PhD program & A M|de}{
Aix-+Marseille ﬂ | n
eurosciences CEE'IU
Initintive d'epxrellenre ﬂmq.

UNIVERSITE D’AIX MARSEILLE

Faculté des Sciences de la vie et de la santé
Institut de Neurosciences de la Timone
UMR 7289 CNRS & AMU

These présentée pour obtenir le grade universitaire de Docteur
Discipline : Neurosciences

Présentée publiqguement par

Nina JURCIC

GABAg RECEPTORS AND CALCIUM HOMEOSTASIS IN
MEDULLO-SPINAL CSF-CONTACTING NEURONS

Soutenue le 20/05/2019 devant le jury :

Dr. Matilde CORDERO-ERAUSQUIN, CNRS, Strashourg Rapporteur

Prof. Regis LAMBERT, CNRS, INSERM, Paris Rapporteur
Dr. Corinne BEURRIER, IBDM, Marseille Examinateur
Prof. Jérome TROUSLARD, AMU, INT, Marseille Directeur de Thése

co-Directeur de These, Dr. Nicolas WANAVERBECQ, AMU, INT, Marseille






TABLE OF CONTENTS

LIST OF ABBREVATIONS ..ottt e e e e e es e s et e e e s es e e e e e eres et ee e s e 1
LIST OF FIGURES ..o ettt e e et et et e e e et e e et e e et e eeeeer e e e, 5
LIST OF TABLES ..o et e oot e e e et et et e e s et e e et e e er e e es et e s ereeana, 7
A B ST RA CT oo et e e e ettt ettt ettt oot e, 9
RESUIME ..ot et e ee et e e e et et et e et et et et e e et e se et et e e es et e et et et et eneesetesseseseseeeesarenseseeereeneas 11
THE AIM OF THESIS .o oottt e s et e e e e et e e e e e s et et e e e s es e e e e enesarann, 13
ACKNOWLEDGEMENTS ..o oottt eee e e e e e e s e et e e e e e s et e e e e erer et e eeeeresaseeeen s 15
l. INTRODUGCTION ..o e e e ee et e e s e et e e e s es e e e e s e s e e e eeenarane, 17
A) CEREBROSPINAL FLUID ..ot eeeseeseeeeeeeeete et 18

1. CHOROID PLEXUSES ARE THE MAIN SOURCE OF THE CEREBROSPINAL
FLUID oot ee e et e et e et e e e et e e et et e et et e e et e et et e s et e e e s et e s et e e ereaena, 18

2. THE MECHANISM OF CSF SECRETION BY CHOROID PLEXUSES............. 20

3. CIRCULATION OF THE CSF AND ITS ABSORPTION ...ocovovoeeeeeeeeeeeeere, 22

4. COMPOSITION OF THE CSF .o e, 24

5. REGULATION OF pH, OSMOLARITY AND PRESSURE OF THE CSF.......... 28

6. IMPORTANT ROLES OF THE CSF ..o 30

B) CEREBROSPINAL FLUID - CONTACTING NEURONS.........cccovovviisieeieeeeeenne 32

1. MORPHOLOGY AND DISTRIBUTION OF CSF-CNS.....ooveveveeeeeeeeeeeeererereens 33

2. PROPERTIES OF CSF=CNS ..oevieeeeeeiee oo e ee e e e 48

3. POTENTIAL ROLES OF CSF-CNS ..ovvieeeeeeeeeeeee oo oo esee e 62

C) VOLTAGE-GATED CALCIUM CHANNELS.........oooiiieteieeeeeeeeee e, 77

1. PROPERTIES AND FUNCTION OF VOLTAGE-GATED CALCIUM
CHANNELS ..o e e et e et e e s et er e e e er s, 78

2. CALCIUM CHANNEL SUBUNITS ...ooeeeeeeeeeeeeeeeeeeee e en e, 80

3. CLASSIFICATION OF VOLTAGE-GATED CALCIUM CHANNELS.............. 85

4. REGULATION OF VOLTAGE-GATED CALCIUM CHANNELS................... 100

5. REGULATION OF INTRACELLULAR Ca** CONCENTRATION ....ovovovon.... 110

Il. MATERIALS AND METHODS ..ot e e e enen s 117
A) ETHICAL STATEMENT ...ttt 118
B)  ANIMALS ...ttt ettt n et 118

C) SLICE PREPARATION ....oiiiiiiiicieieriee ettt 120



1. BRAINSTEM SLICE PREPARATION......cccoiiiiiiiiiicii i 118

1. BRAINSTEM SLICE PREPARATION .....ocoiiiiiiiiiiiceeee e 120
2. LUMBAR SPINAL CORD SLICE PREPARATION .....ccccoiiiiiiiiiiieiicieee 120
D) ELECTROPHYSIOLOGY ...cuiiiiiiiiiiieieieiesie sttt 121
1. RECORDING OF VOLTAGE-GATED CALCIUM CURRENT ..........cccoovenene. 123
2. RECORDING OF CHOLINERGIC CURRENTS.........ccoiiiiiiiiin 126
3. DUAL PATCH-CLAMP RECORDING AND RECORDING OF CURRENT
ACTIVITY FROM THE TERMINAL ENLARGEMENT ......ccocoiiiiiiiiiiece, 126
4. RECORDING OF CSF-cNs EXPRESSING Gj-DREADD.........ccccccociiiiiiinine 126
E) CALCIUM IMAGING ..ottt 127
F) OPTOGENETIC ACTIVATION OF CHANNELRHODOPSIN-2 ......cccccovniiieinnne. 128
G) REAGENTS ..o bbbttt bbb bt 128
H) STATISTICAL ANALYSIS ...t 129
1. DATA ANALYSIS ..o 129
2. STATISTIC oo 130
HHL RESULTS e 133
A) CALCIUM CHANNELS AND CALCIUM HOMEOSTASIS IN MEDULLO-
SPINAL CSF-CNS ...ttt nne s 134
1. CHARACTERIZATION OF VOLTAGE-GATED CALCIUM CHANNELS IN
MEDULLO-SPINAL CSF-CNS....coeiiiiiieiiiieiieie s 134
2. MODULATION OF VOLTAGE-GATED Ca?** CHANNELS IN MEDULLO-
SPINAL CSF-CNS....oiiiiiiiiiie e s 143
3. REGULATION OF INTRACELLULAR Ca* CONCENTRATIONS................ 157
B) INVESTIGATION OF FUNCTIONAL COMMUNICATION BETWEEN SOMA
AND BUD OF CSF-CNS .....ooiiiiiiiiiiiiiee s 167
1. Ca** SIGNALING BETWEEN SOMA AND BUD........c..ccocovvnreinrinrseienrsnienneons 167

2. DUAL PATCH-CLAMP RECORDINGS FROM THE SOMA AND THE BUD
............................................................................................................................... 169
3. RECORDINGS FROM ISOLATED BUD ......ccccoiiiiiiieiieicnie e 172
C) INVESTIGATING THE ROLE OF CSF-CNS ......cciiiiiiriiniiiieicie et 175

1. DEVELOPMENT OF TRANSGENIC MICE MODELS TO STUDY THE ROLE
OF CSFrCNS. ...t 175



IV, DISCUSSION ...ttt 183

A) PHYSIOLOGY AND CALCIUM HOMEOSTASIS OF MEDULLO-SPINAL CSF-
o 1 185

1. MEDULLO-SPINAL CSF-cNs ARE MODULATED BY GABAergic AND
CHOLINERGIC IONOTROPIC AND METABOTROPIC RECEPTORS.......... 185

2. FUNCTIONAL VOLTAGE-GATED Ca** CHANNELS EXPRESSION IN CSF-
cNs AND MODULATION BY METABOTROPIC RECEPTORS.............ccc..... 186

3. Ca** SIGNALING AND HOMEOSTASIS IN MEDULLO-SPINAL CSF-cNs .. 191
B) FUNCTIONAL RELATION BETWEEN SOMA AND BUD IN SPINAL CSF-cNs....

.................................................................................................................................... 196

C) INVESTIGATING THE ROLE OF CSF-cNs — DEVELOPMENT OF NOVEL
TRANSGENIC MICE MODELS .......ooiiiiiiiieeee e 198

V. CONCLUSION ...ttt b e e e 203
VI.REFERENCGES. ... ..o 207

VI SUPPLEMENTS L. s 228






LIST OF ABBREVATIONS

ABP: AID-binding pocket
AC-aTub: acetylated o tubuline
AC3: adenylate cyclase 3

ACE: angiotensin converting enzyme
ACh: acetylcholine

AID: o interaction domain

ANP: atrial natriuretic peptide

AP: action potential

ASIC: acid-sensing ion channel
ATP: adenosine triphosphate

BBB: blood-brain barrier

CaBP: Ca**-binding protein 1

CA: carbonic anhydrase enzyme
CAE: childhood absence epilepsy
CaM: calmodulin

cAMP: cyclic adenosine monophosphate
CaP: caudal primary motoneurons
Cay: voltage-dependent Ca** channel
CBD: CaM-bindng domain

CC: central canal

CDI: Ca**-dependent inactivation
ChAT: choline acetyltransferase
ChR2: channelrhodopsin-2

CICR: Ca**-induced Ca*" release

CNO: clozapine-N-oxide



CNS: central nervous system

CoPA: commissural primary ascending interneurons
CPG: central pattern generator

CSF: cerebrospinal fluid

CSF-cN: CSF-contacting neuron

DAG: 1,1,-Diacylglycerol

DCX: doublecortin

DHP: dihydropyridine

DNQX: 6,7-dinitroquinoxaline-2,3-dione disodium salt
DREADD: Designer Receptors Exclusively Activated by Designer Drug
DRG: dorsal root ganglion

DTT: dithiothreitol

EC: excitation-contraction coupling

ER: endoplasmic reticulum

EX: embryonic day X

EYFP: enhanced yellow fluorescent protein
GABAgR: GABAg receptor

GAD: glutamic acid decarboxylase

GDP: guanosine diphosphate

GFP: green fluorescent protein

GIRK: inwardly rectifying K™ channel

GK: guanlylate kinase

GPCR: G protein coupled receptor

GPI: glycophosphatidylinositol anchor

GRK: G protein coupled receptor kinase

GTP: guanosine triphosphate

HEK?293: human embryonic kidney 293 cell



hMX: human muscarinic X receptor
HuC/D: human neuronal protein HUC/HuD
HVA: high-voltage activated

IBC: IP3-binding core

IP;R: inositol 1,4,5-trisphosphate receptor
KA: Kolmar-Agduhr

LTP: long-term potentiation

LVA: low-voltage activated

m-3M3FBS: 2,4,6-trimethyl-N-(meta-3-trifluormethyl-phenyl)-benzosulfonamide
MAChHhR: muscarinic acetylcholine receptors
MAP2: microtubule-associated protein 2
MIDAS: metal ion-dependent adhesion site
MPS: methyl-phenyl-succinimide

NAChHR: nicotinic acetylcholine receptors
NCX: Na?*/Ca®* exchange

NeuN: neuronal nuclei

NF-160: Neurofilament-160 kDa

NKKC1: Na'-K*-2CI" cotransporter 1

NP,: open probability

NREM: non-rapid eye movement

NSE: neuron specific enolase

Pco2: carbon dioxide partial pressure

PcTx1: Psalmopoeus cambridgei toxin 1
PIP,: phosphatidylinositol 4,5-bisphosphate
PKC: protein kinase C

PKD2L1: polycystin kidney disease 2-like 1 protein

PLC: phospholipase C



PMCA: Ca?*-ATPse pump

PP1: protein phosphatase 1

PP2B: protein phosphatase calcineurin

PX: postnatal day X

RMP: resting membrane potential

ROI: region of interest

RyR: ryanodine receptor

SAHP: slow after-hyperpolarization

SAN: sinoatrial node

SERCA: sarco(endo)plasmic reticulum pump
SH3: SRC homology 3

s-ICAM: soluble intracellular adhesion molecule
SNAP-25: 25K synaptosome-associated protein
SR: sarcoplasmic reticulum

TARP: transmembrane AMPA receptor regulatory protein
TEM: transmission electron microscopy

TP: threshold potential

TRP: transient receptor potential

TTX: tetrodotoxine

VAMP: vesicle-associated membrane protein
VGAT: vesicular GABA transporter

VGCC: volatage-gated Ca** channel

VIP: vasoactive intestinal polypeptide

VWA: Willebrand factor type A domain

YFP: yellow fluorescent protein



LIST OF FIGURES

Figure 1. Schematic illustation of choroid plexus StrUCUre. ..........cccceveiiiinincnireeeeeeen 19
Figure 2. Schematic illustration of CSF secretion in choroid plexus. ..........c.ccocvvviiiiiienene, 21
Figure 3. Schematic illustration of CSF circulation throughout the brain. ...............cccccoco.... 22
Figure 4. Arachnoid villi allow the absorption of the CSF. ..., 23
Figure 5. Morphology of CSF-cNs located around the central canal in the brainstem and the

SPINAL COTQ. ...ttt e st e e e s reenteeneesreenneans 35
Figure 6. Representation of different types 0f CSF-CNS. .........cooiiiieieiiineeeeeeeee 36
Figure 7. Ultrastructural properties of CSF-cNs in spinal cord from different species. ......... 40
Figure 8. Axonal projections of CSF-cNs described in various SPecies. ..........cc.ceovevvieenenes 42
Figure 9. Projections of CSF-CNs in rat Spinal Cord...........cooviiiiiiiiiieic e 44

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.

Figure 16.
Figure 17.
Figure 18.

Figure 19.

Figure 20.
Figure 21.

Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.
Figure 35.

Organization of CSF-cNs around the central canal is region- and age-dependent.47
CSF-cNs express markers of both immature and mature neurons..............c......... 50
Dual origin 0f CSF-CNS. ......cciiiiei e 52
CSF-cNs express functional ionotropic receptors for GABA and glycine. ........... 55
CSF-cNs exhibit different discharge patterns. .........cccoccevvveveiieve e, 58
CSF-cNs exhibit spontaneous synaptic events and unitary single-channel activity.
............................................................................................................................... 59
Opening of PKD2L1 channel triggers action potentials in CSF-CNs. ................... 61
CSF-cNs respond to mechanical stimulations. ...........cccooovevvrieneeie e, 65
CSF-cNs sense the changes in extracellular acidification through the activation of
ASIC ChanNEIS. ... s 67

CSF-cNs sense the changes in extracellular alkalization through the activation of
PKD2LL ChaNNEIS. ....c.veveiiiiecieieeee et
CSF-cNs are sensitive to changes in extracellular osmolarity and temperature. ... 71

CSF-cNs synapse onto VO-v glutamatergic interneurons and modulate locomotor
activity in the zebrafish [arva. ... 73
CSF-cNs respond to spinal cord bending..........cccooeveiiiininiiieieccc e, 76
Ca?* channels SUDFAMITIES. .............ovveveeeeeeeeeeee e 79
The structure of Ca?* channels SUBUNILS. .........c.cooovveeveeeeeeeeeeeeeeeeeeeeeeee e, 81
Properties of Ca,1.3 and Ca,1.2 L-type Ca®* channels. .........cocooevveveeererirrnennnn. 89
Properties of P/Q-type Ca?* Channels. ............ccoveeeeeeeeeeeeeeeeeeeeeeeeee e 93
w-conotoxin potently inhibits N-type Ca?* channels. ...........cccovvrvvvrrnrsriennenne. 96
Activation properties of T- and R-type Ca?* CUITENtS. ..........cc.cooovvvrvereennernrennes 100
The main properties and mechanisms for the CDI in neurons.............ccoceevvenen. 102
Role of GABAg receptors coupled to Gy, type of G proteins. .........cccceveveveeenen. 107
Strong depolarization can diminish GABAg inhibition..............cccccevvvieiveiene 109
Schematic illustration of intracellular Ca®* regulation. ...........cocoeveveveiererireenens 116
Transgenic mice models used in the StUdY...........cccceeiieiiieiic i 119

Experimental setup used for electrophysiological recordings and Ca®* imaging. 123
Voltage-gated Ca’* channels are expressed in CSF-cNs from mouse brainstem. 136



Figure 36. Isolation of Ca** current following inhibition of K* current with TEA-Cl-based

10 111 o] 01RO RTRSURURTRRRS 137
Figure 37. Voltage-gated Ca®* channels are present in spinal CSF-CNS. .........cc.ccccvvvrvenenn. 139
Figure 38. Medullar CSF-cNs express mainly N-type Ca®* channels.............ccc.cccovveerreneen. 142
Figure 39. Ca?* channels in medullar CSF-cNs are modulated by GABAg receptors........... 145

Figure 40. Ca®*" channels in spinal CSF-cNs undergo inhibition mediated by GABAg
FECEPLONS ACLIVALION. ... .cviieiiiieeie ettt sre e e e e
Figure 41. Activation of GABAg receptors inhibits mainly N-type voltage-gated Ca?*

CRANNEIS. ...t 148
Figure 42. Activation of GABAg receptors inhibits Ca** currents through Gpy-mediated

MECNANISIM. .ttt e sneene e 151
Figure 43. CSF-cNs express functional cholinergic receptors of nicotinic type................... 153
Figure 44. Ca®" currents in spinal CSF-cNs are inhibited by muscarinic receptors.............. 154
Figure 45. Muscarinic receptors inhibit voltage-gated Ca®* channels potentially through direct

DINAING OF GBY. oo 156
Figure 46. Activation of Ca®* channels induces intracellular Ca?* rise which is inhibited by

GABAGB receptors aCtiVation. ..........cccccveiveiieiieeieeie et 160
Figure 47. Functional intracellular Ca?* stores are present in spinal CSF-CNS..................... 163
Figure 48. Ca?" influx and intracellular Ca?* concentration are regulated by intracellular Ca?*

] (0] (=TT TP T PR OUPROPPPPPRN 166
Figure 49. Intracellular Ca®* elevations diffuse between soma and bud in spinal CSF-cNs. 168
Figure 50. Dual patch clamp recordings carried out from soma and bud. ............c.ccceeeeeee. 171
Figure 51. Isolated bud from spinal CSF-cNs is devoid of current activity......................... 173
Figure 52. DREADD do not hyperpolarize CSF-cNs upon CNO application....................... 178
Figure 53. CSF-cNs generate action potentials upon optogenetic activation....................... 180
Figure 54. Regulation of intracellular Ca?* conCentrations. ............ocoeveveeeeereerereseesseseeneens 205



LIST OF TABLES

Table 1. The concentrations of main ions, osmolality and pH in CSF and plasma from dog. 25

Table 2. Proteins found iNthe CSF..........ooi o 26
Table 3. Examples of neurotransmitters and neuropeptides present in human CSF. .............. 27
Table 4. Intracellular solutions used for electrophysiological recordings. ...........ccccccvvenenne. 125
Table 5. Electrophysiological properties of CSF-cNs in control and in the presence of
DACIOTEN. ... s 161
Table 6. Electrophysiological properties of CSF-cNs-expressing Gi-DREADDs in control and
in the presence 0f 5 UM CINO. ..o 177
Table 7. Electrophysiological properties of CSF-cNs-expressing Gi-DREADDs in control and
in the presence 0f 10 M CNO. ..o 177
Table 8. Electrophysiological properties of CSF-cNs activated by LED illumintion or current
INJECTIONS. .ottt e et e e st e s be e e e se e s beebeereesreenteaneenre s 181






ABSTRACT

Neurons in contact with the cerebrospinal fluid (CSF-cNs) are located in the ependymal
region around the central canal (CC) in the brainstem and the spinal cord and are conserved in
all vertebrates. These GABAergic neurons exhibit a unique morphology with a single dendrite
that projects to the CSF and ends with a large protrusion. They selectively express the
polycystin isoform (PKD2L1) of “Transient Receptor Potential” (TRP) channels suggested to
act as chemo- and mechanoreceptor. Considering their localization, morphology and selective
expression of PKD2L1 channel, CSF-cNs would represent a novel population of sensory
neurons within the CNS. It was shown that CSF-cNs express functional ionotropic receptors
for GABA, glutamate, acetylcholine and glycine, and it is indicated that CSF-cNs are inserted
in a neuronal network and that their activity may be regulated by synaptic partners which
remain to be identified. Recent studies carried out in lower vertebrates demonstrated that
these neurons actively modulate motor activities and swimming behavior in vivo. So far, little

information is available regarding the role of CSF-cNs in mammalian CNS.

