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Abstract

In the mammalian brain the shape of neuronal potentials is the result of the
sequential activation, inactivation and de-activation of several voltage gated (VG)
ion channels, belonging to different families. Indeed, ion channel expression and
distribution make up an essential part of a cells machinery, and mutations in these
channels can lead to severe diseases and disorders. Therefore, the biophysical
properties of ion channels are an important field of research, and the subject of this
thesis. Specifically, I investigated the contribution of VG Ca2+ channels (VGCC),
VG Na+ channels (VGNC), VG K+ channels (VGKC) and Ca2+ activated K+

channels (CAKC) to action potential (AP) initiation at the axon initial segment
(AIS) and AP back propagation (bAP) into the apical dendrite of layer 5 pyramidal
neurons (L5PN).

The methodology, described in the second chapter, consists of electrophysiological
recordings of L5PNs in acute mouse brain slices, combined with ultrafast imaging to
record the membrane potential (Vm), Ca2+ and Na+ transients and pharmacological
analyses using selective channel blockers. To confirm our experimental results
we develop computational models using the NEURON software. We show that
analysing VG channels in synergy is essential to understand their interactions and
their individual contributions to the AP.

The results of my work are reported in two chapters. Chapter 3 reports on a
study on AP generation in the AIS, driven by VGNCs. Nav1.2 and Nav1.6 are
the two expressed isoforms of VGNCs, and their role is crucial to the AP shape.
Studying these VGNCs has been limited by a lack of pharmacological tools to
distinguish between the two. Here, we used the novel peptide G1G4-huwentoxin-IV
and show its partial selectivity for Nav1.2 over Nav1.6. Exploiting this inhibitor
to partially block Nav1.2, we recorded the effect on Na+ currents, Vm waveforms
and Ca2+ currents associated with the AP. We demonstrate that the exclusive
permeability of Nav1.2 to Ca2+ allows activation of large conductance (BK) CAKCs
in the AIS. The interplay between Nav1.2, mediating the AP rise, and BK CAKCs,
regulating the peak and the early phase of the AP repolarisation, shapes the AP
waveform. To confirm our findings, we created a NEURON model of the AIS. This
allowed simulating the interaction between Nav1.2 and BK channels and mimic the
experimental results obtained by blocking Nav1.2 with G1G4-huwentoxin-IV.



Chapter 4 reports on the AP that back propagates into the dendrite after its
generation at the AIS. This bAP is associated with a large Ca2+ influx, which we
recorded ∼100 µm from the soma. We show that all neuronal VGCCs contribute
to the Ca2+ current. We show that a VGCC subtype, N-type VGCCs, mediate
activation of BK CAKCs through close functional coupling. Using Vm imaging
we show the effect of their interplay occurs in the 500 µs after the bAP peak but
before the expected Ca2+ current peak. This result suggests a physical interaction
between BK and N-type channels. We confirm these results with a preliminary
NEURON model, connecting the AIS and apical dendrite.

Taken together, we propose a dual, spatially restricted role of BK CAKCs.
Firstly by shaping the generating AP in the AIS through its interaction with
Nav1.2. Secondly by driving fast repolarisation through functional coupling with
N-type VGCCs during a bAP in the apical dendrite, in this way controlling the
activation of the other VGCCs.

The synergistic approach of analysing the contributions of the various VG ion
channels to the AP generation and back propagation allowed for the discovery of
the close functional coupling between BK CAKCs and Nav1.2 and N-type VGCCs
in the AIS and apical dendrite, respectively. Together with our modelling efforts,
these experiments provide a basis to study the dysfunction of VG ion channels
in neuropathologies, such as autism and epilepsy.



Résumé en français

Dans le cerveau des mammifères, la forme des potentiels neuronaux est le résultat de
l’activation, de l’inactivation et de la désactivation séquentielles de plusieurs canaux
ioniques potentiel-dépendants (PD), appartenant à différentes familles. L’expression
et la distribution des canaux ioniques constituent une partie essentielle de la
machinerie cellulaire, et les mutations de ces canaux peuvent entraîner des maladies
et des troubles graves. Par conséquent, les propriétés biophysiques des canaux
ioniques constituent un domaine de recherche important, dans lequel s’inscrit cette
thèse. Plus précisément, j’ai étudié la contribution des canaux PD Ca2+ (CDPC),
des canaux PD Na+ (CPDN), des canaux PD K+ (CPDK) et des canaux K+ activés
par le Ca2+ (CKAC) à l’initiation du potentiel d’action (PA) au segment initial de
l’axone (SIA) et à la rétro-propagation du PA (rPA) dans la dendrite apicale.

Chapitre 1 - Introduction
Les neurones, et en fait toutes les cellules, ont un potentiel de membrane (Vm) au
repos dû à l’existence d’un potentiel électrique à travers la membrane (Nicholls
2012). Ce potentiel membranaire résulte de concentrations ioniques différentes
dans les espaces intra- et extracellulaire, que le membrane plasmique délimite.
Plus précisément, de faibles concentrations intracellulaires de Na+ et Ca2+ et de
fortes concentrations de K+, par rapport à l’espace extracellulaire, entraînent
un Vm de ∼-70 mV.

Les canaux ioniques potentiel-dépendants dans les neurones
pyramidaux
Incorporés à la membrane, de grands complexes protéiques agissent comme des portes
entre l’extérieur des cellules et le cytoplasme. Ces canaux ioniques PD permettent
la circulation d’espèces ioniques sélectionnées, de la même manière que les fils
métalliques permettent la circulation des électrons. L’activation, l’inactivation et la
désactivation séquentielles des canaux ioniques PD, entraînées par des changements
du Vm, génèrent et façonnent les PA. Les PA sont caractérisés par une forte
augmentation du potentiel membranaire médiée par les CPDN après le dépassement
d’un certain seuil (dépolarisation), suite à laquelle le potentiel atteint un pic puis



diminue vers le potentiel de repos (-70 mV) (repolarisation) sous l’effet de l’activation
des CPDK et des CKAC, puis peu s’ensuivre d’une post-hyperpolarisation (PHP)
au cours de laquelle le potentiel membranaire tombe en dessous du potentiel
membranaire de repos avant de revenir lentement au Vm.

L’expression des canaux ioniques varie entre les types de cellules neuronales, et
entre les compartiments d’une même cellule. Par exemple, les courants entrants par
les CPDC peuvent augmenter et prolonger la dépolarisation. Dans le même temps,
l’entrée de calcium dans la cellule peut générer des courants potassiques sortants
par les CKAC et ainsi raccourcir le potentiel d’action. Ainsi, les caractéristiques
de tout potentiel d’action donné dépendent des types de canaux ioniques présents
dans la membrane et de la manière dont les courants passant par ces canaux
interagissent (Nicholls 2012).

Dans cette thèse, je concentre mes recherches sur les neurones pyramidaux
de la couche 5 (NPC5). Les cellules pyramidales sont l’un des neurones les plus
abondants dans le cortex cérébral des mammifères (Elston 2003). Ces grandes
cellules sont la principale source de sortie corticale et sont donc des intégrateurs
cruciaux dans les circuits corticaux (Hoffman 2013).

Génération du potentiel d’action au segment initial de l’axone
Le site de génération des PA dans les NPC5, et dans la plupart des neurones,
est le segment initial de l’axone (SIA). La forme de l’onde du PA dans le SIA
est le résultat d’une cascade d’événements, dont le premier est l’activation des
CPDN, permettant au Na+ d’entrer dans la cellule et provoquant une dépolarisation
rapide. Dans le SIA des neurones pyramidaux excitateurs, Nav1.2 et Nav1.6 sont
les deux isoformes de CPDN présentes (Tian et al. 2014), et la compréhension
du rôle fonctionnel de ces deux canaux est donc fondamentale pour relier la
forme du PA à la séquence ultérieure d’étapes d’activation et de désactivation
des canaux ioniques. Plus précisément, dans les NPC5 néocorticaux, ces deux
canaux ont des distributions axonales (Hu et al. 2009) et des propriétés biophysiques
(Rush et al. 2005) différentes. Jusqu’à récemment, l’étude de l’activation et de
la signalisation d’une isoforme spécifique du CPDN a été limitée par une série
d’obstacles expérimentaux. Premièrement, bien que partiellement sélectifs, les
bloqueurs de CPDN agissent sur plusieurs isoformes, et une sélectivité acceptable
entre Nav1.2 et Nav1.6 n’a pu être obtenue jusqu’à présent. Deuxièmement, la
distribution inhomogène des CPDN, ainsi que la dépendance du site de la forme de
l’onde PA, nécessitent l’enregistrement des concentrations d’ions et des variations
de Vm à hautes résolutions spatiale et temporelle pour une bonne compréhension
du rôle de chaque sous-type de canal. Enfin, la modification des transitoires Vm

induite par l’inhibition du CPDN affecte l’activation des autres canaux ioniques PD



impliqués dans la formation du PA. Cette importante synergie de divers canaux
ioniques, qui sous-tend la génération du PA, rend nécessaire l’analyse combinée
de tous ces canaux. Le chapitre 3 s’attache à aborder ces questions, sur la base
du développement récent d’un peptide muté à partir d’une toxine animale de type
sauvage, qui bloque partiellement mais sélectivement Nav1.2 par rapport à Nav1.6.

Rétro-propagation du potentiel d’action dans la dendrite api-
cale
Un PA déclenché au SIA ne se déplace pas seulement le long de l’axone, mais se
propage également dans la dendrite : on parle de la rétro-propagation du potentiel
d’action (Stuart and Sakmann 1994). Le rPA est associé à une augmentation rapide
de la concentration de Ca2+ dans la dendrite. Cette augmentation est associée à
plusieurs événements neuronaux, tels que l’intégration et la plasticité synaptiques
(Bereshpolova et al. 2007), la génération de pointes de calcium (Larkum et al.
1999a), la libération dendritique de neurotransmetteurs (Kaiser et al. 2004) et la
mise en forme des signaux synaptiques entrants (Bloodgood and Sabatini 2007;
Waters et al. 2005). Des analyses pharmacologiques effectuées sur des neurones
pyramidaux dissociés (Stewart and Foehring 2000) et sur des NPC5 provenant de
tranches de cerveau (Almog and Korngreen 2009; Markram et al. 1995) ont montré
que tous les CCPD activés par haute tension (HVA), à savoir les types L, P/Q, N
et R, contribuent au courant dendritique de Ca2+ médié par la rPA, mais que les
CCPD activés par basse tension (LVA) (type T) peuvent également y contribuer
puisque l’expression de ces canaux dans ce type de neurones a été observée (Talley
et al. 1999). Après le courant de Ca2+, les protéines de liaison au Ca2+ peuvent être
activées par une élévation non-sélective du Ca2+ cytosolique (Ghosh and Greenberg
1995), et dans ce cas, ces protéines peuvent également être activées par des ions
Ca2+ provenant de toute source contribuant au signal. Par ailleurs, les protéines de
liaison au Ca2+ peuvent être activées de manière plus sélective par une source de
Ca2+ physiquement couplée. Dans ce cas, la protéine peut subir une élévation de
Ca2+ plus importante dans un nanodomaine restreint adjacent à la source de Ca2+

spécifique, alors que les ions Ca2+ provenant d’autres sources sont moins efficaces.
Les CPDC dans les dendrites des neurones pyramidaux ciblent, entre autres

protéines, les canaux K+ activés par le Ca2+ (CKAC), en particulier les CKAC SK
et BK (Sah and Davies 2000). Ces deux canaux peuvent être couplés physiquement
à une source de Ca2+ (Vierra and Trimmer 2022), mais il a été suggéré que les
CKAC BK doivent être localisés plus près de la source de Ca2+ pour assurer une
activation dépendante et fiable du Ca2+, car ils ont une affinité plus faible pour
le Ca2+ par rapport aux CKAC SK (Fakler and Adelman 2008). Dans des patchs
fixés sur les cellules de neurones pyramidaux isolés de l’hippocampe CA1, il a été



démontré que les CPDC de type L activent exclusivement les CKAC SK, tandis que
les CPDC de type N activent exclusivement les CKAC BK (Marrion and Tavalin
1998). En revanche, des enregistrements par patch-clamp de cellules entières de
neurones pyramidaux néocorticaux fraîchement dissociés ont montré que les BK
CKAC sont activés à la fois par les CPDC de type L et de type N dans cette
préparation (Sun et al. 2003), ce qui est cohérent avec les résultats selon lesquels
les CPDC de type L (Grunnet and Kaufmann 2004) et les CPDC de type N (Loane
et al. 2007) peuvent s’associer moléculairement aux BK CKAC. Enfin, il a été
rapporté que les canaux SK sont sélectivement activés par les CPDC de type R dans
les dendrites basales adjacentes aux épines dendritiques (Jones and Stuart 2013).
D’un point de vue fonctionnel, les rôles des CKAC SK et BK semblent différents
(Sah and Davies 2000). Plus précisément, les CKAC SK régulent la forme de l’onde
du PA pendant la phase moyenne et tardive de la repolarisation du PA avec une
variabilité qui dépend de la source de Ca2+ et des types de neurones (Bond et al.
2004; Pedarzani and Stocker 2008). En revanche, les CKAC BK, fonctionnellement
exprimés dans les dendrites des NPC5 (Benhassine and Berger 2005; Kang et al.
2000), régulent le PA dans la phase précoce de repolarisation (Sun et al. 2003),
lorsque le potentiel de membrane (Vm) est dépolarisé, ce qui est cohérent avec la
dépendance en tension du canal (Cui 2010). L’interaction étroite entre la source de
Ca2+ et le CPDC BK implique non seulement un couplage sélectif, mais aussi une
capacité d’activation du canal K+ à une échelle de temps inférieure à la milliseconde
(Berkefeld et al. 2006). La cinétique d’activation et de désactivation des CPDC,
cependant, est de l’ordre de 1 ms (Kay and Wong 1987), ce qui soulève l’hypothèse
d’une cinétique d’activation plus rapide pour les CKACs BK. Le chapitre 4 rapporte
l’investigation de cette hypothèse et le rôle du couplage spécifique entre les CPDCs
et les CKACs pendant les rPAs dans la dendrite apicale des NPC5s.

Chapitre 2 - La méthodologie
La méthodologie, décrite au chapitre 2, consiste en des enregistrements électro-
physiologiques des NPC5s dans des tranches fines de cerveau de souris, combinés
à (i) une imagerie ultrarapide pour enregistrer le potentiel membranaire (Vm) et
les courants des Ca2+ et Na+, et (ii) à des analyses pharmacologiques utilisant des
bloqueurs sélectifs de canaux. Pour confirmer nos résultats expérimentaux, nous
développons des modèles computationnels en utilisant le logiciel NEURON. Nous
montrons que l’analyse du système de canaux PD ensemble est essentielle pour
comprendre leurs interactions et leurs contributions individuelles au PA.



Chapitre 3 - Etude des canaux ioniques potentiel-
dépendants impliqués dans la génération du po-
tentiel d’action
Le courant de Na+ associé au PA est caractérisé par une composante inactivante
rapide et par une composante non-inactivante (Astman 2006). Les souris déficientes
en Nav1.6 sont caractérisées par une réduction du courant Na+ non-inactivant
(Katz et al. 2018), tandis que les souris déficientes en Nav1.2 sont caractérisées
par une réduction de l’excitabilité dendritique et de la fonction synaptique (Spratt
et al. 2019). Enfin, il a été récemment découvert que les canaux Nav1.2 sont
non seulement perméables au Na+, mais aussi au Ca2+, et qu’un influx de Ca2+

médié par les CPDN se produit pendant le PA dans le SIA (Hanemaaijer et al.
2020). Le rôle précis de Nav1.2 et Nav1.6, cependant, et leurs contributions à la
génération du PA restent à comprendre. Les dysfonctionnements de ces canaux
sont à l’origine de troubles neuronaux chez les patients porteurs de mutations
critiques dans leurs gènes codants. Dans le cas de Nav1.2, plusieurs versions du
gène provoquent divers syndromes neuropsychiatriques, notamment des épilepsies
avec différents degrés de gravité, une déficience intellectuelle et un autisme avec
ou sans crises d’épilepsie (Hedrich et al. 2019). De même, les canalopathies de
Nav1.6 sont associées à des cas rares mais graves d’encéphalopathie épileptique
(Mantegazza et al. 2021). Il est clair que comprendre les processus de signalisation
déclenchés par les CPDN est une étape importante pour le développement de
stratégies thérapeutiques innovantes visant ces pathologies génétiques, mais cet
objectif nécessite d’abord une compréhension approfondie de la contribution de
chaque sous-type de canal à l’excitabilité neuronale.

Dans ce chapitre, nous démontrons que la perméabilité exclusive de Nav1.2 au
Ca2+ permet l’activation des CKACs BK dans le SIA. De cette façon, l’interaction
entre Nav1.2, médiateur de la montée du PA, et les canaux BK, qui régulent le pic
et la phase précoce de la repolarisation du PA, façonne la forme de l’onde du PA au
site de génération. Pour parvenir à cette importante conclusion, nous avons combiné
des techniques d’imagerie ultrarapide avec des analyses pharmacologiques utilisant
des bloqueurs de canaux sélectifs. Le plus importante des molécules utilisées cette
étude est la G1G4-huwentoxin-IV, mutée à partir du huwentoxin-IV, un peptide
de l’araignée-oiseau chinoise Haplopelma schmidti (Xiao et al. 2011). En utilisant
ce puissant inhibiteur de Nav1.2, suffisamment sélectif contre Nav1.6, nous avons
pu bloquer, de manière fiable, 30-40% de Nav1.2 dans le SIA des NPC5. Ceci a
permis l’étude détaillée des courants Na+, des formes de l’onde Vm et des courants
Ca2+, associés à la génération du PA, dans le SIA. Nous avons ensuite analysé le
changement de la forme de l’onde du PA produit par le blocage sélectif de différents



types de CKAC, qui établit finalement l’interaction entre les canaux Nav1.2 et
BK. En particulier, plusieurs autres canaux contribuent au processus précoce de
génération et de propagation du PA. Nous avons alors créé un modèle NEURON
qui s’ajoute aux modèles précédemment développés pour le SIA des neurones
pyramidaux L5 (Fleidervish et al. 2010; Hallermann et al. 2012; Hu et al. 2009; Kole
et al. 2008) et qui reproduit nos résultats expérimentaux. Grâce à ce modèle, nous
avons pu simuler l’interaction fonctionnelle entre Nav1.2 et les canaux BK, et imiter
les résultats expérimentaux obtenus en bloquant Nav1.2 avec G1G4-huwentoxin-IV.

Chapitre 4 - Etude des canaux ioniques potentiel-
dépendants impliqués dans la rétro-propagation du
potentiel d’action dans la dendrite apicale
Dans le chapitre suivant, nous fournissons des preuves cinétiques d’une interaction
physique et fonctionnelle entre les CPDC de type N et les CKAC de type BK qui
proviennent à nouveau de l’analyse d’expériences d’imagerie ultrarapide du Vm

et du Ca2+. Plus précisément, nous avons analysé le rPA et le courant de Ca2+

associé à une résolution temporelle de 50 µs dans la dendrite apicale des neurones
pyramidaux L5, et nous avons corrélé la cinétique de la forme de l’onde du rPA
avec celle du courant Ca2+. Les CKACs BK contribuent à la repolarisation du rPA
avant le pic du courant Ca2+. En particulier, cette contribution est exclusive de la
partie proximale de la dendrite apicale (∼100 µm du soma), alors qu’il a été montré
que ce phénomène est absent dans la partie distale des NPC5 (Bock and Stuart
2016). Nous avons ensuite construit un modèle NEURON qui a confirmé que nous
pouvons expliquer un phénomène déclenché par le Ca2+, se produisant avant le
pic de courant de Ca2+ attendu, que si la source de Ca2+ et sa cible interagissent
physiquement. Par conséquence, l’activation complète de la cible se produit avant
l’équilibrage du Ca2+ dans le cytosol, finalement régi par la pente du courant Ca2+.
La première conséquence biophysique importante de cette découverte est que seule
une fraction de l’influx initial de Ca2+ provenant d’une source particulière peut
déclencher un processus, alors que le reste du Ca2+ contribue à l’augmentation de
la concentration intracellulaire de Ca2+. La deuxième conséquence importante est
que, de cette façon, un CPDC peut réguler à la baisse l’influx global de Ca2+, car il
peut changer le profil du Vm pendant la phase d’ouverture des autres CPDC.

Chapitre 5 - Discussion et conclusions
Dans l’ensemble, nous proposons un rôle double et spatialement restreint des
CKACs BK. Premièrement, en façonnant le PA générateur dans le SIA par son



interaction avec Nav1.2. Ceci est dû à l’observation confirmée que les canaux
Nav1.2 médient l’influx de Ca2+. Il est important de noter que ce courant Ca2+

précoce, dont la cinétique est similaire à celle du courant Na+, permet la liaison du
Ca2+ à ses cibles avant que le PA n’atteigne son pic. Ceci est crucial puisque les
CKACs BK nécessitent une liaison Ca2+ et une dépolarisation simultanées pour
s’ouvrir (Cui et al. 2009). Au pic du PA, les canaux BK contribuent au courant K+

total qui contrebalance le courant Na+ non activé, avec les divers canaux K+ PD
exprimés dans le SIA (Trimmer 2015). Ainsi, une diminution du courant Nav1.2 est
contrebalancée par une diminution du courant BK, ce qui entraîne un élargissement
de la phase précoce de la repolarisation du PA avec un changement modeste du pic
du PA. L’interaction entre les canaux Nav1.2 et BK est donc un elément majeur
du pic du PA et un régulateur clé de la forme du PA.

Deuxièmement, les canaux BK CKACs entraînent la repolarisation rapide au
moyen d’un couplage fonctionnel avec les CPDCs de type N, pendant les rPAs
dans la dendrite apicale. Comme les canaux BK peuvent s’activer à une échelle de
temps inférieure à la milliseconde, la forme du rPA à proximité de son pic est régulé
et, par conséquent, les autres conductances PD modulée, y compris les CPDC, ce
qui se traduit finalement par une régulation du courant du Ca2+ cytosolique. La
signification fonctionnelle de l’activation sub-milliseconde des CKACs BK menant
à une régulation du courant de Ca2+ cytosolique reste uncompris. Il a été montré,
dans les neurones pyramidaux de l’hippocampe CA1, que les BK CKACs facilitent
le déclenchement à haute fréquence (Gu et al. 2007), mais dans ce cas, une grande
contribution de ces canaux est observée dans la phase ultérieure de la repolarisation
du rPA. En revanche, dans les neurones pyramidaux L5, les CPDC BK n’affectent
pas les schémas de déclenchement mesurés dans le soma, mais les canaux BK
dans les épines à faible volume de tête sont également activés localement par le
Ca2+ synaptique, et leur rôle est de réguler à la baisse l’amplitude des potentiels
synaptiques excitateurs (Tazerart et al. 2022). Par conséquent, si l’activation
des canaux BK CKAC par les CPDC de type N est maintenue dans ces épines
et se produit avant l’activité synaptique, cela pourrait empêcher la poursuite de
l’activation des canaux BK par le Ca2+ synaptique, conduisant à une modulation
de l’entrée synaptique. En ce qui concerne la régulation de l’élévation du Ca2+

cytosolique dans la masse dendritique, qui est observée dans cette étude, elle
pourrait jouer un rôle dans la modulation du Ca2+ des protéines qui interviennent
pendant l’activité de déclenchement.

L’analyse des contributions du système des différents canaux ioniques PD à
la génération et à la rétro-propagation du PA a permis de découvrir le couplage
fonctionnel entre les CKAC BK et les CPDC Nav1.2 et de type N, dans le SIA
et la dendrite apicale, respectivement. Associées à nos résultats de modélisation,
ces expériences fournissent une base pour étudier le dysfonctionnement des canaux
ioniques PD dans les neuropathologies, telles que l’autisme et l’épilepsie.
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The brain is a world consisting of a number of
unexplored continents and great stretches of unknown
territory.

— Santiago Ramón y Cajal
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The first recognition of individual brain cells, or neurons was driven by the
pioneering work of Ramón y Cajal. His neuroanatomical studies (see figure 1.1),
thanks to the Golgi staining method named after its inventor, showed the first
evidence of the existence of axonal growth cones. Contrary to popular opinion at the
time, he demonstrated that the relationship between neurons was not continuous,
but that brain cells are individual cells (Finger 2000). His neuron doctrine laid
the foundation for cable theory, which observes neural structures as circuits and
uses mathematical models to calculate the electric current along passive membranes

1
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Figure 1.1: Drawing from cortical cells by Ramón y Cajal. Three different drawings
side by side from a cross section of the neocortex. At the top layer I, at the bottom layer
VI. From Newman et al. 2017

in neurons (Lorente de Nó and Davis 1947). In 1906 Cajal received the Nobel
Prize in Physiology or Medicine together with Camillo Golgi in recognition of their
work on the structure of the nervous system.

The first intracellular measurements of neuronal signals or action potentials
(APs) became possible after the introduction of the Giant Squid Axon, which was
large enough for insertion of regular electrodes (Young 1938). This set-up led to the
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most ground-breaking research in the field of electrophysiology by Alan Hodgkin
and Andrew Huxley. They performed the first intracellular measurements of APs
(Hodgkin and Huxley 1939). Later, they developed the first voltage clamp approach
which led to a biophysical model of the AP, formalised by a set of mathematical
equations. Their milestone work was published in five consecutive papers in 1952
(Hodgkin and Huxley 1952a,b,c,d; Hodgkin et al. 1952). This work became known
as the Hodgkin-Huxley model of the AP and eventually earned them the Nobel
Prize in Physiology or Medicine in 1963. In their mathematical analysis, Hodgkin
and Huxley described the conductances of sodium (Na+) and potassium (K+) ions
in the active propagation of the AP in the axon.

The first evidence that not only axons but also dendrites contain active con-
ductance came shortly after that, from measurements in pyramidal cells in the
rabbit (Cragg and Hamlyn 1955). Also around this time, the existence of calcium
(Ca2+) conductance in excitable membranes was introduced, due to the unexpected
observation that electrical responses persisted in sodium-free media (Fatt and
Ginsborg 1958).

Although Bernard Katz already submitted the idea of ion channels (del Castillo
and Katz 1954), it took the invention of the patch clamp technique to allow
the recording of currents through single channels (Neher and Sakmann 1976a,b;
Neher et al. 1978). To form a patch, Neher and Sakmann (1976b) used suction to
attach a micro-pipette filled with electrolyte solution to a neuronal membrane. By
forming a high-resistance seal, a patch of the membrane is isolated which allows
the measurement of the flow of currents across this section of the membrane.

Now over 100 different ion channels have been described and identified. Moreover,
neurons may express dozens of different ion channels in their membranes, who’s
densities vary depending on the cellular compartment (Hille 2001). Ion channel
expression and distribution make up an essential part of a cells machinery for
neuronal signalling, and mutations in these channels can lead to severe diseases
and disorders (Catterall et al. 2008). Therefore, the biophysical properties of ion
channels are a fascinating field of research, and the subject of this thesis.

In the following sections, I will summarise the state of the art on voltage gated ion
channel research and knowledge. I will explain the basic principles behind the resting
membrane potential and ion conductance. Then I will focus on AP generation and
backpropagation, specifically in layer 5 pyramidal neurons. Lastly, I will introduce
the relevant ion channels and state the research questions addressed in this thesis.
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Figure 1.2: Representation of the amino acid sequence relations of the minimal pore
regions of the voltage-gated ion channel superfamily. This global view of the 143 members
of the structurally related ion channel genes highlights seven groups of ion channel
families and their membrane topologies. Four-domain channels (Cav and Nav) are
shown as blue branches, potassium selective channels (K) are shown as red branches;
cyclic nucleotide–gated channels are shown as magenta branches; and transient receptor
potential (TRP) and related channels are shown as green branches. Background colors
separate the ion channel proteins into related groups: light blue, Cav and Nav; light
green, TRP channels; light red, potassium channels, except Kv10–12, which have a cyclic
nucleotide–binding domain and are more closely related to CNG and HCN channels; light
orange, Kv10–12 channels and cyclic nucleotide–modulated CNG and HCN channels. The
branches in the tree relate to the genetic similarities between the channel families. From
Yu and Catterall (2004)
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1.1 Voltage gated ion channels: a brief overview
Ion channels are pores spanning the cellular membrane and are formed by one or
more proteins. Generally speaking, ion channel complexes consist of a central α

subunit, and multiple auxiliary subunits, such as β and γ subunits, that modulate
the functioning of the channel. Together, the pore-forming α subunits form the ion
channel super family, which is composed of eight smaller families: voltage-gated
sodium (Nav or VGNC), calcium (Cav or VGCC), and potassium channels (Kv or
VGKC); calcium-activated potassium channels (KCa or CAKC); cyclic nucleotide-
modulated ion channels; transient receptor potential (TRP) channels; inwardly
rectifying potassium channels (Kir); and two-pore potassium channels (K2P ) (Yu and
Catterall 2004) (see also figure 1.2). The ion channel members share a common pore-
forming structure with varying ion selectivity filters, gating structures, ligand binding
domains and voltage sensors. Here I will mostly focus on the voltage gated members.

1.1.1 Voltage gated sodium channels

After the recording of sodium currents by Hodgkin and Huxley (1952b), detailed
analyses of sodium channel function led to the first mechanistic models of ion
conductance (Armstrong 1981). These inspired the development of new techniques
to study ion channel currents and purify these proteins, which eventually resulted
in the discovery of the sodium channel protein (Beneski and Catterall 1980). By
cloning the channel (Noda et al. 1986) and resolving parts of the three dimensional
structure (Pérez-García et al. 1996; Rohl et al. 1999; Sato et al. 2001), various
auxiliary subunits were identified, that complete the channel into a multimeric
structure (Hartshorne et al. 1982). Now, ten different VGNC α subunits (Nav1.1-9
and Navx) have been identified (figure 1.3), of which isoforms Nav1.1, Nav1.2,
Nav1.3, and Nav1.6 are mainly expressed in the central nervous system.

Although the full structure of the sodium channel remains to be fully understood,
we have already learned much about the function of the channel from its structure
(Catterall 2000). For example, the principal α subunits are assembled from four
homologous domains, each containing six membrane spanning helices (S1-S6). S1-
S4 are the voltage sensing domains of the channels and are arranged around S5
and S6, which form a cylindrical shape with an opening, the pore, in the middle
(Catterall et al. 2005a). VGNC α subunits associate with one or two β subunits,
but they can also form functional channels on their own (Catterall 2017). However,
Isom et al. (1995) showed that the β subunits are required for normal kinetics
and voltage dependence of gating.
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Figure 1.3: Amino acid sequence similarity and phylogenetic relationships of voltage-
gated sodium channel α subunits. A, Amino acid similarity of rat VGNCs, showing a
difference of ∼8 % between Nav1.2 and Nav1.6. B, Phylogenetic tree from rat VGNC,
drawn based on an analysis determining the genetic homology between the different
subunits. From Catterall et al. (2005a).

Voltage-dependent activation of VGNCs is mediated by the movement of charge
carried by the S4 helix through the membrane. These gating charges are stabilised by
the formation of ion pairs with neighbouring residues. Essentially, voltage sensing is
the exchange of those ion partners causing S4 to change position, forcing the S5 and
S6 helixes to shift which forces the pore to an open state (Yarov-Yarovoy et al. 2012).
Once opened, the selectivity of VGNCs for Na+ is due to the side chains of four
amino acids residues between S5 and S6 (Heinemann et al. 1992), which conduct Na+

about 10-fold faster than K+ or Ca2+ (Hille 1971). After rapid activation follows a
second fast-gating process, namely the voltage-dependent fast inactivation, which is
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Figure 1.4: Sequence similarity of voltage-gated calcium channel α1 subunits. Com-
parison of the membrane spanning regions and pore-forming sequences. Channels are
mentioned by their protein name (Cav), gene (α1 or CACNA1) and current type. HVA
= high voltage activated, LVA = low voltage activated. Image from Pallone et al. 2018.

mediated by a cytoplasmic helix structure that blocks the pore within 1-2 ms after
opening (Stühmer et al. 1989). This rapid inactivation controls sodium conductance,
and allows VGNCs to open in rapid succession to mediate trains of electrical signals.

After inactivation VGNCs cannot reopen until they have recovered, which is
time dependent and influenced by associated β subunits (Savio-Galimberti et al.
2012). This mechanism protects the cell and prevents firing during prolonged
depolarization (Goldin 2003).

1.1.2 Voltage gated calcium channels

Similarly to VGNCs, the biochemical characterisation of VGCCs shows that
these are large protein complexes composed of four or five subunits, which are
encoded by multiple genes. The pore is formed by the α1 subunit, which has
four homologues domains which include the voltage sensor, whereas the other
subunits and seconds messengers regulate the channel function. VGCCs are over
1000-fold more selective for Ca2+ over Na+ or K+ (Hess and Tsien 1984), which is
determined by a glutamic acid repeat exactly in the same place as the selectivity
filter in VGNCs (Heinemann et al. 1992).

Most VGCCs have auxiliary subunits such as the intracellular β subunit, γ

subunit and membrane bound α2δ complex. Although these subunits modulate the
channel properties and functioning, the diversity of VGCCs arises from the different



1. Introduction 8

subtypes of the α1 subunit (figure 1.4) (Catterall et al. 2005b). VGCCs can be
divided in high-voltage-activated (HVA) channels, which give rise to Cav1 (L-type
current) and Cav2 channels (N-type, P/Q-type and R-type currents) and low-voltage-
activated (LVA) channels which are the Cav3 channels (T-type current) (figure 1.4).

