant was ultracentrifuged 3 times at 200 000
g for 20 min. The pellet was resuspended in TE buffer containing the protease
inhibitors and 0.6 M KClI to dissolve contractile proteins. The pellet corresponds to
the sarcolemmal-enriched proteins. The Western blot protocols used for analysis of
K" channel protein expression have been reported previously (Trépanier-Boulay et al.

2001).

Confocal imaging. Immunofluorescence analysis and confocal microscopy were
carried out on ventricular myocytes isolated from CTL and ORC mice using

protocols described previously (Trépanier-Boulay ef al. 2001).

Statistical analysis. Results are expressed as mean + S.E.M. Student's unpaired t-test
was used to compare mean data. The results were considered statistically significant

when P values were smaller than 0.05.
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RESULTS

Hormone levels. Serum DHT levels were dramatically decreased in ORC compared
with CTL male mice ([DHT], ORC: not detectable, n=5; CTL: 987 * 246 pg ml™,
n=4).

QT intervals. Figure 1A shows examples of lead I ECG recordings obtained in one
CTL and one ORC mouse. A prolonged QT interval was observed in the ORC
compared with the CTL mouse. As shown in figure 1B, QTc intervals were
significantly prolonged in ORC compared with CTL male mice. To rule out the
possibility that the prolonged cardiac repolarization observed in ORC mice was a
direct or indirect consequence of the surgical operation, we recorded surface ECG in
sham-operated male mice. As expected, QTc intervals were similar between sham-
operated and CTL male mice (sham-operated: 60 + 4 ms, n=4; CTL: 66 = 3 ms, n=18;
p=0.3).

Action potential durations. Action potentials were evoked using the whole-cell
current-clamp protocol by injection of brief (2-5 ms) stimulus currents (0.4-0.7 nA) at
rates of 1 and 4 Hz. Figure 2A shows representative action potentials recorded at 4
Hz in CTL and ORC ventricular myocytes. Figure 2B shows mean APDs measured at
20%, 50% and 90% of repolarization in CTL and ORC myocytes. As for the QTc
intervals, the APD in ORC were significantly longer than those in CTL mice (APD5,
ORC: 5 £ 0.4 ms; CTL: 3 £ 0.3 ms; p=0.0004) (APDsp, ORC: 11 £ 1 ms; CTL: 5 +
0.4 ms; p=0.0007) (APDgp, ORC: 33 + 3 ms; CTL: 18 = 2 ms; p=0.002) (n, ORC: 26;
CTL:17). Action potentials recorded at 1 Hz were also significantly longer in the
ORC group, and this difference was observed for all durations examined (data not

shown).
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K' currents. Since K* currents are major determinants of cardiac repolarization, we
compared the K* currents between CTL and ORC epicardial ventricular myocytes.
These included: Ixur, Ito, Iss and Ix;. All currents were normalized to cell capacitance
and expressed as densities (pA pF'). Cell capacitance of ventricular myocytes
isolated from ORC and CTL mice were similar (ORC: 82 * 4 pF, n=26; CTL: 84 + 4
pF, n=24; p=0.8).

Inward rectifier K' current: Iy;. We compared the current density of Ix; in
myocytes obtained from CTL and ORC mice. Ix; was activated by voltage steps
ranging from -110 mV to -40 mV from a holding potential of -80 mV. Figures 3 and
4 show that Ig, was similar in both groups. At -110 mV, the current density was -19
2 pA pF! in ORC (n=26) and -17 % 2 pA pF! in CTL (n=24) (p=0.2). We also
compared the density of Ik, at -60 mV, where this current displays its maximum
outward component, and there was no difference between ORC and CTL (1.4 £0.2
pA pF' vs. 1.0 £ 0.2 pA pF, p=0.07). In addition, the resting potential was not
significantly different between the two groups (ORC: -74 + 1 mV; CTL: -73 £2 mV,
p=0.5).

Voltage-activated outward K' currents. Variations in outward K" currents density
have dramatic effect on action potential duration (Fiset et al. 1997a). Thus, we
examined whether a difference in outward K* currents between CTL and ORC
ventricular myocytes could account for the longer QT interval and APD observed in
ORC mice. Figure 3A shows a family of K currents recorded from ventricular
myocytes isolated from CTL and ORC mice. The total K" current (Ipeax) Was activated
by a series of test potentials varying from -110 mV to +50 mV in 10 mV increments
from a holding potential of -80 mV. Figure 3B compares mean I-V relationships for

Ipeak in CTL and ORC mouse ventricular myocytes. For potentials positive to -40 mV,
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the density of Ipeax Was significantly smaller in ORC cells. For instance, the mean
current densities of the peak outward current measured at +50 mV were 78 + 6 pA
pF! (n=26) in ORC and 101 + 5 pA pF"' (n=24) in CTL (p<0.01). We then examined
the contribution of individual outward K* currents. First, we eliminated the transient
portion (or ;o) by applying an inactivating prepulse (100 ms, -40 mV) immediately
before the main activation steps. The current remaining after inactivation of I, is
denoted Iksow and is composed of Ik, (or the 4-aminopyridine (4-AP)-sensitive
component) and I (or the 4-AP-resistant component). Figure 3C shows
superimposed current records that correspond to Iksiow in CTL and ORC myocytes.
Figure 3D shows the mean [-V plots for Ixsow in CTL and ORC cells where it can be
seen that the density of Iksow Was significantly smaller in the ORC group for all
potentials positive to -40 mV (at +50 mV, ORC: 46 + 5 pA pF’!, n=26; CTL: 66 + 4
pA pF', n=24; p= 0.004). We then compared the density of I,,, which was obtained
by subtracting the current traces measured with and without the inactivating prepulse
(in other words, by subtracting Iksiow from Ipea). Figure 4A shows examples of Iy,
recorded from CTL and ORC myocytes. As shown in Figure 4B, there was no
difference in the density of I, between ORC and CTL ventricular myocytes (at +50
mV, ORC: 40 + 4 pA pF', n=26; CTL: 41 + 2 pA pF', n=24; p=0.9). We took
advantage of the difference in sensitivities of Iy, and I to the pharmacological agent
4-AP to determine whether smaller current density of Ixsow Was the result of smaller
Ixur and/or Is in ORC ventricular myocytes. Thus, we applied 200 uM 4-AP (which
blocks Iku) (Fiset et al. 1997a; London et al. 2001; Trépanier-Boulay ef al. 2001) in
combination with the inactivating prepulse (which blocks I;,) and recorded the 4-AP
resistant outward K* current, or I (Figure 4C). It is important to note that 200 uM 4-
AP was used to distinguish between Ik, and I rather than Ix,, and I,. Effectively, as
shown above, I;; was measured in total absence of 4-AP (see Figure 4A) and this
current was always inactivated when 4-AP was used to separate Ix,r and I As we
can see in Figure 4D which depicts the mean I-V relationships for I, there was no
difference between the density of I recorded from ORC and CTL mice (at +50 mV,
ORC: 18 + 1 pA pF’', n=25; CTL: 20 + 1 pA pF", n=17; p=0.08). We then compared
the 4-AP sensitive current (or Iky) between CTL and ORC mice. Figure 5A shows
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superimposed current traces of Ik, in both groups. These records were obtained by
subtracting the currents recorded before (Figure 3C) and after (Figure 4C) the
addition of 4-AP. As illustrated in these recordings, Ix., in mouse ventricular
myocytes exhibited a much faster inactivation rate than that of human atrial myocytes
(Wang et al. 1993; Nygren et al. 1998). The density of Ik, was markedly smaller in
the ORC group than in the CTL group. As shown by the I-V curves presented in
Figure 5B, Ik, was significantly smaller in the ORC mice over the entire activation

range (at +50 mV, ORC: 29 + 4 pA pF"', n=25; CTL: 48 + 5 pA pF"', n=17; p=0.006).

These voltage-clamp experiments clearly show that the differences we observed in
APD and QTc interval between intact and ORC male mice result from the lower

current density of I, in the ventricular myocytes isolated from ORC mice.

Voltage dependence of steady-state inactivation of Ik,,. Figure 6A compares the
voltage dependence of steady-state inactivation of Ik, between the two groups. The
voltage protocol is shown in inset. Figure 6B shows Boltzmann functions fitted to
mean data recorded in CTL and ORC mice. The voltage dependence of steady-state
inactivation of Ix, was identical in ORC and CTL myocytes (V 5, ORC: -48 =2 mV;
CTL: -48 £ 2 mV; p=0.8; slope factor, ORC: 7+ 1 mV; CTL: 7 = 1 mV; p=0.4; ORC:
n=8; CTL: n=11).
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Recovery from inactivation of Ix.r. Figure 6C shows the results of a voltage-clamp
experiment comparing the rate of recovery from inactivation in CTL and ORC mice.
As shown in Figure 6D, ORC and CTL myocytes recovered from inactivation in a
similar fashion. The data were best fitted with a single exponential function and mean
time constants were 382 + 45 ms in ORC (n=8) and 298 + 39 ms in CTL (n=11) mice
(p=0.2). These results indicate that alterations in kinetics properties of I, cannot

explain the lower density of Ik, in ORC mice.

Protein expression of K* channels in CTL and ORC mice. We then examined the
expression levels of the following K* channel isoforms responsible for the currents
described above: Kvl1.5 (Iky) (London et al. 2001), Kv2.1 (I) (Xu et al. 1999),
Kv4.2 and Kv4.3 (I;,) (Dixon & McKinnon 1994; Dixon et al. 1996; Fiset et al.
1997b; Barry et al. 1998; Wickenden et al. 1999), and Kir2.1 (Ik;) (Kubo et al. 1993;
Zaritsky et al. 2001). Consistent with the electrophysiological results, data presented
in Figure 7A show that the expression level of Kv1.5 was clearly lower in ORC
ventricles than in CTL ventricles. For all the other K* channels studied, the protein
expression was similar between the two groups as were the current densities of Iy, I,
and Ix; of ORC and CTL mice. In addition, immunofluorescence and confocal
microscopy studies showed a lower expression for Kv1.5 proteins in ORC myocytes
(Figure 7B). This relative reduction of expression was specific for Kvl.5 as
exemplified by the result obtained with Kir2.1 (coding for Ik;) that showed similar

fluorescence intensity between the two groups (data not shown).
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DISCUSSION

We have shown that chronic androgen deficiency alters mouse cardiac
repolarization. Males that were subjected to castration exhibited longer QTc intervals
and APDs than control mice. This delayed ventricular repolarization was associated
with lower current density of Ik, and lower expression of its corresponding K*
channel, Kv1.5, despite normal voltage dependence and kinetic properties of this
current in ORC mice. In contrast, all the other K* currents/channels were unchanged

in ORC mice.

Initially, we examined cardiac repolarization 1-2 months after the castration
(as opposed to 3-4 months). At this earlier stage, the current density of Ik, was also
lower in the ORC mice but the reduction did not reach the level of statistical
significance (data not shown). As expected, this diminution did not impact on cardiac
repolarization since APDs were not significantly different between CTL and ORC
mice of 2-3 months of age. Mice less than one month old already have considerable
amounts of circulating androgens (Overpeck et al. 1978). 1t is possible that waiting a
period of 1-2 months after the castration is not enough to eliminate entirely the effect
of endogenous androgens. In addition, it is also likely that long term androgen
deficiency is necessary to affect organs, such as the heart, which are not the primary

target of sex hormones (Roy et al. 1997).

The cardiac phenotype of 4- to 5- month old ORC mice resembles that of
female mice (see (Trépanier-Boulay et al. 2001) and Table 1). Indeed, compared with
males, both females and ORC mice display longer QTc interval on the ECG. This
prolonged repolarization time is associated with a specific decrease in Ik, density
that can be explained by a lower expression of Kv1.5 but not by alterations in the
voltage dependence and kinetics of the current. Results presented here strongly
suggest that the sex differences observed in mouse cardiac repolarization might be
due in part to the action of androgens. Most of the biological effects of sex steroid
hormones are mediated through the association with the androgen receptor (Litwack

& Schmidt 1997). The binding of androgen with its receptor results in the formation
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of an active complex that binds DNA and promotes the transcription of specific
genes, giving rise to higher levels of the gene product (Litwack & Schmidt 1997).
Thus, it is possible that androgens would promote Kv1.5 expression and this would
result in greater K* current density, shorter APD and QTc interval in intact males.
Furthermore, consistent with a genomic effect of androgens on this cardiac K*
channel, we have shown that androgen receptors are present in mouse heart (data not

shown).

In addition to genomic effects on cardiac repolarization, testosterone can exert
direct actions on K' channels. Indeed, several studies have shown that acute
testosterone administration induced vascular relaxation by opening smooth muscle K*
channels (Yue et al. 1995; Chou et al. 1996; Deenadayalu et al. 2001; Ding &
Stallone 2001). While being interesting, this mechanism is probably not responsible
for the difference we observed since superfusion of ventricular myocytes with DHT
did not affect K currents and APD (J. Brouillette & C. Fiset, unpublished
observations). In addition, it has been reported that acute perfusion of testosterone did
not affect ventricular APDs in guinea-pig (Jiang et al. 1992) nor QT interval in men
(White et al. 1999). Also, as mentioned earlier, 1-2 months of androgen deficiency
was insufficient to induce changes in cardiac repolarization. The fact that a longer
period of time (3-4 months) was required to alter cardiac repolarization in mouse

. . . +
ventricle does not support a non-genomic action of androgens on K" currents.

Relation to previous studies. Other investigators have studied the effect of chronic
DHT treatment on ventricular repolarization. One group observed a decrease in APD
in both ovariectomized (OVX) (Hara et al. 1998) and intact female (Pham et al.
2002b) rabbits treated with DHT compared with untreated OVX or female rabbits,
respectively. These data support the assumption that androgens shorten ventricular
repolarization. However, they did not study K* currents to demonstrate if this faster
repolarization resulted from an increase in K currents. On the other hand, (Drici et
al. 1996) examined K™ channels and found that Kv1.5 and minK were downregulated

after 20 day injections of DHT in OVX females. However the roles of the
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corresponding K* currents (Ikur and the slow component of the delayed rectifier, Iks)

are probably small in the rabbit ventricle.

In contrast to the results presented here, (Pham et al. 2001) did not observe
any difference in APD between castrated and intact male rabbits. There could be
many reasons for this discrepancy. First, rabbits and mice share some but not all of
their K* channels. As mentioned earlier, the physiological role for Ik, the K* current
responsible for the longer APD observed in our study, is minor in rabbit and this
could well explain the difference between the two studies. In addition, examination of
the experimental design revealed major differences between the two studies. Their
rabbits were castrated at an older age (50-60 days vs. 37 days in our study), implying
that they were exposed for a longer period of time to androgens, and they were
subjected to a shorter period of androgen deficiency (42-49 days vs. a minimum of 90
days in our study). All these factors could explain the absence of effect on cardiac
repolarization in their study. In a recent study, the same group showed that Ca**
currents were not affected by castration nor by DHT replacement in male rabbits
(Pham et al. 2002a). That study suggests that modifications in Ca®" currents between
castrated and control males would not be responsible for the difference in cardiac
repolarization that we report here. In keeping with this, we have previously reported
that there is no sex difference in Ca>* currents in mouse ventricles (Trépanier-Boulay

et al. 2001), suggesting that sex steroid hormones do not alter Ca®" currents.

Experimental data also suggest that androgens may have a protective role
against the antiarrhythmic actions of some cardiotoxic drugs. (Shuba et al. 2001)
reported that the effects of drugs that inhibit HERG (which codes for the rapid
component of the delayed rectifier, Ix,) current in Xenopus oocytes are prevented by
pre-treatment with testosterone. Moreover, data suggesting a lesser degree of
quinidine-induced QT prolongation in DHT vs. estradiol-pretreated ovariectomized
rabbits have also been reported (Drici et al. 1996). Finally, a recent study reported
that the APD prolongation induced by dofetilide was less important in female rabbits
treated with DHT than in control females (Pham ef al. 2002b).



—
F

139

The involvement of male sex hormones in the regulation of ventricular
repolarization does not rule out a possible role for the female sex hormones in this
phenomenon. In fact, 17B-estradiol has been shown to affect cardiac repolarization in
several species including guinea pig (Nakajima et al. 1999; Tanabe et al. 1999) and
rat (Berger et al. 1997). Undergoing studies in our laboratory are focussing on the

role of female sex hormones in murine cardiac repolarization.

In conclusion, this work improves our understanding of the role of male sex
hormones in the regulation of cardiac K* channels. The findings presented here
strongly suggest that androgens could contribute to sex-based differences in cardiac
repolarization. Finally, in addition to displaying sex differences in ventricular
repolarization, mouse cardiac K* currents/channels can be modulated by variations in
sex hormone levels, thus reinforcing the validity of mice as an animal model to study

sex-related differences in cardiac electrophysiology.