To better understand the role of CSF-cNs in mammals, it is necessary to describe the
physiological properties and modulation of CFS-cNs. In the present study, using
electrophysiological recordings in spinal cord and brainstem acute slices together with Ca**
imaging, | describe Ca®* signaling mechanisms in mouse medullo-spinal CSF-cNs. | report
that CSF-cNs express mainly high-voltage activated (HVA) Ca?* channels (Cays) that are
modulated by metabotropic GABAg and muscarinic acetylcholine receptors. | also describe
Ca®* homeostasis and show the involvement of intracellular Ca* stores in the regulation of
intracellular Ca®*. Next, using paired recordings from CSF-cN protrusion and soma, |
demonstrate their functional relationship and indicate that the protrusion would be devoid of

active ionic conductance.

At the network level, CSF-cNs were shown to receive synaptic entries. Here we show
that they are synaptically connected with GABAergic and glutamatergic neurons and that
GABAg receptors modulate neurotransmission from both neuronal population whose

localization remains to be determined.

Finally, one crucial question about CSF-cNs in mammals concerns their role in CNS
activity and in particular within the spinal motor network. To address this question, we

developed chemogenetic (DREADDS) and optogenetic (channelrhodopsin) mice models to be
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able to selectively manipulate CSF-cN activity and demonstrate their function in more
integrated model. To date, | validated these models in vitro and showed that optogenetic

approach provides a way forward to manipulate CSF-cN activity to assess their role in vivo.

Altogether, the results of my PhD study contribute to better understanding mammalian
medullo-spinal CSF-cNs by providing valuable information on their physiology and
modulation. They also set ground for further studies carried out in ex-vivo preparation or in

vivo models to demonstrate their role in the regulation of CNS activity.

Keywords: CSF-contacting neurons, PKD2L1 channel, calcium, GABAg receptor, mouse,
spinal cord
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RESUME

Les neurones en contact avec le liquide céphalorachidien (Nc-LCR) sont situés dans la
région épendymaire autour du canal central (CC) dans le tronc cérébral et la moelle épiniére et
sont conserves chez tous les vertébrés. Ces neurones GABAergiques présentent une
morphologie unique avec une seule dendrite qui se projette dans le LCR et se termine par une
grande protrusion. lls expriment sélectivement l'isoforme de polycystine (PKD2L1) des
canaux du " Transient Receptor Potential™ (TRP), suggérés pour agir comme chimio-récepteur
et mécanorécepteur. Compte tenu de leur localisation, de leur morphologie et de I’expression
sélective du canal PKD2L1, les Nc-LCR représenteraient une nouvelle population de
neurones sensoriels dans le systeme nerveux central (SNC). Il a été démontré que les Nc-LCR
expriment des récepteurs ionotropiques fonctionnels pour le GABA, le glutamate,
I'acétylcholine et la glycine, et il est indiqué que les Nc-LCR sont insérés dans un réseau
neuronal et que leur activité peut étre régulée par des partenaires synaptiques qui restent a
identifier. Des études récentes menées chez des vertébrés inférieurs ont démontré que ces
neurones modulent activement les activités motrices et le comportement de nage in vivo.
Jusqu'a présent, peu d'informations sont disponibles sur le réle des Nc-LCR dans le SNC des
mammiféres.

Pour mieux comprendre le role des Nc-LCR chez les mammiféres, il est nécessaire de
décrire les propriétés physiologiques et la modulation des Nc-LCR. Dans la présente étude, en
utilisant des enregistrements électrophysiologiques dans des coupes aigués de la moelle
épiniére et du tronc cérébral ainsi que l'imagerie Ca®*, je décris les mécanismes de
signalisation du Ca** dans les Nc-LCR médullo-spinaux de souris. Je rapporte que les Nc-
LCR expriment principalement des canaux Ca”* (Ca,s) activés & haute tension (HVA) qui sont
modulés par les récepteurs métabolotropiques GABAg et muscariniques d'acétylcholine. Je
décris également I'noméostasie du Ca®* et montre Iimplication des réserves intracellulaires
calcique dans la régulation du Ca?* intracellulaire. Ensuite, & l'aide d'enregistrements
simultanés de la protrusion et du soma Nc-LCR, je démontre leur relation fonctionnelle et
indique que la protrusion serait dépourvue de conductance ionique active.

Au niveau du réseau, il a été démontré que les Nc-LCR recoivent des entrées
synaptiques. Nous montrons ici qu'ils sont liés synaptiquement aux neurones GABAergic et
glutamatergiques et que les récepteurs GABAg modulent la neurotransmission des deux

populations neuronales dont la localisation reste a déterminer.
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Enfin, une question cruciale sur les Nc-LCR chez les mammiféres concerne leur réle
dans l'activité du SNC et en particulier dans le réseau moteur spinal. Pour répondre & cette
question, nous avons développé des modeles de souris chimiogénétiqgues (DREADD) et
optogénétiques (channelrhodopsin) afin de pouvoir manipuler sélectivement l'activité des Nc-
LCR et démontrer leur fonction dans un modeéle plus intégré. A ce jour, jai valide ces
modeles in vitro et montré que I'approche optogénétique permet de manipuler I'activité des
Nc-LCR pour évaluer leur réle in vivo.

Dans I'ensemble, les résultats de mon étude de doctorat contribuent & mieux comprendre
les Nc-LCR médullo-spinaux des mammiféres en fournissant des informations précieuses sur
leur physiologie et leur modulation. Ceci ont également ouvert la voie a d'autres études
menées dans le cadre d'une préparation ex vivo ou de modeles in vivo pour démontrer leur réle

dans la régulation de l'activité du SNC.

Mots clés : neurones au contact du LCR, PKD2L1 canal, calcium, récepteur GABAGg, souris,
moelle épiniére
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THE AIM OF THESIS

My PhD thesis focuses on peculiar neurons in contact with the cerebrospinal fluid
(CSF). These CSF-contacting neurons (CSF-cNs) located in the ependymal region around the
central canal (CC) in the spinal cord and the brainstem present characteristic enlargement or
“bud” at the end of dendritic process that directly contacts the CSF (Orts-Del’Immagine et al.,
2012; Marichal et al., 2009; Djenoune et al., 2014; Vigh-Teichmann & Vigh et al., 1989).
Although these neurons are well described at the histological level, their function in
mammalian central nervous system (CNS) remains largely unknown. Several groups,
including the laboratory that | am enrolled in, demonstrated that medullo-spinal CSF-cNs
represent GABAergic neurons which selectively express the Polycystin Kidney Disease 2-
Like 1 (PKD2L1) channel, a member of “Transient Receptor Potential” (TRP) superfamily
that acts as chemosensor or mechanosensor. As shown by my team, PKD2L1 presents
spontaneous activity at the level of the unitary current and it is capable of modulating the
excitability of CSF-cNs (Orts-Del’Immagine et al., 2012, 2015). Regarding the localization of
CSF-cNs between the CSF and parenchyma, their characteristic morphology and selective
expression of PKD2L1 channel strongly suggest that CSF-cNs might represent a novel
population of sensory neurons within the CNS, capable of regulating their activity in response
to changes in CSF composition or flow. Finally, my team demonstrated that CSF-cNs express
functional ionotropic receptors for GABA, glutamate, acetylcholine and glycine (Orts-
Del’Immagine et al., 2012, 2015). However, only GABAergic, glutamatergic and glycinergic
receptors were shown to be involved in synaptic transmission. These results indicate that
CSF-cNs are inserted in a neuronal network and that their activity may be regulated by
synaptic partners which remain to be identified. However, whether metabotropic receptors

also participate in synaptic transmission in medullo-spinal CSF-cNs remains unknown.

So far, little information is available regarding the role of CSF-cNs in mammalian CNS.
Recent studies carried out in lower vertebrates (lamprey, zebrafish) demonstrated that these
neurons actively modulate motor activities and swimming behavior in vivo (Wyart et al.,
2009; Fidelin et al., 2015; Bohm et al., 2016; Jalalvand et al., 2016b). Nevertheless, similar
role of CSF-cNs in mammalian CNS needs to be established. Therefore, my study was
divided in two lines of research. My first aim was to describe the properties of CSF-cNs at the

cellular level, and in the second axe of my study | aimed to investigate the role of CSF-cNs in
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more integrated systems. Thus, to understand better the role of CSF-cNs in mammals, it is
necessary to describe the physiological properties and modulation of CSF-cNs at the cellular
level. In the first part of my study | focused on voltage-dependent Ca** channels (Ca,s)
known to undergo the modulation by metabotropic receptors. As we recently demonstrated,
CSF-cNs express metabotropic receptors for GABA, GABAg (Jurci¢ et al., 2019). Here, |
looked for expression of Ca,s and their modulation by metabotropic receptors. Next, | focused
on regulation of Ca?* signaling in CSF-cNs with the aim to describe the mechanisms involved
in regulation of intracellular Ca** concentration in mouse medullo-spinal CSF-cNs, and the

obtained results were expected to better understand the physiology of CSF-cNs.

As previously mentioned, the ‘bud’ of CSF-cNs directly contacts the CSF, suggesting
that it could act as receptor pole of CSF-cNs able to receive the information that diffuse in the
CSF, and to transmit them towards the parenchyma and postsynaptic partners of CSF-cNs in
mouse, which are still unknown. It could further act as a secretory pole of CSF-cNs able to
release the information directly into the CSF. To reveal the function of the ‘bud’, I focused on

describing its properties and its relationship with soma, which are still unknown.

Finally, to understand the role of CSF-cNs in the CNS, it is important to describe the
projectory path of their axons and their postsynaptic partners. In the last part of my thesis, |
developed two transgenic mouse models. One of them is chemogenetic model, in which CSF-
cNs express DREADDs, mutated human muscarinic receptors that can inhibit the neuronal
excitability. Another model is optogenetic model, where the excitability of CSF-cNs
expressing light-gated channel, channelrhodopisn-2, could be elicited by the light. These

models are expected to understand better the role of CSF-cNs in more integrated systems.
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. INTRODUCTION

A) CEREBROSPINAL FLUID

Cerebrospinal fluid (CSF) is a clear fluid which fills the ventricles and subarachnoid
space in the brain and central canal (CC) of the brainstem and the spinal cord. It is mainly
secreted by the choroid plexuses in the brain and it has an important role in maintaining of the
brain homeostasis (Redzic & Segal, 2004; Oreskovi¢ & Klarica, 2010). In humans, CSF is
renewed up to four times per day, accounting for a total of about 600 ml of CSF which is
secreted by choroid plexuses. In the average, about 140 ml of the CSF is circulating in the
central nervous system (CNS) between the exchanges (Redzic & Segal, 2004). In mice, the
total CSF volume of 40 pl is replaced 12 to 13 times per day (Rudick et al., 1982; Oshio et
al., 2005; Simon & Iliff, 2016). Classically, CSF provides mechanical support to the brain and
it reduces its weight for about 25% (Redzic & Segal, 2004). In addition, it removes the toxic
waste from the CNS, and it also participates in the communication between the CNS (Di
Terlizzi & Platt, 2006; Iliff et al., 2012). Any changes in the production, secretion or
absorption of the CSF lead to development of various pathologies. Therefore, regarding the

importance of CSF in the CNS, its main properties are going to be further described.

1. CHOROID PLEXUSES ARE THE MAIN SOURCE OF THE
CEREBROSPINAL FLUID

CSF represents the main extracellular fluid that fills the ventricles of the brain,
subarachnoid space around the brain and CC in the spinal cord. It is separated from
surrounding tissues by ependymal cells lying the ventricles and canal, and pia that is lying
over the surface of the brain (Wright, 1978; Brown et al., 2004). CSF is a complex solution
which is continuously produced and secreted by epithelial cells of four choroid plexuses
located in the brain (Brown et al., 2004). Two of them are found in lateral ventricles, one in
the 3" ventricle and one in the 4" ventricle (Sakka et al., 2011). At the microscopic level,
choroid plexuses are branched, leaf-like structures that are formed of villi projecting into the
ventricles of the brain (Figure 1.). Each choroid plexus contains numerous large blood

capillaries that are covered by only one layer of ependymal cells. These capillaries have
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fenestrations which permit the passage of small hydrophilic molecules into the interstitial
fluid of choroid plexus (Brown et al., 2004; Redzic & Segal, 2004). The epithelial cells of
choroid plexuses are connected with tight junctions (zonula occludens; Brown et al., 2004)
which are short and located close to the apical side of the tissue that is in contact with the
CSF. These connections restrict the movement of different ions and molecules from the blood
into the CSF since there is no extracellular space between the ependymal cells. Because of
such tight connections between the epithelial cells, tight junctions form the blood-CSF barrier.
Moreover, choroid plexuses contain mitochondria and endoplasmic reticulum (ER) and have
larger surface due to folded basolateral membrane, which are common features of secretory
cells (Brown et al., 2004). The larger surface of the cells provides larger area available for
both exchange of molecules between the cells and the CSF, and their absorption. Although the
highly vascularized choroid plexuses represent the main production site for the CSF, it can
also be derived from interstitial (extracellular) fluid originating from the brain cells and
cerebral capillaries where CSF can be produced by the ultrafiltration across the microvessels
(Redzic & Segal, 2004; Sakka et al., 2011).

Apical
membrane
Basolateral
Ventricle Epithcilium / mer/nbrane

Epithelium
d \

Endothelium

Capillaries

Tight
Subdural space junction

Figure 1. Schematic illustation of choroid plexus structure.

Choroid plexus is a branched structure with the villi that project into the brain ventricles. Each choroid
plexus contains blood capillaries covered by one layer of ependymal cells. Adjacent ependymal cells
are connected with tight junctions (inset). Drawing from Oreskovi¢ & Klarica, 2010.

Choroid plexuses constantly produce the CSF in order to maintain the metabolic balance

in the CNS, and in humans the volume of CSF is about 140 ml. Nevertheless, this relatively
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small amount of the CSF is produced fast at a rate of 0.2 ml/min per gram of plexuses whose
mass in humans is about 2 g (Sakka et al., 2011). CSF is replaced four times per day, leading
to a total amount of 600 ml of CSF produced in humans per day (Redzic & Segal, 2004). In
mice, CSF is produced at a rate of 0.38 pl/min, and total CSF volume of 40 ul is renewed up
to 13 times per day (Rudick et al., 1982; Oshio et al., 2005; Johanson et al., 2008; Simon &
Iliff, 2016). Fast rate of CSF production is possible due to high vascularization of choroid
plexuses and rich blood supply, the presence of fenestrated capillaries which allow the
passage of small molecules, and large surface area of choroid plexuses as a consequence of
numerous microvilli that are present on the apical membrane and folded basolateral
membrane (Redzic & Segal, 2004). Once produced, CSF is distributed around the CNS, and it
can be found mostly in cranial and spinal subarachnoid space, while only small amount is
found in the ventricles (Redzic & Segal, 2004; Sakka et al., 2011).

2. THE MECHANISM OF CSF SECRETION BY CHOROID PLEXUSES

Secretion of CSF by choroid plexuses depends on active, unidirectional transport of ions
from the blood into the ventricles of the brain. The production of CSF in choroid plexus
begins with filtration of plasma from permeable choroid capillaries to choroid interstitial
space, followed by active transport of ions across the apical membrane of choroid epithelial
cells into the ventricles (Johanson et al., 2008; Sakka et al., 2011). This flux of the ions
creates an osmotic gradient that is followed by the movement of water and it involves the
transporter proteins and ion channels that are expressed on the apical and basolateral

membranes of choroid plexuses (Brown et al., 2004; Redzic & Segal, 2004).