1.1.2.1 Cav1 calcium channels

L-type channels are present in all excitable cells, and many types of non-excitable
cells as well (Tsien et al. 1991). In neurons, 90% of L-currents are mediated by the
Cav1.2 subunit, which are primarily present on post-synaptic sites, cell bodies and
proximal dendrites (Hell et al. 1993; Sinnegger-Brauns et al. 2009). Their current
was named L-type for long-lasting, as open channels do not inactivate significantly
for hundreds of milliseconds (Scott et al. 1991).

1.1.2.2 Cav2 calcium channels

Cav2.1 and Cav2.2 channels are associated with the initiation of synaptic trans-
mission at synapses (Olivera et al. 1994; Wessler et al. 1990). They share an
intracellular loop with domains that can interact with synapse-associated proteins
(Lévêque et al. 1994; Sheng et al. 1994). Neurotoxins produced by cone snails
and spiders that target these channels specifically block fast synaptic transmission,
thereby paralysing the organism (Dutar et al. 1989; Olivera et al. 1994).

Cav2.2 gives rise to the P- and Q-currents through alternative splicing (Bourinet
et al. 1999). The P-type channel is named for the Purkinje cell in which the
current was first recorded (Regan et al. 1991).

N-type currents, mediated by Cav2.2 VGCCs, were described together with L-
and T-type channels by Nowycky et al. (1985) in dorsal root ganglion neurons.
N-type channels, which received their name due to their difference from L- and
T-type channels and primarily neuronal expression (’N’ for neither or neuronal),
were distinguishable because they required strong negative potentials for complete
removal of inactivation (unlike L) and strong depolarizations for activation (unlike
T) (Perez-Reyes 2003).

The last of the Cav2 channels is the Cav2.3 or R-type channel, for residual or
resistant, was the last VGCC to be identified as this channel is resistant to L-, N-
and P/Q-type channel blockers (Randall and Tsien 1995). Not much is known about
this channel, but expression of R-type channels in the cortex is mostly confined to
the soma, with little channels in the dendrites (Yokoyama et al. 1995).
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Figure 1.5: Classification of potassium ion channels. TMD, transmembrane domain;
KAT P , ATP-sensitive K+ channel; Kir, inward-rectifier channel; Kv, voltage-gated
K+ channel; EAG, ether-á-go-go channel; KCa, Ca2+-activated channel; BKCa, large
conductance KCa channel; SKCa, small conductance KCa channel. From Zhong et al.
(2013).

1.1.2.3 Cav3 calcium channels

T-type currents are mediated by Cav3.1-3. These channels have the smallest
conductance of the VGCCs, but activate at much lower potentials than the HVA
VGCCs, between -65 and -50 mV (Perez-Reyes 2003). T-type channels are known
for their role in thalamic oscillations, due to their low-activation threshold that
triggers rhythmic burst firing (Cueni et al. 2008). They are present in the neocortex
as well, with highest expression in soma and dendrites (Child and Benarroch
2014; Talley et al. 1999).

1.1.3 Potassium channels

The potassium channel family is the largest known ion channel family, including sev-
eral sub families: the voltage gated members, CAKCs, Kir’s and K2P ’s (figure 1.5).

1.1.3.1 Voltage gated potassium channels

The VGKCs are responsible for the repolarisation of the AP, and their activation
is triggered by a rise in membrane potential. Over 40 genes encode this large
channel family, giving rise to extraordinary diversity (figure 1.6). The first VGKC
was cloned from Drosophila before any biochemical purification of these channels
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(Papazian et al. 1987). As for the other families, the pore is formed by the
α subunit which has six membrane spanning domains, of which the positively
charged S4 gives the channels their voltage sensitivity. In contrast to VGNCs,
four channel subunits are required to form a functional channel, which may be
homotetramers or heterotetramers formed from different subunits within the same
family. In addition, accessory proteins modify individual channel characteristics,
as do modifier subunits. This is a subgroup of channels that are not functional
on their own, but modify or silence other VGKCs by forming heterotetramers.
The Kv5, Kv6, Kv8 and Kv9 families belong to this group. Lastly, during protein
production alternative splicing mechanisms and post-translational modifications
may alter channel function (Gutman et al. 2005).

Because of this large diversity, it is easier to group these channels by their
current characteristics. These will be discussed in more detail in later sections.

1.1.3.2 Calcium activated potassium channels

CAKCs are a small group of channels, which include a large (BK), intermediate
(IK) and small (SK) conductance isoform. These channels are activated by Ca2+,
either through influx or from intracellular stores and allow K+ through their pore.
BK channels have two Ca2+ binding sites towards the C-terminus of the α-subunit,
but are also voltage gated (Hille 2001). Binding of calcium or magnesium causes
a shift in the activation curve of this channel towards more negative potentials,
showing opening probability increases massively with the calcium concentration.
At the same time, the pore of BK channels can open without involvement of the
voltage sensor, but pore opening is favoured when the voltage sensor is activated.
So, both Ca2+ and membrane depolarisation promote pore opening, and both Ca2+

binding and activation of the voltage sensor are favoured when the pore is opened
(Cui 2010; Cui et al. 2009). SK and IK CAKCs are solely activated by calcium
through interaction with calmodulin, a member of the endogenous Ca2+ buffer, at
the C-terminus of the channel subunit (Schumacher et al. 2001).

Much of the research on the kinetics of voltage gated ion channels has been
done in cell lines after cloning the channel. In physiological conditions however,
and a central topic in this thesis, it is the synergy of these channels that determines
electrical signalling and shapes APs. Before diving into channel interactions as well as
their specific contributions I will first address the fundamentals of electrophysiology
in neuronal membranes in the next sections.
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Figure 1.6: Phylogenetic tree for the Kv1–9 families. Amino acid sequence alignments
of the human channel Kv proteins, indicating their genetic homology. From Gutman et al.
(2005).
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1.2 The excitable brain
1.2.1 The membrane potential and passive electrical prop-

erties of neurons

Neurons, and in fact all cells, have a resting membrane potential (Vm) due to the
existence of an electrical potential across the membrane (Nicholls 2012). This
membrane potential arises from different ion concentrations in the intra- and
extracellular space, which is separated by the plasma membrane. This lipid bilayer
is roughly 5 nm thick and is impermeable to water molecules and ions. Embedded in
the membrane large protein complexes act like doorways between the cells’ outside
and the cytoplasm. These ion channels allow flow of selected ion species, in the
same way metal wires allow electron flow. Thus, you can consider ion channels as
conductance and use the same formalism of electrical circuits.

In a resting state, the intracellular of a neuron has relatively high concentrations
of potassium and low concentrations of sodium (Na+), calcium (Ca2+) and chloride
(Cl−) (see also table 1.1 for a standard example of intra- and extracellular ion
concentrations). Now for the purpose of demonstration, let us assume the cytosol
roughly has an even number of cations (potassium (K+)) and anions, as does the
exoplasm although in lower concentrations. Then, we add passive ion channels,
or leak channels, which are always open and allow the continuous passing of ions.
We can consider a case in which K+’s are allowed to pass the membrane; they
will move with their concentration gradient. As the K+’s diffuse outward, positive
charges accumulate in the extracellular space and excess negative charges are left
on the inside of the membrane. As a result, an electrical potential develops across
the membrane, with a negative inside with respect to the outside. This electrical
gradient slows the efflux of positively charged K+’s, and when the potential becomes
sufficiently large, further net efflux of K+ stops. This potential is called the potassium
equilibrium potential (EK). At EK , the effects of the concentration gradient and
the potential gradient (together the electrochemical gradient) on ion flux through
the membrane balance one another exactly and is described by the Nernst equation:

Eion = RT

ZionF
ln [X]out

[X]in

Where [X]in and [X]out are the intracellular and extracellular concentrations
of the ion in question, respectively. Eion is the Nernst potential for that ion (R is
the universal gas constant, T is the temperature, Zion is the number of electrons
transferred, and F is the Faraday constant). However, to predict the resting



1. Introduction 13

membrane potential of a neuron one must consider Na+ and Cl− in addition to
K+. Goldman (1943) and Hodgkin and Katz (1949) achieved this by assuming
independent flow of these three ion species through the membrane and a total
current equalling zero in a rest state. The resulting GHK equation for the reversal
potential is as follows:

Em = RT

ZxF
ln PK [K+]out + PNa[Na+]out + PCl[Cl−]in

PK [K+]in + PNa[Na+]in + PCl[Cl−]out

Where PK , PNa and PCl are the membrane permeabilities to K+, Na+ and Cl−,
respectively. As expected, the GHK equation is equal to the Nernst equation when
the permeability of ions is zero except for one species. The assumption here is that
the permeability is not voltage dependent, but applies to open channels (Offner
1991). However, in a rest situation the membrane is about 20 fold more permeable
to potassium compared to sodium (Frankenhaeuser 1960, 1963; Hodgkin and Keynes
1955). With physiological membrane permeabilities of the relevant ions therefore, the
equilibrium membrane potential is around -70 mV (see also table 1.1) (Hille 1970).

Ion Species Intracellular Extracellular ratio in:out Eion at 37◦C
mM mM in:out mV

K+ 100 5 20:1 -80
Na+ 15 150 1:10 62
Ca2+ 0.0002 2 1:10000 123
Cl− 13 150 1:12 -65

Table 1.1: Standard example of intracellular and extracellular concentrations of ions in
neurons at a resting membrane potential around -70 mV.

1.2.2 Active properties of neurons: the action potential

At that time, Hodgkin and Huxley (1952b) did not realise voltage gated ion channels
were responsible for the depolarisation and repolarisation of the membrane potential
during an AP. However, they observed that APs are characterised by a sharp
increase in membrane potential after passing a certain threshold (depolarisation),
after which the potential peaks and then decreases towards the resting potential
(-70 mV) (repolarisation). This may be followed by an after-hyperpolarisation
(AHP) during which the membrane potential falls below the resting membrane
potential before slowly recovering. They also found that the rise and fall of the
membrane potential was accompanied by a large influx of Na+, followed by an
efflux of K+. These conductances were the correct magnitude and time course to
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Figure 1.7: Electrical circuit representing a membrane. Where gion = 1/Rion. gNa+,
gK+ and gCl− vary with time and membrane potential, the other components are constant.
Adapted from Hodgkin and Huxley (1952a).

account exactly for the magnitude and time course of the AP itself (Hodgkin and
Huxley 1952c). This is because besides passive ion channels, neurons express a
set of active ion channels which have open, closed and inactivated states which
dependent on the membrane potential, ligand interaction and ionic concentrations
(Bowman 1990). During depolarisation sodium conductance increases (producing a
sodium current or INa) due to the activation of VGNCs and the membrane potential
rushes towards ENa. As depolarisation increases, VGKCs activate, introducing an
inward K+ current (IK). As the membrane potential becomes more positive, more
and more potassium channels open, allowing additional current to flow through the
membrane, until the reversal potential is reached. This is the potential during which
sodium influx and potassium efflux are net zero again, directly after which the IK

becomes the larger current and VGNCs inactivate. This drives the repolarisation
phase during which the membrane potential plummets towards EK due to efflux
of K+. The following hyperpolarisation of the membrane is explained by the fact
that VGKCs remain activated whereas all VGNCs are inactivated. The influx of
K+ drives the membrane potential towards EK , which is lower than the resting
membrane potential (Hodgkin and Huxley 1952a). From the above we already see
that the time courses of the INa and IK are very different. The IK is much delayed
relative to the onset of the INa, but once developed, it remains high throughout
the duration of the AP. The INa, on the other hand, rises much more rapidly
but then inactivates rapidly. VGNCs specifically have two inactivation gates, one
time dependent following the ball-and-chain model, and one voltage dependent.
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The magnitude of the ionic currents depend on the conductance (gion) and on
the driving force (Vm˘Eion), so that

Iion = gion(Vm − Eion)

The total ionic current then becomes the summation of the individual ionic
currents and the membrane capacity current. We can deduce the total mem-
brane current in a cell with sodium and potassium channels is described by the
following equation:

I = ICm + Im

With

ICm = CM
dVm

dt

and

Im = gNa(Vm − ENa) + gK(Vm − EK) + gl(Vm − El)

Where CM is the membrane capacity and gl and El are the leak conductance per
unit area and leak reversal potential, respectively. This electrical behaviour of the
membrane may also be represented by a network as shown in figure 1.7.

From these basic components and using a series of voltage clamp experiments
where they varied extracellular K+ and Na+ concentrations, Hodgkin and Huxley
developed a model in which the properties of an excitable cell are described by
a set of four differential equations:

I = CM
dVm

dt
+ ḡNam3h(Vm − ENa) + ḡKn4(Vm − EK) + ḡleak(Vm − Eleak)

With
dn

dt
= αn(Vm)(1 − n) − βn(Vm)n,

dm

dt
= αm(Vm)(1 − m) − βm(Vm)m,

and
dh

dt
= αh(Vm)(1 − h) − βh(Vm)h

Where α and β are rate constants which depend on voltage, ḡ is the maximal
value of the conductance. n, m and h are probabilities between 1 and 0 that are
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associated with K+ channel activation, Na+ channel activation and Na+ channel
inactivation, respectively. Although this is a simplified model (without Ca2+ and
Cl− currents), these equations are used to this day to characterise voltage gated
ion channels and develop computational models of ion channels.

Ion channel expression varies between neuronal cell types, and between com-
partments of the same cell. For example, inward currents through VGCCs can
enhance and prolong depolarization. At the same time, calcium entry into the cell
can generate outward potassium currents through CAKCs and thereby shorten
the AP. Thus, the characteristics of any given AP depend on which types of
ion channels are present in the membrane and on how currents through these
channels interact (Nicholls 2012).

Now that electrical properties of neuronal membranes have been explained, I
will turn towards the neurons discussed in this thesis, namely layer 5 pyramidal
neurons (L5PN).

1.3 Action potentials in layer 5 pyramidal neurons
Pyramidal cells are one of the most abundant neurons in the cerebral cortex of
mammals (Elston 2003). These large cells are the primary source of cortical output
and therefore have to be decisive integrators in cortical circuits (Hoffman 2013).
Pyramidal neurons have distinct features, with a pyramid-shaped cell body, a
long region-spanning axon and a bifurcating tree of dendrites. The dendritic tree
has two distinct domains, the basal and apical dendrites. Basal dendrites are
usually short, whereas one large apical dendrite extends from the soma giving
rise to bifurcating oblique dendrites at variable distances from the soma and
ending in the tuft (Spruston 2008). L5PNs receive the bulk of their excitatory
synaptic input directly on the basal, apical and oblique dendrites, whereas inhibitory
input is mostly received by the soma, axon initial segment and terminal tufts
(Ramaswamy and Markram 2015). Local incoming signals from individual branches
are summed, making dendrites coincidence detectors. Depending on the strength
of these signals, forward propagating potentials may reach the soma, surpass the
generation threshold and trigger an AP. Importantly, dendrites are not passive
conductors, and excitatory input can trigger VGCC activation, generating local
Ca2+ spikes (Markram and Sakmann 1994).

The site of AP generation in L5PNs, and in fact most neurons, is the axon
initial segment (AIS). The AIS is first stretch of the axon and spans from the soma
to the first myelinated section. Myelin is an insulating layer allowing fast passive
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Figure 1.8: Recordings from a pyramidal cell. A, a layer 5 pyramidal cell with recording
pipettes in the soma, axon and dendrite. B, recording from the soma and dendrite.
From the soma a recorded AP travels down the dendrite (AP back propagation). This
is apparent from the delay in the AP peak at the dendrite recording, compared to the
soma. C, same recording from the soma, now paired with an axonal recording. The AP
originates in the axon and travels back into the soma, as the axonal signal precedes the
somatic recording. Image from Stuart et al. 1997b

propagation of generated APs towards the end of the axon. It was demonstrated the
AIS is the site for AP generation through simultaneous whole-cell recordings from
the AIS, soma and apical dendrite, showing synaptic stimulation always generates
an AP at the AIS before the soma and independent of dendritic potentials (figure
1.8). In addition, they observed that once generated, APs propagate back into the
dendrites (Stuart et al. 1997a,b). These back propagating APs (bAP) attenuate
along the dendrite (figure 1.8B) (Waters et al. 2005), which is partly due to dendritic
VGNC expression, which is about 30-fold lower compared to the AIS (Kole et al.
2008). bAPs rely on those VGNCs to drive the bAP towards the tuft in layer 1
where the apical dendrite bifurcates and where a burst of bAPs can trigger calcium
electrogenesis, a large calcium spike (Stuart et al. 1997a; Williams and Stuart
2000). Attenuation of signals propagating from dendrite to soma is less compared
to the decline of bAPs (Nevian et al. 2007).

In the next sections, I will focus on two parts of APs when triggered at the soma,
specifically AP generation in the AIS and its subsequent back propagation in the
proximal apical dendrite. I will explain how voltage gated ion channels are involved
in these processes, and describe the current state of the art. As the research reported
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in this thesis has been exclusively performed with mice, the following numbers and
measurements relate to the mouse as animal model unless stated otherwise.

1.3.1 Action potential generation in the axon initial segment

As mentioned, the AIS is where the AP is generated and shaped (Leterrier 2016,
2018). The whole AIS is ∼40 um long, has a semi-conical shape and separates the
soma from the axon. The AIS can be defined and distinguished from the distal axon
by its molecular composition and the lack of myelination. AIS proteins are organised
in a layered fashion from microtubules to the plasma membrane. An important
component of this scaffolding is ankyrin G, which is used as an AIS-marker due
to its high concentration. Ankyrin G is involved in the anchoring of ion channels
in the AIS. Its interaction with specifically VGNCs results in a 30-fold increase
in density of these channels compared to dendrites.

1.3.1.1 Voltage gated sodium channels in the axon initial segment

In their AP generation experiments, Stuart et al. (1997a) showed the site of initiation
is at least 30 µm from the soma. This is supported by the observation that VGNCs
in the AIS are activated by more hyperpolarised potentials compared to somatic
VGNCs (Colbert and Pan 2002). Indeed, activation of VGNCs is the first step in
AP initiation. The sodium current in the AIS is characterised by a fast inactivating
component and a persistent or non-inactivating current (Astman 2006; Filipis and
Canepari 2021). To test the origin of the persistent Na+ current Astman and
colleagues applied TTX at different positions next to L5PNs in rat brain slices.
They found that the persistent current remained unaffected by TTX application on
the dendrite or soma, but gradually decreased with distance from the axon until
around 50 µm from the soma there was no persistent current left after adding TTX.
This suggests VGNC responsible for the persistent current are highest expressed
in the AIS in a non-linear fashion.

Nav1.2 and Nav1.6 are the two VGNCs expressed in the AIS (Tian et al. 2014).
Their distribution as well as biophysical properties have a unique contribution to
the AP shape. During early development Nav1.2 is the only isoform expressed
in the axon (Gazina et al. 2015). After the first postnatal week in mice however,
part of Nav1.2 in the AIS is replaced by Nav1.6. Using immunostainings, Hu et al.
(2009) showed differential localisation of Nav1.2 and Nav1.6 in the AIS in adult rats.
In the proximal AIS Nav1.2 is the dominant VGNC whereas Nav1.6 channels are
dense between 30 and 50 µm from the soma, suggesting their direct involvement
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in AP initiation in the distal AIS. In addition, they confirmed the observation of
Colbert and Pan (2002) that the activation threshold of VGNCs in the distal AIS
is lower compared to the proximal part and soma.

To study the electrophysiological properties of the two Na+ channels, Rush
et al. (2005) expressed TTX-resistant versions of the channels in dorsal root
ganglion neurons which enabled them to record both channels in isolation from
the other. They observed neurons expressing Nav1.6 displayed significantly more
hyperpolarised activation values compared to neurons expressing Nav1.2, which
fit with the prediction made by Hu et al. (2009) that Nav1.6 initiates the AP.
Furthermore, their research showed that Nav1.6 has a persistent current, as was
previously shown in HEK293 cells (Burbidge et al. 2002), larger than the non-
inactivating current of Nav1.2 (Rush et al. 2005). Indeed, Nav1.6 deficient mice show
a reduction in the persistent sodium current (Katz et al. 2018). Interestingly, Katz
et al. (2018) found that after Nav1.6 deletion the full length of the AIS was occupied
by Nav1.2. Even more strikingly, they observed that APs were still generated in
the AIS and the hyperpolarising shift in VGNC activation compared to channels in
the soma was maintained. They concluded that the molecular environment of the
AIS imposes certain properties to the VGNC present in the AIS, for instance by
recruiting auxiliary subunits that influence gating. Thus, it is likely there is another
benefit to the precise localisation of Nav1.6 and Nav1.2 channels in the AIS.

Nav1.2 depletion studies showed impaired AP generation in developing, but
not in mature excitatory neurons (Spratt et al. 2019). In addition, Nav1.2 loss
resulted in reduced AP backpropagation into dendrites, confirming the localisation-
based theory of Hu et al. (2009) that Nav1.2 promotes backpropagation of the
generated AP into the soma.

Finally, it was recently shown that besides Na+, Nav1.2 channels are also
permeable to Ca2+ (Hanemaaijer et al. 2020). While performing calcium imaging
in rat brain slices they observed that Ca2+ currents were not only sensitive to
VGCC blockers but also TTX. Subsequent expression of Nav1.2 channels in HEK
cells showed a TTX-sensitive internal calcium rise upon stimulation. This adds
another possible function of Nav1.2 as CAKC activator.

1.3.1.2 Potassium and calcium channels in the axon initial segment

Before it was suggested Nav1.2 channels are also permeable to Ca2+, Yu et al. (2010)
showed Ca2+ currents in the AIS are mediated by P/Q-type and N-type VGCCs. In
their study they showed ω-agatoxin IVA and ω-conotoxin GVIA blocked intracellular
rises in Ca2+ in the AIS. In addition, they observed that blocking these VGCCs
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slowed AP repolarisation and increased neuronal excitability, suggesting reduced
activation of CAKCs. Indeed, BK CAKCs have been identified in axonal segments in
hippocampal neurons (Knaus et al. 1996). However, the possible functional coupling
between VGCCs and CAKCs in the AIS specifically has never been reported.

Furthermore, little is known about the organisation of VGCCs in the AIS.
Recently, Lipkin et al. (2021) showed that T-type VGCCs currents occur in spatially
restricted hotspots, whereas Ca2+ influx through HVA VGCCs is more diffuse along
the AIS. In addition, they show a coupling of T-type channels to calcium release
from intracellular ryanodine receptors-dependent stores, an association which had
been suggested before (Yang et al. 2016).

Lastly, VGKCs play a dominant role in repolarising the AP, modulating the
firing threshold and shaping the AP waveform (Kang et al. 2000; Kole et al. 2007).
We can distinguish three major groups in VGKCs, the delayed rectifier channels,
the channels giving rise to the A-type or transient current (IA) and the M-type
current (IM ). The delayed rectifier potassium channels allow a sustained potassium
efflux with a delay after membrane depolarisation (IK). This outward current is
mostly mediated by Kv1, and some Kv2 channels. They repolarise the membrane
after the AP, are activated around the AP peak and show little or slow inactivation.
The A-type current is distinguished from the delayed rectifier current by rapid
rates of inactivation, and is mediated by Kv3 and some Kv4 channels. This current
contributes to controlling repetitive firing frequencies and AP back propagation by
rapid activation when depolarisation follows a hyperpolarisation (Guan et al. 2011;
Gutman et al. 2005). Finally, Kv7 channels generate the M-current, which is a
slowly activating and deactivating potassium conductance that plays a critical role
in determining the subthreshold excitability of neurons (Brown and Passmore 2009).

Although there is high variability concerning VGKC expression in L5PNs (Guan
et al. 2018), some general observations about VGKC densities in the AIS can be
made (Trimmer 2015). To start, M-type VGKCs are compartmentalised in more
distal regions (Battefeld et al. 2014). The same was observed of delayed rectifier
Kv1 channels. Kv1 channels are highly expressed, with a 10-fold increase in channel
density over the first 50 µm of the AIS (Kole et al. 2007). In their article, Kole
et al. (2007) show Kv1s have fast activation kinetics that shorten the duration
of axonal APs, as well as increase the amplitude of the after-hyperpolarization.
Another member of the delayed rectifier VGKCs, Kv2.1 is present in low densities
over the whole AIS (King et al. 2014). On the other hand, A-type K+ channels
are rarely recorded in the AIS, contrary to soma or dendrites where these channels
are abundant (Colbert and Pan 2002).
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To conclude this section, the AIS is a complex segment where the AP is generated
through the interplay of multiple voltage gated ion channel families. Although
much time and effort has been put into understanding the exact mechanism of
AP generation, many uncertainties remain, such as the interaction of CAKCs with
VGCCs which has been observed in other neuronal compartments (Vierra and
Trimmer 2022), as well as the importance of Ca2+ entry through Nav1.2 channels.
Before going into these questions however, I will introduce and summarise the back
propagation of a newly generated AP into the soma and beyond.

1.3.2 Action potential back propagation into the apical
dendrite

As hinted at above, an AP triggered at the AIS not only travels down the axon,
but also back propagates into the dendrite known as AP back propagation (Stuart
and Sakmann 1994). The bAP is associated with a fast increase of dendritic Ca2+

concentration. This is associated with several neuronal events, such as synaptic
integration and plasticity (Bereshpolova et al. 2007; Frick et al. 2004), the generation
of calcium spikes (Larkum et al. 1999a), dendritic neurotransmitter release (Kaiser et
al. 2004; Kreitzer and Regehr 2002; Zilberter et al. 1999) and the shaping of incoming
synaptic signals (Bloodgood and Sabatini 2007; Waters et al. 2005). This calcium
influx is mediated almost exclusively by VGCCs (Bloodgood and Sabatini 2007).

The most direct approach to study bAPs is through dendritic recordinds, using
either sharp electrode impalement (Llinás and Sugimori 1980) or the patch clamp
technique (Hamill et al. 1981) (see also figure 1.8A). This only allows recording
from a single dendritic location however, which is why fluorescent imaging gained in
popularity to study bAPs (Antic 2003; Antic et al. 1999; Kaiser et al. 2004). Using
fluorescent voltage sensitive dyes and calcium indicators, one can record signals
from many locations along the dendrite. Using these approaches the function of
bAPs were studied extensively over the years.

1.3.2.1 The role of back propagating action potentials

One effect of bAPs is apparent from their influence on excitability. bAPs can lower
the threshold for anterograde propagating postsynaptic potentials (PSP), thereby
stimulating propagation towards the soma and subsequently AP generation in the
AIS. Specifically, the interaction of a bAP with excitatory input from the distal
dendrite can generate a back-propagation activated Ca2+ spike which can drive a
short burst of APs at the soma (Larkum et al. 1999b, 2001; Williams et al. 1999).
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In addition, there is evidence of long-term changes in efficacy of synapses through
long-term potentiation (LTP) or long-term depression (LTD). Whether synaptic
efficacy increases or decreases depends on the coincidence of the presynapic AP and
bAP. This spike time depend plasticity (STDP) is thought to be dependent on bAP-
mediated dendritic Ca2+ influx through NMDA receptors. Koester and Sakmann
(1998) compared Ca2+ transients in spines of L5PNs evoked by the coincidence
of excitatory PSPs and bAPs. They found that the amplitude of Ca2+ transients
depended critically on the order and delay of PSPs and bAPs. Indeed, buffering
postsynapic Ca2+ using BAPTA prevents STDP (Nevian and Sakmann 2006), as
does blocking NMDA receptors (Inglebert and Debanne 2021).

In addition, L5PNs are sensitive to a critical frequency of bAPs between 60-200
Hz. A short train of 3-5 bAPs can trigger large regenerative potentials in the
tuft of the apical dendrite. These potentials, named calcium electrogenesis, are
mediated by a large VGCC-dependent Ca2+ influx (Larkum et al. 1999a). In
distal basal dendrites a train of bAPs also triggers a Ca2+ spike, whereas single
bAPs attenuate. Interestingly, differences in the ability of single APs and AP
bursts to invade distal basal dendrites were regulated by fast-inactivating A-type
VGKCs (Kampa and Stuart 2006).

In summary, bAPs seem to act as a retrograde messenger informing the input
of a neuron at the synapse, about the output in the form of the axonal AP of
that same neuron. This plays an important role in STDP, as the timing of the
bAP to the synaptic input or PSP determines whether the synapse experiences
LTP or LDP. However, to drive STDP bAPs need to reach the distal dendrite.
Single bAPs, which undergo significant attenuation, often fail to activate NMDA
receptors, whereas a dendritic calcium spike caused by a train of bAPs is effective at
removing the voltage dependent magnesium block of NMDA receptors. The extent
of bAPs and dendritic electrogenesis are therefore expected to play an important
role in regulating the degree of synaptic NMDA receptor activation and so plasticity
(Kampa and Stuart 2006; Ramaswamy and Markram 2015; Waters et al. 2005).

1.3.2.2 Voltage gated calcium channels during action potential back
propagation

One study investigating the contribution of the different HVA VGCCs to the total
calcium current in cortical pyramidal cells found that L-, P-, N-, Q- and R-type
currents contribute 22% (±10), 19% (±12), 26% (±14), 24% (±12) and 13% (±7)
to the total calcium current, respectively (Stewart and Foehring 2000). In the study,
dissociated neurons in culture were patched, and the above currents were blocked in
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sequence. The left over current was named the R-type current and was blocked by
cadmium. In agreement with the above findings, the contribution of L-type channels
to the calcium current is about 30% (±9), and that of N-type currents 26% (±3)
according to another study (Sun et al. 2003). In summary, L-type VGCC contribute
most to the Ca2+ current during the bAP, but all HVA channels are expressed
(Almog and Korngreen 2009; Giffin et al. 1991; Lorenzon and Foehring 1995; Stewart
and Foehring 2000). Also, experiments recording Ca2+ currents along the dendrite
found that the contribution of the various VGCC subtypes did not change along the
dendrite (Almog and Korngreen 2009). This is confirmed by immunohistochemistry
studies (Hell et al. 1993; Sinnegger-Brauns et al. 2009; Westenbroek et al. 1995).

The issue with the percentages reported above is that these values were calculated
by simple subtraction using pharmacological data. This does not give the real
contribution of that channel to the total ICa, because blocking one channel subtype
causes a change in the membrane potential. Since the channels are voltage gated,
this change in Vm changes the contribution of the other channels to the total ICa.
Therefore, it is unhelpful to subtract the current with blocker from the total current.
To extract individual VGCC subtype contributions a synergistic approach would
give more information, as the involved channels have to be analysed together.

Another observation from the study done by Stewart and Foehring (2000) is
that they ignored the T-type VGCCs, meaning their R-current might comprise
both Cav2.3 and Cav3 channels. The apparent lack of T-type currents was also
postulated in another study where they performed nucleated patches in L5PNs
(Almog and Korngreen 2009). Using 5mM barium in the extracellular solution of
the patches to extract clean channel currents, they showed a maximum total current
around 15 mV. Subsequent inactivation of inward currents showed two components,
of which the first component was blocked by SNX-482, a specific R-type channel
blocker (Newcomb et al. 1998), and the second component corresponded to expected
HVA channel inactivation characteristics. They concluded therefore that T-type
VGCCs were not present in the patches.

From the above we can deduce that there are various explanations for our
lacking understanding of T-type VGCCs in L5PNs. First of all, currents through
T-type VGCCs are masked by the large ICa through HVA VGCCs. In addition,
pharmacological analysis of T-type channels has been slowed due to the lack of
selective and potent blockers. Lastly, R-type currents are difficult to distinguish from
T-type current due to their comparatively hyperpolarized voltage range of activation
and recovery from inactivation (Cueni et al. 2009). Despite these difficulties, T-type
VGCCs have been identified in L5PNs. Using immunohistochemistry experiments,
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Talley et al. (1999) showed T-type VGCCs are expressed in the neocortical layer
5, with highest expression in soma and dendrites. Additionally, patch clamp
experiments in the visual cortex showed T-type currents can be identified in a
subset (53%) of colliculus-projecting L5 neurons (Giffin et al. 1991).

1.3.2.3 BK channels during action potential back propagation

When calcium enters the apical dendrite through VGCCs during a bAP the
endogenous buffer will rapidly bind the free calcium ions (Helmchen et al. 1996).
Therefore, other calcium targets must be readily available upon Ca2+ entry. For
this reason, coupling of VGCCs to other Ca2+ targets has been studied extensively
(Vierra and Trimmer 2022). One of those targets is are BK CAKCs, which are
involved in repolarizing the membrane potential upon calcium entry. Blocking BK
channels in pyramidal cells results in a widening of the somatic AP, and a decrease
in fAHP (Sun et al. 2003). Depending on the resting membrane potential, blocking
BK channels can also increase the peak of the AP (Pineda et al. 1992).