." \

140

REFERENCES

Barry D M, Xu H, Schuessler R B & Nerbonne J M (1998). Functional knockout of
the transient outward current, long-QT syndrome, and cardiac remodelling in mice

expressing a dominant-negative Kv4 a-subunit. Circ Res 83, 560-567.

Bazett H (1920). An analysis of the time-relations of electrocardiograms. Heart 7,

353-370.

Berger F, Borchard U, Hafner D, Piitz I & Weis T M (1997). Effects of 17B-estradiol
on action potential and ionic currents in male rat ventricular myocytes. Naun Schmie

Arch Pharmacol 356, 788-796.

Bidoggia H, Maciel J P, Capalozza N, Mosca S, Blaksley E J, Valverde E, Bertran G,
Arini P, Biagetti M O & Quinteiro R (2000). Sex difference on the
electrocardiographic pattern of cardiac repolarization: possible role of testosterone.

Am heart J 140, 678-683.

Chou T M, Sudhir K, Hutchison S J, Ko E, Amidon T M, Collins P & Chatterjee K
(1996). Testosterone induces dilation of canine coronary conductance and resistance

arteries in vivo. Circulation 94, 2614-2619.

Deenadayalu V P, White R E, Stallone J N, Gao X & Garcia A J (2001). Testosterone
relaxes coronary arteries by opening the large-conductance, calcium-activated

potassium channel. Am J Physiol 281, H1720-H1727.

Ding A & Stallone J N (2001). Testosterone-induced relaxation of rat aorta is
androgen structure specific and involves K* channel activation. J 4ppl! Physiol 91,

2742-2750.

Dixon J E & McKinnon D (1994). Quantitative analysis of potassium channe]l mRNA

expression in atrial and ventricular muscle of rats. Circ Res 75, 252-260.



141

Dixon J E, Shi W, Wang H S, McDonald C, Yu H, Wymore R S, Cohen I S &
McKinnon D (1996). Role of the Kv4.3 potassium channel in ventricular muscle: a

molecular correlate for the transient outward current. Circ Res 79, 659-668.

Drici M D, Burklow T R, Haridasse V, Glazer R I & Woosley R L (1996). Sex
hormones prolong the QT interval and downregulate potassium channel expression in

the rabbit heart. Circ Res 94, 1471-1474.

Fiset C, Clark R B, Larsen T S & Giles W R (1997a). A rapidly activating sustained
K" current modulates repolarization and excitation-contraction coupling in adult
mouse ventricle. J Physiol (Lond) 504, 557-563.

Fiset C, Clark R B, Shimoni Y & Giles W R (1997b). Shal-type channels contribute
to the Ca**-independent transient outward K* current in rat ventricle. J Physiol
(Lond) 500.1, 51-64.

Hara M, Danilo P Jr & Rosen M R (1998). Effects of gonadal steroids on ventricular
repolarization and on the response to E4031. J Pharmacol Exp Ther 285, 1068-1072.

Isenberg G & Klockner U (1982). Calcium tolerant ventricular myocytes prepared by
preincubation in a "KB medium". Pflug Arch 395, 6-18.

Jiang C, Sarrel P M, Poole-Wilson P A & Collins P (1992). Effect of 17B-oestradiol
on contraction, Ca®* current and intracellular free Ca®" in guinea-pig isolated cardiac

myocytes. BrJ Pharmacol 263, H271-H275

JuY K, Saint D A & Gage P W (1996). Hypoxia increases persistent sodium current
in rat ventricular myocytes. J Physiol (Lond) 497, 337-347.

Kubo Y, Baldwin T J, Jan Y N & Jan L Y (1993). Primary structure and functional

expression of a mouse inward rectifier potassium channel. Nature 362, 127-133.

Lehmann M H, Timothy K W, Frankovich D, Fromm B S, Keating M, Locati E H,
Taggard R T, Towbin J A, Moss A J, Schwartz P J & Vincent M (1997). Age-sex



142

influence on the rate-corrected interval and the QT-heart rate relation in families with

genotypically characterized long QT syndrome. J Am Coll Cardiol 29, 93-99.

Litwack G & Schmidt T J (1997). Biochemistry of hormones II: Steroid hormone. In
Textbook of Biochemistry with Clinical Correlations, ed. Devlin T M, pp. 893-918.
New York: Wiley-Liss.

Locati E, Zareba W, Moss A J, Schwartz P J, Vincent M, Lehmann M H, Towbin J,
Priori S G, Napolitano C, Robinson J L, Andrews M, Timothy K W & Hall W J
(1998). Age- and sex-related differences in clinical manifestations in patients with
congenital Long-QT syndrome. Findings from the international LQTS registry.
Circulation 97, 2237-2244.

London B, Guo W, Pan X, Lee J S, Shusterman V, Rocco C J, Logothetis D A,
Nerbonne ] M & Hill J A (2001). Targeted replacement of Kv1.5 in the mouse leads
to loss of the 4-aminopyridine-sensitive component of I 0w and resistance to drug-
induced QT prolongation. Circ Res 88, 940-946.

Mitchell G F, Jeron A & Koren G (1998). Measurement of heart rate and QT interval
in the conscious mouse. Am J Physiol 274, H747-H751.

Nakajima T, Iwasawa K, Oonuma H, Morita T, Goto A, Wang Y & Hazama H
(1999). Antiarrhythmic effect and its underlying ionic mechanism of 17B-estradiol in

cardiac myocytes. Br J Pharmacol 127, 429-440.

Nuyens D, Stengl M, Dugarmaa S, Rossenbacker T, Compernolle V, Rudy Y, Smits J
F, Flameng W, Clancy C E, Moons L, Vos M A, Dewerchin M, Benndorf K, Collen
D, Carmeliet E & Carmeliet P (2002). Abrupt rate accelerations or premature beats
cause life-threatening arrhythmias in mice with long-QT3 syndrome. Nature Med 7,

1021-1027.

Nygren A, Fiset C, Firek J W, Clark J] W, Lindblad D S, Clark R B & Giles W R
(1998). Mathematical model of an adult human atrial cell. The role of K* currents in

repolarization. Circ Res 82, 63-81.



143

Overpeck J G, Colson S H, Hohmann J R, Applestine M S & Reilly J F (1978).
Concentrations of circulating steroids in normal prepubertal and adult male and
female humans, chimpanzees, rhesus monkeys, rats, mice, and hamsters:a literature

survey. J Toxic Env Health 4, 785-803.

Pham T V, Robinson R, Danilo P & Rosen M (2002a). Effects of gonadal steroids on
sex-related differences in transmural dispersion of L-type calcium current.

Cardiovasc Res 53 , 752-762.

Pham T V, Sosunov E A, Anyukhovsky E P, Danilo P Jr & Rosen M R (2002b).
Testosterone diminishes the proarrythmic effects of dofetilide in normal female

rabbits. Circulation 106 ,2132-2136.

Pham T, Sosunov E, Gainullin R, Danilo P & Rosen M (2001). Impact of sex and
gonadal steroids on prolongation of ventricular repolarization and arrhythmias

induced by Ix-blocking drugs. Circulation 103, 2207-2212.

Rautaharju P M, Zhou S H, Wong S, Calhoun H P, Berenson G S, Prineas R &
Davignon A (1992). Sex differences in the evolution of the electrocardiographic QT
interval with age. Can J Cardiol 8, 690-695.

Roy A K, Vellanoweth R L, Jung M H & Chatterjee B (1997). Cellular and molecular
effects of androgenic-anabolic steroids. In Endocrine Toxicology, eds. Thomas J A &

Colby H D, pp. 213-225. Taylor & Francis.

Shuba Y M, Degtiar V E, Osipenko V N, Naidenov V G & Woosley R L (2001).
Testosterone-mediated modulation of HERG blockade by proarrhythmic agents.
Biochem Pharmacol 62, 41-49.

Stolt A, Karila T, Viitasalo M, Méntysaari M, Kujala U M & Karjalainen J (1999).
QT interval and QT dispersion in endurance athletes and in power athletes using large

doses of anabolic steroids. Am J Cardiol 84, 364-366.

Stramba-Badiale M, Spagnolo D, Bosi G & Schwartz P J (1995). Are sex differences
in QTc present at birth? 4Am J Cardiol 75, 1277-1278.



,"—_\-"‘

144

Tanabe S, Hata T & Hiraoka M (1999). Effects of estrogen on action potential and
membrane currents in guinea pig ventricular myocytes. A4m J Physiol 46, H826-

H833.

Trépanier-Boulay V, St-Michel C, Tremblay A & Fiset C (2001). Sex-based

differences in cardiac repolarization in mouse ventricle. Circ Res 89, 437-444.

Wang Z, Fermini B & Nattel S (1993). Sustained depolarization-induced outward
current in human atrial myocytes. Evidence for a novel delayed rectifier K* current

similar to Kv1.5 cloned channel currents. Circ Res 73, 1061-1076.

White C, Ferraro-Borgida M, Moyna N, McGill C, Ahlberg A, Thompson P & Heller
G (1999). The effect of pharmacokinetically guided acute intravenous testosterone
administration on electrocardiographic and blood pressure variables. J Clin
Pharmacol 39, 1038-1043.

Wickenden A D, Lee P, Sah R, Huang Q, Fishman G I & Backx P H (1999). Targeted
expression of a dominant-negative Kv4.2 K" channel subunit in the mouse heart.
Circ Res 85, 1067-1076.

Xu H, Barry D M, Li H, Brunet S, Guo W & Nerbonne J] M (1999). Attenuation of
the slow component of delayed rectification, action potential prolongation, and
triggered activity in mice expressing a dominant-negative Kv2 a subunit. Circ Res

85, 623-633.

Yang H, Elko P F B S, Baga J J, Pires A A, Schuger C D, Steinman R T & Lehmann
M H (1997). Maximal ascending and descending slopes of the T wave in men and

women. J Electrocardiol 30, 267-276.

Yue P, Chatterjee K, Beale C, Poole-Wilson P A & Collins P (1995). Testosterone

relaxes rabbit coronary arteries and aorta. Circulation 91, 1154-1160.

Zaritsky J J, Redell J B, Tempel B L & Schwarz T L (2001). The consequences of
disrupting cardiac inwardly rectifying K* current (Ig;) as revealed by the targeted

deletion of the murine Kir2.1 and Kir2.2 genes. J Physiol 533, 697-710.



145

ACKNOWLEDGEMENTS

This study was supported by operating and personal grants from the Canadian
Institutes of Health Research, the Heart and Stroke Foundation of Canada and
Quebec, the Research Funds of the Montreal Heart Institute and the Natural Sciences
and Engineering Research Council of Canada. We would like to thank Chantale St-

Michel, Louis-Robert Villeneuve and Marc-Antoine Gillis for technical assistance.



L

146

FIGURES AND LEGENDS

Figure 1. Comparison of QT interval between CTL and ORC mice
A. Examples of lead I surface ECG obtained from one CTL and one ORC male

mouse.
B. Table comparing mean QT, QTc and heart rate (HR) in CTL and ORC mice.
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Figure 2. Comparison of action potentials between CTL and ORC mouse
ventricular myocytes

A. Typical examples of action potentials recorded from CTL and ORC mice. Dotted
lines represent the 0 mV level. B. Mean APD at 20%, 50% and 90% of repolarization
in CTL and ORC mice. Action potentials were recorded at a frequency of 4 Hz.
Recordings shown in this figure and all subsequent figures were measured at room

temperature.



149

] cTL, n=17
Bl ORC, n=26
*p <0.002

*

— il

APD,, APD, APD,,

10 ms

Figure 2



150

Figure 3. Comparison of total K' current (Ipear) and Iksiow (Ixur + Iss) between
CTL and ORC mouse ventricular myocytes

A. Family of K™ currents recorded from CTL and ORC myocytes. Membrane currents
were activated using the voltage protocol shown in the inset. B. Mean [-V
relationships for the total K™ current (Ipeak) in CTL and ORC ventricular myocytes. C.
Superimposed current traces of Iggow in CTL and ORC cells. Ixsow Was activated by
500 ms voltage steps preceded by 100 ms inactivating prepulse to -40 mV. D. Mean
I-V curves for Iksow recorded from CTL and ORC mice. Note that the current
densities of Ix;, which was activated by voltage steps ranging from -110 mV to -40

mYV, were similar between ORC and CTL mice.
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Figure 4. Comparison of the transient outward K" current (I;;) and the steady-state K*

current (Iss) between CTL and ORC mouse ventricular myocytes

A. Superimposed current records illustrating I,, were obtained by subtracting the
corresponding currents recorded with (Figure 3C) and without (Figure 3A) the
inactivating prepulse. B. Mean I-V relationships for I;, in CTL and ORC mice. C.
Representative examples of I in CTL and ORC myocytes. I;; was measured after
application of 200 pM 4-AP using the inactivation prepulse protocol. D. I-V curves
for I recorded from CTL and ORC mice. NS, not significant.
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Figure 5. Comparison of Ik, between CTL and ORC mouse ventricular
myocytes. A. Family of membrane currents obtained by subtracting pairs of currents
recorded with (Figure 4C) and without (Figure 3C) application of 200 pM 4-AP in
CTL and ORC cells. B. Mean 1-V curves for Ik, recorded from CTL and ORC mice.
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Figure 6. Comparison of kinetic parameters for I, between CTL and ORC
ventricular myocytes

A. Superimposed current records showing voltage dependence of steady-state
inactivation for Ix, in CTL and ORC myocytes. The cells were held at various test
potentials varying from -110 mV to -20 mV for 5 s. A 2.5 s voltage step to +30 mV
preceded by an inactivating prepulse (at -40 mV for 100 ms) was then applied to
measure the remaining current. B. Graph comparing the voltage dependence of
steady-state inactivation of Ik, between CTL and ORC mice. I/ is the current
normalized to the current obtained with the -110 mV voltage step. Smooth lines are
best-fit Boltzmann functions. C. Family of current recordings showing the time
course of recovery from inactivation for Ix,, in CTL and ORC cells. Two voltage
steps (+30 mV; P;=1500 ms, P,=500 ms) separated by 50, 100, 150, 200, 250, 500,
750, 1000, 2000, 3000 ms were applied. Both steps were preceded by the I,
inactivating prepulse. D. Graph comparing reactivation of Ix, between CTL and
ORC myocytes. P»/P, represents the ratio of the amplitude of the current generated by

each pulse.
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Figure 7. Western blot and immunofluorescence detection of K" channels
expression in CTL and ORC male mouse ventricle

A. Comparison of K' channel protein expression in CTL and ORC ventricles.
Western blot analysis of Kv1.5 (1:500), Kv4.2 (1:500), Kv4.3 (1:4000), Kv2.1
(1:300) and Kir2.1 (1:500) in sarcolemmal-enriched proteins (100 pg lane™) isolated
from CTL and ORC mouse ventricles (n=2 per group; 3 pooled ventricles per n
value). Antibodies used were all obtained from Alomone Labs (Jerusalem, Israel),
with the exception of Kvl.5, which was purchased from Upstate Biotechnology
(Lake Placid, NY, USA). Equal protein loading was confirmed by Ponceau-S stained
membranes. Furthermore, we used Kir2.1 as an internal control on the same Western
blot gel as Kv1.5 and found no difference in the density of this protein (data not
shown). B. Immunofluorescence labeling of Kv1.5 in CTL and ORC male mouse
ventricular myocytes. Upper panels. (left) Isolated cells were stained by exposure to
the primary antibody and then to TRITC-conjugated donkey anti-rabbit secondary
antibody (Jackson ImmunoReasearch Laboratories Inc., Baltimore, PA, USA). The
red fluorescent staining indicates the presence of Kv1.5 in CTL and ORC myocytes.
(right) Cells seen on the left at higher magnification. Middle panel. Bar graph
showing the relative fluorescence intensity of Kv1.5 in CTL and ORC myocytes (2
mice per group; 10 cells studied per mouse). Individual values of Kv1.5 fluorescence
intensity corresponded to whole-cell fluorescence intensity. These values were
obtained with the laser scanning microscopy software using an indicator that recorded
fluorescence intensity at every pixel of the cell image. These measures were then
normalized to cell surface area to account for cell size. Lower panels. Phase contrast
images (left) and immunofluorescence detection (right) of the same CTL and ORC
cells. These negative controls show that no staining was apparent when the primary
antibody was omitted in CTL and ORC cells. The experiment using a fusion protein
specific for the sequence of the antibody shows the specificity of the staining for

Kvl.5.
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Table 1. Comparison of QT, QTc and heart rate (HR)

between male and female mice

QT (ms) QTec (ms) HR (bpm) n

77.5+3.7 64.0+£23 415+ 14 11
Male

Female 88.7+43 74329 427+ 18 11

Two- to 3-month-old CD1 mice of both sexes were used. See
ECG recordings in Methods. * P<0.01.
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CHAPITRE 4 Importance des androgénes dans
les différences de repolarisation reliées au sexe

et a la lignée de souris

1.'"® effectuée dans le laboratoire,

Suite & I'étude de Trépanier-Boulay et col
d'autres équipes de recherche ont aussi comparé la repolarisation cardiaque des souris
males et femelles.*'*” Alors que certaines études ont observé des différences entre
les sexes, d'autres ont plutét rapporté des caractéristiques semblables. Afin de
comprendre ces discordances, nous avons comparé les designs expérimentaux des
études. Nous avons entre autres constaté que différentes lignées de souris avaient été
étudiées: des souris CD-1, C57BL/6 et des souris provenant d'un croisement entre

C57BL/6 et 129SVE.