Important step in CSF formation is dissociation of carbonic acid into HCO3 and H*
ions, reaction catalyzed by enzyme carbonic anhydrase (CA) in the cytoplasm of choroid
plexus epithelial cells. Both HCO3 and H™ ions are exchanged for CI” and Na®, respectively, a
transport that is facilitated by ion exchangers or carrier proteins at the basolateral membrane
of the epithelial monolayer (Redzic & Segal, 2004; Johanson et al., 2008; Sakka et al., 2011).
Therefore, as a consequence of CA activity, Na'™-H" exchanger transports H* ions out of the
cell and it translocates Na* ions into the cell, while CI'-HCO5" exchanger secrets HCO5 out of
the cell and transfers CI" into the cell, leading to intracellular accumulation of Na* and CI” ions
(Figure 2.) (Speake et al., 2001; Redzic & Segal, 2004; Johanson et al., 2008).
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At the apical membrane of choroid plexuses, CSF secretion is regulated by ATP-
dependent ion pumps that secrets accumulated Na* and CI” ions, but also HCO3™ and K ions,
into the ventricular lumen (Figure 2.). Na* ions accumulated in the intracellular space are
extruded into the ventricular lumen by the activity of Na*-K* ATPase pump which extrudes
3Na" out of the cell at the expense of ATP in exchange for 2K in the cell (Sakka et al., 2011;
Damkier et al., 2013). Generated Na’ gradient activates Na'-K*-2CI" cotransporter 1
(NKCC1) that enables bidirectional movement of the ions across the apical membrane of
choroid plexus and transport of Na* back into the cell (Johanson et al., 2008; Damkier et al.,
2013). In addition to Na* ions, CI" ions accumulated upon the exchange for HCO;3 at the
apical side and generated CI" gradient contributes to activity of NKCC1. With diffusion of
Na* ions in the cell, there is a simultaneous movement of 2CI" and K" out of the cell. This
extrusion of K* ions through NKCC1 and potassium (K*) channels present at the apical
membrane prevent intracellular accumulation of K™ and control of cellular volume (Redzic &
Segal, 2004; Damkier et al., 2013). Finally, the movement of ions from basolateral to apical
side generates an osmotic gradient across the membrane of the epithelial cells and movement
of the water facilitated by type 1 of aquaporins (aquaporin-1) (Brown et al., 2004; Redzic &
Segal, 2004; Damkier et al., 2013).

@ Aquaporin-1 O Na'-K'-2CI" co-transporter
O Na-H exchanger O Na'-K'ATPase
Anion exchanger 2 O K’ channel

Figure 2. Schematic illustration of CSF secretion in choroid plexus.

Inset on the left shows distribution of channels, ion exchangers and co-transporters on basolateral side
of choroid plexus that contacts the blood, and on apical side that is in direct contact with the CSF. Na'-
H* exchanger, and CI'-HCO;" exchanger are located on the basolateral membrane, while Na'-K*
ATPase, and Na'-K*-2CI" co-transporter are located exclusively on the apical (luminal) side.
Potassium channels (K" channels) and aquaporin-1 are located on both basolateral and apical sides of
the choroid plexus. Drawings are adapted from Redzic & Segal, 2004; Oreskovi¢ & Klarica, 2010.
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3. CIRCULATION OF THE CSF AND ITS ABSORPTION

Once CSF is produced, arterio-venous pressure gradient represents a driving force for
the CSF circulation throughout the CNS. The CSF that is secreted by choroid plexuses in the
lateral ventricles flows through two intraventricular foramina of Munro into the third ventricle
(Figure 3.). Passing through the cerebral aqueduct of Sylvius, CSF reaches the fourth ventricle
and finally the medullo-spinal CC (Sakka et al., 2011). From the fourth ventricle, CSF exits
through the paired foramina of Luschka and single foramina of Magendie, to enter the cranial
subarachnoid space. Once CSF is in the subarachnoid space, it is absorbed into the blood of
the superior sagittal sinus (dural sinus) via arachnoid villi or granulations (Wright, 1978;
Brown et al., 2004; Redzic & Segal, 2004; Sakka et al., 2011). This main pathway for CSF
circulation is called the “third circulation”, with the first and second circulation being blood
and lymph circulation, respectively (Spector et al., 2015).

Arachnoid villus
Dural sinus

teral ventricle

Arachnoid

Foramina of

Munro
Acqueduct of

Sylvius

Subarachnoid
space

Fourth ventricle e Choroid
ey plexuses

Foramen of
Magendie

Figure 3. Schematic illustration of CSF circulation throughout the brain.

CSF (represented with dots) is produced in choroid plexuses (black structures) and it flows through the
brain ventricles in direction represented by black arrows. CSF is absorbed into the arachnoid space via
arachnoid villi of the dural sinuses (small black arrows). Drawing is adapted from Brown et al., 2004.

22



INTRODUCTION

Arachnoid villi are suggested to be the main structures responsible for CSF absorption
from the subarachnoid space to the venous blood of the superior sagittal sinus (Oreskovi¢ &
Klarica, 2010). They are invaginations of the arachnoid lined with the endothelium that
protrude into the cranial venous sinuses of the brain (Figure 4.). In the spinal cord, arachnoid
villi are in contact with venous plexus, but they are also present in the meningeal sheath of
spinal nerve roots. Regardless of their localization in the brain or in the spinal cord, the
absorption of the CSF by arachnoid villi depends on the CSF pressure. With increased
pressure of the CSF, arachnoid villi tend to increase their surface, therefore increasing the
area for the CSF absorption (Sakka et al., 2011).

A , B
Arachnoid

granulations  Superior sagittal sinus

Dura mater

Pia mater

Arahnoid

‘, Subarahnoid
space

Figure 4. Arachnoid villi allow the absorption of the CSF.

A. Arachnoid granulations are protrusions of arachnoid into superior sagittal sinuses through dura
mater. B. The surface of arachnoid villi increases with increased CSF pressure, which enables larger
surface for CSF absorption. Drawings are adapted from Sakka et al., 2011.

Along the classical CSF absorption pathway, the fluid diffuses from the subarachnoid
space to the lymphatic system (Oreskovi¢ & Klarica, 2010) through two pathways (Sakka et
al., 2011; Khasawneh et al., 2018). One of the pathways involves absorption of the CSF by
cranial and spinal nerves in the subarachnoid space which represents a direct route for CSF
transport to the lymphatic system. Another extra-arachnoid pathway includes Virchow-Robin
perivascular spaces located around the arteries and veins that penetrate the brain parenchyma.
When the CSF enters the Virchow-Robin spaces, it can re-enter the subarachnoid space or be

reabsorbed by cervical lymphatics (Khasawneh et al., 2018).
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4. COMPOSITION OF THE CSF

CSF is a fluid which contains numerous proteins, ions, vitamins and neurotransmitters.
In general, the composition of the CSF, including concentrations of major cations and anions,
pH and osmolality, closely resambles to that of the plasma. With an overall composition and a
high salt content (> 150 mmol/L) similar to that observed in the plasma (Bjorefeldt et al.,
2018), CSF is often presented as a simple ultrafiltrate of blood plasma. However, more recent
measurements have shown that concentrations of sodium, chloride and magnesium ions are
higher in CSF than in plasma, while concentrations of potassium and calcium ions are lower
(Table 1.) (Sakka et al., 2011). This led to the hypothesis that CSF is the result of active
secretion from choroid plexuses. One of the evidences is the careful and precise regulation of
CSF composition with maintained CSF ionic concentrations even when the plasma
concentrations of the same ions variate (Wright, 1978; Redzic & Segal, 2004; Sakka et al.,
2011). Another evidence for CSF specificity is its higher osmolarity compared to the plasma;
this would not be the case if CSF was originating from plasma (Speake et al., 2001). Finally,
the major difference between CSF and plasma is seen in the protein concentration. In the CSF,
protein content is around 25 mg/100 mL, while it is more than 200-fold higher in plasma, and
it measures 6 500 mg/100 mL (Wright, 1978; Brown et al., 2004; Spector et al., 2015).

The large fraction of CSF proteins mainly originates from the blood, while a smaller
fraction of proteins is derived from the brain itself (Table 2.). These brain-derived proteins
originate exclusively from brain cells (neurons and glial cells) or leptomeningeal cells,
however there are proteins with a small, negligleable contribution of blood-derived fraction,
that originate from both brain and blood (Reiber, 2001, 2003). It is interesting to note that
about 90% of the protein transthyretin, a carrier protein for thyroxine and vitamin A, originate
from choroid plexus. Other brain-derived proteins are Tau proteins, S-100 and Neuron
Specific Enolase (NSE) that originate from neurons and glial cells. B-trace protein and
cystatin C originating from leptomeninges, and angiotensin converting enzyme (ACE) and
soluble intracellular adhesion molecule (s-ICAM) which are mostly derived from the blood
(Reiber, 2001). Moreover, brain-derived proteins can be distinguished from blood-derived

ones as they are present in higher concentrations in the CSF than in plasma (Reiber, 2003).
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Concentration (mM)
CSF Plasma

Na* 151 155

K* 3.0 4.6

Mg** 1.0 0.7

ca” 1.4 2.9

cr 133 121

HCO3 25.8 26.2
Glucose 4.2 6.3
Amino acids 0.8 2.3
pH? 7.31 7.40
(mo?nsw?ﬁrg;a/zo)b 305 299
Proteins (mg/100 g)° 25 6500

Table 1. The concentrations of main ions, osmolality and pH in CSF and plasma from
dog.
The distribution of main ions described for CSF and plasma determined in dog. Adapted from (Brown

et al., 2004). *Value is adapted from Wright, 1978. ®Value is adapted from Damkier et al., 2013.
“Values are obtained from rabbit and are adapted from Davson et al., 1988.

As already mentioned, most of the proteins found in the CSF originate from blood. The
most abundant blood-derived protein in the CSF is albumin, exclusively synthesized in the
liver, which accounts for 35 - 80% of total protein concentration in the CSF (Reiber, 2003; Di
Terlizzi & Platt, 2006). Because the concentration of the albumin is higher in the blood, any
damage of the blood-brain barrier (BBB) causes an increase in concentration of this protein in
the CSF as BBB is no longer selective for molecules of different size. Therefore, albumin
represents an important marker for BBB permeability which can ease the diagnosis of
neurological diseases (Reiber, 2003). In contrast to albumin, y-globulin constitutes only a
minority of total protein concentration (5-12%) (Di Terlizzi & Platt, 2006). The concentration
of y-globulin in the CSF can be used as an indicatior for immunoglobuline production such as
immunoglobulin G (IgG) and it is a reliable marker for multiple sclerosis (Paterson et al.,
1971).
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CSF concentration

(mg/mL) CSF/serum ratio

Protein MW (kDa)

Brain-derived proteins

S-100B 21 0.0015 18:1
Tau Protein 55-74 0.0020 10:1
B-trace Protein 25 16.6 34:1
Cystatin C 13:3 3.1 5:1
Transthyretin 55 17 1:18
s-ICAM 90 0.0015 1:190
NSE 78 8 1:1
ACE 150 / 1:100

Blood-derived proteins

Albumin 67 245 1:205
IgG 150 25 1:400
IgA 170 1 1:800
IgM 900 0.2 1:3400

Table 2. Proteins found in the CSF.

Concentrations of main brain- and blood-derived proteins found in human CSF are listed in the table.
Adapted from Reiber, 2001.

Numerous neuromodulators, including neurotransmitters and neuropeptides, are found
in the CSF (Table 3.). CNS resident cells represent the main source of neuromodulators,
although the contribution of distinct CNS compartments is still elusive. Such sources are
suggested to include subcortical monoaminergic and cholinergic nuclei, hypothalamic
neurons but also CSF-contacting neurons which send varicose terminal into the CSF (Vigh et
al., 2004; Bjorefeldt et al., 2018). In addition to CNS-derived neuromodulators, diverse
blood-derived neuromodulators, such as leptin, can be secreted into the CSF (Bjorefeldt et al.,
2018).

Regarding neurotransmitter and neuromodulator concentration, the CSF serves again as

readout for pathological state of the CNS. Indeed, during neurological disorders, the
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concentrations of the main neuromodulators found in the CSF are prone to change and the
most investigated signals are GABA, dopamine or glutamate (Kuroda et al., 1982; Di Terlizzi
& Platt, 2006; Bjorefeldt et al., 2018). In humans, levels of GABA, the main inhibitory
neurotransmitter in the CNS, are disrupted in several neurological disorders (Kuroda et al.,
1982; Orhan et al., 2018). For example, in patients with the cerebellar atrophy, GABA
concentration is strongly reduced from 143 pmol/mL (physiological concentration) to 65
pmol/mL (Kuroda et al., 1982) and similar decrease is observed in patients suffering from
schizophrenia (Orhan et al., 2018). In contrast, increased levels of GABA are measured in
patients with meningitis (309 pmol/mL) (Kuroda et al., 1982). Therefore, variation in CSF
GABA content serves as a marker for the diagnosis of the severity in neuronal disorders. In
addition, Parkinson’s disease iS characterized with a loss of dopaminergic neurons in the
striatum and of dopamine. Dopamine represents another neurotransmitter found in the CSF
composition and changes in its concentrations are also observed (Kuroda et al., 1982;
Bjorefeldt et al., 2018; Orhan et al., 2018). However, to date, measurements of the dopamine
concentrations in CSF are not reliable diagnostic test for Parkinson’s disease (Bjorefeldt et al.,

2018).

CSF concentration
(M) Reference
GABA 84x10° (Kvamme, 1988)
Glutamate 4.73x10° (Hashimoto et al., 2005)
Glycine 13 (van der Knaap et al., 1999)
Acetylcholine 7x10° (Welch et al., 1976)
Dopamine 39.5x10° (Strittmatter et al., 1997)
Somatostatin 36.2x107 (Strittmatter et al., 1997)
VIP 7x10° (Juul et al., 1995)
Neuropeptide Y 0.2x10” (Heilig et al., 2004)
Substance P 34.2x107 (Strittmatter et al., 1997)

Table 3. Examples of neurotransmitters and neuropeptides present in human CSF.
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5. REGULATION OF pH, OSMOLARITY AND PRESSURE OF THE CSF

To maintain brain homeostasis and avoid development of neurological trauma, it is of
great importance to preserve stable pH, osmolarity and pressure of the CSF. Regarding the pH
regulation, the main determinants of the CSF acid-base balance are carbon dioxide partial
pressure (Pco2) and the bicarbonate (HCOg3') concentration. In humans, normal pH and Pco, of
the CSF at 37°C are 7.33 and 45 mmHg, respectively (Siesjo, 1972). Several studies have
demonstrated that the acid-base balance can differ between cisternal (4™ ventricle) and lumbar
CSF (van Heijst et al., 1966). The pH of cisternal CSF is around 7.345, and it is slightly
elevated compared to pH of lumbar CSF, which is around 7.325 (Siesj0, 1972). Moreover,
acid-base balance also varies between cisternal/lumbar CSF, and arterial blood where lower
Pco2 compared to Pco, of CSF is observed, and it measures around 38 mmHg (Siesjo, 1972;
Andrews et al., 1994). In contrast, pH of cisternal and lumbar CSF is reduced by 0.02-0.10
units compared to pH of arterial blood that is around 7.41 (van Heijst et al., 1966; Siesjo,
1972; Andrews et al., 1994).

The main mechanisms involved in regulation of CSF pH are pulmonary ventilation and
renal reabsorption of bicarbonate (HCOj3) that control Pc,; and plasma concentration of
HCOj3" respectively. Any changes in arterial Pcg, can be transmitted to the CSF that lacks
protein buffers and that is highly permeable to CO, (Siesjo, 1972). Acid-base balance of CSF
is maintained by transport proteins on the membrane of choroid plexus epithelial cells,
involved in movement of acid-base equivalents, H" and HCO3, between the blood and the
CSF (Damkier et al., 2013). At the apical membrane, important role in transport of base has
Na’- HCO; cotransporter, NBCe2 (Bouzinova et al., 2005), that mediates the efflux of Na*
and HCOj ions from the choroid plexus into the CSF (Millar & Brown, 2008) and it is most
certainly involved in regulation of CSF pH. Furthermore, the significant role of HCO3 in CSF
pH regulation is seen during prolonged respiratory and metabolic acidosis and alkalosis, as
HCO3  aims to restore physiological pH value of the CSF within short period of time
(Messeter & Siesjo, 1971; Christensen, 1974). The regulation of CSF pH by HCOj3 is
described for sustained respiratory acidosis, a condition in which accumulation of HCOj3
stabilizes the pH, indicating that such condition generates electrochemical gradient that drives
the movement of HCO3™ from plasma towards the CSF (Messeter & Siesj6, 1971). However,
the regulation of CSF pH is complex and it includes mechanisms which should still be

described.
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Osmolarity of the CSF is another important factor which is constantly controlled in the
CSF. In humans, CSF osmolarity at 37°C is around 281 mOsm/kg, although the actual values
vary between 269 and 304 mOsm/kg (Goldberg et al., 1965). CSF osmolarity is close to that
of plasma, which ranges between 286 and 291 mOsm/kg (Hendry, 1961). Similar values for
CSF osmolality were measured in other species, including the dogs (Brown et al., 2004;
Redzic & Segal, 2004) and rabbits (Redzic & Segal, 2004). The main ions involved in
determination of the CSF osmolality are sodium and chloride ions, the most abundant ions in
the CSF (Hendry, 1961; Brown et al., 2004; Di Terlizzi & Platt, 2006). The movements of
these ions across the apical membrane of choroid plexus creates an osmotic gradient and
movement of water into the CSF mainly through the aquaporin-1 water channel (Speake et
al., 2001). Therefore, the levels of sodium and chloride ions should be carefully regulated to

ensure normal functioning of the physiological processes.

The regulation of CSF osmolality involves the regulation of salt and water intake and
excretion. The brain expresses both sensors for Na* level and osmosensors which take part in
this regulation. Non-specific sodium channels, Na,, are considered as Na'-level sensors in
circumventricular organs and appear involved in the control of salt intake. These channels
open in response to increased extracellular Na* concentration. Due to influx, Na' is
accumulated in the cell, leading to the activation of Na*-K* ATPase pump, extrusion of Na*
out of the cell and activation of anaerobic glycolysis with lactate production. Lactate, as a
final product of the reaction, activates GABAergic neurons which in turn regulate neurons
involved in the regulation of salt intake (Noda & Sakuta, 2013). In addition to Na'-level
sensors, transient receptor potential (TRP) channels represent osmosensors of the brain that
are involved in the regulation of water intake. These channels can sense the changes in the
cell volume due to changes in extracellular osmolality. In the condition of extracellular hypo-
osmolality when the cells volume is reduced, opening of the TRP channels induce Ca?* influx

and cell depolarization, leading to increased water uptake (Noda & Sakuta, 2013).

Finally, pressure of the CSF, or intracranial pressure, is regulated by secretion of the
CSF, its absorption by arachnoid villi and resistance to flow. Normal values of CSF pressure
are prone to vary between individuals. In adults, the pressure is between 10 — 15 mmHg, and
in infants, it is between 3 — 4 mmHg. CSF pressure can change with the systolic pulse wave,
respiratory cycle or physical activity (Sakka et al., 2011). In some cases, increased pressure is
a consequence of disrupted activity of arachnoid villi due to block by atmospheric aerosol

particles, fibrosis, or elevated plasma protein molecules. Such states include cerebral edema,
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meningoencephalitis or vitamin A deficiency due to low absorption of CSF by villi (Di
Terlizzi & Platt, 2006). In addition, pressure can be regulated by atrial natriuretic peptide
(ANP) (Yamasaki et al., 1997; Johanson et al., 2006; Sakka et al., 2011). ANP is known to
bind its receptors located on the epithelial cells of the choroid plexus which leads to reduced
production of CSF and consequential reduction in CSF pressure. Such regulation of the
pressure is described in the patients with intracranial hypertension, in which the increased
concentration of ANP correlates with increased CSF pressure (Yamasaki et al., 1997).