L-type and N-type calcium channels have been suggested as calcium sources
for the activation of BK channels (Sun et al. 2003). In their experiments, Sun
and colleagues show a transient outward current in dissociated L5 pyramidal is
blocked by iberiotoxin but not apamin, suggesting this current is mediated by BK
channels. Subsequently, they show both L- and N-type channel blockers reduce the
magnitude of this fast-transient BK-sensitive current. These findings were supported
by co-immunoprecipitation of L-type and BK channels in rat brain (Grunnet and
Kaufmann 2004), and N-type and BK channels (Loane et al. 2007), showing a
stronger association between BK and N-type than L-type channels in the last study.
The same report stated that co-expression of N-type and BK channels resulted in
functional coupling of the channels, but that was rarely observed with L-type and BK
channels. Moreover, this coupling was resistant to intracellular BAPTA, suggesting
a close physical coupling. This was confirmed by Berkefeld et al. (2006), who showed
that calcium influx activates BK channels within a sub-millisecond range. Lastly,
a large quantitative proteomics study looking at the nano-environment of Cav2
channels identified over 200 associated proteins, most of which are ion channels and
transporters (Müller et al. 2010). One of those was the BK CAKC, which associated
specifically with N-type VGCCs. These results indicate a functional, and according
to Müller and colleagues even physical, coupling between HVA calcium channels
and BK channels. However, to our knowledge, these BK associations have never
been assessed in acute brain slices where the neuronal circuitry is largely intact.
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1.3.2.4 SK channels during action potential back propagation

Contrary to BK CAKCs, small conductance CAKCs (SK) have been studied in
acute brain slices (Bock et al. 2019; Jones and Stuart 2013). As mentioned before,
SK channels are exclusively activated by Ca2+ through interaction with calmodulin,
a member of the endogenous mobile buffer, at the C-terminus of the channel
(Schumacher et al. 2001). Blocking SK channels with apamin, a toxin found in bee
venom, results in a reduction of the AHP, but there is little effect on the AP peak
itself (Grunnet et al. 2001; Pineda et al. 1992). More specifically, these channels are
thought to mediate the medium AHP (mAHP), as apamin blocks this current but
not the fast AHP (fAHP) (Lancaster et al. 1991; Schwindt et al. 1988). Moreover,
TEA leaves the mAHP component unaffected, suggesting SK is solely responsible
for this current. This is supported by studies showing the mAHP is absent in SK2
knock-out mice (Bond et al. 2004; Brown et al. 2020).

Activation of SK CAKCs in spines have been shown to decrease NMDA receptor
activation and regulate the amplitude of excitatory PSP (Ngo-Anh et al. 2005).
During bAPs, SK channels limit Ca2+ influx into spines (Jones and Stuart 2013).
This suggests SK channels might play a role in STDP. Indeed, Jones et al. (2017)
showed SK channel activation gates STDP induction during bAP and dendritic
excitatory input pairing through suppression of NMDA receptors in spines. Paired
stimulation frequencies that under control conditions do not induce STDP produced
robust LTP or LDP (depending on the timing between applying apamin and
stimulation) when SK channels were blocked, suggesting SK CAKCs play a key
role in STDP.

Recently, an interesting location-dependent effect of SK channels in L5PNs
has been suggested (Bock et al. 2019). In the study, local application of apamin
to the soma decreased the somatic AHP and increased AP firing, as had been
reported before. Application on the dendrite near the tuft however resulted in a
decrease of dendritic spikes and somatic firing during dendritic current injection.
Apamin had no effect on AHP during dendritic application. Together this indicates
SK channels promote rather than suppress dendritic calcium spikes and bAPs.
The same effect was observed when applying R-type channel blocker SNX-482 to
the dendrite, which occluded the effect of SK channels on dendritic excitability
(Bock et al. 2019). This suggests R-type channels supply the calcium for SK
CAKC activation in dendrites. This coupling is supported by research showing
apamin results in an increase in calcium influx into basal dendrites during AP back
propagation, which again is occluded when R-type channels are blocked (Jones
and Stuart 2013). The same study reported that in the soma however, calcium for
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the apamin-sensitive AHP component is provided by a combination of the other
VGCCs, suggesting there is little coupling there.

1.3.2.5 Voltage gated potassium channels in the apical dendrite

Korngreen and Sakmann (2000) investigated VGKCs in the apical dendrite of
L5PNs. They identified a fast inactivating outward potassium current (resembling
an A-type current) and a slow inactivationg outward potassium current (conforming
to a delayed rectifier), with similar activation kinetics. They found that the delayed
rectifier was present in the proximal but not distal apical dendrite.

There is less consensus about A-type VGNC distribution, with different reports
stating a decreasing density from the soma (Ramaswamy and Markram 2015), and
others maintaining a homogeneous channel density (Migliore and Shepherd 2002).
Functionally however, A-type VGKCs participate in bAP repolarisation (Bekkers
2000). Harnett et al. (2015) report the dendritic tuft is compartmentalised by
VGKCs and they suggest these channels regulate the interaction between different
apical and somatic segments to control neuronal output.

1.4 Open research questions addressed in this
thesis

This thesis is motivated by the gaps in the current knowledge on AP initiation at
the AIS and back propagation into the apical dendrite of L5PNs. In this section I
highlight the open research questions addressed in the next chapters.

1.4.1 Challenges when studying voltage gated sodium chan-
nels in the axon initial segment

It is well established that the AIS expresses both Nav1.2 and Nav1.6 channels, that
they are inhomogeneously distributed and that both contribute to AP generation
(Hanemaaijer et al. 2020; Hu et al. 2009; Katz et al. 2018; Kole and Stuart 2012).
Nevertheless, it has been challenging to dissociate between the two VGNC subtypes
in their native environment. Ideally, we aimed to block one VGNC subtype to
be able to extract the specific contributions of both channels. The preferred way
to do this is through pharmacology. The most widely known and used toxin to
block VGNCs is tetrodotoxin (TTX) (Al-Sabi et al. 2006). Although other toxins,
like saxitoxin and huwentoxin, as well as anaesthetics like lidocaine exist, these
blockers act on both VGNC isoforms and are not sufficient to target one isoform



1. Introduction 27

selectively (Catterall et al. 2005a). This greatly limits investigations into VGNC
contribution to AP generation. Additionally, the inhomogeneous distribution of
VGNCs, as well as the site-dependence of the AP waveform, requires recording
ion concentrations and Vm transients at high spatial and temporal resolution for a
proper understanding of the role of each channel subtype. Finally, the change of
membrane potential transients induced by VGNC inhibition affects the activation
of the other voltage-gated ion channels involved in the AP shaping. This important
synergy of diverse ion channels, underlying the AP generation, makes the combined
analysis of all these channels necessary.

Chapter 3 focusses on tackling these issues, using a peptide mutated from a
wild-type animal toxin which partially but selectively blocks Nav1.2 with respect
to Nav1.6. Specifically, we optically measured Na+ currents (Filipis and Canepari
2021), Vm transients (Popovic et al. 2015) and Ca2+ currents (Ait Ouares et al.
2016; Jaafari and Canepari 2016; Jaafari et al. 2014) associated with APs elicited by
somatic current injections and we analysed how the partial block of Nav1.2 affected
these signals. We then focussed on the changes of these signals produced by fully
blocking VGCCs and/or CAKCs in order to correlate Nav1.2 signalling with the
activation of these channels. These experiments were performed by Dr Luiza Filipis,
then a post-doctoral researcher in our lab, and myself. In order to reconstruct the
sequence of activation of the channels underlying the shaping of the generating AP,
Dr Filipis built a NEURON model reproducing the experimental profiles of ionic
and Vm transients. This enabled us to extract and verify the interactions of the
various channels in the AIS during AP generation we observed experimentally.

1.4.2 Understanding voltage gated ion channel interaction
and functional coupling in the apical dendrite

Similarly to understanding AP generation in the AIS, it is the synergy of the diverse
ion channels that shapes the bAP. Besides Nav1.6, the apical dendrite expresses
all the channels found in the AIS. One challenge is that the apical dendrite is a
multi-compartment structure, where both propagation and regeneration of the bAP
have to be taken into account. In the lab, we can record calcium transients using
fluorescent calcium indicators in the apical dendrite. In addition, we can track
the membrane potential using voltage sensitive dyes. Unfortunately, compared
to the high intracellular K+ concentration, K+ currents are too small to record
using available potassium indicators (Wu et al. 2022). Furthermore, recording
Na+ transients like we can do in the AIS is more difficult in the apical dendrite,
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as we would need to average a large number of trials due to the small VGNC-
mediated current compared to the AIS, but the sodium indicator, ING2, induces
cell toxicity when over-excited.

As mentioned earlier in this chapter (see section 1.3.2.2), VGCCs play an
important role in AP propagation in the dendrite, and although the presence of
HVA VGCCs have been demonstrated (Stewart and Foehring 2000; Sun et al. 2003),
the presence of T-type VGCCs has been questioned. In addition, the activation
of CAKCs through Ca2+ transients mediated by VGCCs is hypothesised to play
an important role in dendritic APs (Bock et al. 2019; Sun et al. 2003; Vierra
and Trimmer 2022). These interactions have mostly been studied in HEK cells
(Loane et al. 2007) or dissociated neurons (Sun et al. 2003). The formation of ion
channel complexes however, depends on complex interactions of intracellular and
extracellular signalling, which is disrupted during slice dissociation and completely
absent in HEK cell over-expression. (Vierra and Trimmer 2022). Therefore, studying
the native interactions between voltage gated ion channels must be performed
in the native environment.

To understand the synergy of voltage gated channels in mediating a bAP,
we must acknowledge that blocking or stimulating one channel subtype has an
effect on the other channels, due to the induced change in Vm. Due to this non-
linearity it is not sufficient to subtract recorded currents after applying a channel
blocker from the control current. The effects of a change in the kinetics of one
channel, on the other channels must be taken into account. In summary, we must
analyse the relevant channels together. The underlying experimental strategy is
described in chapter 2, which includes a combination of electrophysiology, fluorescent
imaging, pharmacological manipulations and computational modelling. Using these
techniques, chapter 3 describes the ion channels involved in the AP generation in the
AIS. In chapter 4 we show how using our synergistic approach enables recognition of
specific ion channel interactions, focussing exclusively on the apical dendrite ∼100
µm from the soma. Using pharmacology we can again block specific subtypes and
assess the effect on the bAP shape and Ca2+ transients. We analyse the contribution
of both VGCCs and CAKCs in multiple time windows after the bAP peak and
around the Ca2+ current. However, because of the large diversity of voltage gated
ion channels in the apical dendrite, and there is no reliable way to directly measure
K+ transients in slices, it is challenging to extract each channel specific kinetics.
We used NEURON modelling to verify our hypotheses based on the experimental
results and connect the AIS and apical dendrite using a mouse L5PN morphology.
Finally, in chapter 5 I discuss our research and provide future research perspectives.
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This chapter details the materials and methods used in this thesis. First, I will
describe the preparation of cortical slices for electrophysiology. Then I will detail
the imaging system, fluorescent indicators and pharmacological tools. Afterwards, I
detail the analysis and statistical tests, followed by the computational modelling to
reproduce the experimental results. The final section is dedicated to two projects
that extended our pharmacological and fluorescent indicator libraries.

2.1 Cortical slice preparations
For patch clamp experiments, I prepared slices from wild-type mice (strain C57/Bl6)
that were 21 to 35 days old. Animal were purchased from Janvier (Saint-Berthevin
Cedex, France), housed and fed in the Biology department of Université Grenoble-
Alpes in Saint Martin d’Hères, France. All experiments were reviewed and approved
by the ethics committee affiliated to the university (D3842110001). In addition, all
procedures were carried out in accordance with the European Directive 2010/63/EU
on the care, welfare and treatment of animals, in accordance with the three R’s
(refinement, reduction and replacement of animals wherever possible).

To harvest the brain, mice were anaesthetized by isoflurane inhalation and
decapitated, using surgical instruments (figure 2.2A-B). The brain was immediately
removed from the skull and immersed in ice-cold slicing solution saturated with a
gas mixture of 95% O2 and 5% CO2. The slicing solution contained (in mM): 125
NaCl, 26 NaHCO3, 2.5 MgSO4, 3 KCl, 1 NaH2PO4, 0.5 CaCl2 and 20 glucose. From
the brain sagittal cortical slices were prepared as previously described (Blömer et al.
2021a). Briefly, after 3 minutes the brain was removed from the slicing solution
to ensure complete cooling of the brain but before killing healthy neurons. The
brain was placed on filter paper to remove excess fluid. Cerebellum and olfactory
bulb were removed first, after which the brain was cut in half along the midline.
Both hemispheres were glued on a stage, build in-house with a 15◦ angle from
the horizontal plane (figure 2.2C-E). This angle is essential to obtain unblemished
neurons that are parallel to the slice so that their extremities lie in the same focal
plane as the soma (Andreone et al. 2015). As L5PNs have their dendrite extended
all the way into the first layer and the cortex is curved around the midbrain, 2
to 3 sagittal slices per hemisphere contain unscathed PNs.

The ensemble of stage and glued hemispheres was submerged once more in the
ice-cold slicing solution, and mounted onto a Vibratome (Leica VT1200, Wetzlar,
Germany). Sagittal slices of 350 µm thickness were cut. After cutting, each slice
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Figure 2.1: Dissection and slicing preparation. A, Preparation of tools and instruments
for slicing: i) oxygenated slicing solution; ii) instruments for brain dissection; iii) vibratome;
iv) slice holder with oxygenated ACSF in a 37°C water bath covered with a lid; v)
vibratome screwdriver (left), syringe with a bent needle for cutting slices (middle), and
plastic balloon pipet with its end cut off for transferring slices (right). B, Instruments
for brain dissection: i) operating scissors used for decapitation; ii) fine scissors used for
removing the skin from the skull; iii) spring scissors used for cutting through the skull; iv)
Chattaway spatula used to move the brain; v) forceps used to remove the skull; vi) blade
used to cut the cortices. C, Design of the slice holder with 15◦ inclination. D, Cortices
glued on the holder. The scissors are used to prevent slices from sliding by counteracting
the holder slope. E, Vibratome blade that has cut halfway through both cortices. Using
the syringe with a bent needle, slices are cut at this point and moved to the slice holder.
F, Cortices inside the vibratome right before cutting a slice. Visible blood vessels running
throughout layers 1 to 6 are marked with red arrows, indicating that these slices have
axons and dendrites that run parallel to the slice surface. The blue dashed lines indicate
the position where the slices will be cut with the bent syringe needle. G, All 350 µm
slices are placed in the slice holder inside the 37◦C water bath for 30 min.
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was immediately transferred into a chamber containing oxygenated extracellular
solution at 37◦C. Extracellular solution contained (in mM): 125 NaCl, 26 NaHCO3,
1 MgSO4, 3 KCl, 1 NaH2PO4, 2 CaCl2 and 20 glucose. During the slicing process
slices with visible veins running through all cortical layers were noted, as these
slices are more likely to contain processes parallel to the focal plane (figure 2.2F).
Slices were incubated at 37◦C for 30 minutes, after which slices were allowed to
return to room temperature for 1 hour before starting experiments (figure 2.2G).

2.2 Electrophysiology
2.2.1 Choosing a brain slice

After incubation, slices were transferred to a recoding chamber under the microscope
and stabilized at the bottom of the chamber with a harp slice grid. The chamber
was constantly perfused with extracellular solution saturated with 95%O2-5%CO2

gas at a constant flow rate of ∼2 mL/minute and the temperature was held at
32-34◦C. Slices were selected by focussing on the slice surface and identifying blood
vessels. I focussed at the widest part of the cortex, the somatosensory cortex, and
looked for blood vessels running in parallel to the slice surface from the dorsal end
towards the hippocampus just below the cortex. To determine if cells were parallel
to the focal plane I identified dead L5PNs and examined whether their dendrites ran
parallel to the slice. Dead neurons show high contrast under DIC (figure 2.2A) due
to shrinkage, making it easy to follow the dendrite or axon of a dead cell up through
the cortical layers and determine whether the area of the slice is indeed parallel.

2.2.2 Identifying healthy pyramidal neurons

After slice selection, healthy L5PNs were selected by eye after locating the large
cell bodies in the middle part of the cortex, about 500 to 900 µm from the dorsal
end of the cortex, given that the whole cortex is ∼1500 µm at its widest part. A
healthy pyramidal neuron can be recognized by its typical large triangular shape.
These cells are symmetrical and show little contrast with their surroundings, and
the nucleus is difficult to identify (figure 2.2A). Unhealthy cells are usually swollen,
and their enlarged round nucleus is clearly visible, indicating that the cell is about
to release its contents and die. I selected cells located 20 to 35 µm below the slice
surface. With superficial cells, there is a higher chance that the dendrite runs out
of the slice and is cut off, whereas cells 35 µm below the surface are more difficult
to image, as the larger scattering prevents good measurements.
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Figure 2.2: Patching a layer 5 pyramidal neuron. A picture from the area under the
objective, healthy and dead cells are indicated by arrows. B Front filling of a pipette with
intracellular solution. C back filling of a pipette with fluorescent indicator dissolved in
intracellular solution. D schematic of the pipette mounted on the stage, with a manometer
to control pressure. E patching of a neuron: first positioning the pipette just above the
cell with a small positive pressure (ii), then increasing the pressure and approaching
the cell (iii). Pressure is released and a giga seal forms with the cell (iv), after which a
short suction breaks the membrane and whole-cell configuration is established (v). From
Blömer et al. 2021a.

2.2.3 Establishing a patch
Patch pipettes were pulled from borosilicate pipettes with an external diameter
of 1.5 mm and an internal diameter of 1.17 mm with a DMZ Puller and had a
submerged tip resistance of 4-5 MΩ. Pipettes were front filled with intracellular
solution (figure 2.2B), containing (in mM): 125 KMeSO4, 5 KCl, 8 MgSO4, 5
Na2-ATP, 0.3 Tris-GTP, 12 Tris-Phosphocreatine, 20 HEPES, adjusted to a pH
of 7.3 using KOH. Pipettes were then backfilled with specific indicators dissolved
in intracellular solution (figure 2.2C). While approaching a selected neuron with a
pipette (figure 2.2Ei), a weak positive pressure was applied (∼15 mbar) to maintain
a clean tip and minimize exchange between the intra- and extracellular solution
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(figure 2.2D,Eii). The junction potential (further explained below) was compensated
to 0 mV and continuous pulses of 0.5 ms duration and -5 mV amplitude were
applied to monitor the pipette tip resistance. Just before the final approach to the
cell, a strong positive pressure was applied (∼100 mbar) to blow away any tissue
between the pipette tip and the neuron. For the final approach, the pipette is moved
down into the tissue fast, until it is pushing the neuron (figure 2.2Eiii). Pressure
is released immediately afterwards, to form a seal in voltage clamp mode at -60
mV (figure 2.2Eiv). IT is imperative to be fast during this step as maintaining
a high pressure for increased period of time leads to a substantial leakage of the
dye, preventing high-quality imaging recordings.

The position of the pipette is adjusted so the tip does not push the cell. Then,
a short strong suction was applied to break the membrane under the pipette
tip (figure 2.2Ev). At this point, the series resistance is estimated. Patches
with a series resistance higher than ∼14 MΩ were discarded, along with the cells
with significant dye spillage.

2.2.4 Electrophysiology recordings

After establishing a whole-cell configuration, the fluorescent indicator was allowed
to diffuse through the neuron for ∼20 minutes in the case of Na+ or Ca2+ indicators,
or ∼30 minutes when patching with voltage sensitive dye. During this time the
series resistance were monitored, while the cell was kept at a resting membrane
potential of -60 mV. Recordings were performed using a Multiclamp 700A amplifier
(Molecular Devices, CA) and acquired at 20 kHz using the A/D board of the CCD
camera. During recordings, cells were kept in current clamp, which was adjusted
every 100 ms to keep the Vm at -70 mV. Action potentials were triggered by injecting
a short current of 3-5 nA for 3-5 ms. These somatic recordings were corrected for
a junction potential of -11 mV, calculated for the composition of the intracellular
solution (Canepari et al. 2010). In addition, the bridge potential, introduced as a
stimulation artefact, was determined and balanced for each recording.

2.3 Imaging
2.3.1 The imaging system

Two imaging systems were used for the experiments reported in this thesis. Most
reported data in this manuscript has been collected by me using system one, but
wherever Dr Filipis performed experiments system two was used.
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Figure 2.3: Imaging system one and example recordings. A Imaging setup schematic. B
Example of a recording of calcium indicator Cal520FF. C Same cell as B, but recording
the voltage sensitive dye JPW1114.

2.3.1.1 System one

Imaging was performed on an Olympus BX51 microscope (Tokyo, Japan) equipped
with a 60×/1.0 NA Nikon (Tokyo, Japan) objective. Fluorophores were excited using
either a laser or LEDs (365, 385 or 470 nm) provided through the epifluorescence
port of the microscope. The 385 and 470 nm LEDs were controlled by an OptoLED
(Cairn Research, Faversham, UK), and were used to excite various calcium indicators.
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For uncaging photosensitive compounds the 365-nm LED was controlled by an
OptoFlash (CAIRN Research Ltd., Faversham, UK). A DLI-7 laser (89 North,
Williston, VT) was used to excite the voltage sensitive dye (VSD).

Excitation light from either LED or laser source was first filtered with an
excitation filter before being directed to the brain slice by one or two dichroic
mirrors. Emission light was passed through the dichroic mirrors and one (or two)
emission filters, before being detected by the camera. Images were acquired with a
NeuroCCD-SMQ camera (RedShirtImaging, Decatur, CA) at 5 or 20 kHz with a pixel
resolution of ∼2 µm in regions of 24 x 24 or 26 x 4 pixels, respectively (figure 2.3).
Filters and dichroic mirrors were chosen to match the experiment and chosen light
source (table 2.1). Fluorescent images were de-magnified by a ∼0.5X projection lens.

Exposure time for experiments was either 8 or 300 ms. Time between consecutive
trials was 9 seconds, or more in the case of the VSD to limit photo-damage and
to allow recovery of the dye after excitation. Due to phototoxicity of the VSD,
4-5 trails were averaged for every condition. In the case of calcium indicators
6-9 trails were averaged to improve the signal-to-noise ratio (S/N). Finally, slow
changes in fluorescence due to the bleaching of the dye were corrected by subtracting
an appropriate exponential function matching the fluorescence average over time
from a trial without stimulus.

Indicator Ex source Excitation Ex filter Em filter
nm nm nm

JPW1114 laser 529 531 ± 40 >610
OG5N LED 470 469 ± 17 530 ± 21
Cal520FF LED 470 469 ± 17 530 ± 21
Fluo-4FF LED 470 469 ± 17 530 ± 21
Fura2FF LED 385 387 ± 6 525 ± 25

Table 2.1: Excitation and emission of fluorescent indicators. Showing excitation source
and wavelength, and filters used in this thesis. JPW1114 is the voltage sensitive dye.
OG5N, Cal520FF, Fura2FF and Fluo-4FF are calcium indicators. OG5N = Oregon-
Green-BAPTA-5N, Ex = excitation, Em = emission.

2.3.1.2 System two

The Na+ and Ca2+ imaging experiments and some of the Vm imaging described in
chapter 3 were performed by Dr Luiza Filipis. These experiments were performed
using an imaging system described in a previous report (Filipis and Canepari 2021),
based on an upright Scientifica SliceScope microscope equipped with a motorised
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XY translation stage, PatchStar manipulators (Scientifica, Uckfield, UK) and a
60X Olympus water immersion objective (NA = 1). Na+ and Vm indicators were
excited using the 520 nm line of a LaserBank (Cairn Research, Faversham, UK),
band-pass filtered at 517 ± 10 nm and directed to the preparation using a 538
nm long-pass dichroic mirror. The Ca2+ indicator was excited using the 465 nm
line of the LaserBank, band-pass filtered at 469 ± 17 nm and directed to the
preparation using a 495 nm long-pass dichroic mirror. Na+ and Vm fluorescence
emission signals were band-pass filtered at 559 ± 17 nm or long-pass filtered at
>610 nm respectively. Ca2+ fluorescence emission was band-pass filtered at 525 ±
25 nm. The size of the illumination spot, obtained using a custom-made telescope,
was ∼30 µm. Image sequences were demagnified by 0.5X and acquired with a
DaVinci 2K CMOS camera (SciMeasure, Decatur, GA) at 10 kHz with a pixel
resolution of 500 nm in regions of 30X128 pixels.

2.3.2 Fluorescent Indicators
2.3.2.1 Voltage sensitive dye

During all voltage imaging experiments, D-2-ANEPEQ (JPW1114, 0.2 mg/mL,
Thermo Fisher Scientific) was used as VSD. This dye undergoes a large charge shift
upon excitation and displays a linear electrochromic response to the membrane
potential in the range of −100 to 100 mV. The dye is lipophilic but still sufficiently
water soluble to be used for micro-injection. For experiments, 0.2-0.5 mg/mL was
used to limit toxicity. Upon introduction into the neuron, the dye immediately binds
to the plasma membrane and from there, diffuses slowly through the membrane
(example recording shown in figure 2.3C).

Upon patching a neuron, the VSD was allowed to equilibrate for 25-30 minutes.
The patch pipette was then slowly retracted to form an outside-out patch, allowing
the plasma membrane to reseal without killing the cell. The same neuron was patched
a second time with a pipette with clear intracellular solution. This is necessary to
prevent pharmacological effects due to dye overload (Canepari et al. 2007).

2.3.2.2 Calcium indicators

Stock solutions for each dye (20 mM) were prepared, aliquoted and kept at −20◦C.
For experiments an aliquot was diluted to 2 mM with intracellular solution. The
principal low affinity calcium indicator is Oregon-Green-BAPTA-5N (OG5N; Thermo
Fisher Scientific, Waltham, MA) with a KD of 35 µM, which is used to record fast
calcium signals. One advantage is the high background fluorescence of this dye, as it
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makes it easier to see the neuronal processes while loading the cell. An alternative
low affinity dye is Fura2FF (KD = 10 µM; AAT Bioquest Scientific, Sunnyvale,
CA), which was used in experiments combining voltage and calcium imaging, as
OG5N emission overlaps with the VSD emission. Its performance in terms of S/N,
however, is inferior with respect to the great performance of OG5N.

Recently, a new low-affinity indicator became available, Cal520FF (AAT Bioquest
Scientific, Sunnyvale, CA) with a KD of 10 µM. We decided to test this new indicator
and compare it to OG2N and Fluo4FF (Blömer et al. 2021b). Briefly, we determined
the signal to noise ratio for all three indicators in our experimental setup, and found
Cal520FF to be the superior indicator for our experiments. The analysis can be
found at the end of this chapter (see also the example recording in figure 2.3B).

Industrial name Target Chemical name
ML218 Cav3.2-3

(T-type)
3,5-dichloro-N-[[(1α,5α,6-exo,6α)-3-(3,3-di-
methylbutyl)-3-zabicyclo[3.1.0]hex6-yl]meth-
yl]-benzamide-hydrochloride

NNC550396 Cav3.1
(T-type)

(1S,2S)-2-[2-[[3-(1HBenzimidazol-2-yl)propyl]-
methylamino]ethyl]-6-fluoro-1,2,3,4-tetra-
hydro-1-(1-methylethyl)-2-naphthalenyl-cyclo-
propanecarboxylate-dihydrochloride

Isradipine Cav1.2-4
(L-type)

4-(2,1,3-Benzoxadiazol-4-yl)-1,4-dihydro-2,6-
dimethyl-3,5-pyridinecarboxylic-acid-methyl-
1-methylethyl-ester

PD173212 Cav2.2
(N-type)

N-[[4-(1,1-Dimethylethyl)phenyl]methyl-N-
methyl-L-leucyl-N-(1,1-dimethylethyl)-O-
phenylmethyl)-L-tyrosinamide

TRAM-34 IK CAKCs 1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyra-
zole

Table 2.2: List of chemicals used to block ion channels. All chemicals were purchased
from either Tocris (Bristol, UK) or Sigma-Aldrich (St. Louis, MO).

2.4 Pharmacology

All chemicals were purchased from either Tocris (Bristol, UK) or Sigma-Aldrich (St.
Louis, MO). The full names of chemicals used in this thesis are shown in table 2.2.

Toxins were purchased from SmartTox (Saint Martin d’Hères, France), dis-
solved in water and used at the final concentration of 1 µM (see table 2.3). In
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all experiments, the blocker(s) was (were) locally delivered by gentle pressure
application ∼20 µm from the optical recording area using a pipette of 2-4 µm of
diameter. The application lasted 1-2 minutes before recording in order to assure
the stable blockade of the channel(s).

Toxin Target
ω-Agatoxin IVA (agatx) Cav2.1 (P/Q-type)
ω-Conotoxin GVIA (cntx) Cav2.2 (N-type)
SNX-482 Cav2.3 (R-type)
Tetrodotoxin (TTX) VGNCs
G1G4K36-Huwentoxin-IV (G1G4K36hwtx) VGNCs
G1G4-Huwentoxin-IV (G1G4hwtx) Nav1.2
4,9-Anhydrotetrodotoxin (attx) Nav1.6
Iberiotoxin (ibtx) BK CAKCs
Apamin SK CAKCs

Table 2.3: List of toxins used to block ion channels. All toxins were purchased from
SmartTox (Saint Martin d’Hères, France).

2.5 Experimental protocols

For all experiments, healthy L5PNs were selected in the somatosensory cortex and
patched. Channel blockers were locally delivered through gentle pressure ejection
by a pipette positioned next to the region of interest, as illustrated in figure 2.4A.
Fluorescent imaging recordings of the region of interest were taken before (indicated
as control) and after (indicated as drug or block) blocker application.

2.5.1 Protocols used for the AIS

In chapter 3, all reported fluorescent traces are averages of 4-5 trials with identical
somatic responses, recorded at 20 kHz when using imaging system one or 10 kHz
when using system two, respectively. Given the morphological variability of the
AIS, we standardised our analyses to 5 µm long regions within the proximal (prox)
part of the AIS, 5-15 µm from soma, indicated with 1 in all figures, and to regions
of the same length within distal (dist) parts of the AIS, 30-40 µm from soma,
indicated with 2 in all figures (figure 2.4B).
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2.5.2 Protocols used for the apical dendrite
In the apical dendrite (detailed in chapter 4), one region ∼100 µm from the soma
was analysed (figure 2.4C). We investigated the VGCCs mediating the Ca2+ influx
associated with the bAP in the apical dendrite at ∼100 µm from the soma using
the same approach utilised in CA1 hippocampal pyramidal neuron (Jaafari and
Canepari 2016; Jaafari et al. 2014). In these experiments, L5 pyramidal neurons
were loaded with 2 mM of a low-affinity Ca2+ indicator, either OG5N (Canepari
and Ogden 2006) or the more sensitive Cal-520FF (Blömer et al. 2021b), and Ca2+

transients (∆F/F0 signals) were measured at 20 kHz by averaging fluorescence from
dendritic segments of 20-40 µm length. S/N was improved by averaging 6-9 trails
in these experiments. We also analysed the waveform of the bAP ∼100 µm from
the soma using the voltage indicator JPW1114, of which 4-5 trails were averaged.

2.6 Optical data analysis
All data were analysed with in-house code written using MATLAB (MathWorks
Inc., Natick, MA). Ca2+, Na+ and Vm data were initially expressed as fractional
changes of fluorescence (∆F/F0), calculated after subtraction of the autofluorescence
background. Specifically, a bleach recording or fluorescence recording without
stimulus, was fitted with a one-term power function:

y(x) = a ∗ xb

This autofluorescence fit was subtracted from the signal F. The change in fluorescence
(∆F) was then divided by the average fluorescence before the stimulus (F0).

2.6.1 Calcium imaging
The Ca2+-∆F/F0 signal associated with each bAP, normalised to its asymptotic
value, was initially fitted with a 4-sigmoid function (figure 2.5):

y(x) =
4∏

j=1

1
1 + e−φj(t−θj)

Where t is time and φj and θj are the parameters to be determined by the fit
(Jaafari et al. 2015). The Ca2+-∆F/F0 signal was used to estimate the Ca2+ current
(ICa). As the relaxation time of the Ca2+ indicators used in this thesis is faster
than the calcium influx, Ca2+ binds the indicator linearly in time. This means
the change in fluorescence tracks the kinetics of the Ca2+ source. Therefore, the
Ca2+-∆F/F0 is proportional to the integral of the Ca2+ influx ICa. So, to estimate
the ICa, the time derivative of the fitted Ca2+-∆F/F0 signal was then expressed
as percentage change over milliseconds (%/ms).
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Figure 2.4: Experimental protocols. A, example of a neuron filled with a fluorescent
indicator indicating the patch electrode at the soma filled with fluorescent dye. The
somatic patch clamp electrode (also used to elicit APs and to record somatic Vm) is used
to load a L5 pyramidal neuron with a fluorescent indicator, while a pipette positioned near
the AIS or apical dendrite is used to locally deliver a solution containing a channel blocker,
by gentle pressure application, for 1 minute. The red boxes indicate imaging positions. B,
Example of a fluorescent image from the AIS with voltage sensitive dye JPW1114. Below,
a schematic of the AIS in the image. To unambiguously distinguish signals from proximal
and distal areas of the AIS, with respect to the soma, we systematically analysed every
signal in a region 5 µm long at a position “1”, within 5 and 15 µm from the soma. Similar
analyses was performed at position “2”, 30-40 µm from the soma. Below this, an AP is
elicited and recorded at the soma (at 20 kHz) and the fluorescence signals (Vm in this
example) at position 2 is reported. C, Example of a fluorescent image from the AIS with
voltage sensitive dye JPW1114. Below, an AP elicited and recorded at the soma, with
the back propagated Vm-∆F/F0 signal recorded ∼100 µm from the soma at 20kHz.
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Figure 2.5: Calcium imaging in L5PNs. Ca2+ data was initially expressed as fractional
change of fluorescence (∆F/F0 signals), calculated after subtraction of the autofluorescence
background. Left: example of a neuron filled with OG5N. Below: the recording of the
somatic AP in control conditions and when blocking VGCCs. Below the APs: the Ca2+-
∆F/F0 in both conditions, showing that blocking VGCCs eliminates the Ca2+ response.
Right: The Ca2+-∆F/F0 signal associated with each bAP, normalised to its asymptotic
value, was initially fitted with a 4-sigmoid function. The time derivative of the fitted
Ca2+-∆F/F0 signal was then calculated to obtain the calcium current ICa.