La lecture parall¢le d'une étude d’endocrinologie comparant divers types de
souris nous a confirmé que le choix de la lignée pouvait réellement étre la cause des
contradictions apparentes. En effet, cette étude démontrait que les souris CS7BL
maéles avaient des niveaux d'androgénes trés faibles alors que les CD-1 avaient des
niveaux beaucoup plus élevés. Puisque nous avions démontré l'influence de ces
hormones au niveau de la repolarisation cardiaque, il semblait alors logique que ces

deux lignées présentent des caractéristiques électrophysiologiques distinctes.

L'article présenté dans ce chapitre profite du modele de souris C57BL/6 ayant
des niveaux d'androgenes extrémement faibles pour confirmer le fait que ces
hormones régulent la repolarisation cardiaque et qu’elles sont responsables de la
différence observée a ce niveau. L'article traite aussi de l'effet d'une thérapie de
substitution d'androgénes dans ce modele et dans celui de la souris CD-1 castrée,
décrit au chapitre précédent. Finalement, il présente les niveaux de testostérone et de

DHT de diverses lignées de souris.
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ABSTRACT
Objective. Gender differences in mouse cardiac repolarization have been reported to
be due to the stimulatory action of androgens on the ultrarapid delayed rectifier K*
current (Iky) and its underlying Kv1.5 channel. To confirm the regulation of
ventricular repolarization by androgens, the present study compared two strains of
mice (CD-1 and CS57BL/6), that present different androgen levels. Methods and
results. Measurement of testosterone levels in different strains of mice (CD-1,
C57BL/6, C3H and FVB) revealed that male C57BL/6 mice had very low levels of
testosterone, whereas males of the other strains displayed normal testosterone levels.
Furthermore, whole cell voltage clamp recordings in isolated ventricular myocytes
showed that the current density of Ig,, in male C57BL/6 mice was similar to that in
female mice but smaller . with respect to male CD-1 mice. Androgen replacement in
male C57BL/6 mice as well as in castrated male CD-1 mice shortened ventricular
repolarization, increased Ik, current density and increased expression of Kvl.5
channels. Conclusion. Strain and gender differences observed in mouse cardiac
repolarization can be explained by different androgen levels. As a consequence,
androgens are major regulatory factors in cardiac repolarization and special attention
should be paid to the hormonal status of the animal when studying hormonal

regulation of cardiac repolarization.
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INTRODUCTION

In earlier studies, we demonstrated that CD-1 mice exhibited sex-specific differences

in cardiac repolarization and that male mice subjected to castration presented a
cardiac phenotype resembling that of female mice [6,25]. Indeed, both females and
castrated male mice displayed longer action potential duration (APD) and QTc
intervals compared to males. This prolonged repolarization was associated with a
specific decrease in the density of the ultrarapid delayed rectifier K™ current (Ix.,) and
of its underlying K" channel isoform, Kv1.5. These results strongly suggested that

gender difference in repolarization might be due to the action of androgens.

Previous studies have reported different blood testosterone levels in different strains
of mice [1,23]. In these reports, the CD-1 mouse, the strain used in our studies and
one of the most commonly used strain, exhibits vigorous reproductive activity and
aggressive behaviours associated with physiological levels of testosterone. In
contrast, the C57BL strains were considered as being chronically androgen deficient
as indicated by subnormal levels of serum testosterone [1]. Since the C57BL strain
could be viewed as a naturally occurring mouse model with low androgen levels, we
took advantage of this particularity to further confirm the role of male sex hormones

in the regulation of ventricular repolarization.

In the present study, we postulated that since male C57BL/6 mice have low level of
androgen, they should exhibit similar ventricular repolarization than their female
counterparts and delayed repolarization compared to the male CD-1 mice. In addition,
we also tested the hypothesis that androgen replacement in male C57BL/6 mice as
well as in orchiectomized male CD-1 mice would shorten ventricular repolarization,
as a result of a higher expression of Ik, and Kv1.5. Findings obtained in this study
confirm these hypotheses and provide strong evidence that male sex hormones

regulate cardiac repolarization.
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METHODS
Animals
Animal handling followed the Canadian Council Animal Care guidelines and
conformed with the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health. Adult CD-1 (n=59), C57BL/6 (n=35), C3H
(n=18), FVB (n=18) mice of both sexes were used.

Dihydrotestosterone (DHT) replacement
Mice were treated with subcutaneous DHT pellet (7.5 mg/pellet, 90-day release)
(Innovative Research of America, FL, USA). This DHT dosage regimen has been

selected to evoke physiological concentrations (see Results).

Measurements of androgen levels
Testosterone and DHT levels were assessed by radio-immunoassay (Diagnostic
Systems Laboratories Inc, TX, USA) and ELISA (American Laboratory Products,

NH, USA) following the manufacturer's instructions.

Myocytes isolation
Animals were heparinized, anaesthetized by inhalation of isoflurane and then
sacrificed by cervical dislocation. Single myocytes were then isolated from the right

ventricular free wall using the protocol we described previously [6,25].

Electrophysiological Recordings

The whole-cell voltage and current recording methods, data acquisition, voltage-
clamp protocols and analysis methods have been described previously [5]. Pipettes
had resistances in the range 1.5-4 MQ when filled with the following solution (mM):
110 K*-aspartate, 20 KCI, 8 NaCl, 1 MgCl,, 1 CaCl,, 10 BAPTA, 4 K;ATP and 10
HEPES (pH 7.2 with KOH). Voltage-clamp currents were low-pass filtered at 1 kHz
with a 4-pole Bessel analog filter, digitized at 4-10 kHz. All experiments were carried
out at room temperature (20-22°C). To measure Ig,, we applied 100 pM 4-
Aminopyridine (4-AP (which blocks Iky) [5,9,18,25] in combination with an
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inactivating prepulse (which blocks I;;) and recorded the 4-AP resistant K” current, or
Iss. We then measured I, by subtracting currents recorded in absence or presence of
4-AP (Ixsow - Iss). The description and validation of these pharmacological and

biophysical methods has been recently published [5].

Western blot analysis

Protocols used for protein isolation and Western blots analysis were identical to those
previously reported [6]. Proteins were prepared from mouse ventricles (3 pooled
hearts/sample) homogenized in Tris-EDTA (TE) buffer (pH: 7.4) containing protease
inhibitors (Leupeptin, Aprotinin, Benzamidine, Phenylmethyl sulfonyl fluoride
[PMSF], and Na;VQO,). The homogenate was centrifuged at 10,000 x g. The
supernatant was ultracentrifuged 3 times at 200,000 x g for 20 min. The pellet was
resuspended in TE buffer containing the protease inhibitors and 0.6 M KClI to
dissolve contractile proteins. The pellet corresponds to the sarcolemmal-enriched
proteins. Proteins were separated by electrophoresis, transferred to nitrocellulose
membranes. Membranes were then blotted with anti-Kv1.5 (1:500; Upstate, Lake
Placid, NY, USA). Ponceau S was used to confirm uniformity of the protein loading
and transfer. Bands were quantified by densitometry using Multi-Analyst program
(Bio-Rad, CA, USA).

ECG recordings

Mice were anaesthetized with pentobarbital (65 mg/kg, ip) and placed on heating
pads to maintain their body temperature at 37°C. Platinum electrodes were positioned
and lead I surface ECG were acquired using the Biopac System MP100 at a rate of 2
KHz. The signal was amplified, filtered at 100 Hz (low pass) and 60 Hz (notch filter).
Recordings were analyzed using AcqKnowledge 3.7 program by two observers in a
blinded fashion. QT intervals were corrected for the heart rate (QTc) using the
correction formula for mice QTc = QT/ (RR/100)* [19] where RR corresponds to the

time between two consecutive R waves.
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Statistical analysis

Values are presented as mean + SEM and n refers to the number of different cells. An
unpaired Student t-test or one-way analysis of variance (ANOVA) with a Tukey post
test were used when appropriate. For the comparison of androgens levels, the non-
parametric tests Kruskal-Wallis with a Dunns post test, or Mann-Whitney were used.

P-values smaller than 0.05 were considered statistically significant.
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RESULTS

Figure 1 shows testosterone and DHT levels in male and female CD-1, C57BL/6,
C3H and FVB mice. Females of all strains had similar low levels of both androgens.
The male CD-1, C3H and FVB mice had normal levels of testosterone within the
physiological range observed in men, which varied from 3 to 11 ng/ml [4]. In contrast
the male C57BL/6 mice had low plasma testosterone concentrations. Moreover, the
male C57BL/6 and C3H mice had low levels of DHT while the male of the CD-1 and
FVB strains had normal DHT levels.

We used two strains of mice (CD-1 and C57BL/6) that present different androgen
levels to further assess the association between androgen level and cardiac
repolarization. We compared electrophysiological properties of C57BL/6 and CD-1
mice of both sexes. More precisely, we focused on Ik, based on the fact that the
relatively prolonged ventricular repolarization of female and orchiectomized male
CD-1 compared to normal male CD-1 mice is associated with a specific decrease in
this K* current [6,25]. Figure 2 presents typical examples as well as mean data for the
current density of Ik, recorded in ventricular myocytes isolated from male and
female CD-1 and C57BL/6 mice. Ik, was measured as the 4-AP-sensitive (100 pM)
current elicited by 500 ms voltage step ranging from -110 mV to +50 mV from a
holding potential of -80 mV (for more details, see Ref [S]). The current density of Iy
at + 30 mV was similar for male and female C57BL/6 mice (25.6 £ 2.6 and 24.5 £ 3.7
pA/pF, respectively). However, in male CD-1 mice, Ik, density of 37.5 £ 3.3 pA/pF
was significantly higher than that in male C57BL/6 mice (25.6 £ 2.6 pA/pF, p<0.05).
Consistent with previous results [25], Ix. density in male CD-1 mice was
significantly higher than that obtained in female CD-1 mice (at +30 mV, 24.2 £ 3.9
pA/pF, p<0.05). In addition, we also compared the activation and inactivation kinetics
of Ik, between male C57BL/6 and CD-1 mice and found no strain difference for

these parameters (data not shown).
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Androgen regulation of cardiac repolarization was examined using chronic DHT
treatment. DHT was favoured over testosterone as the androgenic compound because
it cannot be converted into estrogens, as opposed to testosterone, hence avoiding a
potential confounding factor. Castrated male mice were treated with a subcutaneous
implant of DHT. Figures 3A and B present DHT and testosterone levels in three
groups of male CD-1: intact, ORC, and DHT-treated ORC mice. The bar graphs show
that castration leads to a complete loss of both male sex hormones levels and that
DHT treatment restores physiological concentrations of DHT but not those of
testosterone. These results are consistent with the fact that DHT cannot be converted
into testosterone. Figure 4A presents I, (or the 4-AP sensitive current) recorded in
ventricular myocytes isolated from intact, ORC, and DHT-treated ORC male mice.
As illustrated in Figure 4B, the density of I, was smaller in ORC mice compared to
both intact male and DHT-treated animals. Figure 4C shows the results of a Western
Blot analysis performed on sarcolemmal-enriched proteins isolated from ventricles of
each groups. Kv1.5, the K* channel underlying Ix., was present in all groups but
displayed higher expression in both intact and DHT-treated male mice. The bands
depicted on the lower panel correspond to proteins of the same membrane used to
study Kv1.5. The proteins, coloured with Ponceau S, were equally loaded ruling out
the possibility that unequal loading could account for the observed difference in
Kv1.5 protein expression. We measured Kv1.5 density for each of the three groups
studied by densitometry. These results are presented in Figure 4D. Altogether these
results strongly suggest that treatment with DHT in ORC male CD-1 mice shortens

repolarization by up-regulating Kv1.5 and increasing I, density.

We then examined the possibility that DHT replacement would also accelerate
ventricular repolarization in male C57BL/6 mice by a similar effect on Ik, and
Kvl.5. Because male C57BL/6 mice have low androgen levels, the presence of the
androgen receptor in their cardiac tissues was not definitive. Thus, using Western
Blot analysis, we first verified the presence of these receptors in ventricles of male
C57BL/6 mice (data not shown). Given that these mice had androgen receptors in

their ventricle and should therefore be able to respond to an androgen treatment, we
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implanted DHT pellets in male C57BL/6 mice. The bar graphs presented in Figure 5
show that physiological concentrations of DHT were re-established by DHT
replacement in male C57BL/6 mice. We then measured the current density of Ik, in
ventricular myocytes of these mice. The superimposed current traces presented in
Figure 6A correspond to Ik, recorded in male C57BL/6 mice treated or not with
DHT. Figure 6B shows that mean current density of I, was significantly larger in
DHT-treated animals (e.g., at +30 mV, male C57BL/6: 25.6 + 2.6, +DHT: 40.6 + 3.7
pA/pF, p<0.001). In addition, I, density was significantly different between male
C57BL/6 mice treated with DHT and female C57BL/6 mice. In fact, the density of
Ikur in DHT-treated male C57BL/6 mice very much resembles that measured in male
CD-1 mice (at +50 mV: 55 £ 5, 53 + 5 pA/pF, respectively). To verify whether this
increase in Ig, was due to a corresponding increase in the expression of Kv1.5 in
ventricles of DHT-treated mice, Western Blot analysis was carried out in ventricular
tissues isolated from C57BL/6 mice treated or not with DHT. Figure 6C shows that
the expression level of Kv1.5 in DHT-treated mice is much higher compared with
intact male C57BL/6 mice. Figure 6D shows that when we quantify Kv1.5 density for
each of the two groups studied, we found that the increase in Kv1.5 in DHT-treated
male C57BL/6 was statistically significant (p=0.01). Similar to the findings obtained
with the DHT-treated ORC CD-1 mice, these results also indicate that treatment with
DHT significantly affects Ix,, and Kv1.5 in C57BL/6 mice. Ventricular action
potentials (AP) were then recorded in both groups. Figure 7A depicts examples of
action potentials recordings obtained in C57BL/6 mice treated or not with DHT. In
line with the larger density of Ik, the action potential were significantly shorter in
the DHT-treated group compared with the intact males, as shown in Figure 7B.
Figure 8 presents examples of lead I surface ECG recordings obtained in one control
and one DHT-treated male C57BL/6 mice. We were particularly interested in the
measurement of the QT interval, which reflects ventricular repolarization. As shown
by the examples, the QT interval was shorter in male C57BL/6 mice treated with
DHT compared to control male C57BL/6 mice. The lower panel of Figure 8 presents
mean data for QT, QTc and heart rate and shows that QTc intervals were significantly

shorter in the DHT-treated group compared to the controls.
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DISCUSSION

Summary of main findings

The major findings of this study are: (1) male C57BL/6 mice display similar
ventricular repolarization as their female counterparts but show delayed repolarisation
with respect to male CD-1 mice, which have androgen levels of about six to seven
times higher than C57BL/6 levels, and (2) androgen replacement in male C57BL/6
mice as well as in orchiectomized male CD-1 mice shortened ventricular
repolarization, associated with higher expression of Kv1.5 and larger Ik, current
density. These results are consistent with an action of androgens on protein
expression, implying an effect of androgens either on transcription, translation,
trafficking, or a combination of all of these factors. These results provide convincing

evidence that male sex hormones regulate cardiac repolarization in mice.

Choice of the mouse strains

To assess the association between androgen levels and cardiac repolarization, two
strains of mice were selected. CD-1 mice were selected because of (1) normal levels
of both male sex hormones, (2) being mentioned by others as a good strain for
endocrinological or reproductive studies involving physiological levels of androgens
[1] and, (3) our use in previous studies on gender differences and the effects of
androgen deficiency on cardiac repolarization. C57BL/6 mice were chosen because of
their low plasma testosterone levels. However, when we also checked for the DHT
level we found that not only the C57BL/6 males had low level of DHT but also the
males of the C3H line. The explanation for the low DHT level in this line of mice was
unknown. We decided to measure DHT levels in 4- to 5-month-old C3H mice and
found that the DHT level was more than six-fold higher in the older C3H mice (data
not shown). It is possible that the enzyme responsible for the conversion of the
testosterone into DHT, the Sa-reductase, is more abundant or effective in older C3H
mice. We repeated this experience for the C57BL/6 mice and found that DHT levels
remained low even in the 4- to 5-month-old mice (data not shown). Therefore, since

the concentrations of both androgens were found to be low in the male C57BL/6 mice
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(2- to 3- and 4- to 5-month-old animals), this strain represented a better model to

study the effect of low level of androgen on ventricular repolarization.