6. IMPORTANT ROLES OF THE CSF

CSF produced by choroid plexuses fills the ventricles and CC of the CNS, and
subarachnoid spaces of the brain and the spinal cord, providing the nutrients and protective
effect to the CNS. Several important roles have been attributed to the CSF (Redzic & Segal,
2004; Di Terlizzi & Platt, 2006), including mechanical protection of the brain. Such
protection is possible as CSF provides buoyancy to the brain, which is submerged in the CSF.
The weight of the brain “floating” in the CSF is reduced for about 65% (from 1500 g to
around 50 g) due to the difference in the gravities between the brain and the CSF (Telano &
Baker, 2019; Wood, 2013). Furthermore, buoyancy prevents the mechanical injury to the

brain parenchyma and cerebral vessels (Telano & Baker, 2019).

One of the active roles of the CSF is to maintain the intracranial pressure, which may
vary following changes in posture or respiration. For example, during normal respiratory
activity, CSF pressure drops during inspiration, and rises back following expiration.
Fluctuations in pressure changes are between 2 and 5 mmHg, or higher upon deep breathing.
By displacing the CSF, together with the blood, intracranial volume and pressure remain
constant (Di Terlizzi & Platt, 2006).

Another important role for CSF is the removal of toxic waste from the CNS and of
cerebral metabolism catabolites with the aim of preserving the constant fluids composition.
Since the lymphatic system is not present in the brain, the “waste” is leaving the brain through
the perivascular system or through the subarachnoid space into the CSF, where it can be
absorbed into the cerebral veins by arachnoid villi (Di Terlizzi & Platt, 2006). Indeed, CSF
possesses an alternative pathway for waste removal known as “glymphatic” pathway (Iliff et
al., 2012). CSF from subarachnoid space enters the parenchyma via perivascular space
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(Virchow-Robin space) that surrounds brain penetrating artery. The outer wall of this
perivascular space is lined by astrocytes vascular end-feet which express aquaporin-4, water
channels facilitating CSF transport towards the parenchyma. Once CSF reaches the
parenchyma, it mixes with interstitial fluid and facilitates waste removal (lliff et al., 2012;
Jessen et al., 2015).

Finally, CSF is involved in communication between distal parts of the CNS by enabling
the circulation and transport of active molecules and nutrients, including neurotransmitters or
neuropeptides. For that reason, CSF is suggested to represent a way or “active vessel” for
transport and distribution of neuromodulators within the brain. In addition, CSF may uptake
neuromodulators from the parenchyma that can diffuse from their releasing site along their

concentration gradient (Bjorefeldt et al., 2018).
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B) CEREBROSPINAL FLUID - CONTACTING NEURONS

Epithelial cells in the CNS constitue an interface between the CSF and the brain and
spinal cord parenchyma. This interface is mainly constituted of cuboidal ependymal cells
lining the ventricular cavities and the CC in the brain and spinal cord (Moore, 2016).
Ependymal cells extend cilia that direct the CSF flow by beating coordinately in the same
direction (Breunig et al., 2010). These cells are closely connected with tight junctions and
desmosomes which form a single layer of epithelium (Haemmerle et al., 2015). Tight
junctions of ependymal cells of the choroid plexuses found in brain ventricles form blood-
CSF barrier (Brown et al., 2004). Among the ependymal cells that form CC lining, there are
three main types of the cells that contribute to the complexity of the region around the CC.
These cells can be located in close proximity to the CC or in subependymal layer distal from
the CC. The most numerous cells forming the lining of the CC are ependymocytes that
provide the structural support to the CC in the brainstem and spinal cord. Tanycytes are less
numerous cells which extend their basal process towards the blood vessels surrounding the
CC and provide physical contact between the CSF and blood vessels (Hugnot & Franzen,
2011; Moore, 2016). Neuronal stem and progenitor cells are also found in this heterogeneous
region in the spinal cord (Hamilton et al., 2009; Hugnot & Franzen, 2011). Finally, a peculiar
neuronal-like population of cells discovered centuries ago contributes to heterogeneity of the
ependymal layer around the CC. These are cerebrospinal fluid — contacting neurons (CSF-
cNs) which send a single dendrite towards the CC where it ends with a ciliated enlargement
(Vigh & Vigh-Teichmann, 1998; Bohm et al., 2016). They were first described by Landolt in
1871 (Vigh et al., 2004). Using silver impregnation technique, Landolt showed that bipolar
neurons in the retina of amphibians extend processes ending with enlargements called
“Landolt’s club” (Vigh et al., 2004). Neurons with similar morphology were extensively
described by Kolmer in 1921 and Agduhr in 1922 (Vigh & Vigh-Teichmann, 1998) in many
vertebrate species. Based on the peculiar location of these intriguing neurons between CSF
and parenchyma, Vigh and colleagues named them CSF-cNs (Vigh & Vigh-Teichmann,
1998). Later on, Dale named CSF-cNs neurons as Kolmar-Agduhr (KA) cells to distinguish
them from other ciliated ependymal cells (Dale et al., 1987). Except for their characteristic
morphology, CSF-cNs selectively express polycystin kidney disease 2-like 1 (PKD2L1)
channel which is a member of transient receptor potential (TRP) superfamily, and represents
another specific hallmark of these neurons (Huang et al., 2006; Orts-Del’Immagine et al.,
2012; Djenoune et al., 2014).
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Since their discovery, most studies concentrated on CSF-cN morphology or phenotype,
however only recently reasrchers started to investigate their properties and function in the
CNS. CSF-cNs are found along the ventricular system and around the CC of all the
vertebrates studied so far. They show specific morphology and represent a conserved neuronal
type among the species (Vigh et al., 2004). Nevertheless, their role is still poorly described,
especially in humans. Based on their localization and morphology, already in the early years
of their characterization by Kolmer and Agduhr suggested that they might represent sensory
neurons with receptor function (mechanoreceptors and chemoreceptors) that depends on their
localization around the ventricular/CC system. This assumption was further supported by their
selective expression of chemo-/mechanosensitive PKD2L1 channels. In recent years (see
below), several studies mainly carried out in lower vertebrate started to provide insights on
their potential role in the CNS (Fidelin et al., 2015; Béhm et al., 2016; Jalalvand et al.,
2016b). These recent advances in the understanding of medullo-spinal CSF-cNs were largely

possible due to development of sophisticated technologies and novel animal models.

1. MORPHOLOGY AND DISTRIBUTION OF CSF-cNs

The presence of CSF-cNs was shown in many vertebrates studied so far (Vigh et al.,
2004). These neurons were studied extensively by Kolmer and Agduhr, who identified the
presence of CSF-cNs in more than 200 vertebrates (Djenoune et al., 2014). Among all the
species investigated, CSF-cNs show similar morphology and organization. They are located in
the periventricular regions of the brain (Vigh et al., 2004) and in (sub)ependymal layer around
the CC in the brainstem (Orts-Del’Immagine et al., 2012, 2014) and the spinal cord (Stoeckel
et al., 2003; Marichal et al., 2009; Kutna et al., 2013; Djenoune et al., 2014). CSF-cNs extend
short dendritic process towards the CC where it ends with ciliated enlargement that contacts
the CSF (Vigh-Teichmann & Vigh, 1989). In lamprey spinal cord, such type of CSF-cNs is
referred as type 1, while another subpopulation of cells, referred as type 2, have smaller soma
located away from the CC and long dendrite that extends towards the edge of the lumen
(Jalalvand et al., 2014). In mouse brainstem (Orts-Del’Immagine et al., 2014) and zebrafish
spinal cord (Djenoune et al., 2014), neurons with similar morphology as CSF-cNs were
observed away from the CC, although these neurons lack typical dendritic projection towards
the CC. In this chapter, special attention is going to be given on morphology and distribution
of the CSF-cNs that are in contact with the CSF (type 1).
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1.1.  Morphology and ultrastructure of medullo-spinal CSF-cNs

In most vertebrates, medullo-spinal CSF-cNs are polarized cells whose soma is inserted
in subependymal (LaMotte, 1987; Djenoune et al., 2014; Orts-Del’Immagine et al., 2014) or
ependymal layer (LaMotte, 1987; Djenoune et al., 2014) around the CC (Figure 5. A). They
send a thick neurite arising from the soma towards the CC where it ends with an enlargement,
or bud, in contact with the CSF (Figure 5. A) (Djenoune et al., 2014). This neurite was shown
to be immunoreactive against the dendritic specific marker (MAP2) in CSF-cNs of mouse
brainstem (Figure 5. B, C;) (Orts-Del’Immagine et al., 2014) and therefore of dendritic
nature. On the other side, CSF-cNs send a thin process, presumably the axon, towards the
parenchyma to yet unknown destination. This process lacks the expression of selective axonal
marker NF-160 (Orts-Del’Immagine et al., 2014), and it is also MAP2 negative (Figure 5. C).
The authors referred this structure as axon-like projection since its axonal nature could not be

confirmed.

Soma of CSF-cNs is a small structure of several micrometers whose shape and diameter
can vary between and within the species. Inserted in ependymal or subependymal layer
around the CC of the brainstem and the spinal cord, soma can be a rounded structure with an
average diameter between 8 and 12 um (Barber et al., 1982; LaMotte, 1987; Orts-
Del’Immagine et al., 2014; Djenoune et al., 2017), or oval, polygonal or rod-shaped with a
diameter between 13 and 28 um (Shimosegawa et al., 1986; Dale et al., 1987). In rat spinal
cord, spindle-shaped CSF-cNs were measured to be 22 um long and 5.3 — 9 um wide (Barber
et al., 1982; Stoeckel et al., 2003). Two types of CSF-cNs, type | and type I, are described in
lamprey spinal cord, as soma of type I CSF-cNs is located closer to the CC and it can be
distinguished from type Il CSF-cNs based on its larger size (and electrophysiological
properties, see below) (Jalalvand et al., 2014). Shimosegawa and colleagues (1986) observed
different somatic shape of rat spinal CSF-cNs, which was the basis for CSF-cNs classification
into three groups (Figure 6.). Type | and Type Il groups consist of CSF-cNs that have
perikarya of oval or polygonal shape, while group Il includes perikarya of rod-like shape
which are attached to the ependymal layer (Shimosegawa et al., 1986). This classification also

considers the localization or arising site of the axon (see below).
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Figure 5. Morphology of CSF-cNs located around the central canal in the brainstem and
the spinal cord.

A. CSF-cNs immunostained against PKD2L1 in murine acute brainstem (A;) and spinal cord (A,)
slices have small, rounded soma and single dendrite that extends towards the CC. Terminal protrusions
contact the CSF. B. Neurite arising from soma (arrows) has cytoplasmic enlargement (open arrows)
and it is immunolabeled against both PKD2L1 and MAP2, indicating that CSF-cNs possess neurite of
dendritic nature. C. Brainstem sections from PKD2L1:EGFP" mice are labeled against GFP and
MAP2 (C;) or GFP and NF-160 (C,). MAP2" neurite (C,) is not labeled with NF-160 antibody (C,),
which confirms its dendritic nature. In contrast, GFP* processes extending from the soma towards the
parenchyma (open arrows) are not labeled with MAP2 (C,) nor NF-160 antibodies (C,). Figures in
A4, B, and C are adapted from Orts-Del’Tmmagine et al., 2014. Figure A, is adapted from Djenoune et
al., 2014.
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Figure 6. Representation of different types of CSF-cNs.

Type | CSF-cNs have oval soma and axon arising from basal (a) or lateral (b) surface of the soma.
CSF-cNs with polygonal shaped soma (type Il) have an axon arising from dendritic root (c), while
type 111 CSF-cNs are attached to the ependymal layer and possess an axon extending from middle part
of dendrite (d). Adapted from Shimosegawa et al., 1986.

Analyzing the ultrastructure of CSF-cNs, Marichal and colleagues (2009) described
rounded nucleus of the CSF-cNs that was in contrast to elongated nuclei of surrounding
ependymal cells (Figure 7. A). The spherical-shaped nucleus of CSF-cNs was described by
Barber and colleagues (1982), that also contrasted with the nucleus shape of adjacent cells,
although they shared similar patterns of chromatin (Barber et al., 1982). The perikaryon of
CSF-cNs has dense cytoplasm that contains many free ribosomes (Barber et al., 1982;
Marichal et al., 2009), rough ER, rounded mitochondria (Barber et al., 1982; Fujita et al.,
2012), and Golgi complex (Fujita et al., 2012). In addition, perikarya of medullo-spinal CSF-
cNs (Vigh et al., 1983), but also neurons of hypothalamic magnocellular nuclei (Vigh-
Teichmann & Vigh, 1989) contain granular vesicles whose diameter is about 130 nm (Vigh-
Teichmann & Vigh, 1989).
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By performing electron microscopic studies on spinal cord slices from several species,
such as rat, opossum, mouse or zebrafish, it was shown that CSF-cNs receive axosomatic
synapses originating from unknown synaptic partners (Barber et al., 1982; Vigh et al., 1983;
Orts-Del’Immagine et al., 2014; Djenoune et al., 2017) shown to contain granular or synaptic
vesicles, which are different from those found in soma of CSF-cNs (Barber et al., 1982; Vigh
et al., 1983; Vigh et al., 2004). These synaptic contacts on CSF-cNs were found to contain up
to 100 nm large granular vesicles with dense core and were suggested to be of distal
projection fibers with hypothalamic origin that may release different bioactive agents, such as
oxytocin or neurophysin (Barber et al., 1982; Vigh et al., 1983). Moreover, synaptic terminals
onto CSF-cNs may contain small, clear synaptic vesicles suggested to originate from
GABAergic neurons located in close proximity of CSF-cNs (Barber et al., 1982). This is in
agreement with a recent study which showed that a great number of dot-like structures
expressing glutamate decarboxylase enzyme (GADG67) are found around the CC and the
surrounding parenchyma, and in close contact with the CSF-cN soma (Orts-Del’ Immagine et
al., 2014). In addition, the presence of functional GABAergic synapses onto CSF-cNs was
confirmed using electrophysiological recordings (Orts-Del’Immagine et al., 2012). Other
synaptic inputs, including glycinergic and glutamatergic synaptic entries onto CSF-cNs were
observed in the lamprey and mouse spinal cord (Jalalvand et al., 2014; Orts Del’Immagine et
al., 2015; Orts-Del’Immagine et al., 2017; Jurci¢ et al., 2019). In the mouse, serotoninergic,
catecholaminergic and cholinergic fibers were also shown to come in the vicinity with CSF-
cNs, indicating that different neurotransmitters may be involved in the modulation of CSF-
cNs activity (Orts-Del’Immagine et al., 2012). Further, some of nerve terminals onto CSF-
cNs showed strong immunoreactivity against Met-Enk-Arg-Gly-Leu and it was suggested that
they might affect the activity of CSF-cNs, but their origin remained unknown (Shimosegawa
et al., 1986). Taken together, these data indicate that medullo-spinal CSF-cNs are integrated
in a synaptic network. Nevertheless, the localization, nature and function of these presynaptic

contacts remain to be demonstrated.

A thick process of CSF-cNs, or dendrite, which protrudes into the CC where it forms an
enlargement, represents one of the characteristic features of these neurons. Its diameter is
measured to vary between 1.4 and 2.9 um (Shimosegawa et al., 1986), although enlargements
on the dendrites of CSF-cNs can often be observed (Orts-Del’Immagine et al., 2014). In
mouse, the dendritic length has been reported to vary among CSF-cNs depending on their

localization along the medullo-spinal axis as well as around the CC. Thus, ventral CSF-cNs of
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the cervical spinal cord have dendrite about 32 um long, while those located laterally or
dorsally present shorter dendrite (about 20 um long). When moving to more rostral region, the
dendrite of ventral CSF-cNs becomes shorter, while that of dorso-lateral CSF-cNs increases
(Orts-Del’Immagine et al., 2014). A similar observation was made for CSF-cNs in the
zebrafish spinal cord (Djenoune et al., 2017). There, ventral CSF-cNs have shorter and more
compact dendrites, while dorsal CSF-cNs have dendrites that extend following the border of
the CC (Djenoune et al., 2017). Altogether, these data suggest that CSF-cNs are a
heterogenous population of at least two distinct types (ventral and dorso-lateral). Indeed, two
distinct types of CSF-cNs with distinct properties and localization around the CC are recently

described in mouse (Petracca et al., 2016) and are going to be described later.

Formed by dendritic extension into the CC, the bud of CSF-cNs is a globular-shaped
structure in contact with the CSF whose average diameter is between 1.4 and 5 um (Barber et
al., 1982; Shimosegawa et al., 1986; Orts-Del’Immagine et al., 2014). The bud appears to be
tightly connected to neighbouring ependymal cells through tight junction (Stoeckel et al.,
2003). Similarly to the soma ultrastructure, bud also contains large granular vesicles (Vigh et
al., 1983; Djenoune et al., 2017), the cytoplasm displays mitochondria (Vigh et al., 1983;
Fujita et al., 2012), and both rough and smooth ER (Fujita et al., 2012). These features would
suggest a secretory function for the bud. However, these assumptions are only based on

histological data, but no functional evidences are available.

In all species analyzed, bud presents numerous microvili that can be distinguished from
ciliated ependymal cells as they appear longer and thicker (Vigh et al., 1977). The number of
stereocilia on CSF-cN enlargement can vary between different species. In opossum, they are
more numerous than in guinea pig, while in mouse, only few stereocilia are present (Vigh et
al., 1983). The expression of numerous stereocilia on terminal enlargements of CSF-cNs, as
seen in mechanoreceptor cells, led to the assumption that these neurons act as neurosensory
cells with regulatory function that remains to be determined (Vigh et al., 1977, 1983). Further,
bud of CSF-cNs bears a cilium of different types (Dale et al., 1987; Vigh-Teichmann & Vigh,
1989; Orts-Del’Immagine et al., 2014). Immunohistochemical studies carried out in mouse
(Orts-Del’Immagine et al., 2014) and lamprey (Jalalvand et al., 2016b) CSF-cNs showed that
bud is immunoreactive against marker for microtubule-based cilia, acetylated o tubuline (Ac-
aTub). Bud of medullo-spinal CSF-cNs of turtle (Vigh et al., 2004) and zebrafish (Djenoune

et al., 2017) bears a longer cilium formed by microtubules in the 9 x 2 + 2 arrangement
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(Figure 7. B, C) where 9 pairs of microtubule doublets surround a central pair of
microtubules, which is characteristic for motile kinocilia. In contrast, 9 x 2 + 0 patterns are
seen in hypothalamic CSF-cNs (Vigh-Teichmann & Vigh, 1989; Fujita et al., 2012), a
microtubular organization typical of non-motile or primary cilia that have 9 pairs of
microtubule doublets, but lack the central pair of microtubules. Similar results were obtained
in rat by Marichal and Stoeckel and their colleagues, and the cilium was suggested to be of
primary type, with adenylate cyclase 3 (AC3) being a characteristic marker (Stoeckel et al.,
2003; Bishop et al., 2007; Marichal et al., 2009). In mouse, immunohistochemical studies
were carried out to demonstrate the presence of a primary cilium on the bud (Orts-
Del’Immagine et al., 2014). However, to date, such cilium was not observed on the bud but
on the perikarya of CSF-cNs.