2.6.2 Voltage imaging
In chapter 3, I discuss the effect of blocking voltage gated ion channels on the shape
of the generating AP. For Vm imaging experiments, to unambiguously quantify a
change in AP beyond the noise of the optical recording, we calculated the integral of
the ∆F/F0 signal over a time window of 2.4 ms comprising the AP (figure 2.6). This
enables us to obtain the cumulative change in Vm, which is the last value of the

∫
Vm.

In chapter 4, where I assess the effect of specific channel blockers on the shape
of the bAP, a more elaborate analysis was required. There, we wanted to assess
the temporal effect of channel blockers on the widening of the bAP. Hence, we
determined three temporal windows after the peak of the bAP, based on the delay
between the Vm and ICa peaks, and determined whether blocking one voltage gated
channel subtype changed the measured Vm-∆F/F0 using the Lilliefors statistical
test (Lilliefors 1967). See section 2.7.1 for a detailed statistical description.

2.6.2.1 Calibrating the VSD

The building of realistic NEURON models of the apical dendrite requires the Vm-
∆F/F0 associated with the bAP had to be converted into mV. This is performed by
calibrating the VSD and is possible because the resting Vm is uniform near the soma
in the apical dendrite (Stuart et al. 1997a). Calibrations are necessary as the VSD
fluorescence is not only generated by the dye bound to the plasma membrane but also
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Figure 2.6: Voltage imaging in the AIS. Vm data was initially expressed as fractional
change of fluorescence (∆F/F0 signals), calculated after subtraction of the autofluorescence
background. Left: example of voltage imaging while applying a BK CAKC blocker in
the AIS. On the top the somatic AP, and at the bottom the fractional change in voltage
(Vm-∆F/F0). Right: For quantification of the Vm-∆F/F0 signal in the AIS the cumulative
change of fluorescence was calculated, by taking the integral of the ∆F/F0 signal.

internal membranes, which is effectively inactive dye. The first one contributes to
both the resting fluorescence and the fluorescent change due to membrane potential
changes, whereas the inactive dye only contributes to the resting fluorescence. As
we measure the membrane potential as a relative change to the resting fluorescence,
this signal depends on the ratio between active and inactive dye, which cannot be
measured. Therefore, VSD recordings differ from cell to cell, and from one site
within a cell to another site. Although calibration for all cells included in this thesis
was not possible, we performed Vm calibrations on a subset of cells to assess AP
attenuation along the dendrite and have a reference for the computational model.

The Vm-∆F/F0 associated with the bAP was converted into mV considering
an average attenuation of the somatic AP size, which was 4% on average. This
value was obtained in a set of experiments in which the Vm-∆F/F0 associated with
the bAP was calibrated in mV using a previously reported method (Vogt et al.
2011). As shown in the example of figure 2.7A, the Vm-∆F/F0 signal associated
with an AP was measured in the apical dendrite at 100 µm from the soma. Then,
in the presence of 1 µM tetrodotoxin to block APs and 100 µM cyclothiazide to
inhibit AMPA receptors desensitization, L-glutamate was locally photo-released from
2.5 mM 4-Methoxy-7-nitroindolinyl-caged-L-glutamate (MNI-glutamate, TOCRIS)
using an OPTOLED pulse of 1 ms at 365 nM wavelength. As this procedure
brings the dendritic Vm to the reversal potential of ionotropic glutamate receptors
(i.e. to 0 mV), the associated Vm-∆F/F0 signal was used to calibrate the signal
associated with the bAP. This assessment was repeated in N = 8 cells obtaining
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Figure 2.7: Calibration of the dendritic AP. A, Top-left, reconstruction of L5 pyramidal
neuron with dendritic compartment at ∼100 µm distance from the soma outlined by
a cylinder (red). Top-right, Vm optical signal associated with an AP in the region on
the left, calibrated using a depolarization to 0 mV obtained by uncaging L-glutamate,
showing a slight attenuation of the dendritic bAP with respect to the somatic AP (black
trace). Bottom, AP peak in the soma (20.37 ± 4.39 mV, mean ± SD) and in the dendrite
at ∼100 µm distance from the soma (16.63 ± 5.50 mV, mean ± SD) measured in N = 8
cells.

a consistent result (figure 2.7B). This has been observed before by Larkum et al.
(2001), who showed bAPs have little attenuation, whereas forward propagating
excitatory potentials in the apical dendrite attenuate fast. They postulated this is
due to the nature of the APs, which are VGNC-mediated when back propagating,
but rely more on VGCCs during forward propagation from the tuft.

2.6.3 Sodium imaging

For Na+ imaging experiments, the Na+ current was calculated as described in detail
in a previous report (Filipis and Canepari 2021). Specifically, ∆F/F0 signals were
initially converted into ∆[Na+] signals. Using an internal solution without Na2-ATP,
ING-2 fluorescence at different NaCl concentrations (0, 2.5, 5, 7.5, 10, 12.5, 15 and
25 mM) was measured with the same apparatus used in the physiological recordings.
We linearly fitted the fluorescence against the Na+ concentration and we established
that ∆F/F0 = 1% corresponds to [Na+] = 0.175 mM at initial [Na+] = 10 mM. The
∆[Na+] was compensated for longitudinal diffusion and converted into a Na+ (or a
positive charge) superficial density using an estimate of the diameter of the axon.
The signal was fitted with a model function based on the summation of a simple
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sigmoid (for the subthreshold component), the product of three sigmoids (for the
suprathreshold component) and the current surface density (or simply the current)
was finally obtained by calculating the time derivative of this fit. The detailed
biophysical validation of this method is reported in Filipis and Canepari (2021).

2.7 Statistical data analysis
To assess the consistency of the experimental results obtained in groups of cells,
three statistical tests were performed and in all tests we considered p < 0.01 as
the threshold for significance.

The effect of a channel blocker on the Na+, Ca2+ and ICa signals were studied
in the same group of experiments, using a parametric paired t-test performed on
the signals maxima under two different conditions. In each cell, the maxima were
measured in control conditions and in the presence of one or several channel blockers.
Equivalently, to assess the same effect in two different groups of experiments, the
Wilcoxon rank non-parametric test was performed on the fractional changes of
signals maxima under two different conditions in the two groups of cells.

2.7.1 The Lilliefors test

Finally, to establish the effect of a channel blocker on the shape of the dendritic bAP,
we assessed the widening of the bAP over the photon noise of the recording using the
following statistical analysis. Assuming that the photon noise is normally distributed,
the hypothesis to test was whether or not the distribution of the difference between
the samples at given intervals after the bAP peak in the presence of a channel
blocker and in control conditions deviated the distribution from normality. The
rationale of the analysis is illustrated in the simulations reported in figure 2.8. In
the example reported on the top of the panel, two sets of normally distributed values
with 5 mV standard deviation were added to a somatic AP recorded at 20 kHz. This
was done once to simulate the control conditions and once to simulate the presence
of the channel blocker. The normal distributions were centered at 0 mV except
for the 500 µs following the bAP peak in the red trace for which the distribution
was centered at +15 mV in order to mimic the widening. The distribution of the
difference between the noise samples in the presence of the channel blocker and in
control condition will be also normal with standard deviation equal to

√
2 times

the standard deviation of the original signals. The distribution of the difference
between the noise + signal samples, however, will deviate from normality since the
two original distributions are centered at two different values. Thus, we repeated
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the simulations in N = 8 cells to illustrate the histograms of the difference in the
noise, in the signal and in the noise + signal (figure 2.8). To visualize the normal
behaviour of the noise difference and the deviation from normality of the noise +
signal difference, we superimpose the two normal distributions on the histograms
with mean and standard deviation calculated from the points. The test to obtain
a quantitative assessment of the normal behavior is, in principle the Kolmogorov-
Smirnov test. In practice, since in the experiments the noise varies from one cell
to another, we opted for the stronger Lilliefors test, which is a generalization of
the Kolmogorov-Smirnov test for unknown normal distributions (Lilliefors 1967).
The p values of this test for the above simulations are reported in figure 2.8. In
the experiments, to establish the kinetics of the widening, the test was repeated
over three distinct time intervals during the falling phase of the AP, namely the
first 500 µs following the AP peak, the next 500 µs and the next 1.5 ms.

2.8 Computational modelling
All modelling reported in this dissertation was performed in the NEURON language,
and the complete models are available in the online NEURON ModelDB.

2.8.1 In the axon initial segment
An existing model from Hallermann et al. (2012) was used as the base for the
modelling reported in this thesis. Briefly, the AIS of the existing model was replaced
by the physiology of the mouse, which has a semi-conical shape with initial diameter
of 4.22 µm and final diameter of 1.73 µm and it is divided into 20 compartments of 2
µm length. Next, VGNCs from Mainen et al. (1995) were introduced and adapted to
fit the data. Calcium permeability to Nav1.2 was introduced, corresponding to 0.4%
with respect to Na+ as has been suggested (Hanemaaijer et al. 2020). Next, a LVACC
representing T-type VGCCs and HVACC, representing L-type, P/Q-type, N-type
and R-type VGCCs, were introduced (Almog and Korngreen 2014). Distributions
and densities were set to re-produce experimental data. When modelling Ca2+

transients, a mobile Ca2+ buffer with standard kinetics was introduced, to mimic
the calcium indicator in the patch pipette. In addition, an immobile endogenous
buffer was included in all simulations. For Ca2+ diffusion and extrusion, we used
the model proposed by Kim et al. (2015). Lastly, an inward rectifier K+ channel
was introduced (Migliore et al. 2008), as well as two CAKCs; BK (Ait Ouares
et al. 2019) and SK (Mahapatra et al. 2018). SK channels were dependent on
Ca2+ entry exclusively entering through LVA VFCCs, whereas BK channels were
activated by Ca2+ through Nav1.2 and HVA VGCCs.
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Figure 2.8: Statistical assessment of the AP widening following pharmacological
manipulation. Top, to simulate an experimental widening two sets of normally distributed
values with 5 mV standard deviation are added to a somatic AP recorded at 20 kHz, once
in control conditions (black traces) and once in the presence of the channel blocker (red
traces); the normal distributions are centered at 0 mV except for the 10 points (500 µs)
following the AP peak in the red trace for which the distribution is centered at +15 mV;
the gray trace on the right shows the difference between the red and black trace; the
analysis is performed over the 20 points (1 ms) preceding the current injection (noise) and
the 10 points following the AP peak (signal). Bottom, following the procedure illustrated
above applied to N = 8 cells to obtain 160 points for the noise and 80 points for the
signal, histograms of noise (black columns), of the signal (green columns) and of the
noise+signal (240 points, gray columns); to qualitatively visualize the consistency with
normality, normal distributions with mean and standard deviation calculated from noise
and from the noise+signal are superimposed to the respective histograms (cyan traces);
the p values of the two Lilliefors tests are indicated.

2.8.2 In the apical dendrite

For the simulations described in chapter 4, the above model was modified further.
The morphology of the dendritic tree was changed to mouse morphology 36595
from the NeuroMorpho database, also reported in Buchanan et al. (2012). As
in the AIS, an endogenous immobile Ca2+ buffer was introduced, as well as a
mobile calcium indicator to mimic experimental conditions when necessary and
Ca2+ extrusion system. The relevant Kon and Koff values were modified to reflect
the indicator kinetics (Eberhard and Erne 1991; Schmidt et al. 2003). Next, we
copied the channels for Nav1.2, the delayer inward K+ rectifier, CAKC BK and
SK in the AIS to the apical and basal dendrites. VGCCs already present were
replaced by specific models for a T-type and L-type current from Migliore et al.
(2008), an R-type current from Mandge and Manchanda (2018) and identical N-type
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and P/Q-type currents from Wimmer et al. (2010). Channel distributions are
in accordance with previous reports (Migliore and Shepherd 2002; Ramaswamy
and Markram 2015). More specifically, VGNC Nav1.2 has a uniform distribution
which is decreased compared to the soma (Migliore and Shepherd 2002; Stuart
and Sakmann 1994). A-type VGKCs linearly decreased in density from the soma
along the dendrite. M-type currents and the delayed inward rectifier K+ current
have a uniform distribution (Kang et al. 2000; Korngreen and Sakmann 2000). BK
channels were distributed homogeneously along the apical dendrite, in accordance
with previous studies (Benhassine and Berger 2005). Similarly, SK channels are
thought to be expressed homologues along the dendrite (Ramaswamy and Markram
2015). The depolarisaing Ih current activated by hyperpolarisation was inserted
with increasing density of ∼50 fold from the soma to the distal apical dendrite
(Harnett et al. 2015; Kole et al. 2006; Lörincz et al. 2002; Williams and Stuart
2000). Lastly, all VGCCs have a homogenous apical distribution (Ramaswamy
and Markram 2015), but their individual contribution to the total current varied,
depending on the experimental results.

The Ca2+ dependence of SK CAKCs in the model is controlled by L-type
channels, as has been suggested in hippocampal neurons (Marrion and Tavalin
1998), and T-type VGCCs. Furthermore, BK channels are activated by Ca2+

entry through both N-type and L-type channels in accordance with the literature
(Grunnet and Kaufmann 2004; Loane et al. 2007; Sun et al. 2003), with a preference
for N-type VGCCs.

2.9 Methods extensions
During my thesis I worked on several projects to expand the methodology used in
our lab. Specifically, I worked on the validation of two huwentoxin-IV analogues,
one of which is a photosensitive version (Montnach et al. 2022). In addition, I tested
a new calcium indicator, Cal520FF, and verified its high sensitivity compared to
OG5N and Fluo4FF in our imaging setup (Blömer et al. 2021b).

2.9.1 Cal520FF - a new calcium indicator
2.9.1.1 Comparing low affinity calcium indicators

We compared the performance of the new Cal520FF to OG5N and Fluo-4FF.
Fluo-4FF (KD = 10 µM; Thermo Fisher Scientific, Waltham, MA) was selected
because this indicator, unlike OG5N, has very dim fluorescence at zero Ca2+, but
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Figure 2.9: Evaluation of the three low-affinity indicators Fluo4FF, OG5N and Cal520FF.
A, Left: field of view of the CCD camera; frame acquired without illumination. Right,
three sequences of images acquired from a solution containing zero Ca2+ and 80 µM of
either Fluo4FF (bottom), OG5N (top) or Cal520FF (middle); traces report the light
intensity on the square region before and after turning on the 470 nm LED for the three
indicators; the images are illustrated on the same greyscale to appreciate the different
zero Ca2+ fluorescence levels; the values of the CCD digits in the three cases are reported.
b In the three solutions of panel A, Ca2+ was increased from 0 to 5 mM and the ratio
between the maximal and minimal Ca2+ (dynamic range) was calculated: 89 for Fluo4FF;
35 for OG5N; 62 for Cal520FF. C The product of the dynamic range (panel b) and of the
square root of the CDD digits corresponding to zero Ca2+ (panel A): 1140 for Fluo4FF;
1335 for OG5N; 1737 for Cal520FF

a larger dynamic range with respect to OG5N. Thus, we could quantitatively
position the performance of Cal520FF with respect to the different characteristics
of the two indicators of comparison. Fluorescence was excited at 470 nm using
the OptoLED and recorded at 530 ± 21 nm using imaging setup one. The S/N
increases linearly with the sensitivity of the indicator, but it also increases with the
square root of the basal fluorescence, which is close to the zero Ca2+ fluorescence.
Thus, we initially evaluated the three low-affinity Ca2+ indicators Fluo4FF, OG5N
and Cal520FF, with respect to these parameters. We prepared three solutions
(1 mL each) containing 100 mM HEPES, buffered to pH 7.35 with KOH, 5 mM
EGTA (to set 0 mM Ca2+) and 80 µM of either Fluo4FF, OG5N or Cal520FF. We
then evaluated each solution at zero Ca2+ separately in the microscope chamber
by measuring the fluorescence excited with a light spot of ∼ 100 µm diameter
using the CCD camera (figure 2.9A). As expected, at zero Ca2+, Fluo4FF had
dim fluorescence quantified by 164 digits of the CCD camera, OG5N had brighter
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fluorescence quantified by 1455 digits and Cal520FF had intermediate fluorescence
quantified by 785 digits. Next, we evaluated the dynamic range of each indicator
by adding to each solution 10 µL of 1 M CaCl2, to increase Ca2+ to ∼5 mM and
saturating the indicators (figure 2.9B). The maximal fluorescence, normalised to
the zero Ca2+ fluorescence, was 89, 35, and 62 for Fluo4FF, OG5N and Cal520FF
respectively. Finally, to evaluate the S/N performance that can be predicted in
a physiological Ca2+ measurement, we calculated the product of the square root
of the zero Ca2+ fluorescence (figure 2.9A) times the full dynamic range (figure
2.9B). As shown in figure 2.9C, OG5N performs better in terms of S/N than the
dim Fluo4FF, but Cal520FF can potentially perform better than both indicators.

2.9.1.2 Comparing Cal520FF in brain slices

With this premise, we evaluated the performance of the three indicators in measuring
the fast Ca2+ transient associated with an AP in L5 pyramidal neurons from acute
brain slices (figure 2.10A) and the ability to reconstruct the underlying Ca2+ current
by calculating the time-derivative of the Ca2+-∆F/F0 signal. Individual neurons were
loaded with a Ca2+ indicator using whole cell patch clamp recordings (figure 2.10A)
as described in the Materials and Methods. The Ca2+-∆F/F0 signal associated with
an AP was used for this test. This signal is mediated by diverse VGCCs (L-type,
P/Q-type, N-type, R-type and T-type) and it is locally blocked by a cocktail of
VGCC inhibitors (20 µM Isradipine, 1 µM ω-Agatoxin IVA, 1 µM ω-Conotoxin GVIA,
1 µM SNX482, 5 µM ML218, 30 µM NNC550396) as shown in the example of figure
2.10A. For each indicator, 10 neurons were loaded with 2 mM of either Fluo4FF,
Cal520FF or OG5N. We recorded the fluorescence time-course associated with an
AP along a proximal segment of the apical dendrite and calculated the Ca2+-∆F/F0

signal from regions located at 80–100 µM from the soma at 20 kHz (figure 2.10B).
Notably, in each cell tested, the loading conditions were standardized, fluorescence
was excited at the same intensity and the auto-fluorescence was subtracted to
accurately measure F0. In each cell, we also averaged 9 recordings, and we corrected
each trace for bleaching. In the three examples of figure 2.10B, F0 was the dimmest
for Fluo4FF and the brightest for OG5N whereas the maximum ∆F/F0 after the
AP was the largest for Fluo4FF and the smallest for OG5N. As expected from the
preliminary analysis reported in figure 2.9, for both F0 and the maximum ∆F/F0,
Cal520FF gave intermediate values with respect to the other two indicators. But
when visually examining the normalized signals, Cal520FF exhibited the largest
S/N among the three indicators. To quantify and assess the consistency of this
result, for the three groups of 10 cells, we measured F0, the maximum ∆F/F0 and
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the S/N quantified by the ratio between the maximum ∆F/F0 and the ∆F/F0

standard deviation calculated from the samples before the AP (figure 2.10C). By
applying either a parametric ANOVA test, or a non-parametric Kruskal-Wallis test,
the three groups resulted significantly different for the three parameters analysed
(p < 0.001) and Cal520FF signals had the largest S/N among the three indicators.

The importance of ultrafast Ca2+ imaging relies on the ability of tracking the
kinetics of fast VGCCs by precisely reconstructing the shape of the Ca2+ current,
which can be obtained in pyramidal neuron dendrites by calculating the time-
derivative of the ∆F/F0 signal. Thus, we estimated the Ca2+ current kinetics
by filtering fluorescence with a 20-points Savitsky-Golay smoothing filter and by
calculating the time derivative (dF/dt) of the filtered fluorescence, as shown for
the three examples in figure 2.10D. As in the case of the ∆F/F0 signal, the S/N of
the dF/dt signal was visually larger in the example with Cal520FF. The S/N for
the three groups of cells was then calculated for dF/dt (figure 2.10D). Again, for
this signal, Cal520FF gave the largest S/N as revealed by the same two tests used
above (p < 0.001). In summary, the significantly high performance of Cal520FF
in ultrafast Ca2+ imaging makes this relatively new indicator the most ideal, at
present, for this type of applications.

2.9.2 Toxins to distinguish between Nav1.2 and Nav1.6
In this thesis various toxins are utilised to block VGNCs. As both Nav1.2 and
Nav1.6 are expressed in the AIS, we wanted to specifically target VGNCs to
determine their contribution to AP generation. For this purpose we selected two
toxins which are discussed below.

2.9.2.1 Selectivity of G1G4Huwentoxin-IV for Nav1.2

The first necessary condition to investigate the role of Nav1.2 in the AP generation
at the AIS of L5PNs is the availability of a selective blocker of this channel that
is specifically inert with respect to Nav1.6. Phrixotoxin-3 (Bosmans et al. 2006)
has been reported to be selective for Nav1.2, but when we tested this peptide
in L5 pyramidal neurons we found variable and rapidly reversible effects at the
lowest concentrations where this selectivity is expected (data not shown). Thus,
to produce a less reversible and still selective effect on Nav1.2 channels, we used
a peptide modified from huwentoxin-IV (hwtx), a toxin purified from tarantula
venom which interacts with VGNCs to inhibit activation and fast inactivation of
Nav1.7 (Xiao et al. 2011), where the two glutamate residues at positions 1 and
4 were replaced with two glycine residues.
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Figure 2.10: Performance of Fluo4FF, OG5N and Cal520FF for ultrafast Ca2+ imaging
and optical recording of Ca2+ currents. A, Image of a brain (cortical) slice with patched
L5 pyramidal neuron. On the bottom, a fluorescence image of a neuron loaded with 2
mM OG5N with a region of interest (white-dotted rectangle) indicated; a pipette locally
delivering a cocktail of VGCC inhibitors (see main text) is drawn to indicate its position.
On the right: somatic Vm with evoked AP and associated Ca2+-∆F/F0 signal in control
condition and after locally delivering the VGCC inhibitors showing the block of the Ca2+

transient and no effect on the somatic AP. B, Left: fluorescence images of L5 pyramidal
neurons loaded with 2 mM of either Fluo4FF (bottom), Cal520FF (middle) or OG5N
(top); the white-dotted rectangles outline the regions (80–100 µm from the soma) from
where fluorescence was averaged. Centre: ∆F/F0 signals (grey) associated with an AP
(black); the camera digits corresponding to F0 are indicated. Right: the normalised
∆F/F0 signals showing the different S/N. C, Left: F0 values (digits) in 10 cells for each
indicator and mean ± SD for Fluo4FF (174 ± 48), Cal520FF (780 ± 139) and OG5N
(1325 ± 425). Centre: maximum ∆F/F0 (%) values in the 10 cells and mean ± SD for
Fluo4FF (51 ± 12), Cal520FF (40 ± 10) and OG5N (13 ± 8). Right: ∆F/F0 S/N values
in the 10 cells and mean ± SD for Fluo4FF (10.3 ± 3.0), Cal520FF (29.5 ± 6.6) and
OG5N (16.5 ± 3.5). D, Left: normalised time-derivative of F after smoothing (dF/dt) in
the three cells of panel A. Right: dF/dt S/N values in the 10 cells and mean ± SD for
Fluo4FF (4.2 ± 1.4), Cal520FF (10.5 ± 2.4) and OG5N (6.8 ± 1.3). All data are from
averages of 9 trials (Figure from (Blömer et al. 2021b)
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Figure 2.11: Selectivity of G1G4-Huwentoxin-IV (G1G4hwtx). Top-left, currents in
HEK293 cells expressing either Nav1.2 (blue) or Nav1.6 (green) in control solution and
after addition of G1G4hwtx (hwtx) at 1 nM (left traces) or at 3.3 nM (right traces); the
35-aminoacids sequence of G1G4hwtx is reported; the two residues mutated from the wild
type peptide are indicated with bold-underlined characters. Top-Right, fraction of Nav1.2
(green) or Nav1.6 (blue) current peak from control condition (no G1G4hwtx) against
G1G4hwtx concentration (mean ± SD); each concentration-point has been calculated over
10-15 cells. Bottom-Left, in a L5 pyramidal neuron in brain slices, AP elicited in control
condition (no G1G4hwtx) or in the presence of 40 nM, 80 nM or 160 nm G1G4hwtx.
Bottom-Right, delay of the AP peak and AP peak fraction from control condition against
G1G4hwtx concentration (mean ± SD, N = 7 cells).

This peptide, G1G4Huwentoxin-IV (G1G4hwtx), was developed by the team of
Michel de Waard (Nantes, France) who initially wanted to develop a photosensitive
version of this 35 amino acid toxin, with convergent blocking potencies for Nav1.1,
Nav1.2, Nav1.6, and Nav1.7 channels. Therefore, they synthesised 20 analogues of n-
hwtx based on earlier structure-function analyses using single amino-acid mutations
and 3D structures (Agwa et al. 2020; Peng et al. 2002). One of those analogues was
the G1G4hwtx mutant. They found that G1G4hwtx exhibits higher selectivity for
Nav1.2 with respect to Nav1.6 at nanomolar concentrations as measured in HEK293
cells using automated patch-clamp recordings (figure 2.11). Specifically, at 1 nM
and 3.3 nM, G1G4hwtx blocks 16 ± 7% and 53 ± 7% of Nav1.2 currents respectively,
and only 5 ± 4% and 9 ± 5% Nav1.6 currents respectively. The challenge remained
to exploit this selectivity by locally blocking Nav1.2 in the AIS of L5 pyramidal
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neurons in the context of brain slices in which effective concentrations may differ.
Thus, L5 pyramidal neurons were patched in the cell body and another pipette
near the AIS was used to locally deliver selective channel blockers, for 1 minute, by
gentle pressure application. This way, when we delivered G1G4hwtx at 40 nM, the
peptide did not affect the AP (figure 2.11). The smallest concentration at which
we consistently observed an affect was 80 nM and this effect was a delay in the
AP onset and peak with occasionally a small decrease in amplitude (figure 2.11).
Finally, at 160 nM, G1G4hwtx consistently produced a longer delay and decreased
the amplitude of the AP. Importantly for this project, at all concentrations, the
consistent effects of G1G4hwtx were stable for several minutes after delivery, in
sharp contrast to phrixotoxin application. We could therefore use G1G4hwtx at
80 nM concentration on the hypothesis that at this minimal concentration, the
peptide should produce a partial but selective block on Nav1.2 because this channel
type is more sensitive than Nav1.6 to G1G4hwtx.

2.9.2.2 Selectivity of 4,9-anhydrotetrodotoxin for Nav1.6

To validate whether the findings obtained by local delivery of G1G4hwtx were
exclusively due to Nav1.2, we used the Nav1.6 inhibitor 4,9-anhydrotetrodotoxin
(attx) in the control experiments. Once more our collaborators in Nantes assessed,
in experiments performed in HEK293 cells using automated patch clamp recordings
(figure 2.12), that this molecule exhibits a small selectivity for Nav1.6 with respect
to Nav1.2. Specifically, at 10 nM and 33 nM, attx blocks 20 ± 13% and 30 ± 13%
Nav1.6, respectively, whereas it blocks 9 ± 11% and 16 ± 12% Nav1.2 respectively.
In AP tests performed in brain slices in our lab, attx at 400 nM did not affect
the AP, whereas the smallest concentration at which we consistently observed a
delay in the AP offset was 800 nM (figure 2.12). At 1600 nM, attx consistently
produced a stronger AP inhibition. Similarly to G1G4hwtx, the effects of attx at
all concentrations were stable for several minutes after delivery. Thus, experiments
to target Nav1.6 channels were performed by using attx at the concentration of
800 nM that provides the minimal perturbation of the somatic AP.

2.9.3 Photosensitive G1G4K36Huwentoxin-IV

For the photosensitive hwtx mutant, G1G4K36Huwentoxin-IV (G1G4K36hwtx) was
selected from the 20 analogues (Montnach et al. 2022). This analogue is one amino-
acid longer than native hwtx. Again using HEK293 cells they determined that this
hwtx analogue was the most potent for a pan-Nav action.
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Figure 2.12: Selectivity of 4,9-Anhydrotetrodotoxin (attx). Top-left, currents in HEK293
cells in control solution and after addition of attx at 10 nM (left traces) or at 33 nM (right
traces). Top-Right, fraction of Nav1.2 or Nav1.6 current peak from control condition
(no attx) against attx concentration (mean ± SD); each concentration-point has been
calculated over 10-15 cells. Bottom-Left, in a L5 pyramidal neuron in brain slices, AP
elicited in control condition (no attx) or in the presence of 400 nM, 800 nM or 1600 nm
attx. Bottom-Right, delay of the AP peak and AP peak fraction from control condition
against attx concentration (mean ± SD, N = 7 cells).

Figure 2.13: Selectivity of G1G4K36Huwentoxin-IV-Nvoc. A, Photolysis of
G1G4K36hwtx-Nvoc by illumination at 365 nm. B, Light-induced inhibition of Nav1.6
current by uncaged G1G4K36hwtx-Nvoc analog (100 nM).
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2.9.3.1 Development of G1G4K36huwentoxin-IV-Nvoc

The most straightforward chemical strategy to achieve photosensitivity is to add a
photosensitive cage on the side chain of a residue that is key for activity (Bourgault
et al. 2007). The activity of hwtx, as well as many other toxins, relies on a
limited set of amino acids. Often, a lysine (Lys) residue, or a residue that can be
substituted by Lys, appears critical for biological activity (Dauplais et al. 1997).
Montnach et al. (2022) found that the K32 residue is an ideal amino acid residue
for chemical modifications aimed at reducing hwtx potency. By mutating K32 to
N32 the potency of hwtx for Nav1.7 decreased >100 fold. They proceeded with
covalent attachment of an orthogonal o-nitroveratryloxycarbonyl (Nvoc) protecting
group to K32 of G1G4K36hwtx (G1G4K36hwtx-Nvoc).

The presence of the aromatic Nvoc group on K32 for G1G4K36hwtx-Nvoc disturbs
the chemical environments of a series of residues on the side of the molecule where
K32 is located without affecting the global fold of the peptide. The Nvoc group can
be cleaved by photolysis under physiological conditions, exposing the critical K32

amino acid and activating the toxin. Specifically, photolysis of caged G1G4K36hwtx-
Nvoc occurred up to a wavelength of 405 nm (figure 2.13A) but was negligible at
wavelengths in the 435-740 nm range which offers the possibility to use fluorophores
excited above 405 nm for additional recordings. After testing G1G4K36hwtx-Nvoc
in HEK293 cells they found that, compared to uncaged G1G4K36hwtx-Nvoc, caged
G1G4K36hwtx-Nvoc is ∼300 times less effective in blocking VGNCs, and the uncaged
toxin is indistinguishable from noncaged G1G4K36hwtx in its blocking abilities (figure
2.13B). In our research, photo-activable toxins are interesting as they offer the
possibility of uncaging said toxin locally with high spatial and temporal precision.
Dr Luiza Filipis, then a post-doctoral scientist in our team, and I both contributed
to these experiments.

2.9.3.2 G1G4K36huwentoxin-IV-Nvoc in brain slices

To asses G1G4K36hwtx-Nvoc in brain slices we first determined that APs recorded in
L5PNs were inhibited by local application of 500 nM non-caged G1G4K36hwtx from
the surface of the brain slice near the cell body (figure 2.14A). Similar experiments
conducted with the caged G1G4K36hwtx-Nvoc analog show that the AP shape is
unaltered. As expected, photolysis of G1G4K36hwtx-Nvoc leads to a significant
decrease of the maximal membrane potential (Vm) 1 min after illumination (figure
2.14B,C). This block was only partially reversible by washout for ∼30 minutes
(examples shown in figure 2.15). Spatial selectivity was next precisely examined by
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Figure 2.14: G1G4K36hwtx-Nvoc assessments in L5 pyramidal neurons from mouse
brain slices. A, Gray trace: AP in control solution. Black trace: the AP is inhibited
by application of 500 nM non-caged G1G4K36hwtx analog (consistently observed in n
= 6 cells tested). B, left: AP in control solution, centre: in the presence of 2.5 µM of
caged G1G4K36hwtx-Nvoc, right: recording 1 minute after uncaging the toxin showing
full AP block; the peak of the depolarization and the width of the AP used in the
statistical analysis are illustrated; black traces are the control recording reported for
comparison. C, left: mean ± SEM (n = 8 cells) of the depolarization peak, normalized
to the control values, after addition of caged G1G4K36hwtx-Nvoc (1.00 ± 0.01) and 1
minute after photolysis (0.43 ± 0.03). "*" indicates a significant decrease of the peak (p
< 0.01, paired t-test). Right: mean ± SEM (n = 5 cells) of the AP width, normalized to
the control values, after addition of G1G4K36hwtx-Nvoc (1.18 ± 0.11). D, Top: images
of L5 pyramidal neuron filled with a fluorescent indicator relative to the position of a
UV (405 nm) illumination spot with distance from the center indicated in each frame.
Bottom: AP in the presence of caged G1G4K36hwtx-Nvoc (orange traces) and 1 minute
after uncaging (purple traces) with the cell positioned at distances from the spot center
of 100, 80, 60, 40, 20 and 0 µm. E, Left: image of the UV spot (∼40 µm diameter); the
purple curve indicates the light intensity profile; cells are depicted to indicate the different
positions with respect to the spot. Right: mean ± SEM (n = 5 cells) of the depolarization
peak, normalized to the control values, 1 minute after uncaging with the cell positioned
at distances from the spot centre of 100 µm (1.00±0.01), 80 µm (0.99±0.01), 60 µm
(0.95±0.03), 40 µm (0.77±0.12), 20 µm (0.61±0.14) and 0 µm (0.32±0.05). "*" indicates
a significant decrease (p < 0.01, paired t-test). "*" indicates a significant decrease (p <
0.01, paired t-test).
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Figure 2.15: Recovery from G1G4K36hwtx-Nvoc. Examples of four cells of a control
measurement before uncaging the toxin, approximately one minute after uncaging showing
a full block of the AP in all examples, and lastly partial recovery after 30 minutes.

using a 405 nm laser spot of ∼40 µm diameter positioned at varying distance from
the soma. The somatic AP was not affected when the cell was at distances >80 µm
from the spot center, whereas it was partially inhibited at distances between 60 and
20 µm from the spot center (figure 2.14D,E). With the larger 365 nm UV LED spot,
the somatic AP was not affected by illuminating a spot centered at ∼100 µm away
from the soma. These results provide information about the spatial resolution that
can be attained by uncaging of G1G4K36hwtx-Nvoc inside the area of photolysis.