Relation to Previous Studies

Findings presented here along with data reported by other groups demonstrate that the
presence of androgens is associated with faster repolarization [6,10,17,20].
Furthermore, this notion is supported by many clinical studies documenting that
ventricular repolarization can be affected under various situations in which there is a
chronic change in male sex hormones including normal development, pathological

conditions, castration, and steroid treatment [3,10,15,21,26].

Since our initial observation showing gender-related difference in murine
repolarization [25], other laboratories have also examined repolarization in male and
female mouse ventricles [7,29]. Wu & Anderson [7,29] documented longer action
potential at 90% of repolarization in female compared to male ventricular myocytes.
Moreover, they reported that in females I, was smaller and I larger. These results
differ somewhat from our findings. Indeed, under our experimental conditions, the
only current that was smaller in female CD-1 mice was Ik, and as for the C57BL/6
mice, all the K" currents were similar for both genders. Many reasons could explain
this apparent discrepancy between these studies. First, Wu & Anderson used a
different strain of mice (C57BL/6]J males crossed with 129SVE females). The
animals were studied at 10-12 months of age as opposed to our studies where young
adults (2-3 months) were used. They isolated left ventricular myocytes without
specification of the origin of the cells (e.g. endocardial, epicardial or a mixed sample
of both types of cells). Finally, the methods of separation of the K currents were
different. For example, Iksiow (composed of Ik, and Is) or what they designated as Isus
was measured as the residual current recorded at the end of the depolarizing pulse

(450 ms), during which Ik, significantly inactivates.

Very recently, another study examining gender difference in mouse ventricle was

published by Brunet et al. [7]. In line with our results, they reported that Ig, (or
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Iksiow,1) was smaller in CD-1 females. However, as opposed to our findings, they were
unable to detect sex difference in the expression levels of Kv1.5. This inconsistency
could possibly be due to different experimental conditions. The present paper,
however, provides strong evidence for the up-regulation of Kv1.5 by androgens.
Indeed, both castrated CD-1 and normal C57BL/6 displayed higher expression of
Kvl1.5 when they were treated with DHT. This is consistent with the well-known
genomic action of androgens [16]. Of note, 14 out of 15 consecutive nucleotides of
the androgen response element (ARE) are present in the 5’-flanking region of the
mouse Kv1.5 coding region [18]. Therefore, our observation showing that male CD-1
mice have high levels of androgens compared to females and present higher Kv1.5

density than females is in accordance with these observations.

Drici et al. reported sex differences in the occurrence of polymorphic ventricular
arrhythmias in mice but did not observe any significant sex differences in
electrophysiological parameters measured by optical mapping. They postulated that
differences in the expression of cardiac ionic channels can account for these sex-
dependent polymorphic ventricular arrhythmias, yet they did not observe any
significant difference in the mRNA expression of different K™ channels including
Kvl.5 [8]. This absence of difference may be explained by the use of Northern blots

which may not be sensitive enough to detect a sex difference in Kv1.5 expression.

Male sex hormones concentrations

Others investigators have measured testosterone levels in male C57BL/6 mice [1,12].
Even if the male mice studied belonged to the same strain (C57BL/6) and were of
similar age (2- to 3-month-old) than those studied in the present paper, there was
clearly some inter-study variability between these reports. It is likely that this
disparity can be attributed to differences in the experimental conditions or the
techniques used (ELISA or RIA). Thus, it seems difficult to compare results obtained
in different studies with the same strain and therefore, it is crucial for strain
comparison to compare them under the same experimental conditions as it was the

case in the present study.
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An important factor that has to be considered when measuring sex hormones is the
age of the animal. Different groups have studied the effect of age on testosterone
levels in mice. Krishnamurthy et al [13] studied wild-type CSV129 male mice from
postnatal day 7 to 70. Testosterone levels were already substantial at day 7, stayed
stable until day 35, reached a peak at day 42, returned to similar baseline mean
testosterone levels at days 56 and 63 before reaching another peak at day 70. This
study shows that for a given strain of mice, under similar experimental conditions,
there are week-to-week fluctuations in testosterone levels, even during adulthood
period. Jones et al [12] studied two groups of male C57BL/6 mice with mean age of
74 and 151 days old. Mean testosterone levels were higher in the older group but
there was no mention whether or not this difference was statistically significant.
Finally, Shapiro et al. [23] showed that testosterone levels were similar between
mature male CD1 mice (98 days) and old mice (515 days). In keeping with this last
study we found no difference in testosterone or DHT levels between 2- to 3-month-
old and 4- to S5-month-old male CD-1 mice (data not shown). Similarly, the
testosterone and DHT values of the C57BL/6 male mice were also comparable

between the two age groups.

Effect of estrogen on cardiac repolarization

The present study focused on the regulation of Ik, by male sex hormones based on
the observation that the gender difference observed in this current was abolished
following castration. However, female sex hormones have also been implicated in the
regulation of K" currents in a variety of tissues including uterus, smooth and cardiac
muscles [2,24,28]. Most of the studies focusing on cardiac K™ channels show that
acute administration of estrogen decreased K* current density {2,27]. This inhibitory
effect of estrogen has been reported for the transient outward (I,) [2] and the slow
delayed rectifier (Ixs) K currents [27]. Theoretically, this action of estrogen could
contribute to explain why females have longer cardiac repolarization than males.
However, the concentration of estrogen used to elicit such effect exceeded the

physiological concentration range. Furthermore, results from our group and others
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laboratories demonstrated that mouse and rat I, display no gender difference
[7,14,25]. In addition to its fast action, long-term effects of estrogen on cardiac
repolarization have also been studied. Saba et al [22] studied the effect of ovariectomy
and estrogen treatment on mouse ECG parameters. Neither ovariectomy nor estrogen
administration affected QT interval. Another group reported prolongation of QT
interval and APD in a transgenic mice model lacking estrogen receptors (ERKO) [11].
The authors suggested that this prolongation was due to increased Ca* currents but no
study was undertaken to verify the implication of K* currents in this phenotype. In
summary, estrogens are potential regulators of cardiac repolarization but more studies

are required to delineate their functional roles.

Limitations of the study

This study provides important information about gender and strain differences in
cardiac repolarization of murine models. However, the fact that mouse and human
ventricles share some but not all components of repolarizing K currents may prevent
direct extrapolation of these findings to the human situation. Indeed, although Ik is
an important repolarizing K* current in mouse ventricular myocytes, this current is
prominent in atrial but not in ventricular myocytes of humans. Nevertheless, these
studies are relevant for many reasons. First, similar to human, mouse displays gender
differences in ventricular repolarization. Moreover, mouse cardiac K
currents/channels can be regulated by variations in male sex steroid hormones levels
and as mentioned earlier, growing clinical evidence also suggests that androgens
regulate cardiac repolarization in humans. Thus, the mouse could be viewed as a
useful model to study the general mechanisms of sex-related differences in cardiac
repolarization. Furthermore, access to transgenic mice that lack sex steroid hormones
receptors provides a valuable tool to further study the actions of these hormones and
receptors on cardiac repolarization. It is also possible that in humans, the density of
different repolarizing K™ currents such as I, and Ix; may be similarly modified by
sex steroid hormones. On that matter, ongoing studies in our laboratory are aimed at
exploring the cellular and molecular mechanisms underlying gender difference in

human repolarization.
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In conclusion, this study provides useful insight into how androgens influence
basic cardiac electrophysiology. Indeed, our results strongly suggest that there is a
clear association between androgen levels and Ix,/Kv1.5 density in adult mouse
ventricular myocytes. Moreover, it appears that special attention should be paid to the
hormonal status of the strain of mice (or of any other animal models) used when
studying hormonal regulation of cardiac repolarization. For similar reasons, it would

also be important to ascertain that the animals studied have reached sexual maturity.
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FIGURES AND LEGENDS

Figure 1. Comparison of androgen levels between four different mouse strains.
A. Mean serum testosterone level measured in 2- to 3-month-old CD-1, C57BL/6,
C3H and FVB mice of both sexes. B. Mean serum DHT levels measured in 2- to 3-
month-old CD-1, C57BL/6, C3H and FVB mice of both sexes. Numbers on the top of

each bar represents number of mice studied. (* p=0.03 vs. male CD-1 mice).
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Figure 2. Comparison of Ik,, density between CD-1 and C57BL/6 mice of both
sexes. A. Superimposed current records corresponding to Iy, or the 4-AP-sensitive
K" current, in male and female CD-1 and C57BL/6 mouse ventricular myocytes. B.
Mean I-V relationships for Ik, obtained in male CD-1 (n=18), female CD-1 (n=14),
male C57BL/6 (n=49) and female CS57BL/6 (n=21) mice (* p<0.05 vs. male
C57BL/6; T p<0.05 vs. female CD-1).
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Figure 3. Comparison of male sex-hormones between three groups of male CD-1
mice: intact, castrated and DHT-treated castrated males. A. Mean serum
testosterone levels in male CD-1 (n=9), ORC (n=3) and ORC+DHT (n=3) mice
(*p<0.05 vs. intact males). B. Mean serum DHT levels in male CD-1 (n=10), ORC
(n=5) and ORC+DHT (n=5) mice.
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Figure 4. Effect of castration and DHT treatment on the density of ventricular
Ikur and Kv1.5 in male CD-1 mice. A. Typical examples of Ik, in 4- to 5-month-
old intact, ORC and ORC+DHT male CD-1 mouse ventricular myocytes. B. Mean
peak current density measured at +30 mV for I, obtained in male CD-1 (n=38),
ORC (n=58) and ORC+DHT (n=24) myocytes (* p<0.05 vs. intact and DHT-treated
males). C. Sarcolemmal-enriched proteins from ventricles of intact males (lanes 1-2),
ORC (lanes 3-4) and ORC + DHT (lanes 5-6) CD-1 mice subjected to
immunoblotting (100 pg protein/lane). For these experiments, two samples per group
were studied but for each of these samples, proteins were extracted from three
different mice. Thus results presented in this figure represent a total of six control
mice, six ORC mice and six DHT-treated ORC mice. Membranes were probed with
anti-Kv1.5 (75 kDa). The lower panel represents the Ponceau S staining of the
membrane used to analyze Kvl1.5. D. Bar graphs showing mean values (* standard
deviation) of the relative abundance of Kvl.5 protein expression determined by
densitometry. Relative abundance was calculated with value for intact male CD-1
mice as a reference of 100%. The numbers in parenthesis represent the individual

values.
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Figure 5. DHT levels in male C57BL/6 mice treated or not with DHT. Mean
serum DHT levels in 2- to 3-month-old male C57BL/6 (n=4) and in male C57BL/6
mice treated with a DHT pellet (n=5), *p=0.008.
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Figure 6. Effect of DHT treatment on the density of ventricular Ix,, and Kv1.5 in
male CS7BL/6 mice. A. Typical examples of I, recorded from ventricular
myocytes isolated from male C57BL/6 and male C57BL/6 + DHT mice. B. Mean [-V
relationships for Ik, obtained in male C57BL/6 (n=32) and male C57BL/6 + DHT
(n=49) mice (* p<0.05). C. Sarcolemmal-enriched proteins from ventricles of male
C57BL/6 (lanes 1-3) and C57BL/6+DHT (lanes 4-6) mice were subjected to
immunoblotting (3 pooled ventricles/lane; 100 pg protein/lane). Membranes were
probed with anti-Kv1.5 (75 kDa). The lower panel represents Ponceau S staining of
the same membrane used to study Kv1.5. D. Bar graphs comparing relative
abundance of Kvl.5 protein expression determined by densitometry. Relative
abundance was calculated with value for intact male C57BL/6 mice as a reference of
100% (*p=0.01).
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Figure 7. Effect of DHT treatment on APD recorded in male C57BL/6 mice. A.
Typical examples of action potential recorded in ventricular myocytes isolated from
male C57BL/6 and male C57BL/6 + DHT mice. Action potentials were evoked by
injection of brief (2-5 ms) stimulus currents (0.4-0.7 nA) at rates of 1 to 4 Hz. For the
examples shown in this figure, resting membrane potentials were -79 mV for the male
C57BL/6 and -76 mV for C57BL/6 + DHT; for the corresponding groups, the mean
resting potential was -75 £ 1 mV and -74 + 1 mV, respectively; p=0.6. B. Bar graph
showing the mean APD (+ SEM) at 20%, 50%, and 90% repolarization in male
C57BL/6 (n=41) and male C57BL/6 + DHT (n=39) mouse myocytes (* p<0.05).
APDy, male C57BL/6: 5 + 0.9 ms; +DHT: 3 £ 0.2 ms; p=0.008; APDsp, male
C57BL/6: 10 £ 2 ms; +DHT: 6 £ 0.5 ms; p=0.01) (APDgg, male C57BL/6: 32 + 3 ms;
+DHT: 23 + 2 ms; p=0.02).
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Figure 8. Effect of DHT treatment on QT intervals of male C57BL/6 mice.
Examples of lead I surface ECG obtained from 2- to 3-month-old male C57BL/6
mice treated or not with DHT. Lower panel. Table comparing mean QT, QTc and
heart rate (HR) in male C57BL/6 and male C57BL/6 + DHT mice (* p<0.05). “n”

represents the number of mice studied.
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CHAPITRE 5 Caractérisation de la
repolarisation cardiaque du cceur de cobayes

males et femelles

La souris nous a permis d’étudier le mécanisme général responsable des
différences reliées au sexe dans I'électrophysiologie cardiaque. Les études présentées
dans les deux derniers chapitres démontrent clairement que les androgénes régulent
Ikw, le courant responsable de la différence méle/femelle au niveau de la
repolarisation ventriculaire. Nous étions alors intéressés a savoir si une régulation
analogue s'opérait pour les courants Ik, et Igs, retrouvés chez I'humain. Tel que
mentionné dans l'introduction, nous avons choisi le cobaye pour I'étude de ces
courants. Puisque la caractérisation male/femelle de la repolarisation du cobaye

n'avait jamais été rapportée, nous avons effectué I'étude suivante.
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INTRODUCTION

Women have longer QTc interval than men and are more prone to develop

torsades de pointe in various settings of QT prolongation [1-4]. The mechanisms
responsible for these sex differences are still largely unknown [5]. Results obtained
from animal studies strongly suggest that sex hormones alter cardiac repolarization
[6-9]. Nonetheless, direct extrapolation of these experimental data to human is not
really practicable since all animal models studied have limitations. For instance,
mouse and rat share some but not all components of human repolarizing K" currents.
Specifically, the rapid and the slow components of the delayed rectifier K™ current,
Ikr and Iks, implicated in the long QT syndrome do not play a significant role in these
adult rodents [10,11]. On the other hand, rabbits and dogs express delayed rectifiers
(Ix) [12] in their ventricles but these species have other important limitations.
Rabbits, for instance, are coitus-induced ovulators and have very low levels of female
sex hormones [13]. Although rabbit expresses the rapid component of Ik, the
physiological contribution of the slow component (Iks) is probably limited in rabbit
ventricle. Furthermore, in rabbit, the molecular basis of the Ca2+-independent
transient outward K* current (L) is different than that in human. Finally, female dogs
have an estrus cycle of 6 months that comprises a period of aneostrus of 3-4 months
in which all female sex hormones are very low [14]. Equally important, access to a
homogeneous population of dogs is not always feasible and renders group
comparison rather difficult. Surprisingly, very few studies have focused on sex-
related differences in the electrophysiological properties of guinea pig, a species that
expresses functional Ik, and Ixs [15,16] and in which females have an estrus cycle
with anoestrus period lasting only few days [17]. However, while possessing these
important characteristics, it is important to mention that guinea pigs lack I,
reinforcing the notion that no animal model is perfect. However, this species appears
as a valuable tool to gain considerable information on the contribution of Ix, and Iks
in sex-related difference of cardiac repolarization.