In addition to dendrite projecting to the CC, CSF-cNs extend the axon arising from the
soma towards the parenchyma. Considering the portion of the soma where the axon is arising
from, CSF-cNs were classified into three groups corresponding to those described based on
the somatic shape (Figure 6.). Type | neurons are subdivided into two groups as they have
axons that are emitted from basal or lateral surface of the soma. Axons that arise from soma at
dendritic root form the second group of neurons or Type Il. In some cases, axon can be
emitted from the middle portion of the dendrite, therefore giving rise to Type Il CSF-cNs
(Shimosegawa et al., 1986).
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A Rat spinal cord

Figure 7. Ultrastructural properties of CSF-cNs in spinal cord from different species.

A;. Micrograph of CSF-cN (dotted line) obtained with transmission electron microscopy (TEM) in
spinal cord slice from neonatal rat. Rounded nucleus of CSF-cN (N) contrasts elongated nuclei of
surrounding ependymal cells (E). Inset shows single cilium (arrow) extending from the bud. A..
Cytoplasm of CSF-cN contains free ribosomes. B. TEM was also used to image dendritic terminals of
ventral (B,) and dorsal (B,) CSF-cNs in zebrafish larva spinal cord. The arrow indicates single cilium
with central pair of microtubules (double arrowhead) along the axoneme that is surrounded by
microvilli (arrowhead in B;). C;. Micrograph of CSF-cN (dotted line) obtained with TEM in mouse
spinal cord slice that contacts the central canal (cc). Square indicates dendritic terminal in (C,) which
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bears a single cilium (arrow) presumably without the central pair of microtubules. Figures in A are
adapted from Marichal et al., 2009, figures in B are adapted from Djenoune et al., 2017, while figures
in C are from personal dataset.

1.2.  Axonal projections of CSF-cNs and their synaptic partners

In many studies, the axonal projections of CSF-cNs were traced with the aim to target
their synaptic partners. Early study carried out in the spinal cord of turtle described CSF-cN
projections along the whole projection path (Vigh et al., 1977). Arising at the basal surface of
the soma, axons of CSF-cNs converge on lateral sides of the CC where they form thin,
unmyelinated tracts at the borderline of the central grey matter. There, they turn
ventrolaterally towards the end of ventral column where they separate and enter the white
matter. Finally, these tracts end with small enlargements at the ventrolateral surface of the
spinal cord, where they come in contact with the external basal lamina (Figure 8. A) (Vigh et
al., 1977). The axonal terminals contain granular and synaptic vesicles of different sizes
(Vigh et al., 1983). They can vary from small vesicles with an average diameter of 800 A to
larger vesicles with an average diameter of 1400 A (Vigh et al., 1977). The terminals are
connected to the basal lamina with hemidesmosome-like structure and these sites represent an

accumulation site for synaptic vesicles, called “synaptic hemidesmosome™ (Vigh et al., 1977).

In zebrafish, axons were shown to be ipsilateral (Wyart et al., 2009; Fidelin et al., 2015;
Djenoune et al., 2017) and ascending (Fidelin et al., 2015; Djenoune et al., 2017), and to
extend collaterals over two to six spinal cord segments (Wyart et al., 2009). As seen for
dendrites, axonal projections between ventral and dorsal CSF-cNs differ in the length of the
axons, their arborizations and number of axonal branches, which are shown to be larger in
ventral CSF-cNs (Figure 8. B1). Axonal projections of ventral cells also cover more ventral
regions of the spinal cord (Fidelin et al., 2015; Djenoune et al., 2017). Interestingly, ventral
and dorsal CSF-cNs in zebrafish larvae were shown to target distinct projection partners.
Djenoune and colleagues (2017) showed that only ventral CSF-cNs (Figure 8. B,, a) contact
caudal primary (CaP) motoneurons by forming basket-like structures around their soma. In
contrast, only dorsal CSF-cNs (Figure 8. B,, b) project onto ventrolateral glutamatergic (\VO-
V) interneurons (Djenoune et al., 2017) which were previously reported to receive inhibitory
GABAergic inputs from CSF-cNs (Fidelin et al., 2015). However, commissural primary
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ascending (CoPA) sensory interneuron represents a neuronal target for both ventral and dorsal
CSF-cNs (Djenoune et al., 2017).
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Figure 8. Axonal projections of CSF-cNs described in various species.
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Figure 8. Axonal projections of CSF-cNs described in various species. A. Schematic representation
of spinal CSF-cNs organization. A;. CSF-cNs form thin tract of axons in the grey matter of the spinal
cord. The axons run ventrolaterally towards the end of ventral column where they enter the white
matter and form the terminal at the surface of the spinal cord. CSF-cNs also receive synaptic inputs on
their soma from unknown partners. A,. In turtle spinal cord, CSF-cNs are arranged around the CC
(inset) and extend the axon towards the ventrolateral surface of the spinal cord. B;. Reconstruction of
ventral and dorsal CSF-cNs from different segments in spinal cord of zebrafish larva. There is
diversity in axonal projections of ventral and dorsal CSF-cNs. B,. In zebrafish larva spinal cord,
ventral CSF-cNs (a, magenta, arrow) contact CaP motoneurons (green, dotted square, a2). Dorsal
CSF-cNs (b, green, arrowhead) contact VO-v interneurons (magenta, dotted square, bl). C.
Micrograph on left (1) showing CSF-cNs in the lamprey spinal cord located laterally around the CC
and immunoreactive to GABA (green) and somatostatin (magenta). They extend fibers bearing
varicosities (arrowheads). Micrograph on right (2) shows co-localization of GABA and somatostatin
in the lateral plexus at the margin of the lamprey spinal cord. Figures in A are adapted from Vigh et
al., 1977, figures in B from Djenoune et al., 2017, and figures in C from Jalalvand et al., 2014. cc:
central canal; CST: centrosuperficial tract formed by CSF-cNs axons; E: ependymal cells; F: fila
radicularia motorica; FM: anterior median fissure; Ft: terminal filum; Mo: medulla oblongata; N: CSF-
cN; NTA: nerve terminal area formed by CSF-cNs axons; R: Reissner’s fiber; S: different types of
synaptic hemidesmosomes on the basal lamina of the surface of the spinal cord; Ve: meningeal vessel.
Scale bars = 20 um in B,, C;; 50 ymin C..

CSF-cNs of type 1 located in the lateral quadrants around the CC are immunoreactive to
GABA and somatostatin (Figure 8. C;). They were shown to project laterally the varicose
axons towards the dendrites of mechanosensor cells known as edge cells in the lamprey spinal
cord (Jalalvand et al., 2014). These axons ramify ventrolaterally before they reach the lateral
plexus at the margin of the spinal cord (Figure 8. C,). In contrast, type 2 CSF-cNs lack the
expression of GABA and somatostatin, extend their smooth processes towards the lateral

margin of the spinal cord, but do not ramify (Jalalvand et al., 2014).

Unlike in reptiles and lower vertebrates, the projection paths for axons of CSF-cNs in
mammals are poorly described. In the rat spinal cord, it was shown that axonal processes run
dorsally before they turned ventrolaterally, but it could not be followed for longer than 150
pm. Therefore, its terminals could not be determined (Shimosegawa et al., 1986). Further, in
the region between low thoracic and lumbar segments of the rat spinal cord, P2X; positive
small patches were observed in the dorsal regions of the corticospinal tract. P2X; positive
structures were also seen apposed against the dorsolateral walls of the ventral median fissure
(Figure 9.) (Stoeckel et al., 2003). These structures were immunolabeled against GABA,
GAD (Figure 9.) and synaptotagmin, and therefore suggested to represent CSF-cN axons
forming bundles distributed irregularly around the CC (Stoeckel et al., 2003). Similar
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projection pathway was observed in the cat, where CSF-cNs form small bundles of varicose
fibers that were traced longitudinally along the CC (LaMotte, 1987). In mouse, to date, there
IS no evidence for the projection path of CSF-cNs. Using specific transgenic mouse model
where CSF-cNs selectively express eGFP, their axons could be observed projecting laterally
in coronal slice preparations (Orts-Del’Immagine et al., 2012). However, they could only be
followed over short distances, most probably because they would rapidly turn to the ventral
regions to form the longitudinal fiber tracts observed in rat.
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Figure 9. Projections of CSF-cNs in rat spinal cord.

A. In transverse spinal cord slices, P2X, (A;) and GAD (A,) label CSF-cNs cellular bodies
(arrowhead), fibers extending from the CSF-cNs (A;, white arrowhead), and patches apposed against
the wall of ventral median fissure (arrows). B. In longitudinal spinal cord slices, axonal fibers are
labeled against P2X; (B;) and GAD (B,). Adapted from Stoeckel et al., 2003.

1.3. Distribution and localization of CSF-cNs

CSF-cNs represent a heterogeneous population of neurons because of variances present
at the morphological level, but also because of different localization among the CNS. CSF-
cNs are found in contact with the ventricular systems of the brain and the CC in the brainstem
and spinal cord, in the regions that contain the CSF. The main type of CSF-cNs is located in
medullo-spinal area (Vigh et al., 2004), but the presence of CSF-cNs was reported in several

brain regions, including hypothalamus, circumventricular organs (paraventricular organ and
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vascular sac), photoreceptor areas, or telencephalon (Vigh & Vigh-Teichmann, 1998; Vigh et
al., 2004; Jalalvand et al., 2018).

Medullo-spinal CSF-cNs extend from the medulla oblongata just before the CC expands
into the cavity of the 4™ ventricle to the terminal filum (Vigh et al., 2004). In the mouse spinal
cord, they are present along the CC, with a soma often inserted in subependymal (Djenoune et
al., 2014; Orts-Del’Immagine et al., 2014, 2017) or intraependymal layer (Orts-Del’Immagine
et al., 2017) around the CC. Regarding the distribution of CSF-cNs around the CC, in the rat
spinal cord, CSF-cNs were the most numerous in thoracic spinal cord, followed by cervical
spinal cord, while no CSF-cNs were found in medulla oblongata nor in coccygeal region of
the spinal cord (Shimosegawa et al., 1986). In contrast, in mouse (Orts-Del’Immagine et al.,
2014) and zebrafish (Djenoune et al., 2014) spinal cord, CSF-cNs are found along its whole
length, but their density seems to decrease from caudal levels towards the rostral levels of the
spinal cord and brainstem, where the CC opens into the 4™ ventricle (Orts-Del’Immagine et
al., 2014, 2017).

The organization of CSF-cNs around the CC is also different between different levels of
the medullo-spinal axis (Figure 10. A). They are mostly organized in a dorso-ventral axis in
cervical spinal cord, and this organization changes to a nearly exclusive lateral localization
towards more rostral levels (Figure 10. B) (Orts-Del’Immagine et al., 2014, 2017). In
zebrafish embryonic and adult spinal cord, CSF-cNs are organized in two rows along the CC,
lining dorsal and ventral sides of the CC (Figure 10. B) (Djenoune et al., 2014). Based on this
organization, CSF-cNs, called Kolmar-Agduhr (KA) cells in the zebrafish, were divided into
two subgroups, dorsal KA’ cells and ventral KA” cells (Park et al., 2004; Djenoune et al.,
2014). Mainly lateral organization of CSF-cNs around the CC is reported in lamprey spinal
cord (type 1 cells), although another type of CSF-cNs located further from the CC was
distinguished (type 2 cells; Figure 10. B) (Jalalvand et al., 2014).

Furthermore, it was shown that the organization of CSF-cNs around the CC of the
spinal cord is not only region-dependent, but also age-dependent (Figure 10. C). In the spinal
cord of younger rodents (up to 8 days), CSF-cNs show mainly intraependymal localization,
with dendritic processes that are shorter compared to those of older animals (Kutna et al.,
2013; Orts-Del’Immagine et al., 2017), and soma that is closer to the CC. With the age, the
distance of soma from the CC increases and most CSF-cNs are located subependymally, a

property that is seen in all the levels of medullo-spinal axis (Kutna et al., 2013; Orts-
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Del’Immagine et al., 2017). Only ventral CSF-cNs in all levels investigated in the study by
Orts-Del’Immagine and colleagues showed that somatic distance was decreasing from the CC
with aging (Orts-Del’Immagine et al., 2017). To explain such organization variances, the
authors measured the pericanal ependymal zone and suggested that re-organization of CSF-
cNs around the CC is not due to enlargement of measured zone with aging but is a
consequence of increasing the dendritic length (Orts-Del’Immagine et al., 2017). Moreover,
Kutna and colleagues suggested that this reorganization could be due to the changes in the
organization of the ependymal lining of the CC (Kutna et al., 2013).

The changes in number of medullo-spinal CSF-cNs are age-dependent as well. Two
independent studies reported that the number of CSF-cNs decreased with the development
(Kdtna et al., 2013; Orts-Del’ Immagine et al., 2017). This event was explained by spinal cord
enlargement with aging, which might cause “dilution” of the cells around and along the CC
(Katna et al., 2013). Nevertheless, the authors speculated about possible migration of CSF-
cNs away from CC, but there are still no evidences available on migratiory properties of these

neurons.
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Figure 10. Organization of CSF-cNs around the central canal is region- and age-
dependent.

A. Top. Four levels (level 1 — 4) in mouse brain and cervical spinal cord have been selected for
describing the distribution of CSF-cNs around the CC. Scale on the top of sagittal scheme represents
stereotaxic coordinates in antero-posterior axis. Bottom. CSF-cNs positive to PKD2L1 in sagittal
section of the medullospinal region are located around the CC from the lower brainstem to the 4"
ventricle. Below the image, three levels of the brainstem are indicated based on stereotaxic coordinates
(in mm). Dorsal side is on the top, and ventral is on the bottom. Posterior is left, and anterior is right.
White dash lines denote central canal (CC) and 4™ ventricle (4V). B. Top left. PKD2L1* CSF-cNs are
mostly located in dorsal and ventral positions around the CC in the mouse cervical spinal cord, and
they shift to lateral sides of the CC towards more rostral levels (top left). Middle. Dorso-ventral
organization of PKD2L1" CSF-cNs is also seen in sagittal section of adult zebrafish spinal cord. CC is
delineated with white dashed line, while dark grey line delineates ventral limit of the spinal cord. Scale

47



INTRODUCTION

bar = 40 um. Bottom. In adult lamprey spinal cord, two types of CSF-cNs are mainly located laterally
around the CC. C. In coronal sections from cervical spinal cord (SC.) and sub-postremal medulla
(spMe.) of p0-2D, p1M and p12M mice, CSF-cNs (in green, PKD2L1" cells) shift to lateral sides of
the CC towards more rostral regions (spMe.) at all ages tested. They show intraependymal localization
at younger age, with soma that is closer to the CC. At older ages (p12M), CSF-cNs are present with
lower density. Figures in A and B (mouse) are adapted from Orts-Del’Immagine et al., 2014. Figure in
B (zebrafish) is adapted from Djenoune et al., 2014, while figure in B (lamprey) is from Jalalvand et
al., 2014. Figure in C is adapted from Orts-Del’Immagine et al., 2017.

2. PROPERTIES OF CSF-cNs

Many interesting studies carried out so far have demonstrated that medullo-spinal CSF-
cNs represent a specific and quite unique neuronal population. Immunohistochemical and
electrophysiological studies showed characteristic developmental phenotype for these
neurons, which are characterized by the selective expression of PKD2L1 channel. In this part
of the Introduction, a special attention will be given on describing properties of CSF-cNs,

including developmental, functional, and electrophysiological properties.

2.1. Developmental properties and origin of CSF-cNs

CSF-cNs are a unique type of neurons, not only because of their simple and
characteristic morphology, but also because of their unique developmental phenotype. In rat
and mouse spinal cord, CSF-cNs have been shown to appear around day 12 to 14.5 of
embryonic development (E12 to E14.5) (Kdtna et al., 2013; Djenoune et al., 2014) and to
remain in an intermediate maturation state even in the adulthood. More recently, Petracca and
colleagues indicated that spinal CSF-cNs are late born neurons that appear during gliogenesis,
a period when all other neuronal types are already present (Petracca et al., 2016). The peculiar
CSF-cNs phenotype is further confirmed by the fact that they express markers of both
immature (DCX and HuC/D) (Marichal et al., 2009; Kdtna et al., 2013; Djenoune et al., 2014;
Orts-Del’Immagine et al., 2014; Bohm et al., 2016; Petracca et al., 2016) and mature neurons
(NeuN, GAD) (Kutna et al., 2013; Djenoune et al., 2014; Orts-Del’Immagine et al., 2014,
2017). Regarding the expression of neuronal immature markers, CSF-cNs express the early
neuronal marker HuC/D, which is co-expressed with doublecortin (DCX) in neonatal rat
spinal cord (Marichal et al., 2009). This marker is continuously expressed from first postnatal
day (P1) up to adulthood (Kutna et al., 2013). In contrast, the expression of DCX decreases
with age in the mouse spinal cord, and it is almost undetectable in the dendrites and terminal
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enlargements (Figure 11. A) (Orts-Del’Immagine et al., 2014, 2017). During the first
postnatal days, CSF-cNs also express NeuN, a marker of mature neurons (Katna et al., 2013;
Orts-Del’Immagine et al., 2017), although the absence of NeuN immunoreactivity was also
reported (Marichal et al., 2009; Petracca et al., 2016). It was shown that expression of NeuN
depends on the age and the localization of CSF-cNs in the medullo-spinal axis (Figure 11. B),
and its expression increases with aging and towards rostral end of the CC, although it remains
low compared to other neuronal populations in the same region (Orts-Del’Immagine et al.,
2014, 2017). Since DCX expression classically ends at the time point when NeuN expression
begins, during neuronal maturation, it was questioned whether the presence of DCX in
postnatal CSF-cNs is a consequence of their delayed developmental stage, as recently
described by Petracca and colleagues (Petracca et al., 2016). It was shown that the co-
expression of these two markers is present in dorsal and lateral, but not in the ventral CSF-
cNs of the mouse spinal cord where NeuN expression is low (Orts-Del’Immagine et al.,
2017). Because CSF-cNs show variability in the expression of different markers of neuronal
maturity, it was strongly suggested that they form a heterogeneous population of neurons,

indicating the possibility that they may have different properties and/or origin.
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Figure 11. CSF-cNs express markers of both immature and mature neurons.