Luiza Filipis then recorded Na+ influx directly via voltage-gated Na+ channels,
associated with an AP, to unambiguously assess the effect of the uncaged toxin
on the channels expressed in the AIS (figure 2.16A) using a recent ultrafast Na+

imaging approach (Filipis and Canepari 2021). Illumination of caged G1G4K36hwtx-
Nvoc in the soma (500 ms, 2 mW) fully prevented Na+ influx in the AIS, even
at the same depolarized Vm of the AP (figure 2.16B,C). This result demonstrates
that photo-release of G1G4K36hwtx analog blocks voltage-gated Na+ channels and
AP propagation even at positive Vm. Altogether, these results provided proof-of-
principle that controlled photolysis of caged G1G4K36hwtx-Nvoc can be used to
spatially modulate neuronal AP initiation and sodium influx in brain tissues.
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Figure 2.16: Sodium imaging with G1G4K36hwtx-Nvoc. A, left, L5 pyramidal neuron
filled with 500 µM of the Na+ indicator ING-2; the patch pipette filling the cell is visible;
outlined in yellow the AIS area of ∆[Na+] measurement; right, images taken before and
during the uncaging pulse of UV light illustrating the area of photolysis. B, left, somatic
AP (top) and associated ∆[Na+] signal over the red cylinder depicted in panel A (bottom)
in the presence of caged G1G4K36hwtx-Nvoc; right, after uncaging the toxin, Vm transient
depolarizing the cell to the AP peak (top) and and associated ∆[Na+] signal (bottom).
C, mean ± SEM (n = 4 cells) of the ∆[Na+] signal maximum (peak) before and after
uncaging the toxin. "*" indicates a significant decrease (p < 0.01, paired t-test).
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This chapter addresses the contribution and roles of Nav1.2 and Nav1.6 during
the generation of the AP in the AIS. Until recently, specific targeting of these
two VGNCs was not possible as VGNC blockers did not discriminate between the
two. Here we solved this issue and optically measured Na+ currents (Filipis and
Canepari 2021), Vm transients (Popovic et al. 2015) and Ca2+ currents (Ait Ouares
et al. 2016; Jaafari and Canepari 2016; Jaafari et al. 2014) associated with APs
elicited by somatic current injections and we analysed how the partial block of
Nav1.2 affected these signals. We then focussed on the changes of these signals
produced by fully blocking VGCCs and/or CAKCs in order to correlate Nav1.2
signalling with the activation of these channels.

In the experiments reported below, Dr Luiza Filipis, a post-doctoral researcher
in the lab, performed most of the Na+ and Ca2+ imaging, whereas I contributed
mostly to the Vm transient experiments. All experiments are included here as they
illustrate the synergy of the ion channels involved in shaping the generating AP
in the AIS. In addition, Luiza developed the NEURON model, which I use as the
basis for the model described in chapter 4, connecting the AIS and apical dendrite.

3.1 The effect of blocking Nav1.2 channels and
VGCCs in the AIS

The analysis of G1G4hwtx detailed in chapter 2 allowed investigating how the
membrane voltage, sodium and calcium transients changed following a partial
block of Nav1.2. To investigate how the partial block of Nav1.2 effects the signals
associated with the generating AP in the AIS, we analysed the consequences of
G1G4hwtx application on the Na+ and Ca2+ currents and the Vm in the AIS.

3.1.1 The selective block of Nav1.2 reduces the Na+ current
associated with the AP waveform in the AIS

Figure 3.1A shows the AIS of a neuron filled with the Na+ indicator Ion Natrium
Green-2 (ING-2). We first measured the sodium concentration change (∆[Na+])
associated with an AP. Then, we calculated the Na+ current (INa) as the time-
derivative of the fit of the ∆[Na+] signal using a model function (figure 3.1B). In the
example of figure 3.1A, application of 80 nM G1G4hwtx produced a decrease of ∼30%
of the ∆[Na+] signal in the proximal part of the AIS and a ∼15% decrease in the distal
part. On average, G1G4hwtx decreased the ∆[Na+] with 30% and 23% in proximal
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Figure 3.1: Effect of G1G4hwtx
(block of Nav1.2) on the Na+

influx in the AIS. A, Left, flu-
orescence image (Na+ indicator
ING-2) of the AIS and its re-
construction with a proximal re-
gion (1) and a distal region (2)
indicated. Right, Somatic AP in
control solution and after local
delivering 80 nM of G1G4hwtx
(hwtx) (top) and associated cor-
rected Na+ transients fitted with
a model function in 1 and 2. B,
Left, from the experiment in A,
Na+ currents calculated from the
time-derivative of the Na+ tran-
sient fits. Right, zoom of the
Na+ currents 1 ms before and
1 ms after the AP peak indicat-
ing the fast component of the
Na+ current (Ifast) and the slow
component of the Na+ current
(Islow) defined as the mean Na+

current during the 1-ms interval
after the AP peak. C, Left, single
cell values and percentage change
(N=9 cells) of the Na+ transient
maximum after locally delivering
of G1G4hwtx in proximal regions
(mean ± SD = -30.3 ± 9.8), and
in distal regions (mean ± SD
= -22.9 ± 11.4). Centre, single
cell values and percentage change
of Ifast after locally delivering
G1G4hwtx in proximal regions
(mean ± SD = -36.6 ± 16.7), and
in distal regions (mean ± SD =
-46.8 ± 19.2). Right, single cell
values and percentage change of
Islow after addition of G1G4hwtx
in proximal regions (mean ± SD
= -30.7 ± 16.6), and in distal
regions (mean ± SD = -17.5 ±
18.6). "*" indicates a significant
change (p<0.01, paired t-test).
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and distal regions, respectively. This fits with previous observations Nav1.2 density is
highest in the proximal AIS but is also present in more distal parts (Hu et al. 2009).

As already reported (Filipis and Canepari 2021), the INa is characterised by a
fast inactivating component (Ifast) and a slow non-inactivating component (Islow).
Thus, we systematically evaluated the change in the Ifast peak and in the Islow

(defined as the mean INa in the millisecond following the AP peak) after applying
G1G4hwtx. On average, in 9 cells analysed, we found a significant (p<0.01, paired
t-test) decrease in the ∆[Na+] and in the Ifast signals, both in proximal and distal
regions, whereas a consistent but more variable decrease in the Islow signals was
estimated. This is in accordance with previous electrophysiological studies, showing
the Islow is mostly mediated by Nav1.6 (Burbidge et al. 2002; Rush et al. 2005).

In proximal regions, where Nav1.2 is expected to be dominant (Hu et al. 2009),
the decrease in ∆[Na+] and Ifast signals were 30% and 36% respectively, indicating
a block of 30-40% of Na+ channels (figure 3.1C). According to the selectivity curve
reported in figure 3.2, this percentage block is within the range where G1G4hwtx is
inert to Nav1.6. It also shows that Ifast is almost exclusively mediated by Nav1.2.

3.1.2 The selective block of Nav1.2 widens the generating
AP waveform in the AIS

The important finding that local delivery of 80 nM G1G4hwtx blocks 30-40% of
Nav1.2 without affecting Nav1.6 allowed us to perform further experiments with high
confidence using G1G4hwtx at 80 nM. It permitted the analysis of the axonal AP
waveform change after reducing Nav1.2, using Vm imaging with the voltage-sensitive
dye JPW1114. In the example of figure 3.2A, application of 80 nM G1G4hwtx
delayed the onset of the AP, consistently to what we reported in figure 3.1 and
in figure 3.2. In the distal AIS, however, it also changed the shape of the AP by
widening its waveform (figure 3.2B). To reliably quantify the waveform change
beyond the noise limitations, we calculated the time integral of the Vm signal
in control conditions and after G1G4hwtx application over a time-window of 2.4
milliseconds containing the AP (

∫
Vm). Notably, in 9 cells analysed, the

∫
Vm at

its last value significantly increased by 21.3 ± 10.5% (p<0.01, paired t-test) in
the distal regions of the AIS (figure 3.2C).

This result indicates that Nav1.2 is contributing to the shaping of the generating
AP by sharpening its waveform. The widening of the AP waveform, however, cannot
be produced by a reduction of an (inward) Na+ current. The phenomenon reported
in figure 3.2 can only be explained if the partial block of Nav1.2 is also associated
with a reduction of the outward current which must be larger than the Na+ current
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Figure 3.2: Effect of G1G4hwtx
(block of Nav1.2) on the AP wave-
form in the AIS. A, Left, fluo-
rescence image (voltage sensitive
dye JPW1114) of the AIS and
its reconstruction with a proximal
region (1) and a distal region (2)
indicated. Right, Somatic AP in
control solution and after locally
delivering 80 nM of G1G4hwtx
(hwtx) (top) and associated Vm

transients in 1 and 2. B, Left,
somatic and axonal APs at a dif-
ferent time scale (2.4 ms duration)
visually indicating a widening of
the AP waveform, in the distal po-
sition only, after locally delivering
G1G4hwtx. Right, quantification
of the AP waveform shape by
calculation of Vm integral (

∫
Vm)

over the 2.4 ms time window com-
prising the AP signal. C, Single
cell values and percentage change
(N=9 cells) of the

∫
Vm signal

maximum after locally delivering
G1G4hwtx in proximal regions
(mean ± SD = 3.2 ± 8.8), and in
distal regions (mean ± SD = 21.3
± 10.5). "*" indicates a significant
change (p<0.01, paired t-test).

change in the early phase of the AP repolarisation. The outward current underlying

the AP repolarisation is mediated by K+ channels. Since the AP amplitude is

not significantly affected by the partial block of Nav1.2, any variation of current

mediated by VGKCs is minimal. The most likely hypothesis is therefore that CAKCs

are also contributing to the shaping of the generating AP and that these channels are

activated by Ca2+ influx via Nav1.2. Since Nav1.2 is also permeable to Ca2+ and it

was reported that Nav1.2 mediates Ca2+ influx in the AIS during APs (Hanemaaijer

et al. 2020), we next investigated this phenomenon in detail using G1G4hwtx.
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Figure 3.3: Calcium transients in the AIS. A, Top, fluorescence image (OG5N) of the
AIS and its reconstruction with a proximal (1) and distal region (2). Bottom, somatic
AP and associated Ca2+ transients fitted with a 4-sigmoid (product of four sigmoids)
function in 1 and 2; the Ca2+ currents calculated as the time-derivative of the fits are
reported below. B, Top, from the experiment in A, Ca2+ currents superimposed to the
somatic AP. Bottom, over N = 61 cells tested, distribution of the delay between the distal
and the proximal Ca2+ current peaks.

3.1.3 The distal ICa precedes the proximal ICa in the AIS
To investigate Ca2+ influx and currents associated with an AP in the AIS, we
recorded Ca2+ fluorescence from the indicator Oregon Green BAPTA-5N (OG5N)
and estimated the Ca2+ current waveform by calculating the time derivative of
the fluorescence transient. Specifically, we fitted the fluorescence transient with a
4-sigmoid fit and calculated its time-derivative as done in a previous study (Jaafari
and Canepari 2016) and described in chapter 2.

First, we analysed the kinetics of the Ca2+ current at different locations of the
AIS as shown in the example of figure 3.3A. As already reported by Hanemaaijer
et al. (2020), the kinetics of the Ca2+ signal associated with the AP varied with
the distance from the soma with the onset of the Ca2+ transient in the distal
axon preceding that in the proximal axon. In terms of Ca2+ currents calculated
as time-derivatives of the Ca2+ transients, a substantial delay between the peak of
the Ca2+ current in the distal axon and the peak of the Ca2+ in the proximal part
of the AIS was measured (figure 3.3B). This behaviour was consistently observed
in N = 61 cells tested in this way (figure 3.3B), with a significant delay between
the peaks of 402 ± 177 µs (p<0.01, paired t-test).

The evident anticipation of the distal Ca2+ current peak, also with respect to
the somatic AP peak, is surprising, as previous studies show that Ca2+ influx occurs
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Figure 3.4: Analysis of the Ca2+ current (ICa) components mediated by individual
VGCC types in the AIS. A, Top, fluorescence image (Ca2+ indicator OG5N) of the AIS
and its reconstruction with a proximal (1) and distal (2) region. Middle, Somatic AP in
control solution and after locally delivering 20 µM of the L-type VGCC inhibitor isradipine
(isr). Bottom, Ca2+ transients associated with the APs above fitted with the product of
four sigmoid functions (black traces) and ICa signals derived from the fits. B-E, Same
protocol as panel A, but delivering 1 µM of P/Q-type VGCC inhibitor ω-agatoxin-IVA
(agaIVA, B), 1 µM of the N-type VGCC inhibitor ω-conotoxin-GVIA (conGVIA, C), 1
µM of the R-type VGCC inhibitor SNX482 (D) and 5 µM and 30 µM, respectively, of the
T-type VGCC inhibitors ML218 and NNC550396 (ml+nnc, E). F, All reported values
are mean ± SD. Top, single values and percentage change of the ICa peak in proximal
regions after addition of isr (N = 7 cells, -29.9 ± 17.0), after addition of agaIVA (N = 8
cells, -23.9 ± 17.4), after addition of conGVIA (N = 7 cells, -20.2±10.1), after addition of
SNX482 (N = 8 cells, -7.1 ± 10.0) or after addition of ml+nnc (N = 8 cells, -19.0 ± 14.9).
Bottom, in the same cells, single values and percentage change of the ICa peak in distal
regions after addition of isr (-3.8 ± 10.0), agaIVA (-3.3 ± 13.9), conGVIA (-4.8 ± 6.8),
SNX482 (-0.2 ± 3.4) or ml+nnc (-2.3 ± 7.0).
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during the falling phase of the axonal AP (Lipkin et al. 2021). This is different than
what we have observed in dendrites of hippocampal pyramidal neurons (Jaafari
and Canepari 2016) as well as L5PNs (chapter 4). During dendritic AP back
propagation, the peak of the ICa is on average 0.5 ms delayed compared to the
Vm peak. In the AIS this is not the case, suggesting Ca2+ conductance through
faster opening channels such as VGNCs. Hanemaaijer et al. (2020) showed that
Nav1.2 channels are permeable to Ca2+, which would explain the fast ICa in the
distal AIS. In the distal AIS there is a clear difference between a fast initial ICa

peak and a subsequent lower Ca2+ influx which coincides with the proximal ICa

(see example figure 3.3B). This supports an initial fast Ca2+ influx through Nav1.2
channels and a subsequent slower ICa through VGCCs.

3.1.4 VGCCs mediate part of the Ca2+ influx in the AIS
Since diverse types of VGCCs are expressed in L5 pyramidal neurons, we assessed
the effects of inhibiting individual types of VGCCs. In detail, we blocked L-type
VGCCs with 20 µM isradipine, P/Q-type VGCCs with 1 µM ω-agatoxin-IVA, N-type
VGCCs with 1 µM ω-conotoxin-GVIA, R-type VGCCs with 1 µM of SNX482, and T-
type VGCCs with 5 µM ML218 and 30 µM NNC550396. The results of this accurate
analysis, reported in figure 3.4, indicate that all types of VGCCs, at different extent,
contribute to the axonal Ca2+ influx and current associated with the AP.

To summarise these results in more detail, the ICa is mostly mediated by VGCCs
in the proximal AIS, whereas individual VGCCs blockers have less effect in the
distal parts (figure 3.4F). Currents mediated by HVA VGCCs are mostly L, N and
P/Q-type but not R-type currents (figure 3.4A-D). Additionally, T-type currents
mediate part of the total ICa (figure 3.4E). These observations are in agreement
with previously published work (Lipkin et al. 2021; Yu et al. 2010). Interestingly,
ICa signals in the apical dendrite during AP back propagation (detailed in chapter
4) show clear differences from the currents recorded in the AIS. More notably,
when blocking N-type currents in the apical dendrite this results in an increase
in the Ca2+ transient and ICa, contrary to the effect reported here. Moreover,
blocking N-type currents causes a widening of the bAP waveform similar to the
widening effect of G1G4hwtx on the Vm in the AIS. We hypothesised therefore
that as CAKCs in the AIS seem activated by Ca2+ entry through Nav1.2, N-type
VGCCs activate the same CAKC in the apical dendrite.

Together, this suggests that the Ca2+ influx associated with the AP is mainly
mediated by VGNCs in the distal axon, whereas it is mainly mediated by VGCCs
in the proximal axon.
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Figure 3.5: Effect of G1G4hwtx
on the Ca2+ influx in the AIS. A,
Top, fluorescence image (OG5N)
of the AIS and its reconstruction
with a proximal (1) and distal
region (2). Bottom, somatic AP
and associated Ca2+ transients
and currents in control solution
and after local delivery of 80 nM
of G1G4hwtx (hwtx) in regions
1 and 2. B, In another cell,
same protocol as in panel A, but
with locally blocking all VGCCs
(-VGCCs) with 20 µM isradipine
(L-type), 1 µM ω-agatoxin-IVA
(P/Q-type), 1 µM ω-conotoxin-
GVIA (N-type), 1 µM SNX482
(R-type), 5 µM ML218 + 30 µM
NNC550396 (T-type). C, Sin-
gle values and percentage change
(mean ± SD) of the proximal
Ca2+ current peak (left) after
addition of G1G4hwtx (N = 8
cells, -9.7 ± 8.9) or after addi-
tion of VGCCs blockers (N = 8
cells, -62.2 ± 10.5), and of the
distal Ca2+ current peak (right)
after addition of G1G4hwtx (-
26.2 ± 10.1) or after addition of
VGCCs blockers (-30.0 ± 15.1).
"*" indicates a significant change
(p<0.01, paired t-test).

3.1.5 Nav1.2 mediates Ca2+ influx associated with the AP
in the AIS

To address the role of Nav1.2 in this hypothesis, we assessed the effect of locally
delivering 80 nM G1G4hwtx on the Ca2+ influx and current associated with the AP in
the AIS. In the example of figure 3.5A, G1G4hwtx substantially decreased the distal
Ca2+ influx and current associated with the AP, whereas it only slightly decreased
the proximal Ca2+ influx. Since all VGCCs contribute to the Ca2+ signal, to assess
the effect of blocking VGCCs we locally delivered a cocktail with all inhibitors of
the tests reported in figure 3.4 at the same concentrations. In the example of figure
3.5B, the block of VGCCs substantially decreased the proximal Ca2+ influx and
current associated with the AP, whereas the decrease of the distal Ca2+ current
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was only comparable to that produced by local delivery of 80 nM G1G4hwtx. We
then compared the analysis of the change of the Ca2+ current peak in N = 8 cells
where the effect of locally delivering G1G4hwtx was tested, and in N = 8 cells where
the effect of locally delivering the VGCC blockers cocktail was tested (figure 3.5C).
Whereas the partial block of Nav1.2 produced a marginal decrease of ∼10% of the
Ca2+ current in the proximal AIS, compared to the significant decrease of >60%
produced by blocking VGCCs (p<0.01, paired t-test), in the distal AIS G1G4hwtx
and VGCCs blockers produced a similar and significant decrease of the Ca2+ current
(p<0.01, paired t-test). The effect of the cocktail of VGCC blockers on the ICa was as
expected from the sum of the individual VGCC subtype blocks detailed in figure 3.4.

Although Ca2+ entry through Nav1.2 channels was predicted, one might expect
that the Nav1.2 mediated ICa would be highest in proximal regions where Nav1.2
is the dominant VGKC. This might be explained by the high apparent density of
VGCCs in the proximal AIS. Alternatively, Ca2+ permeability of Nav1.2 channels
might depend on or influenced by auxiliary subunits. In general, the properties
of VGNCs in the AIS seem to depend on the molecular environment, as also the
hyperpolarising shift in VGNC activation seems to be location-dependent in the AIS
and soma of L5PNs (Katz et al. 2018). Therefore, Nav1.2 channels in distal regions
might be more permeable to Ca2+ compared to the same channels in proximal
regions. Moreover, in the dendrite using our methodology, Ca2+ entry through
Nav1.2 channels is undetectable (detailed in chapter 4), as the cocktail of VGCC
blockers abolishes the ICa completely. Furthermore, in the dendrite, the ICa is
significantly delayed compared to the peak of the bAP, whereas VGNC activation
is much faster (chapter 4). It seems that in L5PNs, significant Nav1.2-mediated
Ca2+ entry is exclusively related to the AIS.

In distal regions, the reduction of ∼26% of the Ca2+ current (figure 3.5C) and
the block of 30-40% Nav1.2 produced by locally delivering 80 nM G1G4hwtx are
consistent with a scenario where ∼70% of the Ca2+ influx associated with the AP, at
distal sites of the AIS, is mediated by Nav1.2. This also fits with the observation that
VGCCs mediate ∼30% of the total distal ICa (figure 3.5C). The significant effect of
a 30-40% Nav1.2 block on the ICa shows that blocking Nav1.2 can reduce the K+

current mediated by CAKCs widening the AP waveform at distal sites (figure 3.2).
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Figure 3.6: Effect of blocking
SK CAKCs, BK CAKCs or IK
CAKCs on the AP waveform in
the AIS. A, Left, fluorescence
image (JPW1114) of the AIS and
its reconstruction with a proximal
region (1) and a distal (2) region
indicated; somatic AP before and
after locally delivering 1 µM of
the SK CAKC inhibitor apamin
(apam) reported below. Right,
somatic AP in control solution
and after apamin delivery and
associated Vm transients in 1 and
2. B, In another cell, same pro-
tocol of panel A but by locally
delivering 1 µM of the BK CAKC
inhibitor iberiotoxin (ibtx). C,
In another cell, same protocol of
panel A but by locally delivering
1 µM of the IK CAKC inhibitor
tram-34 (tram).

3.2 The effect of blocking CAKCs in the AIS
3.2.1 The block of CAKCs widens the AP in the AIS after

blocking VGCCs

We observed that when we blocked Nav1.2 channels, the AP waveform widened,
suggesting the involvement of K+ channels. Then we showed the distal ICa

anticipates the AP peak, mediated by Nav1.2 channels. Taken together, we suggest
the involved K+ channels are CAKCs, activated by Ca2+ influx through Nav1.2
channels. Therefore, we next assessed the regulation of the AP waveform by
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individual CAKCs. In the example of figure 3.6A, locally delivering 1 µM of the SK
CAKC inhibitor apamin widened the AP waveform in the soma and in the proximal
and distal sites of the AIS. Visually, this widening was larger towards the late phase
of the repolarisation. Similarly, in the example of figure 3.6B, locally delivering 1 µM
of the BK CAKC inhibitor ibtx also widened the somatic and axonal AP waveforms,
but in this case the widening was observed earlier during the repolarisation. The
widening behaviours produced by apamin or ibtx were consistently observed in all
cells tested. In contrast, the effects produced by 1 µM of the IK CAKC inhibitor
tram-34 were not significant. In the example of figure 3.6C, locally delivering
tram-34 did not change the AP waveforms in the soma nor in the AIS.

In agreement with this initial analysis of CAKCs, we conducted a further analysis
on SK and BK CAKCs only. To see whether a Ca2+ source activates a particular
CAKC, one can block only this particular Ca2+ source and see whether this block
prevents the effects produced by CAKCs. Thus, we first tested the combination
of VGCCs as Ca2+ source by using the cocktail of blockers already used in the
experiments of figure 3.5. In the example of figure 3.7A, we first blocked VGCCs,
observing a widening of the AP waveform in the soma and in the proximal and distal
sites of the AIS, and then added apamin to the VGCCs blockers cocktail. The block
of SK CAKCs did not further change the somatic and axonal AP waveforms once
VGCCs were blocked. In contrast, in the example of figure 3.7B, after observing a
widening of the somatic and axonal AP waveforms produced by blocking VGCCs,
addition of ibtx caused a further widening of the Vm signals.

The quantitative assessment of the effects of apamin and ibtx was done in four
separate groups of 7 cells in which the two inhibitors were tested first in control
conditions and then after blocking VGCCs. In control conditions, the delivery
of SK CAKC, BK CAKC or VGCCs inhibitors, but not the delivery of the IK
CAKC inhibitor, produced a significant (p<0.01, paired t-test) increase of the∫
Vm signal (figure 3.7C) both in the proximal and in the distal sites of the AIS.

Visually, this effect was larger at distal sites of the AIS for the BK CAKC inhibitor
whereas the widening effects produced by apamin were similar to those produced
by blocking VGCCs (N = 14 cells). When VGCCs were previously blocked, further
addition of apamin did not change the

∫
Vm signal (figure 3.7D). The occlusion of

the widening effect of apamin on the axonal AP shows SK channels were indirectly
blocked by the cocktail of VGCC blockers. Therefore, Ca2+ for SK activation is
supplied exclusively by VGCCs. In contrast, further addition of ibtx after blocking
VGCCs increased the

∫
Vm signal, in a significant manner (p<0.01, paired t-test),

by ∼12% at the proximal AIS sites and by ∼21% at the distal AIS sites (figure
3.7D). We concluded that whereas SK CAKCs are activated exclusively by VGCCs,
BK CAKCs are also activated by other Ca2+ sources.



3. Study of the ion channels involved in generating the action potential in the axon
initial segment 72

Figure 3.7: Effect of blocking SK CAKCs or BK CAKCs on the AP waveform in the
AIS, after blocking VGCCs. A, Left, fluorescence image (JPW1114) of the AIS and its
reconstruction with a proximal region (1) and a distal (2) region indicated; somatic AP
before and after sequentially blocking first VGCCs only and then VGCCs and SK CAKCs
with additional apamin. Right, somatic AP and associated Vm transients in 1 and 2 in
control solution and after sequentially blocking first VGCCs only and then VGCCs and
SK CAKCs with additional apamin. B, In another cell, same protocol of panel A but by
sequentially blocking first VGCCs only and then VGCCs and BK CAKCs with additional
iberiotoxin (ibtx). C, Top, single values and percentage change of the proximal

∫
Vm

signal maximum after delivering apamin (N = 7 cells, mean ± SD = 24.7 ± 11.7), ibtx
(N = 7 cells, mean ± SD = 20.1 ± 11.9), tram-34 (N = 8 cells, mean ± SD = 2.2 ± 12.7)
or the cocktail of VGCCs blockers (N = 14 cells, mean ± SD = 19.0 ± 8.9). Bottom, in
the same cells, single values and percentage change of the distal

∫
Vm signal maximum

after delivering apamin (mean ± SD = 21.7 ± 12.0), ibtx (mean ± SD = 36.9 ± 16.6),
tram-34 (mean ± SD = 6.7 ± 21.1) or the cocktail of VGCCs blockers (mean ± SD =
22.9 ± 20.5). D, Top, with respect to the block of VGCCs, single values and percentage
change of the proximal

∫
Vm signal maximum after delivering apamin (N = 7 cells, mean

± SD = -2.1 ± 7.9) or ibtx (N = 7 cells, mean ± SD = 12.1 ± 5.4). Bottom, in the
same cells, single values and percentage change of the distal

∫
Vm signal maximum after

delivering apamin (mean ± SD = 2.4 ± 19.1) or ibtx (mean ± SD = 21.5 ± 12.2). "*"
indicates a significant change (p<0.01, paired t-test).
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3.2.2 The block of BK CAKCs widens the AP in the AIS
preventing the widening caused by blocking Nav1.2

To finally establish whether BK CAKCs are the target of Ca2+ entering through
Nav1.2, we measured the change in the AP waveform produced by locally delivering
80 nM G1G4hwtx, in the presence of 1 µM ibtx. In contrast to the cell of figure
3.2A-B where G1G4hwtx was applied in control solution, in the cell of figure 3.8A
G1G4hwtx local delivery did not change the

∫
Vm signals. In this final quantitative

assessment performed in a group of 7 cells (figure 3.8B), addition of G1G4hwtx in
the presence of ibtx did not change the

∫
Vm signal, in contrast to the increase of

the
∫
Vm signal observed without ibtx. This result indicates that the block of BK

CAKCs prevents the widening of the AP waveform, in the AIS, produced by the
block of Nav1.2. We concluded that the Nav1.2 Ca2+ influx targets BK CAKCs,
in this way shaping the AP waveform at its generating site.

Taken together with the observation that blocking Nav1.2 channels causes a
widening in the AP waveform only in the distal AIS (figure 3.2), this suggests
BK density is higher in the distal compared to the proximal AIS. As Nav1.2 is
dominantly expressed in proximal regions we can expect a close coupling between
the two channels. Nevertheless, it does not mean that BK channels are activated
by Nav1.2 mediated Ca2+ influx exclusively. HVA VGCCs, although probably
in low densities, are another possible source of Ca2+, and have been associated
with BK channels in the past (Berkefeld et al. 2006; Gutzmann et al. 2019; Loane
et al. 2007). Moreover, BK channels are also voltage gated. Therefore, when
delivering G1G4hwtx, BK channel activation might be delayed due to the change
in Vm associated with the ∼30% decrease of available Nav1.2 channels. That
gives a scenario where BK channels are not activated by Ca2+ through Nav1.2
channels but by the sudden change in Vm due to collective Nav1.2 channel activation
mediating the Ifast. Whether this is a likely scenario remains to be investigated,
as the peak of the axonal Vm as well as the rising phase do not seem to change
significantly, besides being delayed, after applying G1G4hwtx. Nevertheless, the
above experiments do not dismiss the possibility.

3.3 The effect of blocking Nav1.6 channels in the
AIS

The experiments reported in figures 3.1-10 demonstrate that Nav1.2 in the AIS
shapes the AP waveform during the rising phase, by providing a large fraction of the
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Figure 3.8: Effect of G1G4hwtx
on the AP waveform in the AIS af-
ter blocking BK channels. A, Left,
fluorescence image (JPW1114) of
the AIS and its reconstruction
with a proximal region (1) and
a distal region (2) indicated; so-
matic AP before and after lo-
cally delivering 80 nM G1G4hwtx
(hwtx) in the presence of iberi-
otoxin (ibtx, 1 µM) reported be-
low. Right, somatic AP and as-
sociated Vm transients in 1 and
2 in the presence of ibtx before
and after G1G4hwtx delivery. B,
Single cell values and percentage
change (N=7 cells) of the

∫
Vm

signal maximum after locally de-
livering G1G4hwtx in the pres-
ence of ibtx in proximal regions
(mean ± SD = -2.3 ± 13.8), and
in distal regions (mean ± SD =
-7.9 ± 16.3). The statistics of
the

∫
Vm signal maximum after

locally delivering G1G4hwtx in
control solution (figure 3.2C) are
also reported for comparison on
the right. "*" indicates a signif-
icant change (p<0.01, paired t-
test).

inward current, and in the falling phase by regulating the Ca2+ activated outward
current. The other VGNC (Nav1.6) also contributes to the AP shaping by providing
the other Na+ inward current, but whether it also regulates the Ca2+-activated
outward current remained to be established.