Accordingly, the aim of the present study was to establish whether there are
sex differences in cardiac repolarization in adult guinea pig ventricle by measuring

whole-cell K™ currents, K* channels expression, action potential duration (APD) and
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QTec intervals. Results presented here clearly demonstrate that adult guinea pig do not

display sex-related differences in cardiac repolarization.
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METHODS

Animals

Sexual maturity is reached differentially in male and female guinea pigs.
Female guinea pigs can reproduce as early as 5 weeks of life while males have fertile
sperms only at 9 weeks of age. According to the Canadian Council on Animal Care,
ideal coupling time starts between 2 and 3 months and is optimal until 2 years of age
[17]. Thus, we decided to study male and female guinea pigs between 13 and 17
weeks of age. Male and female guinea pigs weighted in average 764 + 16 g (n=56)
and 701 = 11 g (n=47), respectively (p<0.005).

Mpyocytes isolation

In accordance with the Canadian Council on Animal Care guidelines and the
Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health, animals were heparinized (1 U/kg; ip), anaesthetized by an
injection of pentobarbital (38 mg/kg; ip) and then sacrificed by cervical dislocation.
The hearts were rapidly removed, and retrogradely perfused through the aorta using a
modified Langendorff apparatus at a flow rate of 12 ml/min. The following solutions
maintained at 37 + 1°C were applied: (i) HEPES-buffered Tyrode solution containing
(in mM): 130 NaCl; 5.4 KCI; 1.8 CaCly; 1 MgCly; 0.33 Na,HPO4; 10 HEPES; 5.5
glucose (pH adjusted to 7.4 with NaOH) for 5 min; (ii) nominally Ca-free Tyrode
solution for 5 min; (iii) Tyrode solution containing 300 U/ml collagenase type 2
(Worthington Co. Ltd, Freehold, NJ, USA); 0.5 U/ml protease type XIV (Sigma
Chemicals Co., St. Louis, Mo, USA), 0.1% bovine serum albumin (BSA; Fraction V,
Sigma Chemicals Co., St. Louis, Mo, USA); 20 mM taurine and 200 uM CaCl, for 7
min; and (iv) Tyrode solution containing 0.1% BSA; 20 mM taurine and 200 pM
CaCl; for the final 5 min. At the end of the perfusion period, the lower half of the heart
was removed from the perfusion system. The left ventricular free wall was isolated and
removed of its papillary muscles before being cut into small pieces in a “KB” solution
[18] containing (in mM): 100 K-glutamate; 10 K-aspartate; 25 KCI; 10 KH,PO4; 2
MgS04; 20 taurine; 5 creatine; 0.5 EGTA; 5 HEPES; 0.1% BSA; 20 glucose (pH
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adjusted to 7.2 with KOH). The ventricular pieces were shaken gently for 5 minutes
until dissociation into rod-shaped single myocytes. Isolated myocytes were given 15
minutes to deposit and were then resuspended in “KB” solution before being stored at

4°C until use.

Electrophysiological recordings

Ixr was defined as the 5 uM E-4031-sensitive tail current elicited upon return
to -40 mV after test pulses to various voltages from -30 mV to +60 mV (225 ms
duration, 10 mV increments). Ix; was defined as the 0.1 pM HMR1556-sensitive
current elicited by 3.5 s voltage steps ranging from -30 to +50 mV at 0.033 Hz. The
inward rectifier K* current (Ix1) was measured as the 1 mM BaCl,-sensitive current
elicited by 500 ms voltage steps ranging from -110 to +50 mV at 0.3 Hz. The holding
potential used to record these 3 K" currents was -80 mV. To avoid contamination by
Na* and Ca®* currents, voltage-clamp protocols for the measurement of Ig, and Ik
were preceded by a 100 ms inactivating step to -40 mV and myocytes were
superfused with Tyrode solution containing 100 uM cadmium chloride. Action
potential were recorded in absence of Ca®* channel blocker at various frequencies
ranging from 0.1 to 4 Hz by injecting suprathreshold current pulses through the
patch-clamp pipette. Ik, and Ixs were recorded using the ruptured configuration while
Ix1 and action potentials were recorded using perforated patch-clamp technique. All
recordings were obtained at 36 + 1°C. Cell capacitances were calculated by
integrating the current elicited by a 10 ms voltage step from +30 to +40 mV. This
choice of voltage prevented contamination of the capacitive current by the inward
rectifier K current Ix;. Whole-cell capacitances were similar between male (87 * 6
pF, n=38) and female (87 * 7 pF, n=27; p=0.9) ventricular myocytes. All current
amplitudes were normalized to the cell capacitance and expressed as densities
(pA/pF).

Whole-cell voltage and current recordings were made using a patch-clamp
amplifier (AXOPATCH 200B, Axon Instruments, Foster City, USA). Pipettes were
made from borosilicate glass (World Precision Instruments, Sarasota, FL., USA), and

had resistances in the range 1.5-4 MQ when filled with the following solutions (mM):
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110 K*-aspartate, 20 KCI, 8 NaCl, 1 MgCl,, 1 CaCl,, 10 EGTA, 4 K,ATP and 10
HEPES (pH adjusted to 7.2 with KOH) for ruptured patch-clamp experiments and
110 K*-aspartate, 28 KCI, 8 NaCl and 10 HEPES (pH adjusted to 7.2 with KOH) for
perforated patch-clamp experiments. Perforated patch-clamp was performed using
nystatin (350 pg/ml). Series resistance (Rs) compensation was applied to reduce Rs
by 70-80%. Data were corrected for a liquid junction potential of -10 mV. Voltage-
clamp currents were low-pass filtered with a 4-pole Bessel analog filter, digitized and

stored in a microcomputer using PCLAMP 8.0 software (Axon Instruments, Foster
City, USA).

Western blots

Sarcolemmal-enriched proteins were prepared from the left ventricular free
wall from guinea pigs of both sexes (3 guinea pigs/group) as previously described [8].
Proteins (100 pg) were separated on 5-15% SDS-PAGE, transferred overnight at 90
mA on PVDF membranes (Milllipore, U.S.A) and blocked in TBS (KvLQTI, Kir2.1
and minK) or PBS (HERG) buffer containing 0.1% Tween 20 (TBSt, PBSt)
supplemented with 5% non-fat dried milk (NFDM) for 90 min at room temperature
(RT). Membranes were then incubated overnight at 4°C with rabbit polyclonal
primary antibodies directed against HERG, minK, Kir2.1 (Alomone Labs, Israel) and
KvLQT1 (Chemicon, U.S.A). After washing 3 times for 10 min with TBSt or PBSt
0.1% / 5% NFDM, membranes were incubated with secondary antibody (anti-rabbit-
HRP conjugated IgG) for 3 hours at RT under agitation. Membranes were then
washed 3 times for 10 minutes with TBSt or PBSt 0.1% before being treated with

chemiluminescent substrate and exposed to autoradiography film.

Surface ECG recordings

Guinea pigs were anaesthetized with pentobarbital (i.p.). Platinum electrodes
were positioned under the skin and lead II surface ECGs were acquired using the
EMKA System (EMKA Technologies, France) at a rate of 2 kHz. Body temperature
was maintained at 37°C using a heating pad. QT intervals were corrected (QTc) for

heart rate using the Bazett formula QTc = QT/(RR)'? that has been reported to be the
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most appropriate formula for correcting QT intervals of anaesthetized guinea pigs

[19].

Langendorff perfusion

Experiments were performed as previously described [20]. Hearts were
retrogradely perfused through the aorta at a constant perfusion pressure of 75 mm Hg
with a Krebs-Henseleit buffer at 37°C and constantly gassed with 95% O/ 5% CO,
containing (in mM) 11.2 glucose, 118.5 NaCl, 25 NaHCO;, 4.7 KCl, 2.45 MgSO,,
1.2 KH2PO4, 2 CaCl,. An epicardial ECG was obtained by placing one silver
electrode at the base of the heart under the right atrium and another in the apex of the
left ventricle. After a 30 min-equilibration perfusion period with a Krebs-Henseleit
buffer, the hearts were perfused for 10 min with 5 uM E-4031 to block Ix,. HMR1556
(0.1 pM) was then added to the perfusion solution for an additional 10 min. ECG
measurements were continuously recorded during the duration of the protocols and
RR, PR, QRS and QT intervals were measured at the end of the perfusion periods.
The Fridericia formula QTc = QT/(RR)"? was used for correcting QT for RR interval
[21]. In a series of experiments, the sequence of the drug administration was inverted
to determine whether the initial duration of the QT interval had any influence on the

ability of the drugs to exert their effects.

Drugs

HMR1556 (a gift from Aventis Pharma) was dissolved in DMSO as | mM
stock solution and diluted in the buffer to achieve a final concentration of 0.1 pM.
The final concentrations of DMSO (0.01%) had no significant effects on the current
traces and ECG parameters. E-4031 (Wako Chemicals USA Inc.) and all other drugs

were prepared in distilled water before being diluted with control solutions.

Statistical analysis

Data are expressed as mean = SEM. Paired and unpaired Student t-test as well
one-way analysis of variance (ANOVA) with a Tukey post test were used when
appropriate. The results were considered statistically significant when P-values were

smaller than 0.05.
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RESULTS

K currents

Figure 1A presents examples of I, currents recorded in ventricular cells
isolated from guinea pigs of both sexes. These tail currents, recorded following a
voltage step at +30 mV, were completely abolished by 5 uM E-4031. As shown on
Figure 1B, the mean I-V relationships for the E-4031-sensitive Ik, tail currents were
similar between male and female guinea pig ventricular cells. Figure 1C compares the
deactivation of Ik, between the two groups. The mean deactivation time constants
were comparable between both groups.

Figure 2A illustrates representative examples of the HMR1556-sensitive Ik
currents obtained in male and female ventricular cells. Figures 2B and 2C show that
the I-V relationships of the time-dependent (step) current as well as that of the tail
current were similar between both groups. In addition, no sex difference was
observed in the deactivation of Ik as illustrated by the averaged values of the Iks
deactivation time constant for both groups (Fig. 2D).

We also compared Ik, density in male and female guinea pig ventricular
myocytes. Figure 3A presents examples of I, recorded in male and female myocytes.
Figure 3B presents mean data for Ix; measured at the end of the 500 ms activation
steps. The densities of the inward and outward portions were similar between both
groups. In line with these results, there was no sex-related difference between in the
resting membrane potentials of males (-83.9 = 0.5 mV, n=38) and females (-84.7 +
0.5 mV, n=27; p= NS). We also used a ramp voltage-clamp protocol from +30 to
-110 mV to record instantaneous Ix; and found no sex difference for the inward and

outward portions of Ik; (data not shown).

Protein expression of K channels

We compared the protein expression levels of the following K* channels
responsible for the currents described above: ERG (Ik;) [22], KvLQT1 and minK (Iks)
[23,24] and Kir2.1 (Ix1) [25,26]. Consistent with the electrophysiological results, data
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presented in Figure 4 show that the protein expression levels of all the K* channels

studied were similar between male and female guinea pig ventricles.

Action potential duration

We recorded action potentials at five different frequencies to compare cellular
repolarization between males and females. Figure SA presents action potentials
recorded at 4 Hz in myocytes isolated from male and female guinea pigs. Figure 5B
depicts mean APD measured at 90% of repolarization for the entire frequency range
studied. This graph shows that no sex difference was observed in the duration or the
rate dependence of action potentials. Similar results were also obtained when APD
were measured at 50% of repolarization (data not shown). The absence of sex
differences in the rate-dependence of the APD was also consistent with the results of
the voltage-clamp experiments showing that Ixs was similar between male and female

ventricular myocytes.

OT intervals

To compare QT intervals between males and females, surface ECG were
performed on anaesthetized guinea pigs. Consistent with APD recorded in isolated
ventricular myocytes, the QTc intervals measured in male guinea pigs were
comparable to those of females (Fig. 6). The heart rate as well as all the other ECG

parameters studied were also similar between both groups.

Langendorff-perfused heart

The next series of experiments were performed to further explore the impact
of Ikr and Iks at the whole heart level, i.e., on the ECG marker of repolarization, the
QT interval. To do so, we used a Langendorff-perfused heart preparation rather than
anaesthetized guinea pigs since desired drug concentrations could be much more
easily achieved in isolated heart preparation.

Epicardial ECGs were recorded on Langendorff-perfused hearts isolated from
male and female guinea pigs. Hearts were perfused with physiological solution
(Krebs-Henseleit; KH) for the first 30 min, with KH containing 5 uM E-4031 for the
following 10 min and with KH supplemented with 5 uM E-4031 plus 0.1 uM
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HMR1556 for the final 10 min of the perfusion. Figure 7A presents the averaged QTc
intervals durations obtained under these conditions. E-4031 prolonged QTc intervals
to a similar extent in males (24+3%, n=13) and females (28+4%, n=11, p=0.4). The
combination of HMR1556 caused an additional increase in QTc intervals. Then
again, this prolongation was not different between males (17+2%, n=13) and females
(15+£3%, n=11; p=0.8). We performed a second set of experiments in which the
HMR1556 was administered first and then combined with E-4031. Findings obtained
in these experiments indicate that the order of drug administration did not impact on
the extent of prolongation produced by either drugs. For example, in males E-4031
induced a 24+3% increase from baseline and a 25+3% increase when the drug was
administered in presence of HMR1556 (p=0.8). On the other hand, HMR1556
administered alone produced a 12+3% increase from baseline and a 17+2% increase
when the drug was added to E-4031 (p=0.3). Bar graphs presented on Figure 7B show
the cumulative data obtained from all these experiments. As illustrated, in both males
(n=21) and females (n=19), the I, and Ik blockers caused a significant prolongation
of QTc intervals. Moreover, the increase induced by the Ik, blocker was more
pronounced compared to that produced by a block of Iks.

Figure 8 shows the impact of Ik, and Ixs block on the heart rate and reveals
that both E-4031 and HMR1556 significantly reduced the heart rate. However, as
illustrated in Figure 8B, the decrease in heart rate by HMR1556 (males: -8+1%, n=
21; females: -9+2%, n=19) was less important than that of E-4031 (males: -18+2%,
n=21; females: -163+2%, n=19). Furthermore, there was no sex-based difference in the
effect of both drugs on the heart rate. It should be noted that no significant time-
dependent changes were observed in QTc intervals or HR during the course of these

experiments as illustrated by the control experiments presented on Figures 7 and 8.



—
s 9

209

DISCUSSION

Summary of main findings

By combining electrophysiological, pharmacological and molecular approaches,
we provided compelling evidence demonstrating that adult guinea pigs do not display
sex differences in ventricular repolarization. Despite the fact that guinea pigs share
important repolarizing currents with humans, the absence of sex differences in
ventricular repolarization implies that the guinea pig may not be a suitable model to

study sex difference in cardiac repolarization.
Effects of I, and Igs blockers on QT interval

The fact that both E-4031 and HMR1556 induced a significant prolongation
of QTc intervals confirms that I, and Is are both important repolarizing currents in
guinea pigs under baseline conditions. In different species, Ixs is often viewed as a
reserve current that comes into play only in settings of QTc prolongation. This does
not appear to be the case in guinea pigs since perfusion of HMR1556 under baseline
conditions or after exposure to E-4031 produced similar QTc prolongations. These
findings are consistent with previous reports showing that blockade of Ixs causes
APD prolongation in guinea pig ventricles [27]. Furthermore, it is known that in
guinea pig ventricular cells, Ixs and Ik, activate to equivalent magnitude during a 225-
ms pulse to 0 mV [15]. Thus in the time course of guinea pig cardiac action potential

both components of I play a significant role in repolarization.

Effect of Ik, and Iks blockers on heart rate

E-4031 significantly lowered heart rate in both male and female guinea pigs,
confirming the role of Ix, in SA node function [28-31]. This characteristic has
potentially clinical implications. Several drugs known to block Ik, can induce
torsades de pointe due to delayed ventricular repolarization. Furthermore, bradycardia
may also predispose to acquired long QT syndrome and torsades de pointe. The effect
of Ik blockers on two independent risk factors of torsades de pointe may contribute

to increase the likelihood of these drugs to induce this ventricular arrhythmia.



210

The fact that HMR1556 also decreased the heart rate is consistent with
previous reports demonstrating that Igs is important in controlling membrane
repolarization of guinea pig SA node cells [32-35]. In the present study, we did not
observe any sex difference in the effect of the Ik, and Ixs blockers on the heart rate,
suggesting that these currents are also similar in male and female guinea pig SA node

cells.