A. Murine brainstem coronal sections at 0-2 postnatal days (top panels) and 3 months (bottom panels)
show CSF-cNs immunolabeled against PKD2L1 (green), and DCX (red). Note that all PKD2L1" CSF-
cNs are also DCX" (Merged). B. In neonatal (P0) mouse spinal cord, CSF-cNs immunolabeled against
PKD2L1 show weak (left) or absent (right) NeuN immunoreactivity (red). On the left, open arrowhead
shows CSF-cN that is NeuN negative, while white arrows indicate NeuN positive CSF-CNs.
Orthogonal projections along the y-z (right) and x-z (bottom) axes are shown. C. Higher intensity of
NeuN labeling is seen in CSF-cNs located dorsally and laterally from the CC. Note that not all
PKD2L1" CSF-cNs are NeuN" (open arrowhead). Figures in A, B (left) and C are adapted from Orts-
Del’Immagine et al., 2014 and Orts-Del’Immagine et al., 2017. Figure in B (right) is from Petracca et
al., 2016.
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Concerning the origin of CSF-cNs in mammalian spinal cord, 5-bromo-2’-deoxyuridine
(BrdU) administration during the rat embryonic period demonstrated that CSF-cNs are
derived from the ventricular zone of the spinal cord from 12 days of embryonic development
(E12) and their generation continues until birth (Kutna et al., 2013). Consistent with this
finding, experiments carried out in the embryonic mouse spinal cord demonstrated that CSF-
cNs start to develop in ventral spinal cord at E13.5, and their number increase until E16.5
(Petracca et al., 2016). This interesting study by Petracca and colleagues showed that CSF-
cNs located in ventral and lateral regions around the CC in the mouse spinal cord express
Gata2/3 and derive from two distinct neuronal progenitor domains around the CC that
generate distinct neuronal subtypes (Figure 12. A). A majority of CSF-cNs, so called CSF-
cNs’, located in lateral walls around the spinal cord CC, were shown to derive from
progenitors in the p2 domain and the dorsal half of pOL domain, ventricular domains that
express Nkx6-1 and Pax6. Importantly, Pax6 is a crucial factor involved in formation of CSF-
cNs’ (Petracca et al., 2016). Among this population of cells, about 70 % of CSF-cNs are
derived from p2 progenitor domain, while 30 % of CSF-cNs originate from pOL domain. A
second, but minor, CSF-cNs” population is derived from p3 precursor cells that border the
floor plate, and these neurons are positive for p3 markers, Nkx2-2 and Foxa2 (Figure 12. B)
(Petracca et al., 2016). The results of the same study showed that dual origin of CSF-cNs
influences the postnatal organization of these neurons around the CC. Therefore, CSF-cNs’
originating from p2 and pOL domains are located in lateral walls around the CC, while p3
domain-originating CSF-cNs” are found ventral to the central (Petracca et al., 2016). The
question that remains open is whether these two populations of CSF-cNs have different

functions in mammalian CNS.

Dual origin of CSF-cNs was also confirmed in zebrafish spinal cord (Djenoune et al.,
2014). Using transgenic zebrafish models (Figure 12. C), it was shown that CSF-cNs originate
from two neural progenitor domains, p3 and pMN (Park et al., 2004; Djenoune et al., 2014).
In a model in which pMN domain was GFP-labeled, only dorsal CSF-cNs (KA’ cells) were
also GFP™ (Djenoune et al., 2014), and were expressing olig2 transcription factor (Park et al.,
2004). In contrast, ventral CSF-cNs (KA” cells) were GFP"* in GFP-labeled p3 domain, and
were expressing nkx2.2a transcription factor (Djenoune et al., 2014). Therefore, originating
from pMN domain, KA’ cells show similarities with mouse CSF-cNs’, while KA” cells

originating from p3 domain are highly homologous to mouse CSF-cNs”.
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Figure 12. Dual origin of CSF-CNs.

A. Schematic illustration of murine ventral spinal cord at 14-16 embryonic days (E14-16; left) and
organization of CSF-cNs in the postnatal spinal cord (PO; right). During embryonic development,
Gata2'/3" CSF-cNs differentiate along with astrocytes and oligodendrocytes progenitor cells. CSF-
cNs’ derive from Nkx6-1" and Pax6" progenitors in p2 domain and dorsal half of pOL domain. CSF-
cNs’* derive from Nkx6-1" and Foxa2" progenitors in p3 domain bordering the floor plate (fp). In the
postnatal spinal cord, CSF-cNs’ are located laterally from the CC, while CFS-cNs’’ are organized
ventral to the CC. B. In E14.5 spinal cord, PKD2L1" CSF-cNs’ (green) are found in Pax6-expressing
zone (red; panel A). Low expression of Pax6 can be also detected in CSF-cNs’ (panel B, upper
arrowhead). The expression of Nkx2-2 (blue) is not detectable. Ventral PKD2L1" (green) CSF-cNs”’
originating from the region close to the floor plate (panel C) express Nkx2-2 (blue) and Foxa2 (red,;
panel D). C. In transgenic zebrafish, p3 domain (left panels) is labeled with GFP. Ventral CSF-cNs
(arrowhead) immunoreactive to PKD2L1 (red) in transverse section of zebrafish embryonic spinal
cord express GFP (green) while dorsal CSF-cNs do not express GFP (arrow). In transgenic zebrafish
embryo where pMN domain is labeled with GFP (right panels), only dorsal PKD2L1" (red) CSF-cNs
(arrow) express GFP (green) while ventral CSF-cNs lack the expression of GFP (arrowhead). Figures
A and B are adapted from Petracca et al., 2016, figures in C are from Djenoune et al., 2014. Scale bars
=40 um in B (panels A and C), 20 um in B (panels B and D) and C.
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2.2.  Phenotype and functional properties of CSF-cNs

CSF-cNs of many species, including mouse (Djenoune et al., 2014; Orts-Del’Immagine
et al., 2014), zebrafish, macaque (Djenoune et al., 2014) or lamprey (Jalalvand et al., 2016)
have been shown to selectively express polycystic kidney disease 2-like 1 (PKD2L1) channel,
a member of TRP superfamily of non-selective cationic channels (Chen et al., 1999; Huang et
al., 2006; Djenoune et al., 2014; Orts-Del’Immagine et al., 2014). PKD2L1 channel was
described to be sensor responsible for sour taste when expressed in taste cell buds in the
tongue, and it was found to be a specific marker for medullo-spinal CSF-cNs (Huang et al.,
2006). Its expression is so far described in several vertebrate species, including mouse,
zebrafish and macaque (Orts-Del’Immagine et al., 2012, 2014; Djenoune et al., 2014). In
mouse medullar CSF-cNs, expression of PKD2L1 was observed in soma and dendrite, with
high level of expression in terminal protrusions contacting the CSF (Djenoune et al., 2014;
Orts-Del’Immagine et al., 2014). Similar high expression of PKD2L1 was found in bud of
macaque CSF-cNs, while somatic expression was lower (Djenoune et al., 2014). Moreover,
PKD2L1 was never found to be expressed in axon-like structure (Orts-Del’Immagine et al.,
2014).

CSF-cNs are primarly GABAergic neurons (y-aminobutyric acid), a phenotype that has
been reported in several studies (Marichal et al., 2009; Kutna et al., 2013; Djenoune et al.,
2014; Orts-Del’Immagine et al., 2014). Immunohistochemical studies showed that CSF-cNs
are positive for GABA and the glutamate decarboxylase enzyme (GAD65/67) (Kutna et al.,
2013; Djenoune et al., 2014; Orts-Del’Immagine et al., 2014; Jalalvand et al., 2014). In
medullo-spinal CSF-cNs, this immunoreactivity against GABA and GADG67 is observed in the
soma but also in the bud (Orts-Del’Immagine et al., 2014). In addition, medullo-spinal CSF-
cNs are also immunoreactive for GABAg; subunit of GABAg receptors mainly in the soma
and the dendrite (Jurci¢ et al., 2019). In the spinal cord of non human primates, CSF-cNs
were immunolabeled with antibodies against GAD65/67 and vesicular GABA transporter
(VGAT), although at a lower extent in the bud (Djenoune et al., 2014).

Moreover, the expression of various markers, including somatostatin, serotonin,
vasoactive intestinal polypeptide (VIP) or Met-Enk-Arg-Gly-Leu, was also identified in CSF-
cNs by previous studies (LaMotte & de Lanerolle, 1986; Shimosegawa et al., 1986; Djenoune
et al., 2014; Jalalvand et al., 2014). They were found to express somatostatin in lamprey

(Jalalvand et al., 2014) and zebrafish (Djenoune et al., 2014), but not in mouse spinal cord
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(Petracca et al., 2016). In zebrafish, the expression of only one paralog of somatostatin, sst1.1
is found to be present solely in dorsal CSF-cNs (Djenoune et al., 2014). In contrast, ventral
CSF-cNs, that lack expression of somatostatin, are serotoninergic (immunolabeled against 5-
HT). Interestingly, the expression of 5-HT is transient and localized, since it could only be
detected 48 hours post fertilization (48 hpf) and not in all ventral CSF-cNs. Further, the
expression of 5-HT was not present in rostral spinal cord in later stages of development
(Djenoune et al., 2014). In the rat spinal cord, CSF-cNs are strongly immunoreactive to
methionine-enkephalin-Arg®-Gly’-Leu® (Met-Enk-Arg-Gly-Leu), an endogenous octapeptide
isolated from bovine adrenal chromaffin granules, and contained in preproenkephalin A
(Shimosegawa et al., 1986). Finally, although CSF-cNs do not appear to express tyrosine
hydroxylase, a selective marker of catecholaminergic neurons, there are reports for the
presence of the L-aromatic amino acid decarboxylase (AAAD) and therefore the expression

of trace amines (Nagatsu et al., 1988).

To date, little is known about the functional properties of CSF-cNs although in the
recent years there is a growing interest to characterize them. CSF-cNs express functional
ionotropic receptors for GABA, glycine (Figure 13. A), acetylcholine and glutamate, as
demonstrated by local pressure application of selective agonists (Marichal et al., 2009; Orts-
Del’Immagine et al., 2012; Corns et al., 2013; Jalalvand et al., 2014; Orts Del’Immagine et
al., 2015). Regarding the function of ionotropic GABAAa receptors, there is an opened
question about their inhibitory or excitatory effect upon activation. Most studies were carried
out in whole-cell configuration, a non-physiological condition where chloride homeostasis,
and therefore GABA activity, is perturbed. However, using perforated patch-clamp recordings
with gramicidin to prevent changes in physiological concentration of intracellular CI" ([CIT;),
it was reported that GABA may exhibit both inhibitory and excitatory effects on CSF-cNs
(Marichal et al., 2009). In one type of cells, GABA induced hyperpolarization from the
resting membrane potential (RMP; Figure 13. B;), and current induced by GABA reversed at
-67 mV. In another type of CSF-cNs, GABA induced depolarization that led to generation of
action potentials (APs; Figure 13. B,), and in these cells, GABA-induced current reversed at -
46 mV. Considering the differences in reversal potentials of currents induced by GABA
application, it was suggested that CSF-cNs may express different levels of Na'-K'-2CI
(NKCCI) transporters involved in regulation of [CI]; (Marichal et al., 2009; Wright, 2009).
This would support the idea of CSF-cNs as neurons in different stages of maturation and the

important role of GABA in neuronal maturation. Indeed, in immature neurons, GABA

54



INTRODUCTION

provides depolarizing action because of the activity of NKCCI transporter that increases
intracellular levels of CI. With neuronal maturation, K*-CI" transporter (KCC2) reduces [CI'];
and it reverses the effect of GABA to elicit an inhibitory effect (Wright, 2009).

A GABA (1 mM, 50 ms) Glycine (1 mM, 100 ms)

v v

| 1 nA + Gabazine 0.1 nA + Strychnine
05s 05s

B, RMP = -40 mV B, RMP = -45 mV

GABA Iﬂ mV m mV

500 ms - 500 ms
GABA

Figure 13. CSF-cNs express functional ionotropic receptors for GABA and glycine.

A. Current traces are recorded from CSF-cNs at -80 mV. Pressure application of GABA (left) and
glycine (right) induced inward currents that were inhibited by pressure application of gabazine (10
LUM; red trace on left) and strychnine (10 uM; red trace on right), respectively. B. Using grandamicin
perforated patch-clamp technique, GABA application induced hyperpolarization from rest (B;). In
some cells, GABA induced strong depolarization (B,) that evoked generation of AP. Figures in A are
adapted from Orts-Del’Immagine et al., 2012. Figures in B are adapted from Marichal et al., 20009.

Murine medullo-spinal CSF-cNs express excitatory receptors for AMPA/kainate, and
nicotinic acetylcholine (nACh) (Orts Del’Immagine et al., 2015), and functional inhibitory
glycine receptors that respond to glycine pressure application by generating inward current
sensitive to strychnine application, a selective antagonist for glycine receptors (Orts-
Del’Immagine et al., 2012). Moreover, Stoeckel and colleagues reported, in the rat spinal cord
CSF-cNs, the expression of P,X; receptors, the ionotropic form of purinergic receptors gated
by ATP (Stoeckel et al., 2003). It was suggested that P,X, receptors activation would enable
CSF-cNs to sense changes in extracellular ATP levels (Stoeckel et al., 2003). Marichal and
colleagues tested the function of P,X; receptors in CSF-cNs using ATP application and
showed that their activation induced the generation of fast inward current and an increase in
CSF-cNs excitability (Marichal et al., 2009). In contrast to spinal CSF-cNs, medullar CSF-
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cNs failed to respond to ATP pressure application, suggesting that purinergic P,X, receptors
are not expressed in the mouse or at least not in medullar CSF-cNs (Orts-Del’ Immagine et al.,
2012).

2.3.  Electrophysiological properties

CSF-cNs are small neurons (diameter ~10 pum) with a high input resistance, between 2.1
and 5.9 GQ (Marichal et al., 2009; Orts-Del’Immagine et al., 2012; Jalalvand et al., 2014;
Petracca et al., 2016; Sternberg et al., 2018), and a small mean membrane capacitance (3 - 6
pF) in agreement with their somatic diameter (Orts-Del’Immagine et al., 2012). Their RMP is
between -40 mV and -70 mV, depending on the species considered (Russo et al., 2004;
Marichal et al., 2009; Orts-Del’Immagine et al., 2012; Jalalvand et al., 2014).

In all the vertebrates investigated, CSF-cNs showed spontaneous firing of APs at RMP
undelying functional voltage-dependent sodium channels (Russo et al., 2004; Marichal et al.,
2009; Orts-Del’lmmagine et al., 2012; Jalalvand et al., 2014; Orts Del’Immagine et al.,
2015). CSF-cNs appear to express specific voltage-dependent potassium channels. The one of
the A-type (la) exhibits fast onset and prominent voltage- and time-dependent inactivation,
while a second type corresponds to delayed rectifier potassium channels, Ixp (Marichal et al.,
2009).

Based on the AP discharge pattern induced by DC current injections in current-clamp
mode, CSF-cNs can be divided into two main subpopulations: single spike CSF-cNs (or
phasic CSF-cNs) and repetitive spiking (or tonic CSF-cNs) (Figure 14. A) (Marichal et al.,
2009; Orts-Del’Immagine et al., 2012; Petracca et al., 2016). Orts-Del’Immagine and
colleagues (2012) reported a greater representation of single spiking CSF-cNs, compared to
the study by Petracca and colleagues (2016), where tonic CSF-cNs were more prevalent
(Orts-Del’Immagine et al., 2012; Petracca et al., 2016). Marichal and colleagues (2009)
described three different types of CSF-cNs. These findings support dual origin of CSF-cNs,
but the age-dependent differences cannot be excluded. The first type of CSF-cNs, identified
by their high input resistance of 6 GQ, shows slow depolarizing potentials (Figure 14. B;) that
are inhibited by manganese (Mn*), indicating the contribution of Ca®* channels in this
process, while Na™ channels are negligible (Marichal et al., 2009). The second type of CSF-
CNs expresses mean input resistance of 4 GQ and responds to depolarization by generating a
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single spike from hyperpolarized membrane potential (-60 mV), which is inhibited by TTX
(Figure 14. By), indicating the involvement of Na® conductances in the response (Marichal et
al., 2009). When these CSF-cNs were hyperpolarized, a late depolarizing response was
evoked that prevented the cell to generate APs, which suggested the presence of K* current of
A-type (1a) (Marichal et al., 2009). Finally, the third type of repetitively spiking cells (Figure
14. B3) have mean input resistance of 4 GQ, and hyperpolarized membrane potential similar
of that for single spiking CSF-cNs. However, APs of these cells had larger spike amplitudes,
shorter half-time spike and developed slow after-hyperpolarization (SAHP) (Russo et al.,
2004; Marichal et al., 2009; Jalalvand et al., 2014). As seen for single spiking cells, the APs
in repetitive spiking cells are mediated by Na* conductances (Marichal et al., 2009). These
different electrophysiological phenotypes of CSF-cNs, i.e. single or repetitive spiking activity,
were explained by the density and nature of the voltage-dependent channels expressed in
CSF-cNs (Marichal et al., 2009; Petracca et al., 2016). Thus, phasic CSF-cNs presented a
lower density in Na" current compared to tonic ones, and along delayed rectifying Ixp with
similar properties they expressed inactivating currents mediated by I (Marichal et al., 2009).
Taken together, these results strongly suggest that CSF-cNs represent a heterogenous
neuronal population with dual origin, but the age-dependent differences and the localization
(brainstem vs. spinal cord) cannot be excluded. The difference observed in CSF-cN discharge
activity, led some authors to defend the idea that CSF-cNs are neurons in an immature state of
development. In study by Marichal and colleagues (2009) it was suggested that CSF-cNs with
predominating Ca** conductances involved in generating slow APs might represent immature
neurons (Marichal et al., 2009). With advanced differentiation of neurons, capacity for
repetitive spiking appears, and it is controlled by an increase in the density of Na* channels
(Russo et al., 2004; Marichal et al., 2009).
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Figure 14. CSF-cNs exhibit different discharge patterns.