3.3.1 Nav1.6 does not mediate Ca2+ influx associated with
the AP in the AIS

In a final set of experiments, we addressed this question by performing the same
tests we did with G1G4hwtx (figure 3.1, figure 3.2 and figure 3.5), but in this
case using the Nav1.6 inhibitor 4,9-anhydrotetrodotoxin (attx) (see figure 3.3).
Surprisingly, in the cell reported in figure 3.9A, local delivery of 800 nM produced
an increase of the distal Na+ transient, associated with a large increase of the slow
non-inactivating component of the Na+ current (figure 3.9B). A large increase of the
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Figure 3.9: Analysis of the effect of 4,9-anhydrotetrodotoxin (attx) on the Na+ influx
in the AIS. A, Left, fluorescence image (Na+ indicator ING-2) of the AIS and its
reconstruction with a proximal region (1) and a distal (2) region indicated. Right,
Somatic AP in control solution and after locally delivering 800 nM of attx (top) and
associated corrected Na+ transients fitted with a model function in 1 and 2. B, From the
experiment in A, Na+ currents calculated from the time-derivative of the Na+ transient
fits. C, Top, percentage change of the Na+ transient maximum after addition of attx
(N = 8 cells) in proximal regions (mean ± SD = -1.9 ± 11.6), and in distal regions
(mean ± SD = 16.8 ± 24.8); the values and statistics of the equivalent experiments
with G1G4hwtx (hwtx) (figure 3.1) are reported for comparison. Middle, percentage
change of the fast component of the Na+ current (Ifast) after addition of attx in proximal
regions (mean ± SD = -17.9 ± 9.9), and in distal regions (mean ± SD = 10.2 ± 13.1);
the values and statistics of the equivalent experiments with G1G4hwtx are reported for
comparison. Bottom, percentage change of the slow component of the Na+ current (Islow)
after addition of attx in proximal regions (mean ± SD = 1.4 ± 25.2), and in distal regions
(mean ± SD = 31.5 ± 49.4); the values and statistics of the equivalent experiments with
G1G4hwtx (figure 3.1C) are reported for comparison; "*" indicates a significant change
(p<0.01, paired t-test).
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Na+ transient and of the Islow at distal sites was observed in 4/8 tested with this
protocol (figure 3.9C), suggesting that attx slows down the kinetics of inactivation
of VGNCs. Consistently with a variable modulation of the Islow, attx also produced
inconsistent effects on the axonal AP waveform. While in the cell reported in
figure 3.10A-B the local delivery of attx did not change the AP waveform in the
AIS, in the cell reported in figure 3.10C-D attx widened the AP at the distal site
of the AIS. In N = 7 cells tested with this protocol, the widening of the distal
axonal AP was not statistically significant (figure 3.10E). The complex interaction
of attx with VGNCs does not allow the use of this tool to analyse the role of
Nav1.6 in detail. Nevertheless, since attx prolongs the Na+ influx (figure 3.9A), the
Ca2+ influx should be also prolonged if the channel affected by attx is permeable
to Ca2+. In the cell of figure 3.11A, however, the local delivery of attx did not
change the axonal Ca2+ current and no significant change of the proximal or distal
axonal Ca2+ current was measured in N = 7 cells tested with this protocol (figure
3.11B). Since Nav1.2 is permeable to Ca2+ (figure 3.5), this result indicates that
attx affects the kinetics of inactivation of Nav1.6 in murine brain slices and that
this VGNC isoform is not contributing to the early Ca2+ influx. We concluded
that only Nav1.2 mediates Ca2+ influx during the generating AP in the AIS and
that only this isoform is functionally coupled to BK CAKCs.

Although we can be confident Nav1.6 channels do not mediate Ca2+ influx, we
were not able to fully investigate the role of Nav1.6 channels during AP generation.
In figure 3.9 we show attx does not change the maximum Na+ concentration nor
INa in the AIS, but we know from previous studies that Nav1.6 channels do mediate
a significant portion of the INa, specifically the persistent current (Kole and Stuart
2012; Rush et al. 2005). To study their contribution in slices, the development
of novel toxin analogues that show selectivity for Nav1.6 over Nav1.2 would be
constructive. On the other hand, realistic computational models could help us
extract the kinetics of Nav1.6 and its role in shaping the AP.

3.4 The Nav1.2-BK channels interaction is mim-
icked by simulations in a NEURON model

To mimic the experimental AP generation in the AIS, we built a NEURON model
on the basis of our dataset. Starting from the model reported in Hallermann
et al. (2012) already utilised in our previous article (Filipis and Canepari 2021), we
adapted the AIS morphology to the mouse L5 pyramidal neuron and replaced the
Nav1.2 and Nav1.6 channel models with those proposed in Mainen et al. (1995),
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Figure 3.10: Analysis of the effect of attx on the AP waveform in the AIS. A, Left,
fluorescence image (JPW1114) of the AIS and its reconstruction with a proximal region
(1) and a distal (2) region indicated. Right, Somatic AP in control solution and after
locally delivering 800 nM attx (top) and associated Vm transients in 1 and 2. B, Left,
somatic and axonal APs at a different time scale (2.4 ms duration). Right, quantification
of the AP waveform shape by calculation of Vm integral (

∫
Vm) over the 2.4 ms time

window comprising the AP signal. In this cell, the local delivery of attx does not change
the waveform of the axonal AP. C and D, same as A and B in another cell where the local
delivery of attx widens the waveform of the axonal AP at the distal site. E, Percentage
change of the

∫
Vm signal maximum after delivery of attx (N=7 cells) in proximal regions

(mean ± SD = 8.6 ± 13.1), and in distal regions (mean ± SD = 16.7±16.5); the values
and statistics of the equivalent experiments with G1G4hwtx (hwtx) (figure 3.2C) are
reported for comparison; "*" indicates a significant change (p<0.01, paired t-test).
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Figure 3.11: Analysis of the effect of attx on the Ca2+ influx in the AIS. A, Top, Ca2+

fluorescence image (OG5N) of the AIS and its reconstruction with a proximal region (1)
and a distal (2) region indicated. Bottom, somatic AP and associated Ca2+ transients and
currents in 1 and 2 in control solution and after locally delivering 800 nM attx. B, Top,
single values and percentage change of the proximal Ca2+ current peak after addition of
attx (N = 7 cells, mean ± SD = -4.5 ± 9.2). Right, in the same cells, single values and
percentage change of the distal Ca2+ current peak after addition of attx (mean ± SD =
-3.6 ± 8.3); the values and statistics of the equivalent experiments with G1G4hwtx (hwtx)
(figure 3.3A) are reported for comparison; "*" indicates a significant change (p<0.01,
paired t-test).

distributed consistently with the results reported by Hu et al. (2009) (see figure
3.12A). From this starting model, we modified the channel functions, as described in
chapter 2, in order to match the experimental Na+ and Vm signals in the AIS. We
then introduced Ca2+ permeability to Nav1.2 corresponding to 0.4% with respect
to the permeability for Na+ (as suggested by Hanemaaijer et al. (2020)) and we
introduced a LVA and a HVA VGCC. We introduced an endogenous Ca2+ buffer
and, when matching Ca2+ imaging experiments only, a Ca2+ buffer corresponding
to 2 mM OG5N. Finally, we introduced SK and BK CAKCs and we explicitly
introduced a coupling between SK channels and LVA VGCCs and between BK
channels and Nav1.2 as well as HVA VGCCs, as described in chapter 2.

The relative spatial distributions of VGNCs, VGCCs, BK and SK channels,
reported in figure 3.12A, were set in order to reproduce the experimental results.
Figure 3.12B shows the proximal and distal Vm waveforms, the Na+ transients and
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the Ca2+ transients obtained by running computer simulations with the NEURON
model. To validate the ability of the model to match the experimental evidence,
we simulated the block of 80% VGCCs, of 80% SK channels (experiments with
apamin) or of 80% BK channels (experiments with ibtx). As shown in figure 3.12C,
computer simulations qualitatively replicate the experimental changes of the AP
shape reported in figure 3.6, indicating that the model realistically reproduces the
activation of CAKCs during the AP generation; the widening effect on the AP of
both CAKCs blockers. Simulating the block of SK channels produces an effect on
the AHP, which is decreased, as was observed in the experimental data (figure 3.6A).
Blocking BK channels had an earlier effect (figure 3.6B) which is also observed in
the model. Reflecting BK distribution in the model, the effect is most pronounced in
the distal AIS. Besides CAKCs, mimicking a block of VGCCs produced a widening
effect in the model, as was observed experimentally (figure 3.7).

Then, we mimicked the effect of G1G4hwtx to produce a partial block of Nav1.2,
that replicates the experimental shift of the AP with minimal change of the peak
and the reduction of the global Na+ transient of ∼30% (see figure 3.1). As shown in
figure 3.12D, the simulation reproduces the experimental reduction of the Na+ and
Ca2+ transients and, more importantly, the widening of the distal AP (figure 3.2).
This widening was most pronounced in the distal region as observed experimentally.

The model has provided a scenario to explain our experimental results. In the
distal AIS relative Nav1.2 expression is low, but Nav1.6 density is high, which is
reflected in their contribution to the INa. The widening effect of blocking Nav1.2
channels distally despite the small effect on the INa is explained by the high density
of BK channels, which are functionally coupled. This also shows how BK channels,
activated by Ca2+ influx through Nav1.2, drive fast repolarisation in the AIS. In
the proximal AIS, Nav1.2 density is higher but BK density is much lower, which
explains why there is no widening effect on the AP waveform when applying hwtx.
However, it does not explain the small effect on the ICa. From the model we
can deduce this is likely due to VGCCs. Proximally, the relative high density
of VGCCs results in a significant contribution to the total ICa, leaving Nav1.2
channels to contribute a smaller fraction.

3.5 Summary and significance
In this chapter we demonstrate that the exclusive permeability of Nav1.2 to Ca2+

allows activation of BK CAKCs in the AIS. In this way, the interplay between
Nav1.2, mediating the AP rise, and BK channels regulating the peak and the early
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Figure 3.12: NEURON simulations of the AP generation in the AIS. A, Top, structure
of the AIS (40 µm long) with proximal (1) compartment and distal (2) compartment at
10-12 µm and 30-32 µm from the soma, respectively. Bottom, normalised distributions of
Nav1.2 VGNCs (dark green), Nav1.6 VGNCs (light green), VGCCs (blue), SK CAKCs
(orange) and BK CAKCs (red) along the AIS. B, Vm (AP waveform), free Na+ and free
Ca2+ from a computer simulation of the NEURON model in the proximal and distal
regions. The presence of OG5N was taken into account for the free Ca2+ estimate. C, Vm

(AP waveform) from computer simulations of the NEURON model in the proximal and
distal regions in control conditions and after mimicking the delivery of VGCCs blockers
(80% VGCCs reduction, top trace), of apamin (80% SK CAKCs reduction, middle trace)
or of iberiotoxin (ibtx, 80% BK CAKCs reduction, bottom trace). The changes of the
AP waveform are reported in the insets. The simulations qualitatively reproduce the
experimental results reported in figure 3.6. D, Vm (AP waveform), free Na+ and free
Ca2+ from computer simulations of the NEURON model in the proximal and distal
regions in control conditions and after mimicking the delivery of G1G4hwtx (hwtx). The
presence of OG5N was taken into account for the free Ca2+ estimate. The changes of
the AP waveform are reported in the insets. The simulations qualitatively reproduce the
experimental results reported in figure 3.1, figure 3.2 and figure 3.5.
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phase of the AP repolarisation, shapes the AP waveform at the site of generation.
The NEURON model that we built predicts the interplay between Nav1.2 and
BK CAKCs associated with the generation of the AP in the AIS and replicates,
in a computer simulation, the experimental widening of the axonal AP produced
by G1G4hwtx delivery. A preprint version of these results is available on bioRxiv
DOI 10.1101/2022.04.12.488116.

This provides a model that can be used to further evaluate the role of Nav1.2
during AP generation. Specifically we would like to utilise this model to study
neurological disorders caused by Nav1.2 channel mutations, like epilepsy and autism
spectrum disorders (ASD). Using the model, we can predict the effects of the
malfunctioning Nav1.2 on the Vm and the kinetics of the other channels, and
match this to experimental data. In addition, we can find suitable candidates
for interventions to rescue detrimental effects of mutant Nav1.2. For further
discussions see chapter 5.

This chapter shows how the synergy of the voltage gated ion channels in
the AIS shape the generating AP. After its generation, the AP travels down
the axon, but also back propagates into the apical dendrite. And although the
same channels are expressed in the dendrite, their synergy differs, which I will
discuss in the next chapter.
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Similarly to the study of the ion channels underlying the generation of the AP
in the AIS, this chapter reports on our study of the VG ion channels activated by
bAPs in the apical dendrite. Apical dendrites of L5 pyramidal neurons express
all VGCCs and a bAP is associated with a fast increase in the dendritic Ca2+

concentration. Besides VGCCs, the apical dendrite also expresses Nav1.2 channels,
as well as CAKCs and VGKCs. Specifically, this chapter focuses on the interplay of
VGCCs and CAKCs during a bAP triggered by a current injection at the soma.

We investigated the contribution of the different types of VGCCs to the total
calcium transient and we strive to establish the role of CAKCs during the rise
in intracellular Ca2+. Initially, we recorded the effect of various VGCC blockers
on the calcium current along the apical dendrite ∼100 µm from the soma. We
found that blocking N-type VGCCs caused an unexpected increase in intracellular
calcium. Next, we looked closer at the possible functional coupling of VGCCs and
CAKCs. To this end, we performed a set of voltage imaging experiments, using the
voltage indicator JPW1114. We present evidence suggesting N-type VGCCs and
BK CAKCs are functionally coupled in the proximal apical dendrite of pyramidal
neurons. By collaborating with the team of Dr. Michele Migliore in Palermo, Italy,
we developed a computational model of a complete layer 5 pyramidal cell using the
NEURON software which we used to confirm our experimental results.

4.1 The effect of blocking VGCCs and CAKCs
on the Ca2+ currents during a bAP

4.1.1 The dendritic Ca2+ influx associated with the bAP is
exclusively mediated by diverse VGCCs

To investigate the contribution of the diverse VGCCs, we locally delivered one or
several channel blockers using a pipette positioned near the recording region, as
previously done (Ait Ouares et al. 2019) and as described in chapter 2. Specifically
we blocked L-type VGCCs with 20 µM isradipine, P/Q-type VGCCs with 1 µM
ω-agatoxin-IVA, N-type VGCCs with 1 µM ω-conotoxin-GVIA, R-type VGCCs with
1 µM of SNX482, and T-type VGCCs with 5 µM ML218 and 30 µM NNC550396.
Figure 4.1A shows a Ca2+ transient associated with a bAP that was fully inhibited
by the cocktail of all VGCC blockers, a result consistently observed in 6 cells tested.
This is contrary to what we observed in the AIS (detailed in chapter 3), where Nav1.2
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Figure 4.1: Analysis of the diverse
VGCCs mediating the Ca2+ tran-
sient associated with the bAP. A,
On the left Vm somatic recording
(top) and Ca2+ transient (bottom)
in control solution and after blocking
all VGCCs. On the right, procedure
of analysis of the raw Ca2+ tran-
sient (top trace) with a 4-sigmoid
fit (middle trace) and the calcula-
tion of the time-derivative (ICa, bot-
tom trace). B, Five representative
examples of Ca2+ transients with
4-sigmoid fit (∆F/F0, top traces)
and time derivatives (ICa, bottom
traces) in control solution and af-
ter local delivery of either 20 µM
of the L-type VGCC inhibitor is-
radipine, 1 µM of the P/Q-type
VGCC inhibitor ω-agatoxin-IVA, 1
µM of the N-type VGCC inhibitor
ω-conotoxin-GVIA, 1 µM of the R-
type VGCC inhibitor SNX482 or 5
µM and 30 µM, respectively, of the
T-type VGCC inhibitors ML218 and
NNC550396. The arrow indicates
the unexpected boosting of the Ca2+

transient produced by ω-conotoxin-
GVIA. C, Single values and frac-
tional change with respect to control
of the maxima of the ∆F/F0 and
ICa signals for the blockade of L-type
VGCCs (N = 7, ∆F/F0: 0.74 ± 0.22,
ICa: 0.72±0.15); for the blockade of
P/Q-type VGCCs (N = 8, ∆F/F0:
0.87 ± 0.08, ICa: 0.85 ± 0.12); for
the blockade of N-type VGCCs (N
= 11, ∆F/F0: 1.27 ± 0.27, ICa: 1.15
± 0.22); for the blockade of R-type
VGCCs (N = 7, ∆F/F0: 0.91 ± 0.11,
ICa: 0.90 ± 0.13); for the blockade
of T-type VGCCs (N = 7, ∆F/F0:
0.65 ± 0.13, ICa: 0.66 ± 0.19). “*”
indicates that p < 0.01 in paired t-
test performed on the signal maxima
in control solution and after delivery
of the channel blocker; all values are
mean ± SD.
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channels mediate part of the Ca2+ transient and blocking VGCCs did not fully
eliminate this current. However, Ca2+ influx mediated by VGCCs is overwhelming
in the apical dendrite, whereas any contribution from Nav1.2 is negligible.

Figure 4.1A also shows the analysis of the Ca2+ transient consisting in fitting
the signal with a 4-sigmoid function and to calculate the time-derivative of the
fit to extrapolate the kinetics of the ICa. We applied this analysis on the Ca2+

transient recorded first in control solution and then after locally blocking each
individual VGCC. The five representative examples reported figure 4.1B show that
the blockade of L-type, P/Q-type, R-type and T-type VGCCs decreased, at different
extent, the size of both ∆F/F0 and ICa signals, but surprisingly the blockade of
N-type VGCCs increased the size of both ∆F/F0 and ICa signals.

The test was repeated in 7-10 different cells for each channel blocker and the
effect of the inhibitor was quantified by measuring the maximum of the ∆F/F0 and
ICa signals (figure 4.1C). Except for the blockade of N-type VGCCs, the individual
blockade of each VGCC type produced on average a decrease of both ∆F/F0 and
ICa signals, an effect that was more important for L-type and T-type VGCCs.
Specifically, blocking L-type VGCCs decreased the Ca2+ current by 28 ± 15% (p
= 0.0037, t-test). P/Q-type and R-type VGCCs blocks caused a 15 ± 12% (p =
0.0286, t-test) and 10 ± 13% (p = 0.0842, t-test) decrease of the ICa, respectively.
These values are in accordance with a previous study in rat dissociated neocortical
PNs, showing L-type, P/Q-type and R-type VGCCs decrease the isolated Ca2+

current by ∼22%, ∼19% and ∼13%, respectively (Stewart and Foehring 2000). As
mentioned in the introduction, these results do not give the true contribution of
each channel to the total ICa, because blocking one channel subtype causes a change
in the membrane potential, which in turn influences the activation patterns of the
other channels. Therefore we can only report the effect of the block on the total
ICa. This might explain why Stewart and Foehring (2000) reported a lack of T-type
VGCCs whereas here we show a major involvement of T-type channels, decreasing
the ICa significantly by 34 ± 19% when selectively blocked (p = 0.0013, t-test).

Stewart and Foehring (2000) also show that blocking N-type VGCCs decreases
the Ca2+ current with ∼26%. However, here the blockade of N-type channels
increased both ∆F/F0 and ICa signals in 8/11 cells tested, with an average increase
of 27 ± 27% and 15 ± 22%, respectively.
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Figure 4.2: Analysis of the blockade of N-type VGCCs using pd173212. A, Representative
example of Ca2+ transient with 4-sigmoid fit (∆F/F0, top traces) and time derivative
(ICa, bottom traces) in control solution and after local delivery of either 5 µM of the
N-type VGCC inhibitor pd173212. B, Another representative example of Ca2+ transient
with 4-sigmoid fit (∆F/F0, top traces) and time derivative (ICa, bottom traces) in control
solution and after local delivery of either 1 µM of the N-type VGCC inhibitor ω-conotoxin-
GVIA. C, On the left, single values and fractional change with respect to control of the
maxima of the ∆F/F0 and ICa signals for the blockade of N-type VGCCs with pd173212
(N = 7, ∆F/F0: 1.29 ± 0.25, ICa: 1.20 ± 0.24 (mean ± SD)). The single values and
fractional change with respect to control of the maxima for the blockade of N-type VGCCs
with ω-conotoxin-GVIA are reported on the right for comparison.

4.1.2 Blocking N-type VGCCs increases Ca2+ influx in the
apical dendrite during a bAP

The unexpected result of locally delivering 1 µM ω-conotoxin-GVIA could be
explained by the coupling of the N-type VGCC with a mechanism that boosts the
Ca2+ influx associated with the bAP, or with the toxin binding to a different target.
To discriminate between these two hypothesis, we repeated the analysis of the Ca2+

transient of figure 4.1 by blocking the N-type VGCC with another selective inhibitor,
namely pd173212 (Hu et al. 1999). As shown in the two representative examples
of figure 4.2A and B, local delivery of either 5 µM pd173212 or 1 µM ω-conotoxin-
GVIA increased the size of both ∆F/F0 and ICa signals in a qualitatively similar
manner. Altogether, the ∆F/F0 signal increased in all 7 cells tested after delivery of
pd173212, and the ICa signal increased in 4/7 cells tested after delivery of pd173212.
This shows the results obtained using ω-conotoxin-GVIA can be trusted, and the
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Figure 4.3: Analysis of the blockade of N-type VGCCs after blocking BK CAKCs. A,
Representative example of Ca2+ transient with 4-sigmoid fit (∆F/F0, top traces) and
time derivative (ICa, bottom traces) in control solution, after local delivery of 1 µM of
the BK CAKCs inhibitor iberiotoxin and after further delivery of either 1 µM of the
N-type VGCC inhibitor ω-conotoxin-GVIA. C, On the left, single values and fractional
change with respect to control solution of the maxima of the ∆F/F0 and ICa signals for
the blockade of N-type VGCCs (either with ω-conotoxin-GVIA, N = 18, ∆F/F0: 1.27 ±
0.26, ICa: 1.17 ± 0.22). On the center, single values and fractional change with respect
to control solution of the maxima of the ∆F/F0 and ICa signals for the blockade of BK
CAKCs (N = 9, ∆F/F0: 1.25 ± 0.13, ICa: 1.09 ± 0.08). On the right, single values and
fractional change with respect to the blockade of BK CAKCs only of the maxima of the
∆F/F0 and ICa signals for the combined blockade of N-type VGCCs and BK CAKCs
(with ω-conotoxin-GVIA, N = 9, ∆F/F0: 0.79 ± 0.11, ICa: 0.78 ± 0.14). “*” indicates
that p < 0.01 in paired t-test performed on the signal maxima.

increase in Ca2+ transients is not due to the toxin being unspecific. We concluded
that the blockade N-type VGCCs boosts the Ca2+ influx associated with the bAP.

4.1.3 BK CAKCs are activated by Ca2+ influx through
N-type VGCCs during the bAP

The boosting of the Ca2+ influx observed in figure 4.1 can be due to an enhancement
of the depolarisation produced by the loss of Ca2+ influx via N-type VGCCs. It
was shown in freshly dissociated mouse neocortical pyramidal neurons that BK
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CAKCs are partly activated by N-type VGCCs (Sun et al. 2003). Specifically,
Sun et al. (2003) identified an iberiotoxin sensitive current that was decreased by
blocking either N-type or L-type VGCCs. Thus, we repeated the analysis of the
Ca2+ transient of figure 4.1 and figure 4.2 by blocking in sequence first BK CAKCs
with local delivery of 1 µM iberiotoxin and then BK CAKCs and N-type VGCCs
together with local delivery of 1 µM iberiotoxin and 1 µM ω-conotoxin-GVIA. In the
representative example of figure 4.3A, the blockade of BK CAKCs increased both
∆F/F0 and ICa signals, but the further blockade of N-type VGCCs decreased both
∆F/F0 and ICa signals. This result was consistently obtained in N = 9 cells tested.
As shown in figure 4.3B, the blockade of BK CAKCs boosted the Ca2+ transient
similarly to the blockade of N-type VGCCs. In contrast, the blockade of N-type
VGCCs in the presence of iberiotoxin reduced the Ca2+ transient. To statistically
assess the consistency of this result we performed a Wilcoxon rank non-parametric
test on the groups of cells where a blocker was applied under different conditions,
using p<0.01 as discriminator to establish whether two groups were different. As
show in table 4.1, the effects on both ∆F/F0 and ICa signals were similar when
comparing the groups of cells where ω-conotoxin-GVIA, pd173212 or iberiotoxin
were applied in control solutions, or when the effects of iberiotoxin were compared
with the ensemble of cells where N-type VGCCs were blocked in control solution. In
contrast, the effects on both ∆F/F0 and ICa signals were different when comparing
the cells where ω-conotoxin-GVIA was applied in the presence of iberiotoxin with
the groups of cells where ω-conotoxin-GVIA or pd173212 where applied in control
solution, or when the comparison was done with the ensemble of cells where N-type
VGCCs were blocked in control solution.

This points to a scenario where N-type channels provide the Ca2+ for BK CAKCs
activation. Blocking N-type VGCCs indirectly decreases the opening-probability of
BK channels, which would delay afterhyperpolarisation and widen the shape of the
bAP. Logically, this would increase Ca2+ entry through other VGCCs, resulting in
the increased Ca2+ current. Since the blockade of BK CAKCs prevents the boosting
of the Ca2+ influx when blocking N-type VGCCs, we concluded that this effect
was due to the functional coupling of the two channels.

The coupling between N-type VGCCs and BK CAKCs has been shown before
by Sun et al. (2003). In their experiments they showed that blocking either N-type
or L-type currents reduced the ibtx-sensitive outward current in dissociated L5PNs.
Although an association between BK channels and L-type VGCCs is not excluded
here, we do suggest a stronger coupling with N-type VGCCs due to the increase
of the ICa after blocking N-type channels, indicating a substantial involvement of
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BK channels. Interestingly, besides a Ca2+-dependent activation mechanism, BK
channels are also voltage gated and are thought to activate fast upon depolarisation
to mediate a fast repolarisation current. We observed this fast activation during
AP generation in the AIS. There, BK channels were functionally coupled to Nav1.2
channels, which is not the case in the apical dendrite. In comparison, VGCCs
activate much slower, raising the question whether the activation of BK channels
is also slower down. Thus, to investigate the timing of the functional coupling
between BK and N-type channels, we examined the effect of blocking these channels
on the waveform of the bAP.

p ∆F/F0 p ICa

cntx/control pd173212/control 0.8601 0.7914
cntx/control ibtx/control 0.9998 0.2875
cntx/control cntx/ibtx 4.74·10−4 0.0024
pd173212/control ibtx/control 0.8371 0.7577
pd173212/control cntx/ibtx 1.75·10−4 0.0012
(cntx&pd173212)/control ibtx/control 0.9385 0.3681
(cntx&pd173212)/control cntx/ibtx 6.71·10−5 4.26·10−4

Table 4.1: Wilcoxon rank non-parametric tests performed on the effects on Ca2+ transient
produced by blocking N-type VGCCs and BK CAKCs. The considered groups are: delivery
of 1 µM ω-conotoxin-GVIA in control conditions (cntx/control, N = 11 cells); delivery of
5 µM pd173212 in control conditions (pd173212/control, N = 7 cells); delivery of either 1
µM ω-conotoxin-GVIA or 5 µM pd173212 in control conditions ((cntx&pd173212)/control,
N = 18 cells); delivery of 1 µM iberiotoxin in control conditions (ibtx/control, N = 9
cells); delivery of 1 µM ω-conotoxin-GVIA in the presence of 1 µM iberiotoxin (cntx/ibtx,
N = 9 cells). In each line, the two groups compared are reported in the left columns
and the p values for the ∆F/F0 and ICa signals are reported on the right columns. Tests
where p-value was < 0.01 are reported in bold characters. cntx = ω-conotoxin-GVIA,
ibtx = iberiotoxin, ICa = Ca2+ current, ∆F/F0 = change in intracellular Ca2+ transient,
p = p-value determined by the Wilcoxon rank non-parametric test

4.2 The effect of blocking VGCCs and CAKCs
on the shape of the bAP

To investigate the effect of the coupling between N-type VGCCs and BK CAKCs
on the shape of the bAP and to analyse the timing of the interaction, we first
determined the delay between the ICa and the peak of the bAP. Subsequently,
we performed voltage imaging in the apical dendrite and locally applied blockers
for VGCCs and CAKCs as described for the calcium imaging analysis above, and
correlated the effects on the bAP shape to the timing of the ICa.
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4.2.1 The peak of the inward ICa is delayed compared to
the peak of the bAP

Before further analyzing the interaction between N-type VGCCs and BK CAKCs,
we compared the kinetics of the dendritic Ca2+ current with that of the eliciting
bAP at ∼100 µm from the soma. In chapter 3, we showed that in L5PNs the peak
of the Ca2+ current occurs before the AP peak in the distal part of the axon initial
segment whereas it is delayed the proximal part. In another study, using ultrafast
combined Vm and Ca2+ imaging, we showed that the Ca2+ current was further
delayed with respect to the AP peak in the proximal part of the apical dendrite
of CA1 hippocampal pyramidal neurons (Jaafari and Canepari 2016). Thus, to
study the relationship between the ICa and Vm waveform we performed combined
calcium and voltage imaging recordings, using Cal520FF or Fura2FF as calcium
indicator and JPW1114 to record the Vm (figure 4.4A). From the Ca2+-∆F/F0

the ICa was determined as explained in Figure 4.1A, after which the peak-to-peak
delay of the ICa compared to the Vm of the bAP was calculated (figure 4.4B).
Unsurprisingly, we observed that the peak of the ICa was delayed compared to the
Vm maximum. This is due to the relative late activation of VGCCs compared to
Nav1.2 which is responsible for the upstroke of the bAP. A delay ranging from 500
µs to 800 µs was observed in N = 8 cells (figure 4.4C). From the kinetics of the Ca2+

transient we concluded that VGCCs start opening during the rising phase of the
AP, but they remain open during the entire falling phase of the AP increasing the
cytosolic Ca2+ concentration over this period. As a consequence, if the activation
of a Ca2+-binding protein is linear with the cytosolic Ca2+, the maximal effect of
this activation must be observed at least 500 µs after the AP peak.

4.2.2 The effect of N-type VGCC and BK CAKC coupling
occurs in the first 500 µs after the AP peak

Then, using ultrafast Vm imaging (Popovic et al. 2015), as shown in the examples
reported in figure 4.5, we investigated the kinetics of the dendritic bAP after
blocking L-type VGCCs (figure 4.5A), P/Q-type VGCCs (figure 4.5B), N-type
VGCCs (figure 4.5C), R-type VGCCs (figure 4.5D) and T-type VGCCs (figure
4.5E). In addition, we investigated the kinetics of the dendritic bAP after blocking
the two major types of CAKCs, namely the SK channel using 1 µM apamin (figure
4.5F) and the BK channel (figure 4.5G). Consistently with the observation that
the blockade of P/Q-type and R-type VGCCs caused, on average, the smallest
decrease in the Ca2+ current (figure 4.1C), in the two representative cells of figure
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Figure 4.4: Delay between the calcium current and the back-propagating action potential
peak. A, Top, membrane voltage measured through the patch pipette at the soma and
using voltage-sensitive dye in the apical dendrite. Below change in calcium indicator
fluorescence in the same cell at the same location along the dendrite, and fit of the ∆F/F0.
B, Calcium current superimposed on the change in membrane potential in the apical
dendrite. In this example the delay between the two peaks is 0.75 ms. C, Quantification
of the delay of the calcium current peak after the voltage peak, which is 0.68 ± 0.09 ms
(mean ± SD, p = 2.49*10−7) for N = 8 cells. Individual cells are plotted as circles, red
when using Fura2FF as calcium indicator and orange for the cells filled with Cal520FF.

4.5B and D the blockade of these two channels did not change the AP shape.
Surprisingly, in the representative cell of figure 4.5E, the blockade of T-type VGCCs
decreased the amplitude of the bAP, suggesting an effect on dendritic excitability.
This effect can potentially be attributed to the drugs acting on a target other than
T-type VGCCs. Besides, it suggests that the AP weakening may contribute to
the relatively large inhibition of the Ca2+ current reported in figure 4.1C. In all
other representative cells, the blockade of the channels caused a visually detectable
widening of the AP shape. In the case of N-type VGCCs (figure 4.5C) and of BK
CAKS (figure 4.5G), a widening seemed occurring during the first 500 µs following
the AP peak, therefore during the phase of increasing of VGCC activation. In
contrast, in the case of L-type VGCCs (figure 4.5A) and of SK CAKS (figure 4.5F),
the widening seemed occurring mostly >500 µs after the AP peak, therefore during
or after the expected peak of the Ca2+ current.

In these examples the observed widening can be detected by eye. In the vast
majority of cells tested however, the peak-to-peak noise was >10 mV. Therefore we
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Figure 4.5: Examples of the
effects of the diverse VGCC and
CAKC blockades on the bAP
shape. A, Optical Vm transient
from an apical dendrite region
(∼100 µm from the soma) in a
representative L5 pyramidal neu-
ron in control conditions (black
trace) and after blocking L-type
VGCCs with 20 µM isradipine
(red trace). B, Representative ex-
periment as in A, but by blocking
P/Q-type VGCCs with 1 µM ω-
agatoxin-IVA. C, Representative
experiment as in A, but by block-
ing N-type VGCCs with 1 µM
ω-conotoxin-GVIA. D, Represen-
tative experiment as in A, but by
blocking R-type VGCCs with 1
µM snx-482. E, Representative
experiment as in A, but by block-
ing T-type VGCCs with 5 µM
ml218 and 30 µM nnc5503961. F,
Representative experiment as in
A, but by blocking SK CAKCs
with 1 µM apamin. G, Repre-
sentative experiment as in A, but
by blocking BK CAKCs with 1
µM iberiotoxin. In each cell the
red bar shows the timing of the
AP peak and the blue segment
the expected range for the peak
of the Ca2+ current (500-800 µs
after the AP peak).
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performed a statistical analysis on the ensemble of cells for each channel blocker.
Our aim was to assess the effect of blocking VGCCs or CAKCs on the shape of
the bAP and to correlate these effects on the timing of the ICa as reported on in
figure 4.4. Therefore, we compared the effect of blocking one channel subtype in
three different time windows after the Vm peak. Specifically, 500 µs (10 data points)
after the peak of the bAP and therefore before the expected peak of the Ca2+

current (bin 1 in figure 4.6A), 500 - 1000 µs (10 data points) after the bAP peak, so
around the expected peak of the ICa (bin 2 in figure 4.6A), 1000 - 2500 µs (30 data
points) after the bAP peak and around the expected Ca2+ current tail (bin 3 in
figure 4.6A) and 1000 µs (20 data points) noise before the AP trigger as a reference
(noise in figure 4.6A). Statistical significance was calculated using the Lilliefors test
which determines if the difference between control and blocker-applied recordings
follows a normal distribution when the parameters of this normal distribution are
unknown (see chapter 2 for a detailed description).