Relation to previous studies on guinea pigs

To our knowledge, there has been only another study focusing on sex-related
differences in guinea pig ventricular repolarization. James et al. [36] compared male
with female guinea pigs at two different stages of their estrus cycles. The first female
group was studied at the time of estrus (day-0) and the other group, 4 days post-estrus
(day-4). They observed that both groups of females had a significantly smaller I, at
-120 mV compared to males. On the other hand, females of the day-4 group had
smaller Ix tail current than males. They recorded action potentials and found that
females in day-0 had longer action potentials compared with the two other groups.
Those data are not consistent with our results. Since clinical studies have shown that
QT interval do not vary with the phases of the menstrual cycle [37], we did not pay
attention at the time of the estrus cycle of the female guinea pigs studied. We cannot,
however, exclude a role for the female sex hormones and indeed, undergoing studies
in our laboratory focus on the regulation of cardiac repolarization by these sex
hormones. However, the fact that we did not separate the females with respect to the
phases of their estrus cycle cannot explain the different findings between both studies.
For example, in their study, James et al. found that Ix; was lower in both groups of
females indicating that a pooled group of females would have also smaller density of
inward Ix; compared to males. However, we did not observe any sex difference in
this current. Furthermore, we observed no tendency for the females to have longer
APD than males. Hence, other factors must explain the discrepancies between the two
studies. A difference in the origin of the myocytes studied could contribute to explain
these differences since it is now well recognized that spatial heterogeneity of

repolarization exists within guinea pig ventricle [16]. To prevent variation due to this
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factor, we performed the patch-clamp experiments on a precise cell population:
myocytes isolated from the sub-endocardial layer of the apex of the left ventricular
free wall. On the other hand, James er al. used myocytes isolated from the two
ventricles without specification about the endocardial-epicadial nor apex-base
localization. Other differences can arise from the fact that they compared weight-
matched guinea pigs of 400-500 g whereas we compared age-matched animals of 13-
17 week old for reasons already mentioned (Methods). In addition, we chose to
compare age-matched guinea pigs to ensure that all animals have reached sexual
maturity. For example, a 500 g female (= 8-10 weeks) is sexually mature whereas a
500 g male (= 6-8 weeks) may not have reached sexual maturity yet. When the age of
the animals is controlled, mean body weight differs between the male and female
groups. In order to verify if weight can affect ventricular repolarization, we
performed a linear correlation between QTc intervals duration and body weight and
found no relationship between these two parameters (R?=0.002; p=0.85). Thus, the
difference in body weight did not invalidate the interpretation of our results. Finally,
comparison of the recordings conditions revealed another major difference between
the two studies. Indeed, all the currents reported in the present study were “sensitive-
current” meaning that specific blockers were used to measure them whereas in the
study of James et al. this was not the case. In summary, the several differences in the
experimental conditions between the two studies may, in part, explain differences in
findings.

In a recent study comparing the effects of genistein on intracellular Ca?*
regulation in guinea pig, Liew et al. [38] reported action potential data in keeping with
our own findings. Indeed, similar to what is reported here, Liew et al. reported that

APD were similar between male and female guinea pig left ventricular myocytes.

Potential Limitations

We performed surface ECG recordings on anaesthetized guinea pigs. Since
anaesthetic agents, including pentobarbital, are known to prolong repolarization [39-
41], we cannot exclude the possibility that pentobarbital affected differentially males

and females and could perhaps masked a sex difference. However, this is rather
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unlikely considering that the QTc intervals obtained in the Langendorff studies did

not exhibit any sex differences.

Since the sympathetic tone is known to increase the heart rate, the absence of
sympathetic stimulation in the Langendorff-perfused guinea pig heart preparations
most likely explains the slower heart rate (178+4, n=41) observed compared to that
obtained in the surface ECG study (280410, n=20). Of note, the heart rates measured
in the Langendorff-perfused heart preparation were very similar to values reported by
Jones et al. [42] which showed that the guinea pig intrinsic heart rate (i.e. the rate

manifested by the autonomically denervated SA node) was 1775 bpm.

Guinea pig as a model to study hormonal regulation of cardiac repolarization

Guinea pigs share important repolarizing currents with humans, have similar
levels of sex hormones [43,44] and express cardiac receptors for estrogens,
progesterone and testosterone (data not shown). Yet, the absence of sex differences in
ventricular repolarization reported here implies that the guinea pig may not be a
suitable model to study sex difference in cardiac repolarization. On the other hand, if
one wishes to study ventricular repolarization without any concern about potential
variations due to hormonal regulation or sex-related differences, the guinea pig could
become a model of choice.

In the present study, although we found no sex differences in the QTc interval
of guinea pigs, we pursued to do a complete characterization of the repolarization
profile of male and female guinea pigs not only at the cellular and molecular levels
but also at the whole heart level. By doing so, we were able to rule out the possibility
that the contribution of Ix, and Ixs was different between sexes. In addition to the
outward K* currents, we also compared the density of the L-type Ca®* currents
between male and female guinea pigs and found no differences between the two
groups (data not shown) eliminating the possibility that the balance between inward
and outward currents was different between male and female animals. With the
pharmacological studies performed on the Langendorff-perfused guinea pig hearts in
presence of Ik, and/or Ik, blockers, we explored the impact of these currents at the

whole heart level and established that the response to the Ik, and Iks blockers were not



213

different between both sexes. These findings clearly substantiate the notion that any
animal models used to study sex-related difference in repolarization should also

display difference in the QTc interval.
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FIGURES & LEGENDS

Figure 1. Ik, in male and female ventricular myocytes

A. Currents recorded before and after exposure to 5 uM E-4031 in myocytes isolated
from a male and a female guinea pig. Currents were measured upon repolarization to
-40 mV from a test pulse to +30 mV. B. Mean I-V relationship of tail currents
measured upon repolarization to -40 mV from the indicated membrane potentials in
male (n=14) and female (n=8) myocytes. C. Time-course of deactivation of Ik, in
male and female myocytes. Plot of the time constants (1) of deactivation against the
test pulse potentials. Ik, tail currents were fitted with a single exponential function.
Only data obtained from tail currents coupled with activation steps positive to 0 mV
are shown since more negative voltages were associated with density of tail currents

to small to be fitted.
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Figure 2. Ik, in male and female ventricular myocytes

A. Typical examples of HMR 1556-sensitive currents (Iks) recorded in a male and
female ventricular myocytes. Ixs currents were recorded at test potentials ranging
from -30 mV to +50 mV and upon repolarization to -40 mV. Figure 2B and C show
mean [-V relationships of the time-dependent outward current measured at the end of
the 3.5 s test pulse and the tail currents recorded at -40 mV in male (n=9) and female
(n=7) myocytes. D. Time course of deactivation of I, in male and female myocytes.
Plot of the time constants of deactivation against the test pulse potentials. Tail

currents were fitted with a single exponential function.
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Figure 3. Ix; in male and female ventricular myocytes

A. Typical examples of Ix; recorded from ventricular myocytes isolated from male
and female guinea pig. Ix; was measured as the 1 mM Ba**-sensitive current B. Mean
I-V relationships for Ix; obtained in male (n=15) and female (n=12) ventricular

myocytes.
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Figure 4. Western blot analysis of different K* channels expression in male and
female guinea pig ventricles

Western blot analysis of ERG, KvLQT1, minK and Kir2.1 on sarcolemmal-enriched
proteins (100 pg/lane) isolated from male and female guinea pig ventricles. Ponceau
S—stained membranes, confirmed equal protein loading. Each group lane contains

proteins isolated from one different guinea pig for a total of 3 animals per group.
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Figure 5. Action potential duration in male and female ventricular myocytes

A. Typical examples of action potential recorded from male and female guinea pig
ventricular myocytes at 4 Hz. For the examples shown in this figure, resting
membrane potential were -82 mV for the male and -85 mV for the female. B. Graph
showing the APD (+ SEM) at 90% repolarization obtained at 0.1, 1, 2, 3 and 4 Hz in
male (n=41) and female (n=40) guinea pig myocytes.
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Figure 6. QT interval and other ECG parameters in male and female guinea
pigs

A. Examples of lead II surface ECG obtained from male and female guinea pigs. B.
Table comparing mean RR, PR, QRS, QT and QTc intervals in males and females.

« n » corresponds to the number of guinea pigs studied.
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Figure 7: Effect of Ik, and Ik, blockers on the QTc interval in male and female
guinea pigs

A. Top — Graph presenting mean QTc (+ SEM) of isolated hearts of male (n=13) and
female (n=11) guinea pigs before and after the application of 5 pM E-4031 alone or
combined with 0.1 pM HMR1556 (*p<0.001, both drugs vs baseline; **p<0.001, vs
E-4031). Bottom — Experiment performed under control conditions (heart not exposed
to any drugs, except the vehicle) showing no significant variations in the QTc interval
during the time course of these experiments. B. Bar graphs presenting the cumulative
data of E-4031 and HMR1556 on the QTc in male (n=21) and female (n=19) hearts.
(*p<0.0001, effect of E-4031 vs control condition; **p<0.005, effect of HMR1556 vs
control condition). The effect of E-4031 was greater than that of HMR1556 in both
genders (males, 1\p<0.01; females, *p<0.05).
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Figure 8: Effect of Ik, and Ik blockers on the heart rate of male and female
guinea pigs

A. Top — Graph presenting mean heart rate (+ SEM) of isolated hearts of male (n=13)
and female (n=11) guinea pigs before and after the application to 5 uM E4031 alone
or combined with 0.1 pM HMR1556 (*p<0.001, both drugs vs baseline; **p<0.01, vs
E-4031). Bottom — Experiment performed under control conditions (heart not exposed
to any drugs, except the vehicle) showing no significant variations in the heart rate
during the time course of these experiments. B. Bar graphs presenting the cumulative
data of E-4031 and HMR1556 on the heart rate in male (n=21) and female (n=19)
hearts. (*p<0.0001, effect of E-4031 vs control condition; **p<0.0001, effect of
HMR1556 vs control condition). The effect of E-4031 was greater than that of
HMR1556 in both genders (males, 'p<0.0001; females, *p<0.05).
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CHAPITRE 6 Discussion

6.1 Résumé des études présentées dans cette thése

Cette thése a été consacrée a la compréhension des différences male/femelle
au niveau de la repolarisation ventriculaire. La souris a constitué un excellent modéle
de départ puisqu'elle présentait, comme I'humain, une différence male/femelle au
niveau de la repolarisation cardiaque.''® Afin d'exploiter au maximum ce modéle,
nous avons tout d'abord présenté et validé une méthodologie permettant la dissection
compléte des courants de repolarisation.'® L'application de cette technique nous a
permis de décrire les caractéristiques et les roles physiologiques de chacun des
courants K" sortants. De fagon aussi importante, elle nous a donné les moyens
d'investiguer en profondeur les mécanismes cellulaires responsables du phénoméne

électrophysiologique a I'étude.

Puisque plusieurs évidences cliniques suggéraient que les androgénes
pouvaient réguler la repolarisation, nous avons étudié leurs roles dans la différence
reliée au sexe au niveau cardiaque. Nous avons démontré que la castration entrainait
un ralentissement de la repolarisation. Ce retard était associé & une plus faible densité
du courant Ik, et de son canal correspondant, Kvl.5,128 tous deux impliqués dans
I'observation initiale de la différence méle/femelle chez la souris. Les males castrés
présentaient un phénotype trés similaire & celui des femelles, ce qui suggérait
fortement que les androgénes étaient des facteurs clés dans la différence
male/femelle. Nous avons confirmé ce résultat en utilisant un modéle naturel de
déficience en androgenes, les souris C57BL/6. Notre étude a révélé que cette lignée
de souris, dont les males avaient des taux trés faibles de testostérone et de DHT, ne

m Ainsi, les hormones

présentait pas de différence de repolarisation entre les sexes.
sexuelles males semblaient étre essentielles a l'apparition de la différence

maéle/femelle.

Ces résultats fort encourageants nous ont incités a étudier I'effet d'une thérapie

de substitution en androgénes. Nous avons donc traité a4 la DHT les méles CD-1
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castrés et les males C57BL/6 intacts. Le traitement a restauré la différence
méle/femelle des CD-1 et en a généré une chez les souris C57BL/6. Ainsi, a l'aide de
nos divers modeles de souris, nous avons clairement démontré le rdle important des

androgénes dans la différence reliée au sexe dans la repolarisation ventriculaire.

Tout modele, aussi bon soit-il, a ses limites. Dans le cas de la souris, la limite
provient du fait que le courant K* sujet aux actions des androgénes, Ix., n'est pas
exprimé dans le ventricule humain. Afin de poursuivre nos études, nous avons donc
utilisé le cobaye, qui contrairement a la souris posséde les courants Ik, et Iks. Notre
caractérisation de la repolarisation des cobayes méles et femelles n'a révélé aucune
différence au niveau de ces courants K'. Par ailleurs, les potentiels d'action, les
intervalles QTc et la réponse a différents agents pharmacologiques étaient similaires
entre les méles et les femelles. Ainsi donc, contrairement & la souris, le cobaye ne

présente pas de dimorphisme sexuel au niveau de la repolarisation.

6.2 Comment réconcilier les résultats obtenus chez le

cobaye et la souris?

Les résultats obtenus chez la souris corrélaient parfaitement les données
épidémiologiques suggérant que les androgénes régulent la repolarisation. Selon ces
études, tout portait a croire que les androgénes pourraient affecter un courant K* dans
les ventricules d'humains. Mais lequel? Ik, le courant qui était responsable des
différences chez la souris n'est pas présent dans le ventricule d'humain. On a supposé
que Ik, ou Iks qui jouent des roles semblables pourraient étre affectés. Nos études ont
par contre montré que ces courants n'étaient pas différents chez les cobayes males et

femelles. Alors, quel est le lien manquant?

Pour une raison inconnue, il se peut que la régulation hormonale de la
repolarisation du cobaye soit différente de celle de la souris et de I'homme. Ceci
voudrait donc dire que le cobaye n'est pas un bon modéle pour I'étude des différences
méile/femelle au niveau de l'intervalle QTc. Cette hypothése est toutefois peu

convaincante en sachant que les cobayes ont des niveaux d'hormones sexuelles
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semblables aux souris et aux humains et ont aussi des récepteurs aux hormones
sexuelles. Ainsi, I'étude effectuée chez les cobayes pourrait simplement suggérer que
les courants Ik, et Ixs ne présentent pas de différence reliée au sexe. Quels seraient
donc les facteurs participant & I'établissement du phénoméne? La section suivante

propose plusieurs explications possibles.

6.3 Facteurs potenticllement impliqués dans la différence

male/femelle

6.3.1 CourantK'I,,

L'absence de différence male/femelle dans la densité du courant I, chez la
souris nous avait fait écarter ce courant comme facteur responsable de la différence
observée chez les humains. Des données récentes suggérant une régulation différente
du courant I, chez I'humain et la souris nous ont encouragé a reconsidérer cette
hypothése. Il est connu que le courant I, est associé au canal Kv4.3 chez I'humain® et

9 o1
597 L’élément nouveau

a la combinaison des canaux Kv4.2/Kv4.3 chez la souris.
provient du fait que la régulation fine du courant I, pourrait différer entre la souris et
I'hnomme. Par exemple, le mécanisme sous-jacent & I'hétérogénéité du courant I, a
travers le myocarde (I, est beaucoup plus proéminent dans I'épicarde que dans
I'endocarde) est différent entre les deux types de mammiféres. Chez I'humain,
KChIP2, une sous-unité accessoire, agit comme élément régulateur alors que Kv4.2
joue ce role chez la souris.'*"*° Ainsi, les résultats obtenus chez la souris qui ont trait
au courant I, ne peuvent étre directement extrapolés a I'humain. Ce courant reste
donc un candidat pouvant potentiellement expliquer la différence de repolarisation
entre 'homme et la femme. Cette piste semble plausible puisqu'une étude
fondamentale a justement dévoilé une densité plus grande de courant chez des chiens
méles comparés aux femelles.'*! 11 est important de noter que le courant I, du chien
est associ€ au canal Kv4.3 et que son hétérogénéité transmurale est due 3 KChIP2,

comme chez I'humain.®*'*%!32 §j on extrapole les données recueillies chez le chien

vers I'humain, une densité du courant I, plus grande chez les hommes pourraient
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expliquer leur repolarisation plus rapide. Par ailleurs, plusieurs observations
concordent avec cette hypothése. Une analyse approfondie de l'intervalle QTc des
hommes et des femmes révéle que la différence provient de la phase de repolarisation
initiale et non de la phase finale puisque le segment entre le pic de l'onde T et la fin

de celle-ci est similaire entre les sexes.'>

Ainsi, un courant a activation rapide, tel
que I, est fort probablement responsable de la différence. De plus, le segment ST,
grandement influencé par le courant Iy, présente une différence inter-sexe. En effet, il
est plus élevé chez les hommes que chez les femmes, ce qui concorderait avec un I,
plus grand chez les sujets masculins.'®> Pour réconcilier parfaitement les données
épidémiologiques, le courant responsable devrait étre régulé par les hormones
sexuelles méles pour expliquer le fait que la différence de QTc chez I'homme apparait
aprés la puberté et qu'elle est abolit par la castration.”> Or, il a été rapporté dans une
étude de cas que deux patients ayant subi une castration ont vu leur segment ST
rabaisser et leur intervalle QTc rallonger.”* Toutes ces données suggérent que le
courant Iy, pourrait étre modulé par les androgénes et qu'il pourrait contribuer a la

différence reliée au sexe dans l'intervalle QTc. D'autres études devront étre effectuées

afin de consolider cette hypothése (voir section 6.5.2, p.254).