A. CSF-cNs recorded from the mouse acute brainstem slices exhibit tonic (left) or phasic (right) AP
discharge upon positive current injection (+40 pA, upper traces; +20 pA, lower traces). B. CSF-cNs
recorded from the rat spinal cord are divided into three groups based on their discharge activity. CSF-
cNs show slow depolarizing potential (B, upper trace) which exhibits brief transient at the beginning
of the response (arrow) that is sensitive to TTX (1 uM, black arrow, black lower trace). In the
presence of 3 mM Mn?, slow depolarizing potential is completely abolished (red arrow, red lower
trace). The AP in both single spiking cells (B,, upper trace) and in repetitive spiking cells (Bs, upper
trace) are mediated by Na?* conductances and inhibited by 1 pM TTX (lower traces in B, and B;). The
arrow in B; indicates remained slow depolarizing event. Figure A is from Orts-Del’Immagine et al.,
2012, figures in B are adapted from Marichal et al., 20009.

In addition to spontaneous firing of sodium-mediated APs, using classical whole-cell
patch-clamp recordings from CSF-cNs in spinal cord and brainstem acute slices, it was
demonstrated that these neurons typically exhibit spontaneous depolarizing events when
recorded at the RMP in current-clamp mode, or according inward current when recorded in
voltage-clamp mode (Figure 15. A). These currents strongly resemble to post-synaptic inputs

with the characteristic fast onset and exponential recovery (Orts-Del’Immagine et al., 2012;
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Jalalvand et al., 2014). These results therefore indicate that medullo-spinal CSF-cNs are

inserted in a neuronal network that needs to be characterized (see below).
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Figure 15. CSF-cNs exhibit spontaneous synaptic events and unitary single-channel
activity.

A. CSF-cNs recorded from mouse acute brainstem slice in voltage-clamp mode at -80 mV exhibit fast
inward currents (arrows) typical of synaptic activity and unitary single-channel activity (filled circle).
B. Spontaneous single-channel current recorded from single CSF-cNs at different holding potentials
between -20 mV and -80 mV, with 20 mV increments. Dashed lines indicate closed state of the
channel. C. Unitary current amplitude measured from the cell in B is plotted against each holding
potential to determine current-voltage relationship. Reversal potential (Erey, channer) @nd the channel
conductance (y) were calculated from the linear fit of the experimental data points. Figures in A and B
are from Orts-Del’Immagine et al., 2012.

One of the major characteristics and peculiarities of medullo-spinal CSF-cNs is the
presence, along synaptic currents, of another spontaneous unitary current activity with an
overall amplitude similar to that of synaptic events (Orts-Del’Immagine et al., 2012, 2014).
Detailed analyses demonstrated that the inward unitary current is due to the opening of
cationic non-selective PKD2L1 channel which exhibits large single channel conductance of
about 150 pS and low mean open probability around 0,04 (Figure 15. B, C). This result is in

agreement with whole-cell recordings from human embryonic kidney (HEK293T) cells and
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from the Xenopus oocytes, in which overexpressed PKD2L1 showed similar large single
channel conductance and permeability to cations. Moreover, in heterologous systems,
PKD2L1 was shown to be highly permeable to Ca** and modulated by Ca*". First, Ca®*
appears to activate PKD2L1, and subsequent increase in intracellular Ca®* concentration
induces channel inactivation (Chen et al., 1999). Whether similar Ca** dependent properties
for PKD2L1 exist in murine medullo-spinal CSF-cNs remains to be demonstrated.
Interestingly, PKD2L1 channel was shown to modulate excitability of CSF-cNs (Orts-
Del’Immagine et al., 2012; Orts Del’Immagine et al., 2015). It was demonstrated that
PKD2L1 activity can be modulated by changes in extracellular pH with an increase in channel
opening probability upon extracellular alkalization. (Shimizu et al., 2009; Orts-Del’Immagine
et al., 2012; Jalalvand et al., 2016a). As a consequence, CSF-cN exposure to alkaline pH
induced an increase in discharge frequency (Figure 16. A). Because the pH-dependent
increase in discharge activity was not observed in mice lacking PKD2L1 channels, it was
suggested that PKD2L1 was crucial for modulating CSF-cN excitability as a function of the
extracellular environment (Orts-Del’Immagine et al., 2012). These data argued that the
opening of PKD2L1 channels with a conductance that is large enough to efficiently depolarize
CSF-cN membrane potential was capable of generating APs in CSF-cN, a neuron with high
input resistance. Further, the authors argued that the cellular localization of PKD2L1 on CSF-
cNs may be an important factor in determining PKD2L1 channel ability to trigger the APs in
CSF-cNs (Orts Del’Immagine et al., 2015). Therefore, to demonstrate this hypothesis, they
developed a model neuron to study the influence of PKD2L1 (soma, dendrite, bud, cilium and
axon) on CSF-cN activity. The results indicate that regardless of its localization on the CSF-
cNs, a single opening of PKD2L1 is able to sufficiently depolarize CSF-cN membrane
potential to generate APs in the soma (Orts Del’Immagine et al., 2015). It is important to note
that opening of single PKD2L1 channel for 20 ms represents the minimal threshold duration
necessary to trigger the APs, while longer duration might even trigger train of APs in CSF-
cNs (Figure 16. B). According to the data obtained from mice CSF-cNs, single channel
opening of high conducting PKD2L1 is sufficient to trigger the generation of APs in zebrafish
CSF-cNs (Sternberg et al., 2018). In summary, a single opening of PKD2L1 channel of long
duration may trigger the APs in CSF-cNs. Therefore, PKD2L1 represents a spike generator in
CSF-cNs able to modulate the neuronal excitability at the level of a single channel (Orts
Del’Immagine et al., 2015).
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Figure 16. Opening of PKD2L1 channel triggers action potentials in CSF-cNs.

A. PKD2L1 current traces recorded in CSF-cNs from mouse acute brainstem slices. In wild-type CSF-
cN (A,), extracellular alkalization induced by TAPS (grey horizontal bar) increases PKD2L1 channel
activity in voltage-clamp mode (top trace) and AP frequency in current-clamp mode (bottom trace). In
mice lacking PKD2L1 channel (A;), extracellular alkalization fails to induce changes in PKD2L1
current response (top trace) or AP frequency (bottom trace). Dashed lines in A; and A, indicate 0 mV.
B. Unitary PKD2L1 current traces recorded in voltage-clamp mode from a “real” CSF-cN (middle
traces) are injected in the model neuron (top traces). Long PKD2L1 channel opening can trigger burst
of APs in model neuron. Similarly, long depolarization can trigger single AP or burst of APs in “real”
CSF-cN (bottom traces). Opening duration of unitary current events are indicated above voltage-clamp
traces. Adapted from Orts Del’Immagine et al., 2015.
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3. POTENTIAL ROLES OF CSF-cNs

Since the discovery of CSF-cNs, many researchers questioned the role of these unique
neurons and the answer is still elusive, especially in mammals. Based on CSF-cN properties,
it was suggested that CSF-cNs would represent a novel neuronal population with a sensory
role. Such a role is supported by the characteristic morphology of CSF-cNs with dendrite
extending towards the CC and ending with a ciliated protrusion in the contact with the CSF
(Vigh-Teichmann & Vigh, 1989; Orts-Del’Immagine et al., 2014; Djenoune et al., 2017).
Further, CSF-cNs are strategically located around the CC, being in a direct contact with the
CSF on one side and sending an axon on the other side, towards partners largely unkown to
date. This might indicate their involvement in transmitting the information received from the
CSF or in releasing the information into the CSF. To further support such a function, CSF-
CNs selectively express PKD2L1, a channel capable of detecting changes in temperature, pH,
osmolarity or even mechanical stimulations (Huang et al., 2006; Shimizu et al., 2009; Orts-
Del’Immagine et al., 2012; Bohm et al., 2016; Jalalvand et al., 2016b) and therefore acting
both as chemosensor and mechanosensor. Moreover, it was demonstrated that the expression
of PKD2L1 in zebrafish CSF-cNs would be necessary to maintain normal curvature of the
spinal cord (Sternberg et al., 2018). Recent studies conducted in zebrafish larvae and lamprey
indicated that CSF-cNs would play a role as neuromodulator of locomotor activity (Wyart et
al., 2009; Jalalvand et al., 2016b) In addition, the apparent immature phenotype of CSF-cNs
and their presence in the spinal cord stem cell niche around the CC would argue for a role in
reparatory and/or neuroregenerative processes. However, there is still no experimental data
confirming such a role for CSF-cNs and thus this potential function remains to be established.
Finally, spinal CSF-cNs appear to represent a heterogenous neuronal population divided at
least into two subpopulations based on their origin, their localization around the CC and
different physiological properties (Djenoune et al., 2014, 2017; Orts-Del’Immagine et al.,
2014; Petracca et al., 2016). It was suggested that they might also have a different function in
the CNS.

3.1.  Secretory function of CSF-cNs

One of the early roles assigned to CSF-cNs was a secretory one (Vigh et al., 1977).
Silver impregnated axons of CFS-cNs were seen to contact endfeet of glial cells at the

ventrolateral surface of the spinal cord, where they form terminal enlargements containing
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synaptic and granular vesicles. The authors indicated the possibility of vesiclular release from
the axonal terminals into the external CSF or possible direct contact with meaningeal vessels
(Vigh et al., 1977). Several studies reported the presence of bioactive substances in soma and
axon of CFS-cNs, such as monoamines or amino acids, which were suggested to be released
from these neurons into the CSF or subarachnoid space of the spinal cord (Vigh et al., 1977;
Vigh & Vigh-Teichmann, 1998). In pleurodeles, axon terminals were shown to contact the
blood vessels close to the basal lamina of the spinal cord surface and to contain granular
vesicles, suggesting that they may participate in the control of vascular circulation of the
spinal cord (Vigh et al., 1977, 1983). In lamprey (Jalalvand et al., 2014, 2016b) and zebrafish
(Djenoune et al., 2017) CSF-cNs express somatostatin, and once it is released, somatostatin
can modulate the frequency of locomotor activity (Jalalvand et al., 2016b). Nevertheless,
limited data are available on secretory function of CSF-cNs. Further studies need to be carried
out to fully demonstrate the involvement of the released bioactive substances in the regulation
of CNS homeostasis or activity (Vigh & Vigh-Teichmann, 1998).

3.2.  Sensory function of CSF-cNs is mainly mediated by activation of PKD2L1

channels

An interesting and specific characteristic of CSF-cNs is their dendritic extension that
projects into the CC and ends with a ciliated protrusion in contact with the CSF (Orts-
Del’Immagine et al., 2012; Djenoune et al., 2014; Orts Del’ Immagine et al., 2015; Petracca et
al., 2016). For that reason, it was argued that CSF-cNs might have sensory functions (Vigh et
al., 1977; Bohm et al., 2016; Jalalvand et al., 2016b) by receiving the information from the
inner CSF in the spinal cord, or by releasing the information into the CSF originating from
distal parts of the CNS. Selective expression of PKD2L1 channel further supports the sensory
role for CSF-cNs (Huang et al., 2006; Djenoune et al., 2014; Orts-Del’Immagine et al., 2014,
Sternberg et al., 2018).

The presence of ciliated structures on the bud of CSF-cNs supports the
mechanosensory function for these neurons. Kinocilium and many stereocilia have been
identified on the bud of CSF-cNs in many species, including turtle (Vigh et al., 1977),
zebrafish (Bohm et al., 2016) and mouse (Orts-Del’Immagine et al., 2014). It was previously
shown that dendritic terminal enlargements of CSF-cNs share great similarity with known
receptor cells, such as mechanoreceptors of the inner ear (Vigh et al., 1977). Kinocilium of
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CSF-cNs comes in the contact with Reissner’s fiber, which may enable them to monitor the
changes in CSF flow or pressure (Vigh et al., 1977; Vigh et al., 2004). Reissner’s fiber is a
fibrous structure that extends from the subcommissural organ, situated under the posterior
commissure, through the cerebral aqueduct, the 4™ ventricle and the entire length of the spinal
CC. It was suggested that Reissner’s fiber, together with CSF-cNs, form sensory organ
capable of sensing the movements of the vertebrate column, which may cause dislocation of
Reissner’s fiber, detected by sensory processes of CSF-cNs in the CC (Vigh et al., 2004).

Mechnosensory role of CSF-cNs has been described in lamprey spinal cord, where
CSF-cNs are able to sense changes in the motion of the CSF (Jalalvand et al., 2016b). In this
model, CSF-cNs were activated by short fluid pulses in close proximity of the bud, which
induced both cilia bending and generation of APs (Figure 17. A). ASIC3 channels expressed
in CSF-cNs of the lamprey, which were shown to mediate chemosensitive response in CSF-
CcNs, are also involved in mechanotransduction in these neurons (Jalalvand et al., 2016b). The
response observed was shown to be direct, specific to CSF-cNs and not mediated through any
synaptic activity (Jalalvand et al., 2016b).

In contrast to ASIC3 channels in CSF-cNs of lamprey spinal cord, recent study
demonstrated that mechanosensory function of CSF-cNs in zebrafish is strongly dependent on
the expression of PKD2L1 channel (Sternberg et al., 2018). High expression of PKD2L1 was
found in the apical process (bud) of CSF-cNs in mouse (Orts-Del’Immagine et al., 2014;
Djenoune et al., 2017), macaque, and zebrafish (Djenoune et al., 2017; Sternberg et al.,
2018), indicating that CSF-cNs could sense the changes in CSF flow via PKD2L1 activity.
Indeed, mechanical stimulation of cultured CSF-cNs from zebrafish embryo induced an
increase in PKD2L1 channel open probability, which was not the case in PKD2L1 mutant
CSF-cNs (Figure 17. B). Therefore, CSF-cNs in vivo may detect and respond to the flow of
CSF (Sternberg et al., 2018).
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Figure 17. CSF-cNs respond to mechanical stimulations.

A. The response of CSF-cN in the lamprey spinal cord to mechanical stimulation (fluid pulse, 20 p.s.i.,
80 ms) is mediated by ASIC3 channels, and this response is blocked in the presence of APETX2, a
selective inhibitor of ASIC3 channels. B. Mechanical stimulation (grey square) of wild-type CSF-cN
from cultured zebrafish embryo increases PKD2L1 channel opening (left). Such response is absent in
CSF-cN that lacks PKD2L1 channel. Scale on top = 20 ms, 25 pA, bottom = 20 ms, 2 um. Figure in A
is from Jalalvand et al., 2016b, figure in B is adapted from Sternberg et al., 2018.

3.2.1. PKD2L1 channel in CSF-cNs is sensitive to changes in extracellular pH

CSF-cNs are considered to act as chemosensors able to sense changes in the CSF
composition (Vigh-Teichmann & Vigh, 1989). Such a role was further supported by studies
which demonstrated the expression of PKD2L1 channel in CSF-cNs that belong to TRP
channel superfamily (Huang et al., 2006; Orts-Del’Immagine et al., 2012). Although the
members of TRP superfamily exert different roles, sensory function, including
chemosensation, is one of the most prominent roles for these channels (Zheng, 2013).
Therefore, as many other TRP members, sensory role has been attributed to PKD2L1
channels. They were shown to be involved in sensing changes in extracellular pH in PKD2L1
expression systems (Shimizu et al., 2009, 2011) but also in CSF-cNs (Orts-Del’Immagine et
al., 2012; Jalalvand et al., 2016b). It was study by Huang and colleagues (2006) which
demonstrated that PKD2L1 channels represent sensory receptors for sour taste when
expressed in taste bud cells in the tongue. Mice that lacked PKD2L1 channels lost their
sensitivity to sour taste, while responses for other tastes (sweet, bitter, and monosodium
glutamate or umami) remained unchanged (Huang et al., 2006). Another evidence for
PKD2L1 as a channel bearing sensory function was given by the same study. PKD2L1
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expressed in spinal CSF-cNs activated upon extracellular acidification when exposed to
solution with a pH ranging from 6.5 to 7.4. In such conditions, CSF-cNs generated APs,
which were markedly increased with a more acidic pH values, suggesting a chemosensory
role of PKD2L1 in these neurons (Huang et al., 2006).

Similar results were observed in laterally projecting CSF-cNs of lamprey spinal cord,
which show high sensitivity to changes in extracellular pH (Jalalvand et al., 2016b). It was
demonstrated that lowering the pH from 7.4 to 6.9 increased spontaneous AP frequency, and
this increase was even more evident with further lowering the pH to 6.5. Nevertheless, the
response of CSF-cNs to decrease in extracellular pH was not mediated by PKD2L1 channel
but by ASIC3 channel (Figure 18. A), a member of mechano-/chemosensitive acid-sensing
ion channels (ASICs) expressed in sensory neurons (Li & Xu, 2011 p.3; Jalalvand et al.,
2016b). ASIC3-mediated response in CSF-cNs was confirmed in the presence of APETx2, an
ASIC3 inhibitor, since changes in extracellular pH failed to evoke any response in CSF-CNs.
Furthermore, the authors showed that the sensitivity of CSF-cNs to changes in pH is directly
mediated by these neurons, and not by cellular or synaptic interactions (Jalalvand et al.,
2016b). The same group also reported that CSF-cNs are capable of distinguishing
extracellular acidification from alkalization by selective activation of ASIC3 and PKD2L1,
respectively. Encouraged by such results, they suggested that CSF-cNs represent a novel

homeostatic system responsible for the control of pH variations (Jalalvand et al., 2016a).