Figures 4.6 and 4.7 show this voltage imaging analysis, with the histograms dis-
playing the difference between control and blocker recordings in each bin (1 bottom
left, 2 bottom middle, 3 bottom right). A normal distribution is superimposed over
the histograms to provide contrast to the skewness of the plots. P-values calculated
using the Lilliefors test are indicated in table 4.2. To summarise, there was no
significant change in the Vm shape when blocking R-type or P/Q-type VGCCs
(figure 4.6D,E). Blocking T-type channels resulted in a decrease in depolarisation
(figure 4.6F), whereas a significant widening of the bAP waveform was recorded
when blocking either N-type, L-type, SK or BK channels (figures 4.6B,C and 4.7).

Strikingly, the effect of blocking N-type channels occurred before the expected
ICa peak (bin 1 figure 4.6B). A similar effect was observed when blocking BK
channels (figure 4.7B). In both cases the bAP was also significantly widened in bin
2 around the expected ICa peak. The fact that the AP widening occurs before the
expected Ca2+ current peak, when only a fraction of inflowing Ca2+ via N-type
VGCCs is detected, indicates that BK channels are activated within 500 µs after
the bAP peak. It also confirms N-type VGCCs are responsible for this activation,
providing Ca2+ to BK channels before the current reaches its peak. Since the
Ca2+-dye equilibration is faster than we measure the Ca2+ influx, we cannot be
sure whether the Ca2+ interaction with BK CAKCs is faster than the binding to
the Ca2+ indicator. Nevertheless, the current anticipating effect suggests a physical
interaction between N-type VGCCs and the BK CAKCs. These observations are in
accordance with our finding that N-type VGCCs and BK CAKCs are functionally
coupled in the apical dendrite.
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This early timing of the effect of blocking fits with previous reports on the BK-
mediated outward current, which has been described as a fast transient repolarising
current (Benhassine and Berger 2005, 2009; Cui 2010), and a similar early effect
of BK channels in the AIS (see chapter 3). In the AIS however, BK activation is
partly mediated by Ca2+ influx through Nav1.2 channels, which is not the case
here. Although Hanemaaijer et al. (2020) hint that Ca2+ influx through Nav1.2
channels in the dendrite is easily missed due to its small contribution compared
to VGCC mediated Ca2+ influx, we have not observed any residual Ca2+ transient
after blocking all VGCCs (figure 4.1A). Taken together with the early effect of
blocking N-type channels which matches the BK block, we conclude N-type VGCCs
are coupled to BK CAKCs by supplying Ca2+ for their fast activation.

N cells p noise p bin 1 p bin 2 p bin 3
L-type VGCC 8 0.16 0.13 5*10−4 2.5*10−5

P/Q-type VGCC 8 0.17 0.015 0.21 0.022
N-type VGCC 10 0.82 8.3*10−4 0.0082 0.29
R-type VGCC 8 0.49 0.57 0.48 0.56
T-type VGCC 8 0.69 1*10−4 0.0017 0.012
SK CAKC 8 0.17 0.44 0.0042 1.3*10−4

BK CAKC 9 0.19 7.1*10−4 0.0011 0.18

Table 4.2: Lilliefors test to assess whether a set of values is consistent with a normal
distribution performed on sample differences in Vm imaging experiments after blocking
a channel and in control conditions. The five columns report, for each channel tested,
the total number of cells (N) and the values of p (p) for the noise (number of samples
20*N), for the signal in bin 1 (first 500 µs after the AP peak, number of samples 10*N),
for the signal in bin 2 (following 500 µs after the AP peak, number of samples 10*N), for
the signal in bin 3 (following 1.5 ms after the AP peak, number of samples 30*N). Tests
where p was < 0.01 are reported in bold characters and indicate a significant change of
the AP shape caused by the blockade of the channel.

4.2.3 The effect of blocking L-type VGCCs on the bAP
waveform mimics the effect of SK CAKC block

Adding apamin to block SK channels caused a widening of the bAP around the
expected Ca2+ current peak and tail (bins 2 and 3 in figure 4.7A). These effects of
apamin are consistent with the slow afterhyperpolarising role of SK channels, as
previously reported (Bond et al. 1999; Sah 1996). The time-course of the AP change
due to the block with apamin is consistent with an activation of K+ channels by
cytosolic Ca2+, but the hypothesis that these channels are also selectively activated
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Figure 4.6: Analysis of the effect of the diverse VGCCs on the bAP shape. A, Top,
optical Vm transient from an apical dendrite region (∼100 µm from the soma) in a
representative L5 pyramidal neuron in control conditions (black trace) and after blocking
N-type VGCCs (red trace); arrows at different gray tones indicate the time windows
corresponding to the noise (1 ms before current injection), signal “1” (first 500 µs after the
AP peak), “2” (following 500 µs) and “3” (following 1.5 ms). Bottom, sample difference of
the signals after the channel blockade and in control conditions in the four time windows.
B, Averaged signals aligned to the AP peak from N = 10 cells in control conditions
(black trace) and after blocking N-type VGCCs (red trace) and histograms of the sample
differences in the illustrated four time windows; normal distributions with mean and
standard deviations calculated from the points are reported (red plots) for comparison
with the histograms. C, Same as in B, but in 8 cells where L-type VGCCs were blocked.
D, Same as in B, but in 8 cells where P/Q-type VGCCs were blocked. E, Same as in B,
but in 8 cells where R-type VGCCs were blocked. F, Same as in B, but in 8 cells where
T-type VGCCs were blocked. In panels B-F “*” indicates that the distribution deviates
from normality (p < 0.01, Lilliefors test).
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by a specific Ca2+ source cannot be excluded since the delayed widening can be
due to a slower kinetics of the K+ channels.

In L5 pyramidal neurons, SK activation has been linked to R-type VGCCs
(Jones and Stuart 2013). The same study shows a significant decrease in the
calcium current when blocking R-type currents, which is not observed in this
work. In hippocampal pyramidal neurons however, L-type VGCCs are thought to
supply Ca2+ for SK channel activation, which was shown through inside-out patches
while blocking the other VGCCs (Marrion and Tavalin 1998). Interestingly, when
blocking L-type VGCCs we observed a significant widening of the bAP, specifically
during the expected ICa peak (figure 4.6B), similar to blocking SK CAKCs. This
is speculation about an interaction between SK and L-type channels. As L-type
VGCCs have also been linked to BK channels (Sun et al. 2003), there might be a
combined effect of L-type mediated Ca2+ influx on BK and SK activation. This
however, is not clear in this analysis.

Then, blocking either P/Q-type or R-type channels had no significant effect
on the bAP shape (figure 4.6D). Interestingly, however, in 4/8 cells tested for the
blockade of P/Q-type VGCCs, an early widening of the AP was also observed,
leading to a low value of p (table 4.2). In the case of P/Q-type channels this might
reflect another CAKC interaction, which seems insignificant probably due to the
small contribution of the P/Q-type current to the total Ca2+ current. In addition,
the high variability within this group of cells make a strong interaction unlikely.

4.2.4 The block of T-type VGCCs decreases the bAP peak

In contrast to the other VGCCs, blocking T-type channels resulted in a decrease in
the Vm of the bAP (figure 4.6F) in 6/8 cells tested. This effect was most notable
and significant directly after the bAP peak and around the expected peak of the
ICa, with p-values of 7.1*10−4 and 0.0011, respectively (table 4.2). Controversially,
the effect of the blockers is similar to what we would expect when blocking Nav1.2
channels. As Nav1.2 activates rapidly it is responsible for the upstroke of the bAP
and the initial depolarisation. As the observed effect when blocking T-type VGCCs
influences the maximum depolarisation, this might indicate T-type VGCCs influence
excitability, creating a link with Nav1.2 channels. To our knowledge however, an
interaction between Nav1.2 and T-type VGCCs in PNs has not been reported.

To verify the targets of the used drugs and to confirm the role of T-type
VGCCs in shaping the peak of the bAP additional experiments have to be planned.
First of all, using different blockers confirming we are targeting T-type channels
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Figure 4.7: Analysis of the effect of the diverse CAKCs on the bAP shape. Same analysis
as in figure 4.6, where the signal is divided into bins of 500 µs after the voltage peak (1),
500 µs around the expected calcium current peak (2), 1500 µs after the expected calcium
current peak (3) and 1000 µs noise. A, Averaged signals aligned to the AP peak from N
= 8 cells in control conditions (black trace) and after blocking SK CAKCs (red trace)
and histograms of the sample differences in the illustrated four time windows; normal
distributions with mean and standard deviations calculated from the points are reported
(red plots) for comparison with the histograms. B, Same as in A, but in 9 cells where
BK CAKs were blocked. “*” indicates that the distribution deviates from normality (p <
0.01, Lilliefors test).

exclusively. Then, the interaction with Nav1.2 can be addressed, which is further
discussed in chapter 5.

To be able to correlate the findings described so far we need to review voltage
and calcium gated channels together. Particularly due to the complexity of the inter-
actions we again used computational modelling to interpret the experimental results.

4.3 Simulations with a NEURON model repro-
duce the experimental results

To mimic the experimental results detailed above, we constructed a NEURON
model based on our dataset together with our collaborators Dr. Michele Migliore
and Elisabetta Giacalone. We extended the model described in chapter 3 detailing
the AP generation in the AIS. The full details of the NEURON model are explained
in chapter 2. Briefly, we first changed the dendritic morphology to that of a mouse
L5PN 5 (figure 4.8), and exchanged or inserted the relevant voltage gated ion
channels (see table 4.3 for channel distributions). Identical models for Nav1.2, SK
and BK CAKCs as inserted in the AIS were expressed uniformly along the dendrites.
Nav1.2 expression was ∼50 fold lower compared to the AIS, as suggested by Kole
et al. (2008). To be able to link specific VGCCs to CAKCs, separate currents
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Figure 4.8: Morphology of the
layer 5 pyramidal neuron model in
NEURON. Soma and apical dendrite
are indicated in grey. When simu-
lating a specific channel block we
decreased the density of the specific
channel with 90%. The area of the
simulated spread of the blocker is
indicated in red.

for T-type, L-type, R-type, P/Q-type and N-type channels were inserted from
previously published models (Mandge and Manchanda 2018; Wimmer et al. 2010),
and were homologous distributed. An inward current (Ih) generated by HCN cation
channels was inserted with a density increasing exponentially to 50 fold in the distal
apical dendrite compared to the soma, as suggested by other studies (Harnett et al.
2015; Kole et al. 2006; Lörincz et al. 2002). Lastly, VGKCs models were introduced
grouped by current. Specifically, channels generating a IA, IM and delayed rectifier
current (IKDR) were inserted. The delayed rectifier K+ current and IA were inserted
with decreasing density with respect to the soma in a linear fashion as previously
suggested (Kang et al. 2000; Ramaswamy and Markram 2015).

4.3.1 The NEURON model reproduces the AP waveforms
and changes in Ca2+ transients

To determine the current densities of the model, we used a calibrated voltage
imaging recording (shown in chapter 2) to compare and adjusted the channel
densities to reflect the experimental traces. Specifically, we first modified the
VGNC conductances in the AIS and soma to match the simulated somatic AP
to the electrophysiology recording, while respecting Nav1.2 to Nav1.6 ratios and
distribution. Secondly, we reproduced the bAP ∼100 µm from the soma, by changing
channel conductances and parameters of Nav1.2, VGCCs, VGKCs and CAKCs
to match the calibrated Vm-∆F/F0 recording. Figure 4.9 shows the experimental
traces as well as the simulations of the somatic AP and dendritic bAP and Ca2+
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Channel Current Apical distribution
Cav1.2-4 L-type Uniform
Cav2.1 P/Q-type Uniform
Cav2.2 N-type Uniform
Cav2.3 R-type Uniform
Cav3.1-3 T-type Uniform
SK CAKC IK Uniform
BK CAKC IK Uniform
Kv3 and Kv4 IA Linear decreasing
Kv7 IM Uniform
Delayed rectifier VGKC IKDR Linear decreasing
Nav1.2 INa Uniform
HCN Ih Exponential increasing

Table 4.3: Channel distribution in the apical dendrite in the computational model. Cav

= voltage gated calcium channel, CAKC = calcium-activated potassium channel, Kv and
VGKC = voltage gated potassium channel, Nav = voltage gated sodium channel, SK =
small conductance, BK = large conductance, HCN = hyperpolarization-activated cyclic
nucleotide–gated.

currents. The simulations fit well the experimental data. Despite the noise in the
voltage imaging recording, the dendritic AP follows the Vm closely (figure 4.9B).
Figure 4.9C and D show the change in Ca2+ concentration during the bAP and
the calculated Ca2+ current superimposed on the bAP waveform, respectively. The
peak to peak difference between the bAP waveform and the ICa is 0.5 ms in this
simulation, respecting our experimental observations shown in figure 4.4.

Before coupling VGCC-mediated rises in intracellular Ca2+ to specific CAKCs,
we simulated the effect of blocking each VGCC subtype by decreasing the density of
the channel by 90% (figure 4.8). For this purpose a calcium indicator with OG5N
properties was added to the model to account for the buffering effect of the calcium
indicator. Figure 4.10A shows the results of this simulation, which are in accordance
with our experimental observations detailed in figure 4.1. Similar to our experiments,
L-type and T-type VGCCs contribute most to the change in Ca2+ concentration
during a bAP, whereas the contributions of P/Q-type and R-type channels are
small. Without specific CAKC coupling, simulating the block of N-type VGCCs
decreases the change in Ca2+ concentration, as well as the peak of the calculated
ICa. This is different than reported in our experiments, which further confirms our
conclusion that Ca2+ entry through N-type VGCCs does not directly contribute to
the intracellular Ca2+ concentration but rapidly binds to other targets. To verify our
previous conclusion that N-type channels are functionally coupled to BK CAKCs
we introduced specific Ca2+ dependencies for the activation of both CAKCs.
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Figure 4.9: Simulation of a bAP and Ca2+ current ∼100 µm from the soma. A, Somatic
AP from a electrophysiology recording (grey trace) and the simulation (red trace). B,
From the same neuron as in A, the dendritic AP by calculating the Vm from the JPW1114
∆F/F0 (grey trace), as described in chapter 2. Superimposed the simulated dendritic
AP (red trace). C, Change in Ca2+ concentration ∼100 µm from the soma and the ICa

calculated by taking the time derivative of the simulated Ca2+ concentration. D, ICa

superimposed on the bAP waveform.

SK channel activation was controlled by all VGCCs except N-type channels.
This was done as various VGCC subtypes have been linked to SK activation in
the past in various cell types (Jones and Stuart 2013; Marrion and Tavalin 1998;
Wolfart and Roeper 2002). In addition, we did not find clear evidence for a specific
VGCC to be functionally coupled to SK channels. Moreover, Jones and Stuart
(2013) suggested that SK CAKCs might have more than one Ca2+ source.

BK channels were coupled to Ca2+ entry through both N-type and L-type
channels, as was suggested before (Loane et al. 2007; Sun et al. 2003), with a
N-type:L-type dependence ratio of 8:1. With this specific VGCC-CAKC coupling
simulating a block of N-type VGCCs has a different effect, showing an increase
in the Ca2+ concentration compared to the control simulation (figure 4.10B), as
we have observed experimentally (figure 4.6B). Besides an increase in the Ca2+

concentration we also found a slight increase in the peak of the ICa. However,
simulating the block caused a small temporal shift in both the change in Ca2+ and
the ICa, caused by the fast activation of N-type channels in the simulation. This
shift was not apparent from our experimental data, indicating our model can be
further optimised. There was no significant change in Ca2+ concentrations between
the two coupling scenarios when blocking the other VGCC subtypes.
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Figure 4.10: Simulations on the effect of blocking VGCCs on the Ca2+ currents. Showing
the change in Ca2+ concentration during a simulated bAP, plotted as the Ca2+ bound
to the indicator (left column) and the Ca2+ current (ICa) calculated by taking the time
derivative of the Ca2+ concentration (right column). We stimulated the blocking of
VGCCs (L-type VGCCs, N-type VGCCs, P/Q-type VGCCs, R-type VGCCs or T-type
VGCCs) by locally decreasing their densities with 90%. A, In this simulation Ca2+-
dependent CAKC activation is coupled to Ca2+ entry through all VGCCs. B, Same
channel densities, but specific coupling of N-type and L-type VGCCs to BK CAKCs and
all VGCCs except N-type channels to SK CAKCs.

4.3.2 N-type VGCC and BK CAKC interaction is mimicked
by simulations in the NEURON model

To further verify the introduced Ca2+ dependencies we simulated the block of
VGCCs and CAKCs, again by decreasing the density with 90%, and observed the
effect of their blocks on the bAP waveforms (figure 4.11).

Firstly, simulating the block of R-type or P/Q-type VGCCs had little effect on
the bAP waveform (figure 4.11C,D), as reported in figure 4.6D and E.

Next, simulating the block of L-type channels resulted in a late widening of the
bAP, with the largest effect after the ICa peak (figure 4.11A). This is comparable
to bin 3 in figure 4.6. In our experimental data, blocking L-type VGCCs caused a
widening around and after the ICa peak (figure 4.6C). This is partly mimicked by the
model, with a very small effect in the 500 µs around the peak of the ICa. This earlier
widening after simulating the block of L-type VGCCs was specifically dependent on
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Figure 4.11: Simulations on the ef-
fect of blocking VGCCs and CAKCs
on the bAP waveform. In black the
bAP waveform in control conditions,
as in figure 4.9B, and in red the
simulations of blocking VGCCs or
CAKCs by locally decreasing their
densities with 90%. As a reference,
the dark red, red and yellow columns
indicate the bins used in the analysis
of figures 4.6 and 4.7 to investigate
the temporal effect of applying the
used blockers. The red traces are the
bAPs after simulating the block of
L-type VGCCs (A), N-type VGCCs
(B), P/Q-type VGCCs (C), R-type
VGCCs (D), T-type VGCCs (E), SK
CAKCs (F) or BK CAKCs (G).

the coupling to BK channels. The later widening was dependent on the coupling to
SK channels. This was reflected in the similarity between blocking L-type VGCCs
and SK CAKCs in the model. Simulating a SK channel block also caused a widening
in the bAP waveform (figure 4.6F), as was shown in our experiments (figure 4.7A).
Similar to blocking L-type VGCCs however, the bAP widening was recorded after
the Ca2+ current peak in the simulation. Taken together, this shows it is likely
L-type VGCCs supply Ca2+ for both BK and SK CAKC activation. In addition,
the kinetics of the L-type channel might be optimised to reflect a slightly earlier
effect on the bAP waveform when blocked.
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Figure 4.12: The functional coupling of
BK CAKCs and N-type VGCCs simulated
with the NEURON model. Simulating the
block of N-type VGCCs (green traces) or
BK CAKCs (orange traces), showing the
effect on the change in Ca2+ concentration
when blocking N-type VGCCs alone (top)
or after also blocking BK CAKCs (bot-
tom).

Besides L-type channels, SK CAKCs were also coupled to T-type VGCCs in the
model. Simulating a T-type VGCC block caused a small increase in the AHP (figure
4.11E), but had no effect on the peak of the bAP as was observed in experiments
(figure 4.6F). We suggest, as mentioned above, that T-type activation is linked
to Nav1.2 channels. However, this remains to be incorporated in the NEURON
model and could therefore not be assessed here.

Lastly, we observed a widening in the first 1000 µs after the peak of the bAP
when decreasing dendritic N-type densities (figure 4.11B). A similar effect was
observed when simulating the block of BK CAKCs (figure 4.11G), confirming the
results shown in figures 4.6B and 4.7B. Additionally, when blocking BK channels
we observed an increase in the AHP, due to the increase in Ca2+ influx following
the bAP widening. This effect was not observed experimentally, but was due to an
increased late IK , as the already hypothesised increase in depolarisation increased
VGCC activation which in turn increased SK channel contribution.

Then, to show the effect of N-type VGCC coupling to BK CAKCs on the Ca2+

concentration, figure 4.12 shows the simulation of blocking BK and N-type channels
in sequence. Blocking only N-type channels results in an increase in the Ca2+

concentration compared to control, as shown above. However, when N-type channel
densities are decreased after simulating a BK CACK block a decrease in Ca2+

concentration follows. These simulations conform to the experimental results shown
in figure 4.3A. They also explain how blocking N-type VGCCs results in a decrease
of IK through BK channels, which results in a decrease or delay of repolarisation,
which is similar to blocking BK channels directly as shown in the simulation in
figure 4.11B and G and experimentally in figures 4.6B and 4.7B.
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4.4 Summary and significance
This chapter focussed on the role and interplay of voltage gated ion channels
in the apical dendrite during a bAP. We show that all neuronal VGCCs are
present in the dendrite and together are responsible for the ICa during AP back
propagation. Contrary to the AIS, where Nav1.2 also mediates Ca2+ influx
(chapter 3). Furthermore, we show that N-type VGCCs are functionally coupled
to BK CAKCs, who are responsible for fast repolarisation. Using voltage imaging
experiments we confirm the effect of their interplay is measurable after the peak of
the bAP but before the expected ICa peak, as blocking N-type VGCCs results in an
early widening of the bAP peak. These results are confirmed with a NEURON model,
connecting the AIS and apical dendrite. Taken together, we propose a dual, spatially
restricted role of BK channels, shaping the generating AP in the AIS through its
interaction with Nav1.2 channels and driving fast repolarisation through functional
coupling with N-type VGCCs during AP back propagation in the apical dendrite.

In our computational model we couple BK CAKCs not only to N-type, but
also L-type VGCCs. Moreover, the best approximation of our experimental results
was by coupling L-type channels to both CAKCs. These interactions, together
with the large part of the total ICa carried by L-type VGCCs, give this channel
a crucial role during back propagation.

Lastly, we made the observation that blocking T-type VGCCs causes a significant
decrease in the bAP peak. This was unexpected, as the effect anticipated the ICa,
and T-type currents are described as transient and are marked by relatively slow
activation. Therefore, we suggest T-type VGCCs interact with Nav1.2, as blocking
this VGNC has a similar effect. This possible interaction would need investigating,
which is further discussed in chapter 5.



Unfortunately, nature seems unaware of our intellec-
tual need for convenience and unity, and very often
takes delight in complication and diversity.

— Santiago Ramón y Cajal
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This thesis reports on our research concerning the role of voltage gated ion chan-
nels in AP generation and back propagation in L5PNs of the mouse somatosensory
cortex. I will shortly summarise our results before commencing their discussion.

In the first part of this work, we focused on AP generation in the AIS, where
we aimed at investigating the contribution of Nav1.2. In the past, the study of the
activation and signaling of specific VGNC isoforms has been limited by a series of
experimental obstacles. Most importantly, unambiguous discrimination between

105
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Nav1.2 and Nav1.6 had not been achieved using the available pharmacological tools.
To overcome this difficulty, we used the novel peptide G1G4hwtx which partially
but selectively blocks Nav1.2 with respect to Nav1.6. This permitted the detailed
investigation of Na+ currents, Vm waveforms and Ca2+ currents associated with the
AP. Most notably, we demonstrated that the permeability of Nav1.2 to Ca2+ allows
activation of BK CAKCs. We show that the interplay between Nav1.2, mediating
depolarisation, and BK CAKCs, regulating the peak and the early phase of the AP
repolarisation, shapes the AP waveform. To confirm our findings, Dr Luiza Filipis
adapted a NEURON model of the AIS to fit our results. Using this model, we could
simulate the functional interaction between Nav1.2 and BK channels and mimic
the experimental results obtained by blocking Nav1.2 with G1G4hwtx.

The second part of this thesis addresses the role of voltage gated ion channels
during AP back propagation into the apical dendrite. By recording Ca2+ transients
in the apical dendrite ∼100 µm from the soma we show that all neuronal VGCCs
are expressed in the dendrite. Furthermore, together these channels sustain the
total Ca2+ current during a bAP. Contrary to the AIS, Ca2+ influx through Nav1.2
in the apical dendrite is undetectable, which is likely due to the low expression of
Nav1.2. Most fascinating, we show that blocking N-type VGCCs further increases,
rather than inhibits, the measured ICa through an interaction with BK CAKCs.
By analysing the Vm waveform during AP back propagation we observe the effect
of their functional coupling occurs in the first 500 µs after the bAP peak before
the ICa peak, indicating their coupling is faster than the kinetics of VGCCs. These
results are confirmed with a preliminary NEURON model, connecting the AIS
and apical dendrite.

The physiological consequences of these results are discussed below. Also, I
include some further speculations based on our findings and will propose additional
experiments to test these hypotheses. I conclude with future research perspectives
and directions.

5.1 Challenges of working with brain slices
In our laboratory we work with brain slices as they are the best compromise between
working in the living animal and being able to observe as well as manipulate sub-
cellular processes at a molecular level. In the data described in the previous
chapters, the effect of used toxins and drugs often varied from cell to cell. This may
results from varied levels of ion channel expression patterns or variations in the
currents carried by these channels. L5PNs are a large group of neurons including
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various morphologies, such as thick- or regular-tufted, and sparse or large basal
dendrites (Gouwens et al. 2019; Ramaswamy and Markram 2015). Also, L5 can be
divided into two layers, L5A and L5B. PNs in these two sub-layers have slightly
different morphologies (Spruston 2008). Furthermore, L5PNs project to different
brain areas and can therefore also be divided based on their projections. The three
main groups are corticospinal, corticostriatal and corticothalamic projecting PNs
(Ramaswamy and Markram 2015). All this L5PN variability is likely reflected in
a variable contribution of voltage gated channels to ionic currents. For instance,
Stewart and Foehring (2000) showed that the contribution of VGCC subtypes to
the total Ca2+ current varied greatly between L5PNs categorised by their projection.
This illustrates the large variety within L5PNs, and helps explain part of our
data variability. Particularly in brain slices, it is difficult to distinguish between
different subtypes of L5PNs. Consequently, we expect a variability of varying
channel expression patterns in our dataset.

In addition, we may question the efficacy of local blocker application through
pressure ejection. Specifically, the diffusion and the penetration efficiency of the
blocker introduce another layer of variability. As we patch cells ∼30 µm from the
slice surface, the blockers we apply need to penetrate a small layer of tissue before
arriving at the membrane of the neuron we are recording from. While the drug
pipette is positioned carefully, we cannot determine exactly how much blocker is
injected into the tissue, and how far the drug has diffused. Many researchers choose
to work with HEK293 cells expressing the proteins of interest. Although this would
solve the issue of pressure ejection of blockers, HEK293 cells lack the neuronal
morphology essential in this thesis, as well as the unique expression pattern driven
by the neuronal environment. When working with brain slices one could add a
fluorescent molecule to the drug solutions, which will provide visual feedback about
the diffusion of the drug into the slice. However, one should take into account
that most fluorescent molecules such as fluorescin are much smaller than the toxins
reported in this thesis. In addition, a fluorescent molecule should be selected that
does not interfere with the excitation and detection of the indicator used.

Lastly, the importance of conducting these experiments in their physiological
circuitry is also shown in this thesis. When using acute brain slices, a significant
part of the essential circuitry of the cortical layers is left intact. As the connectivity
of the brain is an important factor in anchoring ion channels in the membrane,
we can assume this circuitry also influences coupling between channels. To give
one example, the synaptic proteome, including VG ion channels, is recruited and
stabilised by the interaction of pre- and post-synaptic proteins (Maximov and
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Bezprozvanny 2002; Shibasaki et al. 2004), illustrating the importance of neuronal
circuits. Therefore, the use of brain slices enabled us to highlight how interactions
between specific channels shape the measured electrical potentials.

5.2 A synergistic approach to understanding VG
ion channel functioning

A major analytical contribution of this thesis is analysing voltage gated ion channel
kinetics using a synergistic approach. This includes three major ingredients; ultrafast
imaging of the Vm as well as Ca2+ and Na+ transients, pharmacological manipulation,
and NEURON modelling. One limitation of the patch clamp technique is that one
cannot measure currents locally through the patch electrode, which is why imaging
is essential in our approach. It allows us to record the Vm and ionic currents at many
different positions sequentially, at a high spatio-temporal resolution, without the
need for additional patches. To study the role of specific channels we employ animal
toxins and synthetic drugs that are highly selective. This enabled us to analyse
the effect of blocking one or a few channel subtypes in a physiological situation
while taking into account other channels or ion currents. This is important, as the
activation and inactivation patterns of VG ion channels is driven by the differences
in voltage across the plasma membrane. The same Vm which in turn is determined
by the ion currents through these channels. Therefore the contribution of a specific
channel is not equal to the subtraction of a recording while blocking from a control
measurement. To circumvent this non-linearity in channel interactions an to be able
to extract individual channel contributions we employ computational modelling.
We use NEURON to reconstruct the sequence of channels activation underlying
the shaping of the AP waveforms.

This approach allowed for the identification of the functional coupling of BK
CAKCs to Nav1.2 channels and N-type VGCCs in the AIS and apical dendrite,
respectively. It also explains why many studies investigating VG ion channels did
not uncover these interactions, as often isolated currents are studied without taking
into account the other channels. This shows why Stewart and Foehring (2000)
did not observe the increase in intracellular Ca2+ when blocking N-type channels.
In their study they blocked all Na+ and K+ currents in order to isolate the ICa,
after which they sequentially blocked HVA VGCCs. This approach gives very little
information about the contribution of the various VGCCs to the Ca2+ current
during neuronal events such as APs. In addition, it masks any channel interaction
as all currents except Ca2+ transients were blocked.
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We have shown how the interplay of BK CAKCs and Nav1.2 channels shapes
the waveform of the AP in the AIS. The shape of this waveform determines how
a neuron responds to prolonged input through a train of APs, which determines
the signal encoding ability of the cell (Kole and Stuart 2012). After its generation,
the AP propagates along the axonal branches, regenerates at Ranvier nodes, and
the waveform at synaptic terminals regulates neurotransmitter release providing an
analog modulation of synaptic transmission (Rama et al. 2018). Simultaneously,
while back propagating to the soma and then along the dendrites, the bAP
progressively changes its shape and regulates synaptic integration (Gulledge et al.
2005). The shape of the AP is related to all consequent physiological processes,
and is involved in neurotransmitter release and therefore synaptic transmission but
also dendritic processes such as Ca2+ electrogenesis (Larkum et al. 1999a).

To investigate these processes, it is imperative to evaluate the AP shape and
propagation as one phenomenon, built up by many ionic currents. For this approach
highly selective blockers are essential, as they allow targeting one channel subtype
with high precision. As mentioned above, the development and use of G1G4hwtx
(Montnach et al. 2022) was fundamental for the investigation of Nav1.2 in the
AIS. However, continued efforts are necessary to develop selective toxins for the
channels that are still difficult to target, for example T-type VGCCs and Nav1.6.
The development of new toxin analogues will enlarge the database of drugs and
enable us to selectively target VG ion channels for which selective toxins are
unavailable at this moment.

5.3 Voltage gated Na+ channels in the AIS
In the AIS, AP generation is dependent on high sodium channel densities (Kole
et al. 2008; Tian et al. 2014). This high VGNC density lowers the threshold for AP
initiation up to 15 mV compared to the soma (Colbert and Pan 2002). In pyramidal
neurons specifically, the different temporal and spatial patterns of expression of
Nav1.2 and Nav1.6, but also the diverse biophysical properties underlying activation
and inactivation, suggest that these two channels contribute differently to the
generation/propagation of APs (Hu et al. 2009), as well as in the ability to mediate
high or low frequency firing (Rush et al. 2005). Whereas the threshold for the AP
initiation is largely determined by Nav1.6 (Royeck et al. 2008), our results point
for a major contribution of Nav1.2 in the Na+ current during the rising phase of
the AP, in particular at the AP upstroke, even in the distal sites of the AIS where
Nav1.6 expression is dominant. Importantly, an early Ca2+ current occurring with
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kinetics similar to that of the Na+ current allows Ca2+ binding to its targets before
the AP reaches its peak. Evolutionary speaking, the Ca2+ permeability of Nav1.2
is unsurprising as the α subunits of VGNCs and VGCCs have similar structures
and are closely related (Yu and Catterall 2004). The short motifs that ensure ion
selectivity are located at the same place in the respective channel genes. Moreover,
when Heinemann et al. (1992) replaced the amino acid lysine at position 1422 or
alanine at position 1714 by glutamic acid of a rat Nav1.2 channel, they altered the
ion selectivity properties of the channel to resemble those of VGCCs, with Ca2+

replacing Na+ as the main charge carrier at high extracellular Ca2+ concentrations.
Contrary to Nav1.2, the specific contribution and kinetics of Nav1.6 are still in

need of investigation. Attx proved an unreliable tool to investigate this channel in
the present study, as applying the toxin had variable effects on the recorded Na+

transients. We can be confident however that Nav1.6 is not permeable to Ca2+, as
the ICa was unchanged after applying attx. Future development of peptides or toxins
able to selectively block activation of Nav1.6 will enable studying their contribution
to AP generation in the distal AIS, and their interaction with other channels.

Although we were not able to study the involvement of Nav1.6 in detail
using pharmacology, our computational model confirmed previous reports on its
localisation in the AIS (Hu et al. 2009). Moreover, the NEURON model of the
AIS confirmed the preferential localisation of Nav1.2 in the proximal part of the
AIS, where blocking this channel produced a large decrease in the fast component
of the INa. From the completed model of the AIS, we can extrapolate some of
the differences in current densities between the proximal and distal AIS (figure
5.1), which are reflected in our experimental results. In the proximal AIS, Nav1.2
contribution to the INa is higher compared to Nav1.6. However, as VGCCs are also
expressed, the contribution of Nav1.2 to the ICa is relatively small. In addition, BK
CAKCs are sparse compared to the distal region, leading to a smaller contribution to
the repolarisation of the AP. In the distal AIS, VGCCs are less prevalent, resulting
in a larger contribution of Nav1.2 to the ICa, despite its lower density compared to
the proximal AIS. Moreover, the model suggests BK channels are more dense here,
making the coupling with Nav1.2 more evident. This is reflected in our experiments
where blocking Nav1.2 resulted in a widening of the AP waveform, which was
occluded by also blocking BK channels, specifically in distal sites.