6.3.2 Courants ioniques autres que K*

Les courants autres que K* impliqués dans le potentiel d'action pourraient
aussi étre la cible des hormones sexuelles. Les résultats de plusieurs études
démontrent en fait une régulation hormonale du courant calcique. Dans la majorité de
ces études, la densité du courant calcique est diminuée suite a une exposition aigué
aux cestrogénes.'** 37 Cet effet ne peut malheureusement pas expliquer la différence
reliée au sexe puisqu'un courant calcique plus petit chez la femme serait associé a des
potentiels d'action et des intervalles QTc plus courts. De plus, les concentrations
utilisées étaient supra physiologiques, ce qui limite la portée de ces études.
Finalement, les courants Ca** des souris,l '8 des rats'! et des cobayes (réf CHAPITRE
5, p.198) sont similaires entre les maéles et les femelles. Peu d'études se sont penchées
sur l'implication du courant Na* dans la différence reliée au sexe. Chez I'humain, le

complexe QRS est plus court chez les femmes que chez les hommes.” Cette
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observation cadrerait avec I'hypothése d'un courant Na* plus important chez les
femmes qui pourrait expliquer leur intervalle QTc plus long. Les résultats obtenus par
notre laboratoire vont toutefois & I'encontre de cette hypothése. En effet, notre groupe
a démontré que le courant Na™ ne présentait pas de différence male/femelle chez la
souris.''® Ici encore, d'autres études sont requises afin d'éclaircir ces observations

oppose€es.

6.3.3 Sous-unités accessoires aux canaux ioniques

En plus des sous-unités o qui forment le pore des canaux ioniques, les sous-
unité B et les protéines impliquées dans le trafic et le ciblage des canaux pourraient
étre la cible des hormones sexuelles et contribuer a la différence male/femelle au
niveau de la repolarisation. Par exemple, minK, la sous-unité B associée au courant
Iks, semble étre régulée par les hormones sexuelles. En effet, ’ARNm de cette
protéine était grandement diminuée dans les ventricules de lapines OVX traitées aux
cestrogénes ou 4 la DHT.'" Par ailleurs, les résultats d’une étude effectuée au niveau
de ’utérus appuient I’idée d’une régulation hormonale des canaux Kv par le trafic de
ceux-ci. Dans cette €tude, I’injection d’cestrogeénes a, en plus de diminuer les ARNm
de Kv4.3, induit une accumulation de ce canal autour du noyau.'** Les mécanismes
responsables de cette perturbation restent toutefois a étre élucidés. Un autre groupe a
récemment montré que I’augmentation du courant I, des cardiomyocytes observée
durant la période développementale du rat était associée a une augmentation drastique
de ’ARNm de KChIP alors que ’ARNm de Kv4.2 et de Kv4.3 ne présentaient que
de faibles variations durant cette méme période.'”*® Ce type de régulation est
potentiellement important et reste & étre exploré. Dans nos études chez la souris, nous
n'avons pas investigué cette avenue puisque la diminution du courant sensible aux
androgénes était expliquée par une diminution de l'expression de sa sous-unité

principale.



N

241

6.3.4 Régulation du calcium intracellulaire

Le role principal des protéines et échangeurs régulant le calcium
intracellulaire est de contrdler la contraction. Toutefois, puisqu'ils impliquent des
transferts d'ions électrogéniques, ils ont aussi un impact sur la durée du potentiel
d'action (voir Figure 1, p.20 pour la contribution de I'échangeur Na*/Ca** au potentiel
d'action). Par ailleurs, une partie de l'inactivation des courants Ca** dépend du
calcium et peut donc étre modulée indirectement par les protéines responsables du
calcium intracellulaire. Le tout récent dévoilement du mécanisme responsable du
quatriéme type de LQTS a fourni une autre indication quant & la relation possible
entre le calcium et la durée de la repolarisation cardiaque. En effet, la prolongation de
l'intervalle QTc chez les patients LQTS4 est associée & une dysfonction de la pompe
Na'/K*-ATPase, de I'échangeur Na*/Ca®" et du récepteur a I'IP3,° tous impliqués,
directement ou indirectement, dans la gestion du calcium intracellulaire. Le lien entre

ces protéines et la prolongation de la repolarisation reste toutefois a étre élucidé.

Quelques études seulement ont adressé la possibilité¢ d'une différence
méle/femelle dans la régulation du calcium intracellulaire. Leblanc et coll. ont
observé des niveaux de calcium intracellulaire plus faibles chez les femelles que chez
les males.'"” Alors que cette différence corrélait la force de contraction plus faible des
femelles, elle ne semblait pas avoir d'impact sur la repolarisation puisque les durées
de potentiels d'action étaient comparables entre les deux sexes. Bien que ce résultat
n'appuie pas I'hypothése d'une différence méle/femelle expliquée par le calcium
intracellulaire, le faible nombre d'études ne permet pas d'écarter complétement cette
piste. Les protéines impliquées dans la régulation du calcium intracellulaire influent
non seulement sur la contraction et la repolarisation, mais aussi sur la conduction, ce
qui complexifie leur étude. De plus, elles sont impliquées dans la génération de
dépolarisations précoces. Il se peut donc qu'une différence male/femelle soit révélée

en conditions pathologiques seulement.
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6.3.5 Systéme nerveux autonome

Plusieurs observations suggérent que le controle exercé par le systéme
autonome sur le cceur présente des variations inter-sexe.'”® Entre autres, la
bradycardie réflexe survenant suite 8 une augmentation de la pression artérielle est
plus importante chez I'homme que chez la femme.'*® Une étude expérimentale portant
sur ce sujet a méme démontré que la testostérone était impliquée dans cette
différence."! Puisque I'intervalle QT est aussi influencé par le systtme nerveux
autonome'*? via certains courants ioniques, il est permis de suggérer un lien possible
entre les différences male/femelle dans l'intervalle QTc et ce syst¢tme. Une étude a
testé cette hypothése en mesurant les intervalles QTc d'hommes et de femmes avant
et aprés un double blocage du systéme autonome. La différence reliée au sexe
présente en conditions contrdles demeurait aprés l'injection de propanonol et
d'atropine, inhibiteurs des récepteurs [-adrénergiques et muscariniques,
respectivement.'” Selon ce résultat, il est peu probable que le systéme autonome soit
responsable des différences homme/femme observées dans la repolarisation

ventriculaire.

6.3.6 Couplage cellulaire

Le couplage cellulaire influence la vitesse de conduction et la repolarisation
ventriculaire. Au cours des derniéres années, plusieurs équipes se sont intéressées a la
régulation des connexines, protéines responsables du couplage cellulaire, ainsi qu'a
leur implication dans le développement de certains types d'arythmies. Les études de
régulation ont majoritairement porté sur I'impact de I'age"* sur les connexines. A ma
connaissance, aucune étude n'a vérifié l'effet du sexe et des hormones sexuelles au
niveau du couplage ventriculaire. Ce domaine est donc a découvrir. Une piste
intéressante serait de comparer la composition, la densité et la localisation sous-

cellulaire des connexines entre les males et les femelles.
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6.3.7 Résumé

Plusieurs facteurs pourraient contribuer a expliquer la différence au niveau de
I'intervalle QTc des hommes et des femmes. Toutefois, je considére que la piste la
plus prometteuse demeure la régulation hormonale des canaux ioniques. Des idées de

recherches futures seront présentées a la section 6.5.2, p.254.
6.4 Avancements scientifiques et impact des résultats

6.4.1 Portée de la méthodologie proposée pour l'enregistrement

+ .
de courants K" de souris

6.4.1.1 Essor du modéle de la souris pour I'étude du systéme

cardiovasculaire

L'accés aux souris transgéniques constitue une avancée majeure pour la
compréhension des mécanismes cellulaires et moléculaires impliqués dans les
phénomeénes physiologiques et pathologiques. D'innombrables modeles de souris
transgéniques ont été utilisés dans les derniéres années et de nombreux autres verront
le jour. Le domaine des maladies cardiovasculaires n'échappe pas a cette
tendance.'*>'*® Puisque plusieurs pathologies cardiaques sont associées a une

prolongation du potentiel d'action,'¥"'*®

plusieurs chercheurs s'intéressent aux
courants de repolarisation. Il est donc crucial de bien caractériser les courants K* de
la souris. La méthodologie présentée au CHAPITRE 2 répond a ce besoin. Cette
méthode est en fait la seule disponible & ce jour qui permette non seulement I'étude de
la densité des divers courants présents chez la souris mais aussi la caractérisation de
leurs propriétés cinétiques. Ceci est crucial puisque la fonction physiologique d'un

courant est étroitement li€e a sa cinétique.
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6.4.1.2 Importance de I'étude de la cinétique des courants K"

6.4.1.2.1 Identification du réle physiologique des courants K*

Les propriétés cinétiques des courants ioniques englobent les vitesses
d'activation et d'inactivation, le recouvrement de l'inactivation et l'inactivation a
I'équilibre. Tous ces paramétres ont un impact sur le role physiologique du courant.
Par exemple, la vitesse d'activation détermine la rapidité de I'impact d'un courant sur
le potentiel d'action. De son c6té, le recouvrement de l'inactivation indique le temps
requis pour un canal de sortir de l'état inactivé et d'étre a nouveau fonctionnel.
Finalement, l'inactivation a I'équilibre mesure la proportion de canaux inactivés a un
voltage donné. La caractérisation des propriétés cinétiques des courants K" sortants
de la souris, rendue possible grice a notre méthode, permet de dresser un portrait de

leur importance relative sur le potentiel d'action.'®

La vitesse d'activation des courants K ventriculaires est un paramétre trés
important chez la souris puisqu'elle posséde des potentiels d'action trés courts. Ainsi,
l'activation rapide des courants I, et Ik, contribue a leur grande participation a la
phase initiale de la repolarisation. En revanche, l'activation de I est beaucoup plus
lente. Ce courant a donc peu d'impact sur la phase de repolarisation rapide. Du point
de vue de la phase d'inactivation, I, s'inactive environ cinq fois plus rapidement que
Ikur @ un voltage donné alors que I ne s'inactive presque pas. Par conséquent, les
impacts de Ik, et de I sont plus soutenus. Il faut toutefois rappeler que I'activation
lente de I retarde son entrée en jeu. De plus, sa densité est deux fois plus faible que
celles des autres courants. Ainsi donc, son impact sera soutenu mais faible. Par
ailleurs, Ij, recouvre environ 20 fois plus rapidement de son inactivation que Ik, Ceci
renforce son role chez la souris dont le rythme cardiaque est trés élevé. Finalement,
les études d'inactivation a I'équilibre montrent qu'a des voltages voisins du potentiel
de repos, tous les canaux associés aux courants Iy, et I, sont préts a s'activer, ce qui

corrobore leurs implications physiologiques.
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6.4.1.2.2 Etude de la régulation des canaux K*

I existe une grande variété de canaux K" cardiaques selon le type de cellules,
la chambre du ceeur ou I'espéce étudiée. De surcroit, certains courants ayant la méme
base moléculaire ont des caractéristiques distinctes selon leur lieu d'expression, ce qui
accroit la diversité. Par exemple, les courants Ik, des oreillettes de souris et d'humain
sont tous deux associés au canal Kv1.5 mais ont des cinétiques d'inactivation trés
différentes. En effet, celui de I'numain s'inactive beaucoup plus lentement que celui
de la souris.'®'* Cette observation n'est qu'un exemple parmi plusieurs révélant le
grand role des sous-unités régulatrices. Il n'est donc pas surprenant que plusieurs
chercheurs se penchent maintenant sur ce sujet. A I'aide des techniques de clonage et
d'expression dans des lignées cellulaires, des chercheurs ont éclairci le role de
certaines sous-unités B dans la génération de courants K" spécifiques.®*'®° IIs ont
aussi découvert qu'une sous-unité B pouvait interagir avec plus d'une sous-unité o
(voir Tableau VI, p.45).>® Cette observation contribue certainement a expliquer la
grande diversité de densités, de cinétiques et de composition des courants K* a travers
le ceeur et les espéces. Cette diversité permet possiblement une régulation précise des
courants K* selon le lieu d'expression, ce qui renforcit la notion que la durée de la
repolarisation est un paramétre crucial qui doit étre adapté spécifiquement selon la

fonction de chaque cellule.

Puisque dans certains cas, des souris transgéniques sont utilisées afin d'étudier

r - . +
83.15L152 1 otre méthode d'isolation de courants K

le réle des sous-unités régulatrices,
sera grandement utile pour les futures recherches dans ce domaine. En effet, elle
permettra I'étude individuelle des cinétiques des courants K* sortants. De plus, elle
s'appliquera aussi pour I'étude des effets des agents pharmacologiques sur les canaux
K*, de méme que pour toutes les autres conditions associées a un changement
cinétique. L'exemple suivant décrit une situation pathologique associée a des

déréglements d'ordre cinétique.
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6.4.1.2.3 Identification des mécanismes responsables de la prolongation de la

repolarisation dans diverses situations pathologiques

En 2001, nous avons été sollicités afin d'étudier la repolarisation cardiaque des
souris transgéniques du VIH-1. Ces souris, en plus de présenter des troubles du
systtme immunitaire, développaient des symptomes cardiaques.””>'** En effet,
certaines souris avaient un intervalle QT prolongé et mourraient soudainement. A
l'aide de notre méthode de séparation de courants, nous avons démontré que la
prolongation de la repolarisation était due a une réduction des courants K" sortants I,
Ixur €t Is.'> Nous avons ensuite vérifié la cause de la diminution des courants K*.
Nous avons démontré que la densité plus faible des courants K* n'était pas due a une
expression réduite des canaux mais bien & une modification des cinétiques
d'inactivation. Cette découverte n'a été possible que par l'application de notre

technique.

6.4.1.3 Polyvalence de la méthode proposée

En plus de décrire une méthode pour séparer les divers courants K™ de la
souris, l'article du CHAPITRE 2 fournit les critéres de sélection de chacune des
étapes choisies. Il s'agit donc d'un protocole "clé en mains" qui peut étre adapté par
chaque laboratoire, selon leurs conditions expérimentales. Par exemple, la méthode
de base s'applique pour des enregistrements effectués a température ambiante mais
peut étre ajustée pour des températures plus physiologiques. Un protocole modifié
pour des enregistrements 4 32°C a méme été suggéré et validé dans l'article.'® De
surcroit, notre méthode s'applique aux myocytes ventriculaires et auriculaires. Elle
pourrait aussi étre utilisée chez le rat qui posséde deux des trois courants K* sortants
retrouvés chez la souris (I, et L) ainsi qu'au niveau des oreillettes humaines, qui

possédent Iy, et Ik

En résumé, cette méthode offre des avantages substantiels par rapport aux

autres méthodes disponibles et a un trés grand potentiel d'application.
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6.4.2 Progrés dans l'étude de la régulation hormonale de la

repolarisation

6.4.2.1 Identification du role crucial des hormones sexuelles miles dans la

différence male/femelle

Les résultats des études expérimentales effectuées jusqu'a ce jour montraient
qu'une administration d'androgénes était associée a des changements au niveau de la
repolarisation cardiaque.'"'>'* Nous avons été les premiers a révéler le role direct
de ces hormones dans la différence méle/femelle au niveau de la repolarisation. Nos
résultats démontrent que la déficience en androgénes abolit cette différence alors que
la présence d'androgénes permet son émergence. Ces conclusions ont été tirées
d'études effectuées sur divers modéles (voir Figure 12, p.248), ce qui constitue une
force de nos études. En effet, le nombre considérable de modeles étudiés dans cette
thése permet méme de tester la corrélation entre les niveaux d'androgenes et la
densité du courant impliqué dans la différence male/femelle. Le graphique suivant
regroupe les données des huit différents modeles de souris utilisés dans les différents
projets réunis dans cette thése et démontre qu'il existe une forte corrélation entre les

niveaux de DHT et la densité du courant I, (R=0.97, p< 0.0001)
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o (1) CD-1 Male 2-3 mois
» (2) CD-1 Male 4-5 mois
A (3) CD-1 Femelle

% (4) CD-1 ORC

X (5) CD-1 ORC + DHT
® (6) C578L/6 Male

lkur (+30 mV)

+(7) C57BL/6 Femelle

20 a . : X =(8) C57BL/6 Male + DHT

0 0,5 1 1,5
DHT (ng/ml)

Figure 12: Relation entre les niveaux de DHT et la densité de Ik, dans les différents
modeles de souris étudiés dans cette thése
ORC: castré ("orchiectomized™)

6.4.2.1.1 Mécanisme d'action des androgénes

L'originalité de nos études provient aussi du fait que nous avons suivi I'impact
des androgénes a plusieurs niveaux de la repolarisation ventriculaire (moléculaire,
cellulaire et cceur entier). Ainsi, dans tous les modéles utilisés, nous avons observé un
effet sur l'intervalle QTc, les potentiels d'action, le courant Ik, et son canal associé
Kv1.5. Ce suivi en profondeur nous a aussi permis d'identifier le mécanisme d'action
des androgénes : hausse du nombre de canaux K, augmentation subséquente de la
densité du courant et accélération de la repolarisation. Par ailleurs, les raisons
suivantes suggérent fortement que la hausse de la densité protéique résulte d'une

o e +
transcription accrue du canal K",

1. L'action principale des hormones sexuelles est la régulation de la transcription
via leurs récepteurs, qui sont considérés comme des facteurs de transcription;

2. Les ventricules de souris expriment les récepteurs aux androgénes;

3. 14 des 15 nucléotides consécutifs formant ['élément de réponse des
androgeénes sont présents dans le géne Kv1.5;”

4. Les niveaux d'ARNm de Kv1.5 sont plus abondants chez les souris CD-1

méles que femelles.''®
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6.4.2.1.2 Seuil d'androgénes nécessaire pour une action au niveau cardiaque

D'aprés nos études, il semble que les niveaux de testostérone et de DHT
circulants doivent dépasser un certain seuil pour induire les effets observés sur
I'électrophysiologie cardiaque. Par exemple, les souris C57BL/6 ne sont pas
complétement déficientes en hormones sexuelles méles : elles possédent des niveaux
d'androgeénes faibles qui assurent tout de méme une fonction reproductrice. Par
contre, ces niveaux ne semblent pas suffisants pour générer une différence reliée au
sexe dans la repolarisation cardiaque. I! est possible que le seuil d'androgénes requis
pour déclencher une action cardiaque soit plus élevé que celui du systeéme
reproducteur. Cette affirmation semble trés plausible en considérant que les organes
reproducteurs sont les tissus cibles des hormones sexuelles et sont vraisemblablement
plus sensibles a leur action. En fait, les récepteurs aux hormones sexuelles sont
beaucoup plus abondants dans les organes reproducteurs que dans le coeur.” D'autre
part, l'action des androgénes peut étre plus importante dans les testicules puisque ce
tissu est le site méme de la synthése des hormones sexuelles et que leurs

concentrations y sont plus élevées que dans le sang.''"'*’
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6.4.2.1.3 Durée d'exposition requise pour un impact sur la repolarisation

Qu'en est-il du temps d'exposition aux androgénes nécessaire pour induire des
effets sur l'activité électrique du ceeur? Dans nos études, nous avons obtenu des
réponses positives au traitement a la DHT chez les males C57BL/6 et CD-1 castrées
ayant été traités un et trois mois, respectivement. Dans une étude effectuée chez le
lapin, un raccourcissement de la repolarisation est survenu aprés 21 jours de
traitement 4 la DHT.'” Ainsi, trois a quatre semaines de traitement semblent
suffisantes pour générer des changements au niveau cardiaque. Il est peu probable
que cette période soit beaucoup plus courte puisque les androgénes exercent un effet
génomique, et donc a long terme, sur le cceur. De plus, deux études, dont une réalisée
pendant un de mes stages d'été au laboratoire (données non publiées), ont montré
qu'une exposition aigu€ a la DHT n'entrainait aucun changement au niveau des

+ . .
courants K* ou des potentiels d'action.'*

6.4.2.1.4 Durée de déficience requise pour un impact sur la repolarisation

L'impact d'un retrait d'hormones sexuelles males semble s'exercer beaucoup
plus lentement qu'une thérapie de remplacement. En effet, il a fallu attendre de trois &
quatre mois aprés la castration des souris CD-1 pour observer des différences
significatives dans la repolarisation ventriculaire. Les souris castrées étudiées de un a
deux mois aprés la chirurgie présentaient un phénotype intermédiaire mais non

statistiquement différent des males.

Il est possible que ce long délai soit dii au fait que les souris aient été exposées
aux androgénes avant d'étre castrées. En effet, les souris méles ont des taux de
testostérone considérables dés les premiers jours de vie'® alors que dans notre étude,
la castration survenait a 37 jours de vie. Ce choix d'dge était justifié d'une part par un
désir de ne pas perturber le développement normal des souris et d'autre part, par une
volonté de les castrer a I'aube de leur maturité sexuelle. Tel que mentionné dans la
section précédente, un mois d'exposition aux androgénes est suffisant pour induire

une réponse cardiaque. Il se peut donc que plusieurs mois de déficience soient
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nécessaires afin de renverser I'effet des androgénes sur le cceur, une cible secondaire

des hormones sexuelles.'*®

6.4.3 Importance du choix d'un modéle expérimental

La découverte de différences male/femelle dans la repolarisation cardiaque
chez la souris CD-1 a soulevé l'importance de comparer des groupes du méme sexe
pour toutes les études touchant I'électrophysiologie cardiaque. Dans la présente thése,
il a été¢ démontré que les souris C57BL/6 ne présentaient pas une telle différence.
Ainsi, cette directive ne s'appliquerait donc pas nécessairement a cette lignée. Il serait
toutefois recommandé de I'appliquer puisqu'il est important de contréler le plus de

paramétres possibles a I'intérieur d'une étude.

6.4.3.1 Niveaux d'hormones et maturité sexuelle

La similarité du phénotype électrophysiologique des souris C57BL/6 maéles et
femelles découlaient des faibles concentrations d'androgénes dans cette lignée. Ceci
fait en sorte que ces souris ne constituent pas un modeéle optimal pour l'étude de la
régulation hormonale de la repolarisation cardiaque. Puisque cette particularité n'était
pas apparente a premicre vue, il apparait crucial de doser les niveaux d'hormones
sexuelles males et femelles avant d'entreprendre de telles études. Pour les mémes
raisons, il serait préférable que tout modéle utilisé soit étudié aprés l'atteinte de sa
maturité sexuelle et avant la période de ménopause/andropause afin qu'il soit exposé a

des niveaux d'hormones maximaux.

6.4.3.2 Différence basale dans l'intervalle QTc¢

L'étude effectuée chez le cobaye nous a fait réfléchir a un autre critére que
devrait préférablement posséder un modele pour I'étude des différences male/femelle
dans la repolarisation. En plus d'avoir des profils sexuel et électrophysiologique
cardiaque semblables a I'humain, le modéle devrait présenter une différence reliée au
sexe dans l'intervalle QTc. Sans cette différence, les résultats expérimentaux sont

difficiles a interpréter. D'une part, la découverte d'une différence male/femelle au
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niveau cellulaire serait intrigante puisqu'elle n'aurait pas eu de répercussion au niveau
de l'intervalle QTc. D'autre part, une absence de différence au niveau cellulaire peut
simplement expliquer les intervalles QTc similaires des animaux maéles et femelles.
Bref, il est fortement recommandé de vérifier les intervalles QTc des males et des

femelles avant d'investiguer les mécanismes cellulaires électrophysiologiques.

6.5 Perspectives

6.5.1 Régulation cardiaque par les hormones sexuelles féminines

Le dévoilement d'une régulation de I'électrophysiologie cardiaque par les
hormones sexuelles méles ouvre la porte a I'étude des effets des hormones sexuelles
féminines. Comme pour les androgénes, les hormones sexuelles féminines se lient 4
leurs récepteurs et agissent comme facteurs de transcription. La présence de
récepteurs aux cestrogénes a ét¢ démontrée dans les coeurs de mammiféres tels la
souris, le rat et I'numain.”»*>'%! Récemment, un étudiant du laboratoire a démontré
que le récepteur ERa était surexprimé chez des souris ovariectomisées, ce qui prouve
que les myocytes ventriculaires répondent aux changements de concentration

d'hormones sexuelles féminines.'®!

Par ailleurs, des études ont démontré que les cestrogénes agissent au niveau

159-161 ot des muscles lisses de l'utérus.'**'6%

des canaux K" des artéres coronariennes
"% Le courant affecté dans le muscle utérin, Lo, est aussi présent dans le muscle
cardiaque de plusieurs especes dont la souris et 'humain. Tout récemment, Eghbali et
coll. ont montré que le courant I, cardiaque était aussi régulé par des variations
hormonales. En effet, la densité de ce courant ainsi que l'expression (ARNm et
protéine) de l'un de ses canaux associés, Kv4.3, étaient réduites chez des souris
enceintes. Les mémes changements étaient observés chez des souris OVX traitées aux
cestrogénes mais non chez celles traitées a la progestérone. La présence d'un
antagoniste spécifique des récepteurs aux cestrogénes, le ICI 182,-780, prévenait la

diminution de 'ARNm du canal Kv4.3, prouvant ainsi l'implication des cestrogénes et

de leurs récepteurs dans ce phénoméne.'®®
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De mon c6té, j'ai aussi étudié l'effet des hormones sexuelles féminines au
niveau de la repolarisation ventriculaire. A cette fin, j'ai comparé les durées de
potentiels d'action et les courants K* de souris femelles ovariectomisées ou non. Les
résultats obtenus sont les suivants:

1. Les durées de potentiels d'action mesurées & 90% de repolarisation étaient
plus courtes chez les souris OVX comparées aux femelles controles;

2. La densité du courant global K" sortant était plus élevée chez les OVX alors
que la densité du courant entrant était similaire entre les deux groupes;

3. L'augmentation du courant K* sortant reflétait une augmentation du courant I,
dans les myocytes de souris OVX. Les autres courants sortants (Ixu, Is)

étaient inchangés chez les OVX.

Ces résultats, combinés a ceux de Eghbali et coll., démontrent qu'une forte
présence d'cestrogenes (ex. fin de grossesse) ainsi qu'une absence (OVX) induisent
des changements au niveau du courant de repolarisation I,,. Par conséquent, se
pourrait-il que ces hormones soient impliquées dans la différence au niveau de

l'intervalle QTc?

A prime abord, cette hypothése parait séduisante. Premiérement, une
répression du courant Iy, par les cestrogénes expliquerait parfaitement la repolarisation
plus longue des femmes/femelles. Deuxiémement, l'absence du courant I, chez le
cobaye éclaircirait l'absence de différences male/femelle au niveau de l'intervalle QTc
chez cet animal. Toutefois, plusieurs observations sont défavorables a I'implication
des hormones sexuelles féminines dans ce phénoméne. Tout d'abord, le cycle

I'® et I'hormonothérapie'® n'affectent pas lintervalle QTc. Ensuite,

menstrue
I'intervalle QTc ne varie ni a I'adolescence, ni 4 la ménopause chez la femme.>? Ainsi,
I'intervalle QTc demeure inchangé dans tous les cas mentionnés ci-haut, pourtant
associés a des changements physiologiques notables d'hormones sexuelles féminines.
Tout récemment, une équipe a étudié le profil électrophysiologique des souris
oaERKO et BERKO, déficientes en récepteurs aux cestrogénes o et f3,
respectivement.'®” L'étude de la densité de 'ARNm du canal Kv4.3 a révélé une

densité réduite chez les souris BERKO. Etonnamment, cette réduction n'a eu aucun
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impact sur I'ECG puisque les intervalles PR, QRS, QT, QTc et RR étaient similaires
entre les souris aERKO, BERKO et les souris contrdles. Par contre, en situation
pathologique (infarctus), les souris BERKO présentaient une repolarisation prolongée
et une réduction des événements ventriculaires spontanés. Ainsi, I'impact de I'absence
du récepteur aux cestrogénes ERP et la réduction associée de Kv4.3 n'était pas
apparent en conditions physiologiques mais était dévoilé en situations pathologiques.
De fagon similaire, I'impact des cestrogénes sur les canaux potassiques pourrait &tre
subtil en conditions basales mais déterminant en conditions pathologiques.
Définitivement, d'autres études sont requises pour éclaircir le role exact des
aestrogenes au niveau cardiaque. Une attention particuliére pourrait notamment étre

portée au développement pathologique associé aux maladies liées a l'ischémie.

6.5.2 Suite des travaux sur I'action des androgénes

6.5.2.1 Effet des androgénes au niveau du promoteur de Kv1.5

Les études présentées dans cette thése démontrent clairement que le canal
Kv1.5 est régul€ par les androgénes. Bien que plusieurs observations suggérent que la
régulation hormonale se fasse au niveau transcriptionnel (voir section 6.4.2.1.1,
p.248), d'autres études sont requises pour confirmer cette affirmation. Il serait tout
particuliérement intéressant de tester l'impact des androgénes sur le promoteur du
géne Kv1.5. 1l serait d'abord important de vérifier si le géne Kv1.5 est régulé par les
androgénes dans ce systéme. Pour ce faire, des études de "Western blot" pourraient
étre effectuées sur des préparations de myocytes de souris nouveau-nées
préalablement transfectés avec le géne Kv1.5 et cultivés en présence ou en absence
d'androgenes. Par la suite, le géne Kv1.5 pourrait étre muté au niveau du promoteur
avant d'étre transfecté et stimulé a nouveau. Ces études permettraient de comprendre
I'implication du promoteur dans la régulation hormonale du géne Kv1.5. De plus, des
études subséquentes pourraient étre effectuées afin de déterminer quelle partie

spécifique du promoteur est impliquée dans cette régulation.
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6.5.3 Suite des travaux sur la différence reliée au sexe dans la

repolarisation cardiaque

Les études présentées dans cette thése exposent les mécanismes d'action
impliqués dans la différence male/femelle au niveau de la repolarisation cardiaque
chez la souris. Du méme fait, elles guident les futures recherches sur ce sujet. Plus
précisément, elles ciblent un canal K™ ventriculaire dont I'expression serait plus
abondante chez les hommes que chez les femmes, dii 4 un plus haut taux

d'androgenes.

Cette thése propose aussi plusieurs recommandations quant au choix du
modéle pour I'étude de ce phénoméne. Par contre, plus les critéres sont nombreux,
plus il devient difficile de trouver un bon modéle. Tel que mentionné dans
I'introduction, I'étude directe de I'humain a aussi ses propres limitations dont entre
autres, la difficulté d'isoler des myocytes de qualité. Les résultats présentés dans cette
thése permettent peut-étre de contourner cette limitation. En effet, puisque nos études
suggerent la présence d'une différence au niveau de l'expression d'un canal K*, une
analyse protéique du tissu ventriculaire pourrait répondre a I'hypothése, sans avoir a
enregistrer les courants K*. Il serait aussi intéressant d'étudier parallélement les
niveaux d'ARNm des diverses sous-unités responsables des courants K* et en
particulier, ceux de Kv4.3 et de KChIP2, pour les raisons énumérées a la section
6.3.1. La sélection des tissus humains devrait par contre étre extrémement rigoureuse

et respecter les critéres suivants :

1. Puisque le phénomene a I'étude est dépendant des androgenes, il est essentiel
que le donneur ait des niveaux d'hormones sexuelles normaux. Il ne devrait
donc pas avoir dépassé I'andropause. Contrairement a la ménopause,
I'andropause est un phénoméne graduel s'étalant sur plusieurs années et qui
survient relativement tard, aux environs de 60 & 80 ans.'®® Puisque la
variabilité des niveaux de testostérone entre les hommes de cet 4ge est trés
grande, il serait préférable de doser les niveaux d'hormones plutdt que
d'établir un critére de sélection selon I'dge, qui serait probablement trop

restrictif;
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2. Le ou la donneur(euse) ne devrait pas souffrir d'hypertrophie ventriculaire ou
d'insuffisance cardiaque puisque ces maladies sont associées a des
diminutions d'expression de canaux K*;'¢7-148

3. Les tissus devraient tous provenir de la méme chambre et de la méme couche
du cceur puisque les canaux K* sont exprimés de fagon hétérogéne a travers

les diverses parties du cceur.'®

Si ces conditions sont respectées et que le nombre d'échantillons est suffisant,

I'humain constituerait un bon modéle pour poursuivre ces recherches.

6.6 Commentaires finaux

Cette thése a mené a des avancements majeurs dans le domaine de la
régulation hormonale de I'électrophysiologie cardiaque. Entre autres, elle propose une
nouvelle méthodologie pour l'enregistrement des courants K chez la souris, elle
éclaircit les mécanismes responsables des différences reliées au sexe et elle souleve
I'importance du choix du modéle expérimental. L'avancement du savoir dans ces
domaines aidera a développer des stratégies thérapeutiques améliorées afin de

prévenir le développement de torsades de pointes chez la femme.
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