This NEURON model can help us at least two-fold. Firstly, it provides insight
into the role of Nav1.6, without the pharmacological tools to specifically target the
channel, with respect to the other present VG channels. Once blockers become
available we will verify the contribution of Nav1.6 in the model. Second, we can
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Figure 5.1: Schematic of voltage gated ion channel distributions in the AIS of L5PNs.
Top, composed image of L5PN loaded with a calcium indicator. A white rectangle
shows the location of the AIS. Bottom, schematic of relevant ion channels present in the
NEURON model of the AIS. Arrows indicate the direction of currents, and functionally
coupled channels are shown together. The size of the channels relates to the contribution
of their respective ionic current to that total current: in the proximal AIS, Nav1.2
contribution to the INa is higher compared to Nav1.6. However, as VGCCs are also
expressed, the contribution of Nav1.2 to the ICa is relatively small. In addition, BK
CAKCs are sparse compared to the distal region, leading to a smaller contribution to the
repolarisation of the AP. In the distal AIS, VGCCs are less prevalent, resulting in a larger
contribution of Nav1.2 to the ICa, despite its lower density compared to the proximal AIS.
Moreover, the model suggests BK channels are more dense here, making the coupling
with Nav1.2 more evident.

use the model to investigate the behaviour of Nav1.2 channels in channelopathies.
Following our investigation into the role of Nav1.2 channels during AP generation in
the AIS we have become interested in channelopathies caused by Nav1.2 dysfunction.
Together with the development of G1G4hwtx enabling targeted manipulation of
Nav1.2 and our synergistic analysis of the voltage gated channels present in the AIS
and dendrite we can now investigate the effect of Nav1.2 mutations on AP generation.

5.3.1 Channelopathies caused by Nav1.2 mutations

In the introduction I already mentioned one importance of studying voltage gated
ion channels is their implication in neurological diseases and disorders, examples
of which are epilepsy, neuropsychiatric syndromes and neuropathic pain (Catterall
et al. 2008; Lorenzon and Beam 2005). The list of channelopathies is long and
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over the years many mutations in channel genes have been identified, causing a
complex array of channel dysfunctions.

Variants in the SCN2a gene, which encodes the Nav1.2 α-subunit, cause a
range of neuropathologies, from autism spectrum disorder (ASD) and intellectual
disability (ID) to early-onset epilepsy and epileptic encephalopathy (Hedrich et al.
2019) (figure 5.2). Gain of function (GOF) mutations increase the open probability
of Nav1.2, for instance by decreasing the activation threshold, increasing the opening
time of the channel or slowing inactivation. This leads to hyper excitability of
glutamatergic neurons which may trigger seizures. Severe effects of larger GOF
results in neonatal-early infantile developmental and epileptic encephalopathies
(NEIDEE). Loss of function (LOF) mutations are associated with late infantile-
childhood neurodevelopmental disorders, with different features such as various
degrees of ASD and severe ID with or without epilepsy and schizophrenia without
epilepsy (Mantegazza et al. 2021). Patients with GOF mutations are treated
with non-selective VGNC inhibitors, but often with serious side effects. Sadly, for
LOF mutations channel inhibitors only worsen patients’ symptoms, and no other
therapies are available. A better understanding of the effect of LOF of Nav1.2 is
needed, as well as therapies to restore Nav1.2 functioning, possibly by stimulating
transcription of the SCN2a wild-type copy.

Much knowledge on SCN2a mutations originates from animal models where
mutations have been introduced into their genome (knocked-in or KI) or the
Scn2a gene has been removed or knocked-out (KO), mimicking a complete LOF
of the channel. Although homozygous Scn2a KO (Scn2a−/−) mice do not survive
the embryonic stage (Ogiwara et al. 2018), heterozygous Scn2a+/− mice show a
relatively mild and age-dependent phenotype including short absence-like seizures,
autistic/schizophrenic traits and memory dysfunctions (Léna and Mantegazza 2019).
From this model we might conclude that the wild-type copy of Scn2a is partially
able to restore Nav1.2 functioning. Interestingly, patients with LOF mutations may
present with severe ASD and ICDEE, suggesting a larger Nav1.2 LOF compared to
the heterozygous KO mouse. This might point to a dominant effect of the Scn2a
mutation, affecting the functioning of the wild-type Nav1.2 variant. On the other
hand, in another Scn2a+/− mouse model (Miyamoto et al. 2019) the phenotype
is also characterised by epileptic seizures, consistent with hyperexcitability in
L5PNs and the opposite to what we would expect in a LOF situation (Spratt et al.
2021). Therefore, transgenic lines carrying specific mutations will be essential to
study the pathology of Scn2a LOF. Some KI mouse lines have been generated
carrying specific GOF mutations, such as the transgenic KI mouse Scn2aQ54 with
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Figure 5.2: Spectrum of mutations and phenotypes for SCN2a/Nav1.2. A, Mild gain of
function induced by SCN2a mutations cause benign neonatal-infantile familial seizures
(BNIFS). Larger gain of function mutations cause neonatal-early infantile developmental
and epileptic encephalopathies (NEIDEE). Loss of function mutations cause infantile-
childhood developmental and epileptic encephalopathies (ICDEE). Haploinsufficiency
or complete loss of function in heterozygosis leads to behavioural/cognitive phenotypes
without epilepsy such as autism spectrum disorder (ASD), intellectual disability or
schizophrenia. Haploinsufficiency in Scn2a+/− mice causes a relatively mild and age-
dependent phenotype including short absence-like seizures, autistic/schizophrenic traits
and memory dysfunctions. Homozygote Scn2a−/− knock-out mice show embryonic
mortality. Figure from Mantegazza et al. (2021).

a GAL879-881QQQ variant resulting in partial seizures (Kearney et al. 2001).
Another mouse line carrying the K1422A mutation is characterised by an increase
in Ca2+ permeability of Nav1.2 and a mix of phenotypes including rare seizures
(Echevarria-Cooper et al. 2022). However, as far as we are aware, mouse models
carrying a LOF mutation have not yet been generated.

5.4 On the properties of BK CAKCs
In this thesis we uncovered two specific interactions of BK channels, without
directly measuring CAKC mediated K+ currents. In neurons, but not exclusively,
BK CAKCs play an important role in regulating resting and action potentials by
hyperpolarising the membrane upon activation (Lancaster and Adams 1986; Sah
and Davies 2000; Sun et al. 2003). In humans, BK channels are widely expressed in
the body including nervous, muscular, skeletal, endocrine, cardiovascular, digestive,
urinary, and reproductive systems (Bailey et al. 2019). Dysfunction of BK channels
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associated with mutations of KCNMA1, the gene encoding BK channels, causes a
heterogeneous combinations of disorders including seizures, movement disorders,
developmental delay and intellectual disability (Bailey et al. 2019). Unfortunately,
the consequences of BK channel dysfunction in humans are not well characterised.
A global deletion of Kcnma1 in a mouse model showed the animal is viable, but
exhibits pathophysiology in many organs. In addition, Kcnma1 −/− mice show motor
impairments and present with learning difficulties (Typlt et al. 2013). Contrary
to LOF mutations, GOF alterations in BK channel activity have been related to
epilepsy in mice. Deletion of the regulatory β4 subunit, which slows BK channel
activation, produced temporal lobe seizures in mice (Brenner et al. 2005). Also,
Shruti et al. (2008) found that induced seizures in mice triggered a GOF in BK
CAKCs in PNs in the somatosensory cortex. They also showed BK antagonists
normalized neuronal responses to control values, indicating BK channels as a
possible target for anti-epileptic therapies.

BK channels are activated by a combination of depolarisation and an elevation of
intracellular Ca2+ to micromolar levels (Yang et al. 2015), requiring a combination
of electrical activity and cytosolic Ca2+ influx, as observed during an AP. The high
Ca2+ concentrations necessary for BK activation are thought to be attained in
local micro domains through tight coupling of BK channels to intracellular Ca2+

stores and VGCCs (Fakler and Adelman 2008).
In this thesis, we have identified two important sources of Ca2+ for BK CAKC

activation, Nav1.2 in the AIS and N-type VGCCs in the apical dendrite, adding
Nav1.2 channels to the list of possible Ca2+ suppliers in BK channel microdomains.
This shows that multiple Ca2+ sources may exist in one cell, although it remains
unclear what determines the coupling of BK channels to their Ca2+ source in different
cellular compartments. It is known that BK CAKCs are regulated by extensive
alternative splicing as well as multiple auxiliary subunits, giving CAKCs both cell
and tissue-specific properties (Kyle and Braun 2014; Latorre et al. 2017). Even
within the L5PN population, BK expression varies (Guan et al. 2015). Coupling to
N-type VGCCs or Nav1.2 channels might therefore be determined by alternative
splicing of the channel or through auxiliary subunits. In recent years, various β

and γ auxiliary subunits of BK channels have been identified which can modulate
activation and inactivation dependencies (Gonzalez-Perez and Lingle 2019). For
instance, in the presence of the β1 auxiliary subunit, BK channels activate at more
negative potentials in the presence of Ca2+ (McManus et al. 1995). However, further
research will have to gain insight into the exact composition of BK-containing micro
domains and the determinants of their Ca2+ supply.
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5.4.1 BK CAKC and Nav1.2 interaction

In the AIS, Nav1.2 channels mediate Ca2+ influx. Importantly, this early Ca2+

current occurring with kinetics similar to that of the Na+ current allows Ca2+

binding to its targets before the AP reaches its peak. At the peak of the AP, BK
channels contribute to the total K+ current that counterbalances the non-inactivated
Na+ current, together with the diverse voltage-gated K+ channels expressed in the
AIS (Trimmer 2015). Thus, a decrease of the Nav1.2 current is counterbalanced
by a decrease of the BK current, resulting in widening of the early phase of AP
repolarisation with a modest change of the AP peak. The interplay between Nav1.2
and BK channels is therefore a major determinant of the AP peak and a key
regulator of the AP shape. This is illustrated by the study of Echevarria-Cooper
et al. (2022), using the previously mentioned Scn2aK1422A mouse line carrying a
mutation in the Nav1.2 channel. This mutation causes a simultaneous increase in
Ca2+ and decrease in Na+ permeability of Nav1.2. When recording Na+ currents
in cortical PN cultures from these mice, Echevarria-Cooper et al. (2022) observed
a decrease in the total current, AP peak and AP frequency compared to wild-
type. In addition, when performing Ca2+ imaging, they showed an earlier onset
of the Ca2+ transient only in the proximal AIS, where Nav1.2 expression is high.
Specifically, this increase preceded the AP peak, consistent with increased Ca2+

influx through Nav1.2 channels. Taken together with the BK channel coupling,
an alternative explanation for a decrease in Na+ current in Scn2aK1422A neurons
might be due to a stronger activation of BK CAKCs, driving voltage dependent
inactivation of Nav1.2 channels. This mouse model could help us better understand
what determines the Ca2+ permeability of Nav1.2.

Another unknown facet of BK-Nav1.2 interaction is their coupling at a molecular
level. The AIS is a complex structure with a unique scaffolding proteome (Leterrier
2016). Nav1.2 channels are known to interact with ankyrin G, which increases the
density of the channel in the AIS (Leterrier 2018). Not much is known about BK
recruitment in the AIS. However, BK CAKCs co-localise with an ankyrin-repeat
containing protein in axonal segments (Lim and Park 2005), suggesting ankyrin
might interact with the channel, thereby recruiting it in the AIS. However, this
mechanism is still poorly understood and requires further investigation.
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5.4.2 BK CAKC and N-type VGCC interaction

In the apical dendrite we show N-type VGCCs supply Ca2+ for the activation
of BK CAKCs. Co-assembly of BK CAKCs with various VGCCs, specifically
P/Q-type, N-type and L-type, had been shown before in heterologues expression
systems (Berkefeld et al. 2006; Grunnet and Kaufmann 2004; Loane et al. 2007).
Berkefeld et al. (2006) showed that adding Ca2+-buffering BAPTA in said system
interfered with the coupling but EGTA did not. Showing that Ca2+ binding to BK
channels was faster than EGTA-Ca2+ binding but slower than buffering by BAPTA.
Taking into account estimated channel conductances, channel size and Ca2+-binding
properties of BAPTA and EGTA, a likely scenario is therefore that coupling is
predominantly mediated by the α subunits. While heterologous expression does
not reflect the physiological situation, it shows α subunits of BK CAKCs and
some VGCCs can interact. Consistent with this, Sun et al. (2003) showed that BK
CAKCs are activated both by L-type and N-type VGCCs in whole-cell patch-clamp
recordings from freshly dissociated neocortical PNs.

The close interaction between the Ca2+ source and BK CAKCs implies not
only selective coupling, but also the ability of activation of the K+ channel at
sub-millisecond time scale (Berkefeld et al. 2006). The kinetics of activation and
deactivation of VGCCs, however, is of the order of 1 ms (Kay and Wong 1987)
introducing the hypothesis of faster activation kinetics for BK CAKCs. While
investigating the effect of blocking BK channels on the AP waveform we find that
AP widening occurs before we can detect the inflowing Ca2+ through N-type VGCCs,
in the 500 µs directly after the bAP peak. The fact that the AP widening occurs
when only a fraction of inflowing Ca2+ via N-type VGCCs is detected indicates
that BK channels are activated before the ICa peaks. This current anticipating
effect suggests a physical interaction between N-type VGCCs and the BK CAKCs
at nanoscopic domain (Shah et al. 2022).

A possibility to verify this is to investigate the physical coupling through
Fluorescence Resonance Energy Transfer (FRET ). This technique uses the emission
of one fluorophore (the donor) to excite a second fluorophore (the acceptor). For
FRET to occur the donor and acceptor have to be at a maximum distance of 10
nm. By tagging N-type VGCCs and BK CAKCs with a donor-acceptor fluorophore
pair we will be able to determine whether these channels are spatially less than 10
nm away from each other. Although never performed before, the channel-targeted
fluorophores will be introduced through the patch pipette in our usual preparation.
This would allow recording from the apical dendrite in identified L5 single neurons.
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5.5 VGCCs in the apical dendrite during AP back
propagation

In the introduction I stated that bAPs act as retrograde messengers informing the
input of a neuron about its output. This role seems particularly strong in L5PNs,
as bAPs ∼100 µm from the soma attenuate little, increasing the chance of the
bAP reaching the tuft and distal dendrites in layer 1.

In chapter 4, I confirm that VGCCs drive the increase of cytosolic Ca2+. This
Ca2+ is coupled to the activation of diverse CAKCs, creating a system of VGCC-
CAKC driven modulation. Specifically, we analysed the bAP and the associated
Ca2+ transient at 50 µs time resolution in the apical dendrite of L5PNs, and
we correlated the kinetics of the AP waveform with that of the Ca2+ current.
Importantly, BK CAKCs contributes to the bAP repolarisation before the peak
of the Ca2+ current. The NEURON model we built to reproduce these effects
confirmed that the anticipation of this Ca2+-triggered phenomenon, with respect
to the Ca2+ that generates it, can be only explained if the Ca2+ source and its
target physically interact. Therefore the full activation of the target, BK CAKCs,
occurs before the Ca2+ equilibration in the cytosol, which is eventually governed by
the slope of the Ca2+ current. The first important biophysical consequence of this
finding is that only a fraction of the initial Ca2+ influx from a particular source
can trigger a process, whereas the rest of the Ca2+ contributes to the increase of
intracellular Ca2+ concentration. The second important consequence is that, in
this way, a VGCC can down-regulate the global Ca2+ influx because it can change
the Vm profile during the opening phase of the other VGCCs. This means that
VGCCs can modulate each other through their coupling to CAKCs, as we observed
through the blocking of N-type channels which increased the recruitment of other
VGCCs. Besides, the activation of VGCCs alters the cytosolic Ca2+ concentration,
which influences the Ca2+ driving force, and therefore when one VGCC is blocked
this influences the contributions of the other channels.

Depending on their kinetics, VGCC subtypes have different effects on the Vm

and ICa, which is well illustrated by L-type and T-type channels. Although blocking
L-type and T-type VGCCs had the largest effect on the Ca2+ current, only when
blocking L-type VGCCs we observed a decrease in the bAP after-hyperpolarisation.
Indicating a functional coupling with CAKCs strong enough to counterbalance the
large Ca2+ current mediated by L-type VGCCs. Controversially, blocking T-type
channels decreased the bAP peak, suggesting a specific role for T-type channels in
Ca2+-mediated excitability. The decrease in the peak of the bAP was measured
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Figure 5.3: Schematic of voltage gated ion channel distributions in the apical dendrite
of L5PNs. The size of the channels loosely reflects their relative contribution to their
respective ionic current. BK channels are coupled to N-type channels, whereas SK CAKCs
are activated by cytosolic Ca2+ supplied by the other VGCCs. In the NEURON model
described in chapter 4, BK CAKCs receive Ca2+ from N-type and L-type VGCCs. The
coupling between N-type channels however, is stronger compared to L-type channels.
Another important difference is that L-type VGCCs also supply Ca2+ for SK activation,
together with P/Q-type, R-type and T-type channels.

before the expected peak of the ICa. This is remarkable, as T-type channels are
responsible for a large part of that current. T-type VGCCs seem to have a strong
depolarising effect, which is dampened when blocked. Preliminary data shows this
is similar to the effect of G1G4hwtx on the bAP in the apical dendrite (data not
shown). Therefore, we proposed an interaction with Nav1.2 channels. If T-type
VGCCs interact with Nav1.2 channels in the dendrite this would directly link T-type
channels to excitability. To investigate this, the first step would be to confirm our
block of T-type VGCCs using different drugs and compare the blocking effects.

Figure 5.3 shows a schematic with the ion channels studied in Chapter 4, based
on our NEURON model of a short section of the apical dendrite ∼100 µm from the
soma. As in figure 5.1, the size of the channels reflects their relative contribution to
their respective ionic current. BK channels are coupled to N-type channels, whereas
SK CAKCs are activated by cytosolic Ca2+ supplied by the other VGCCs. In the
NEURON model described in chapter 4, BK CAKCs receive Ca2+ from N-type
and L-type VGCCs. The coupling between N-type channels however, is stronger
compared to L-type channels. Another important difference is that L-type VGCCs
also supply Ca2+ for SK activation, together with P/Q-type, R-type and T-type
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channels. Although it reproduces the BK-N-type channel interaction, the model is
preliminary, and needs optimising. Firstly, simulating the block of both SK and
L-type channel should have bigger effects. In addition, simulating the BK CAKC
block has a small AHP effect that is not observed experimentally, due to a larger
involvement of SK CAKCs following increased VGCC activation. Lastly, the model
does not reproduce the effects of blocking T-type VGCCs. We have not focused on
this, as we hypothesise an interaction with Nav1.2 channels, which needs further
experimental investigation before we can model it.

We recorded Ca2+ transients and their effect on excitability ∼100 µm from the
soma, but we cannot confirm similar roles for VGCCs and CAKCs in distal parts of
the dendrite. For example, while recording Ca2+ transients in L5PNs, Bock and
Stuart (2016) did not observe the interaction between N-type and BK channels
in the distal apical dendrite. Nevertheless, the tuft of L5PNs is a structure with
unique properties, such as the ability to sustain Ca2+ electrogenesis (Larkum et al.
1999a). We are interested in investigating the role of N-type and T-type VGCCs
during Ca2+ electrogenesis specifically, due to their unique contributions to the
bAP. N-type channels because of their coupling to BK CAKCs and T-type channels
as they seem directly related to the excitability of the dendrite.

5.5.1 Ca2+ electrogenesis and plasticity at the tuft of the
apical dendrite

At the tuft, Ca2+ electrogenesis can occur when a train of bAPs with a critical
frequency arrive at the tuft and cause a Ca2+ spike larger than the summation
of Ca2+ entry triggered by single bAPs (Larkum et al. 1999a): whereas a single
bAP attenuates, a train causes a regenerative potential, driven by VGCCs. This
phenomenon is also observed in basal dendrites, where there is a marked difference
between single APs and an AP burst. In distal basal dendrites a train of bAPs
also triggers a Ca2+ spike, whereas single bAPs attenuate. Here, their ability to
invade distal projections is regulated by fast-inactivating A-type VGKCs (Kampa
and Stuart 2006).

We observed this phenomenon in our experiments (figure 5.4), although we did
not record from a high enough number of cells to perform proper statistical analyses.
We can, however, observe and speculate. In the examples shown in figure 5.4 we
recorded OG5N fluorescence at the tuft of L5PNs (figure 5.4A) after a train of three
action potentials triggered at the soma. Preliminary, we found that the Ca2+ spike
during electrogenesis is indeed more than the summation of the Ca2+ spike from a
single bAP, which is often very small in the tuft. A clear example of this is from cell
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Figure 5.4: The effect of blocking N-type or T-type VGCCs on Ca2+ electrogenesis. A,
Example L5PN loaded with OG5N, tuft indicated. B,C, L5PNs were loaded with OG5N
and non-bleach-corrected Ca2+ transients (solid lines) were recorded at the dendritic tuft
after triggering three APs at the soma (dotted lines) by current injection through the
patch pipette before (grey traces) and after applying 5µM ml218 + 30µM nnc550396
(light blue traces) to block T-type VGCCs (B) or 1 µM ω-conotoxin-GVIA (dark blue
traces) to block N-type VGCCs (C).

2 in figure 5.4C, where the first bAP does not trigger visible Ca2+ influx, but the
second and third bAP drive a large Ca2+ spike, increasing indicator fluorescence
with 20-30%. This electrogenesis is also measured at the soma through the patch
pipette as after-depolarisations indicated by the arrows in figure 5.4.

When we block T-type channels the Ca2+ transient is decreased and resembles
a simple summation of the Ca2+ entry triggered by three bAPs (figure 5.4B).
The block of electrogenesis can also be seen in the increase of the AHP after
the last AP from the electrophysiology trace (indicated by arrows in figure 5.4B).
This was consistently observed in 4 cells tested, providing support for T-type
VGCCs as drivers of excitability. Clearly, they play an important role in AP back
propagation and Ca2+ electrogenesis.

In contrast, when blocking N-type VGCCs we observed an increase in the
Ca2+ transient (two examples in figure 5.4C). This is however in accordance with
our conclusion that N-type VGCCs are functionally coupled to BK CAKCs, and
suggests this coupling is also relevant in the tuft. If this case, N-type VGCCs could
indirectly dampen Ca2+ electogenesis by promoting BK CAKC activation, which
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is opposite to the effect of T-type channels. This increase in electrogenesis was
observed in 3/4 cells tested this way, in contrast to measurements from Bock and
Stuart (2016), who did not observe this distinct coupling.

These preliminary results suggest both T-type and N-type VGCCs play important
roles during Ca2+ electrogenesis. Nevertheless, the synergy among VGCCs and K+

channels remains to be investigated during this phenomenon. Although the function
of Ca2+ electrogenesis itself remains poorly understood, it has been shown that distal
Ca2+ influx is necessary for LTD induction during STDP (Hamilton et al. 2013).

STDP is characterised by the precise timing between APs in presynaptic and
postsynaptic neurons (Inglebert and Debanne 2021). This phenomenon is strongly
dependent on intracellular Ca2+ influx for its induction, as buffering postsynaptic
Ca2+ prevents both LTP and LTD (Nevian and Sakmann 2006).

LTP is dependent on NMDA receptor-mediated Ca2+ influx, which fits with
the observation that incoming synaptic potentials are unable to drive Ca2+ spikes
at distal sites without NMDA receptor activation (Larkum et al. 2009). However,
NMDA receptor-independent mechanisms for LTD have been proposed. Examples
include metabotropic glutamate receptors, VGCCs and cannabinoid receptors. This
provides a role for Ca2+ electrogenesis at the tuft, which depends specifically on
bAP-driven VGCC activation.

LTD occurs when postsynaptic firing, for example in the form of bAPs, repeatedly
precedes presynaptic firing during an STDP event (Tazerart et al. 2020; Zilberter
et al. 2005). This is thought to be driven by dendritic release of endocannabinoids
in L5PNs (Sjöström et al. 2004). Sjöström et al. (2003) propose a mechanism in
L5PNs where postsynaptic activity triggers Ca2+-driven endocannabinoid release,
which activates presynaptic cannabinoid receptors. If at the same time presynaptic
glutamate release activates presynaptic NMDA receptors, LTD occurs by reducing
subsequent presynaptic neurotransmitter release.

One study investigating the role of VGCCs during LTP in layer 2/3 PNs,
found that blocking postsynaptic L-type VGCCs partially blocked LTP (Bender
2006). However, when blocking T-type VGCCs they blocked LTP completely,
suggesting these channels are required for this type of plasticity. Although many
Ca2+ targets during STDP remain elusive, the above hints at an important role
of Ca2+ electrogenesis in plasticity, specifically during LTD. It also seems multiple
VGCCs are involved in driving the essential Ca2+ influx during LTD, with possibly
a central role for T-type VGCCs. Nevertheless, it remains to be investigated if
this is the case in L5PNs as it is in L2/3 neurons.
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5.6 Anterograde action potential propagation and
neuronal firing

The process of AP generation starts with a sub-threshold depolarisation that spreads
from the soma (or physiologically from the dendrites through the soma) to the
AIS. The observation of an early subthreshold component of the Na+ influx (Filipis
and Canepari 2021) indicates that VGNCs also contribute to amplify the axonal
depolarisation before the AP onset (Goldwyn et al. 2019). The early Ca2+ current,
which closely follows the early Na+ current, through Nav1.2 channels is crucial since
BK CAKCs require concomitant Ca2+ binding and depolarisation in order to open
(Cui et al. 2009). After generation, the AP propagates along the axonal branches,
regenerates at Ranvier nodes, and the waveform at synaptic terminals regulates
neurotransmitter release providing an analog modulation of synaptic transmission
(Rama et al. 2018). The AP is amplified at each node of Ranvier by clusters of
VGNCs. At adult nodes of Ranvier VGNCs clusters are mainly composed of Nav1.6
channels (Kaplan et al. 2001). This would suggest that the coupling of Nav1.2
and BK channels is of importance in the AIS specifically during AP generation,
but not during axonal anterograde propagation.

Eventually, the AP waveform in the AIS sets the way in which a neuron can
respond to prolonged depolarisation by firing several APs at high frequencies,
determining the ability of the neuron to encode signals (Kole and Stuart 2012).
The shape of the AP at its site of origin is therefore the starting point of the
consequent physiological processes occurring at the other sites of the cells. First,
the AP waveform, modulated during propagation along the axons, regulates
neurotransmitter release and therefore synaptic transmission at synaptic terminals,
in this way providing an analogue component of the digital information process
(Rama et al. 2015). Second, the AP waveforms regulate neuronal firing. Interestingly,
in CA1 hippocampal pyramidal neurons, it has been shown that BK CAKCs facilitate
high-frequency firing and cause early spike frequency adaptation (Gu et al. 2007).
The regulation of the firing frequency is crucial for the coupling among the different
sites of the cell that are believed to underlie conscious processing (Aru et al. 2020)
and, in L5 pyramidal neurons, high-frequency bursts of APs back-propagate along
the apical dendrite reaching the tuft and provoking Ca2+ electrogenesis (Larkum
et al. 1999a), confirming that the dendrites of L5PNs are highly electrogenic and
heavily influence spiking output (Larkum et al. 2009). In the apical dendrite BK
CAKCs are selectively activated by N-type VGCCs. This activation is rapid and is
not linear with the increase of intracellular Ca2+ concentration associated with the
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transient activation of VGCCs. Thus, the blockade of N-type VGCCs widens the
AP peak prolonging Ca2+ entry through the other VGCCs and boosting the increase
of intracellular Ca2+ concentration associated with the AP. In other words, BK
CAKCs activation by N-type VGCCs anticipates the full activation of VGCCs, which
provided a negative feedback to the Ca2+ current. Although we show the existence
of this coupling during AP back propagation, it is plausible the same interaction
is functional during anterograde propagation. In that case, activation of N-tpye
VGCCs could limit depolarisation during PSPs by activating BK channels, thereby
effectively shunting said PSP. To preliminary test the importance of the interaction
between N-type and BK channels we can simulate synaptic input to the oblique
dendrites, using the computational model described in chapter 4, and analyse the
response of the neuron with and without coupling BK CAKCs and N-type VGCCs.

5.7 Importance of sub-microsecond activation of
Ca2+ binding proteins

We showed that upon cell entry, Ca2+ targets Ca2+-activated proteins, such
as BK channels, at sub millisecond speed during bAPs. bAPs are important
modulators of excitability by lowering or increasing the threshold for incoming
synaptic potentials. As just highlighted, much of the plasticity driven by bAPs
is dependent on Ca2+ influx.

The ability of Ca2+ to activate a target within microseconds is allowed by local
Ca2+ nanodomains, including VGCCs, Ca2+ binding proteins and other auxiliary
proteins (Heck et al. 2021). Their efficacy has been shown at synaptic terminals
where VGCCs are coupled with neurotransmitter release proteins to trigger synaptic
transmission (Gandini and Zamponi 2022). Localized BK channel activity can
modulate both the amplitude and duration of depolarization-evoked Ca2+ entry
as a result of the rapid repolarization and deactivation of voltage-gated P/Q-type
and N-type VGCCs (Fakler and Adelman 2008). In turn, reduced Ca2+ influx
will limit vesicle fusion at active zones, leading to decreased neurotransmitter
release (Kyle and Braun 2014).

Less is known about Ca2+ nanodomains in postsynaptic spines of L5PNs.
However, BK CAKCs have been identified in dendritic spines, although their activity
is only detected in small head volume spines (Tazerart et al. 2022). Interestingly,
Ca2+ influx in spines with small head volume is significantly larger compared
to spines with a larger volume. BK channels in these spines are activated by
synaptic Ca2+, their role being to down-regulate the amplitude of the excitatory
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PSP. Hence, if the activation of BK CAKCs by N-type VGCCs is maintained in
those spines and occurs before synaptic activity, this might prevent the further
BK channel activation by synaptic Ca2+, leading to a modulation of the synaptic
input. For the regulation of the cytosolic Ca2+ elevation in the dendritic bulk,
which is reported in this study, this might play a role in the Ca2+ modulation
of proteins that intervene during firing activity.

CAKCs are coupled targets of VGCCs and at least BK channels can activate at
sub-millisecond time scale. This regulates the shape of the AP near its peak and,
as a consequence, modulates the other voltage-dependent conductance including
VGCCs, eventually translating into a regulation of the cytosolic Ca2+ transient.
The functional meaning of the sub-millisecond activation of BK CAKCs leading
to a regulation of the cytosolic Ca2+ transient remains elusive.

5.8 Future perspectives
The research described in this thesis leads to new questions which I have introduced
above. First of all, we can use our current findings to investigate how channel
kinetics are disrupted in channelopathies, specifically a LOF of Scn2a encoding
Nav1.2 channels in the AIS. To start characterising the effect of Scn2a LOF in
L5PNs, we will perform the experiments described in chapter 3 using the Scn2a+/−

mouse line. We will cross-correlate our findings and the effect on AP generation with
the AIS model to verify the model itself and make predictions on Nav1.2 expression
patterns in the AIS of the KO mouse. To this end, we can use our knowledge on
Ca2+ entry through Nav1.2. As we know the percentage of the Nav1.2-mediated
Ca2+ transient, we can investigate any LOF Nav1.2 compensation mechanisms.
This research will be funded by the recently awarded ANR (agence nationale de
la recherche) grant entitled Nav12RESCUE. The objectives of this project are
to develop drugs and strategies for counteracting reduced Nav1.2 function and
dominant LOF mutations, which are unavailable at this moment. In addition, a
new Nav1.2 LOF mouse model will be generated, to study pathological mechanisms
as described above and test effects of treatments.

Second, we will make an effort to show physical coupling of N-type VGCCs and
BK CAKCs in the apical dendrite. To this end we will use the FRET technique
discussed above. Other methods to verify the physical coupling between BK and
N-type channels include expansion microscopy, where the sample is expanded to be
able to identify co-localisations in tissues with dense expression of the protein of
interest. Alternatively, proximity ligation assay technology uses a pair of labelled
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antibodies which, when localised within 40 nm catalyse an amplification reaction
to generate a fluorescent signal. Due to this amplification, this enables visualising
single interactions. In these examples the challenge remains to identify dendrites
of L5PNs specifically, which in slices is not straightforward.

Lastly, we are intrigued by the apparent role of T-type VGCCs in excitability
of the apical dendrite. We plan to confirm our Vm imaging observations, in the
proximal apical dendrite as well as in the tuft, all supported by NEURON modelling.
In addition, we could perform a series of occlusion experiments to verify whether
blocking either Nav1.2 or T-type channels occludes the effect of then blocking the
other channel. Also, to test excitability, we could determine the attenuation of the
bAP towards the tuft after applying T-type or Nav1.2 channel blockers on the apical
dendrite closer to the soma. Moreover, we would investigate the role of T-type and
other VGCCs in Ca2+ electrogenesis. This would further our understanding about
the role of VGCCs in excitability, Ca2+ electrogenesis and plasticity.
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