In agreement with the data obtained from lamprey CSF-cNs, ASIC channels are shown
to be involved in sensing the changes of extracellular pH in mouse CSF-cNs (Orts-
Del’Immagine et al., 2012; Orts Del’ Immagine et al., 2015). When CSF-cNs were recorded in
voltage-clamp mode, high acidification evoked fast transitory inward current followed by
small amplitude inward current, a response that was sustained and lasted during the time of
acidification (Orts-Del’Immagine et al., 2012). To confirm that acidification-evoked inward
current in CSF-cNs is mediated by ASIC channels, a selective inhibitor of ASICla/2b
channels, Psalmopoeus cambridgei toxin 1 (PcTx1), was applied and as result, it greatly
reduced observed inward current (Figure 18. B) (Orts-Del’Immagine et al., 2012; Orts
Del’Immagine et al., 2015). This response was reproducible in PKD2L1"" mutant mice, which
lack the expression of PKD2L1, providing another evidence that CSF-cNs sense the
extracellular acidification by activation ASIC but not PKD2L1 channels (Orts Del’Immagine

et al., 2015). Along with fast current mediated by ASIC channels activation, acidification
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inhibited PKD2L1 channel activity and reduced channel open probability (NP,) (Orts-
Del’Immagine et al., 2012). Similar response was recorded in current-clamp mode. There,
acidification triggered large depolarization and evoked APs, followed by slowly recovering
depolarization of smaller amplitude that lasted during acid application (Orts-Del’Immagine et
al., 2012; Orts Del’Immagine et al., 2015). These events were inhibited in the presence of
PcTx1, and they were not dependent on the expression of PKD2L1 channels (Orts
Del’Immagine et al., 2015). These results obtained from recordings in lamprey (Jalalvand et
al., 2016b) and mouse (Orts-Del’Immagine et al., 2012; Orts Del’Immagine et al., 2015)

suggest that acidification activates ASIC channels and consequently increases CSF-cN

excitability.
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Figure 18. CSF-cNs sense the changes in extracellular acidification through the
activation of ASIC channels.

A. CSF-cNs in the lamprey spinal cord spontaneously fire APs at physiological pH (black trace).
Lowering the pH to 6.9 increases the frequency of APs (red trace) which is more pronounced at even
lower pH values (6.5, orange trace). APETx2 application eliminates the response to lower pH (violet
and blue traces), indicating the involvement of ASIC3 channels in pH sensitivity of lamprey CSF-cNs.
B. In the mouse brainstem, acidification evokes fast inward current (top trace, left) and inhibits
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PKD2L1 channel activity (bottom trace, left). In the presence of PcTx1 (right traces), the amplitude of
fast inward current is reduced (top trace), while the PKD2L1 unitary current is unchanged and still
inhibited (bottom trace). Figure in A is adapted from Jalalvand et al., 2016b, and figure in B is adapted
from Orts-Del’Immagine et al., 2012.

In contrast to acid-evoked responses, extracellular alkalization strongly activates
PKD2L1 channels. Increase to pH 9 induces an increase in open probability of PKD2L1
channels, without changing the unitary current amplitude (Figure 19. A) (Shimizu et al., 2011;
Orts-Del’Immagine et al., 2012) or single channel conductance (Shimizu et al., 2011). When
CSF-cNs were recorded in current-clamp mode, increase in spontaneous AP frequency was
further observed (Figure 19. B) (Orts-Del’Immagine et al., 2012; Jalalvand et al., 2016b).
This response was not seen in PKD2L1" mutant mice where alkalization did not change
current activity, nor the frequency of APs (Orts Del’Immagine et al., 2015). Moreover, a
study by Shimizu and colleagues (2011) demonstrated that PKD2L1 channel overexpressed in
HEK293T cell respond to alkalization in bell-shaped manner, that is, increase of pH to 9.0
activated PKD2L1 channels, but further increase to pH 10.0 had an opposite, inhibitory effect
on channel activity. Dual effect of alkalization on PKD2L1 channel activity may indicate the

complexity of channel gating kinetics (Shimizu et al., 2011).

As a member of polycystin subfamily of TRP channels (TRPP), PKD2L1 is a
membrane protein which has six transmembrane domains (S1-S6), with both N- and C-
terminal domains located intracellularly, a pore loop region between the fifth and sixth
domains, and a large extracellular loop between the first and second domains (Venkatachalam
& Montell, 2007). A recent study showed that the asparagine residue at position 533 (N533)
in the pore loop of the PKD2L1 channel is responsible for channel activity modulation in
response to extracellular alkalization (Shimizu et al., 2017). It was clearly demonstrated that
PKD2L1 channels carrying a mutation in N533 fail to activate upon alkalization, although the
mutation did not affect single-channel conductance (Shimizu et al., 2017). Therefore, the
identical role of N533 in modulating the pH sensitivity of PKD2L1 channel in CSF-cNs can

be assumed.
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Figure 19. CSF-cNs sense the changes in extracellular alkalization through the
activation of PKD2L1 channels.

A. Recordings from CSF-cNs in the mouse brainstem in voltage-clamp mode show the response to
extracellular alkalization induced by 30 s pressure application of TAPS (pH 8.8, black horizontal bar).
Current traces (bottom) from recording on the top are expanded at the bottom. Note the increase in
PKD2L1 activity during extracellular alkalization. Dashed line represents closed state of the channel.
B. In current-clamp mode, the same CSF-cNs as in figure A is recorded at RMP (V, = -45 mV). Traces
on the bottom are expanded from the recording at the top. Note the increase in AP frequency during
extracellular alkalization. Figure from Orts-Del’Immagine et al., 2012.

3.2.2.  Modulation of PKD2L1 channel by osmolarity and temperature

CSF-cNs are further argued to sense the changes in osmolarity mediated by PKD2L1
channels (Shimizu et al., 2009; Orts-Del’Immagine et al., 2012). It was demonstrated that
hypo-osmotic conditions increase PKD2L1 single channel activity (Shimizu et al., 2009; Orts-
Del’Immagine et al., 2012), while hyper-osmotic solutions decrease channel open probability
(NP,) without changing single-channel conductance (Figure 20. A). Therefore, PKD2L1
channel activity is modulated by changes in cell volume due to changes in osmolarity both in
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heterologous expression systems (Shimizu et al., 2009) and in CSF-cNs (Orts-Del’Immagine
etal., 2012).

In addition to osmosensitive, thermosensitive function is attributed to PKD2L1 channels
(Higuchi et al., 2014; Shimizu et al., 2017). In Xenopus oocyte, elevating the temperature of
extracellular solution up to 40°C increases single-channel conductance, but decreases single-
channel activity. Interestingly, rapid decrease in the temperature increases channel open
probability (Higuchi et al., 2014; Shimizu et al., 2017). Based on temperature-dependent
gating mechanism of PKD2L1 channel, it is suggested that PKD2L1 shows three states in the
gating kinetics. Thus, temperature may lead to fast transition of PKD2L1 channel from closed
(C) to open (O) state, followed by rapid inactivation (1) or closing of the channel. Such gating
kinetics differs from those observed in other TRP channels activated by temperature, which
show increased open probabilities during heating or cooling. This indicates that PKD2L1
channels are modulated by distinct temperature-dependent mechanism (Higuchi et al., 2014).
The important factor in regulating the temperature-sensitive response of PKD2L1 is N533
residue in PKD2L1 channel pore that is also responsible for pH-mediated responses (Figure
20. B) (Shimizu et al., 2017). Therefore, CSF-cNs expressing PKD2L1 may have an
important role in sensing the temperature changes of the CSF and modulate the activity of
their potential partners.

3.2.3. PKD2L1 channels are permeable to Ca’* in heterologous expression
systems

Most TRPs are expressed in cellular plasma membrane where they act as non-selective
cation channels that regulate the intracellular concentration of different ions, such as Ca** and
Mg®* (Gees et al., 2010; Nilius & Owsianik, 2011; Zheng, 2013). Such properties of PKD2L1
channels were first described by Chen and colleagues (1999), who demonstrated that PKD2L1
is permeable to Ca?* in heterologous expression system. Further, PKD2L1 is modulated by
Ca®*. As shown by the same study, increase of both extracellular and intracellular Ca**
concentration led to increase in PKD2L1 channel activity without modulating channel
conductance. Prolonged exposure to extracellular Ca®* caused desensitization of the channel,
resulting in lower channel activity due to increase in intracellular Ca®* concentration (Chen et
al., 1999). Recently, in CSF-cNs of zebrafish larvae (so called KA cells), PKD2L1 channels
were also shown to be Ca** permeable (Bohm et al., 2016). However, it is still unknown

whether PKD2L1 channels in mammalian CSF-cNs represent Ca®* permeable channels and
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whether similar modulation of these channels by extracellular and/or intracellular Ca**

present. Many members of TRP channels are found in intracellular membranes, such as ER
(Zheng, 2013), which represents intracellular Ca** store (Verkhratsky, 2005). Since PKD2
channels were shown to be present on the ER membrane (Giamarchi et al., 2010), it would be
interesting to demonstrate the involvement of PKD2L1 channels in the regulation of Ca®*

homeostasis in CSF-cNs.

A, A,
Hyperosmotic shock Hypo -osmotic shock
V,, -80 mV V,, -80 mv
| 20p | 20p
) 60 s ) 60 s
Hyperosmotic Hypo-osmotic
Control shock Wash Control shock Wash
L R I VA N (L1 A
10 pA 10 pA
200 ms 200 ms
B
40 °C 1
30°C ¢
20 °C r T ,
0 2 4 6
Time (min)
WT

200

1 min

Figure 20. CSF-cNs are sensitive to changes in extracellular osmolarity and
temperature.

A. Voltage-clamp traces recorded in CSF-cN from the mouse brainstem at -80 mV (V) exposed to
pressure application of hyperosmotic solution of ~355 mosmol kg™ (A;; 3 min; black horizontal bar)
or hypo-osmotic solution of ~265 mosmol kg™ (A,; 3 min; black horizontal bar). A;. Application of
hyperosmotic solution has no effect on PKD2L1 channel current amplitude or open probability. A,.
Application of hypo-osmotic solution has no effect on PKD2L1 channel current amplitude, but it
increases open probability. Bottom traces in A; and A, are expanded traces from recordings at the top.
B. Current traces recorded from HEK293T cells at -60 mV expressing wild-type (WT) PKD2L1
channel and mutant (N533Q). Panel on top shows the changes in temperature of extracellular solution.
Figures in A; and A; are adapted from Orts-Del’Immagine et al., 2012, figure in B is from Shimizu et
al., 2017.
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3.3.  Physiological function of CSF-cNs

The physiological role of mysterious medullo-spinal CSF-cNs in the CNS has intrigued
the researchers for a long time. The lack of specific marker for CSF-cNs and their localization
deep in the spinal cord around the CC represented obstacles that were difficult to overcome.
This issue was recently solved with the demonstration that PKD2L1 is a selective marker for
CSF-cNs (Huang et al., 2006; Djenoune et al., 2014; Orts-Del’Immagine et al., 2014) and the

development of new methods enabled sophisticated researches to be developed.

CSF-cNs are strategically located between the CSF and the parenchyma where they
extend their axons, although their projection partners have not yet been fully described. Using
zebrafish larvae model expressing light-gated glutamate receptor, Wyart and colleagues
(2009) showed that CSF-cNs are implicated in the modulation of locomotor activity (Wyart et
al., 2009). In zebrafish, CSF-cNs, referred as Kolmer-Agduhr cells (KA cells), are
GABAergic neurons that have cilia projecting into the CSF, and ascending axon that projects
ipsilaterally, forming their terminals in a series of two to six consecutive segments (Wyart et
al., 2009; Fidelin et al., 2015). In the study by Wyart and colleagues, optogenetic activation of
CSF-cNs induced swim-like behavior in head-restrained zebrafish larvae, as it evoked
symmetrical beating of the tail typical for the spontaneous slow swim. This swim-like
behavior was reduced when KA cells were genetically silenced. Moreover, in the presence of
selective antagonist of GABAA, receptors to inhibit GABA activity, the light-induced response
was greatly abolished, suggesting that the modulation of swimming behavior by CSF-cNs is
dependent on release of GABA (Wyart et al., 2009). This study suggested that CSF-cNs
would project onto the central pattern generators (CPGs) of the spinal cord during the early

development, but the targets of these neurons remained unknown.

The same group of researchers took advantage of the zebrafish larvae model and
combined optogenetic to electrophysiological recordings to identify CSF-cN synaptic partners
and their role in the regulation of CPGs (Fidelin et al., 2015). For the first time, this study
showed that KA neurons were directly connected to spinal glutamatergic premotor
interneurons (VOy) within the locomotor CPGs that are involved in slow locomotion in
zebrafish (Figure 21. A). To test the functional connectivity between CSF-cNs and VOy
interneurons, CSF-cNs that express channelrhodopsin-2 (ChR-2) were optically activated
using brief light pulses while performing patch-clamp recordings from VO, interneurons.

GABAergic synaptic events could be elicited in VO interneurons following light-stimulation
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of CSF-cNs (Figure 21. B), and this response was abolished in the presence of gabazine, a
GABAA receptor antagonist. These results provided the evidence that CSF-cNs form
inhibitory GABAergic synapses onto VOy interneurons (Fidelin et al., 2015). As a
consequence, light-activated KA cells were capable of inducing slow forward swim-like
behavior from rest (Figure 21. C), a response that involved the recruitment of VOy
interneurons (Fidelin et al., 2015). In contrast, optical activation of KA during naturally
ongoing swimming behavior disrupted on-going swimming activity and reduced the duration
and frequency of swim bouts (Figure 21. C). The opposite effects of CSF-cNs on swimming
behavior in zebrafish larvae were explained by post-inhibitory rebound caused by membrane

depolarization following inhibition (Fidelin et al., 2015).
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Figure 21. CSF-cNs synapse onto VO-v glutamatergic interneurons and modulate
locomotor activity in the zebrafish larva.

A. Schematic illustration of CSF-cN (orange) that provides GABAergic synaptic input onto VO, (dark
green) which synapses directly with motoneurons (MNs, light green). Motoneurons project towards
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the periphery and innervate musculature. B. Illustration at the top represents experimental model
where the whole-cell voltage-clamp recordings were performed from VOy interneurons while
activating CSF-cNs with blue light. Optical stimulation of channelrhodopsin-2 (ChR2+)-expressing
CSF-cN with blue light pulses (blue bars, bottom trace) evokes IPSCs in VO, interneurons. C.
Schematic illustration of experimental setup (top). Ventral root recordings were performed to monitor
the effects on fictive locomotor outputs while activating CSF-cNs with blue light. Optical stimulation
of CSF-cN during the rest induced fictive locomotion in zebrafish larva (top left trace). Swimming
response was blocked in the presence of 20 uM gabazine in the extracellular solution (bottom left
trace). Application of blue light at the onset of ongoing fictive swimming induced silencing of
swimming activity (right traces). Traces 1 and 2 on right are expanded from traces marked with grey
square. Schematic illustrations in A and C are from (Jay & McDearmid, 2015). Figuresin B and C are
from Fidelin et al., 2015.

Further, it was shown that KA cells possess an apical extension (kinocilium and a brush
of microvilli) in contact with the CSF that acts as mechanosensing organs (Bohm et al.,
2016). The role of these neurons was investigated in the head-restrained zebrafish. The results
demonstrated that both active bending of the spinal cord, when muscles contract, and passive
bending of the spinal cord due to mechanical stimulation induced Ca** elevation in KA cells.
Notably, only dorsal KA cells ipsilateral to the contracting site responded to active bending of
the spinal cord (Figure 22. A). PKD2L1 channels were shown to play a central role in this
response, since zebrafish mutant lacking PKD2L1 failed to respond to mechanical activation
of CSF-cNs (Bohm et al., 2016). Taken together, these results demonstrate that KA cells
would act as mechanosensors in the spinal cord to monitor spine bending through a PKD2L1-

mediated Ca®"* rise.

A similar role of CSF-cNs in the modulation of the locomotor activity was
demonstrated in the lamprey spinal cord (Jalalvand et al., 2016b). There, the axons of CSF-
cNs were shown to ramify in the grey matter, which raised the possibility that CSF-cNs may
directly influence the activity of the neurons that belong to the same locomotor network
(Jalalvand et al., 2016b). This mechanosensitive role of CSF-cNs is attributed to ASIC3
channels that activate upon extracellular acidification and consequentially increase the
excitability of CSF-cNs (Jalalvand et al., 2016b). Indeed, a reduction in locomotor burst
activity was observed when isolated spinal cord of the lamprey was exposed to acidic pH
during on-going fictive locomotion. It was demonstrated that ASIC3 channels were
responsible for CSF-cN activation and the subsequent modulation of locomotor rhythm.
These results are in agreement with the results obtained from zebrafish (Fidelin et al., 2015).
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CSF-cNs of the lamprey spinal cord express somatostatin (Jalalvand et al., 2014). It was
suggested that somatostatin might be implicated in the modulation of fictive locomotion as it
depressed the locomotion burst rate in isolated spinal cord (Jalalvand et al., 2016b). This
effect was abolished in the presence of somatostatin antagonist, which also had an inhibitory
effect on acidification-mediated decrease of locomotor burst frequency. These findings
strongly support the idea that CSF-cNs may have direct modulatory effect on the locomotor
activity when pH drops under normal, physiological values (Jalalvand et al., 2016b).
Furthermore, the isolated spinal cord was a model to test whether CSF-cNs can sense the
bending of the spinal cord which occurs during naturally-occurring active swimming
behavior. Using Ca** imaging, it was demonstrated that CSF-cNs activate upon lateral
bending of the spinal cord (Figure 22. B), seen as an increase in the fluorescence intensity of a
Ca**-indicator (Jalalvand et al., 2016b). Similar response of CSF-cNs to spinal cord bending

was observed in zebrafish (Bohm et al., 2016).

Taken together, CSF-cNs are strongly suggested to represent a novel population of
sensory neurons capable of sensing the changes in their environment and transmitting the
information toward their projection partners. In lower vertebrates, CSF-cNs seem to directly
modulate the activity of interneurons in CPG involved in the control of the movements in
vertebrates (Marder & Bucher, 2001). A similar role for CSF-cNs in mammals remains to be
established.
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Figure 22. CSF-cNs respond to spinal cord bending.

A. Glass probe was used to mechanically stimulate CSF-cNs in paralyzed zebrafish larva. A,. Mostly
CSF-cNs located close to the site of passive stimulation were activated. A;. The amplitude of response
decreased with increasing distance from the probe. B;. Schematic representation of experimental
model in which rostral spinal cord from lamprey is fixed, and caudal end is free to move. B,. Image
taken in the scanned area indicated in B; with two CSF-cNs (regions in yellow and green) and
reference region to measure background fluorescence (red). B;. Changes in fluorescence intensity
were measured before spinal cord bending, during the bending to the left and after the return to the
control position. B,. Traces indicate Ca** fluorescence intensity from two cells (regions in By, Bs)
before, during and after lateral bending of the spinal cord. Dotted line represents mean baseline
fluorescence level in control (before bending movement, Fy). Scale bars = 50 um in A;, 20 pm in B,.
Figures in A are adapted from Bohm et al., 2016, figures in B are adapted from Jalalvand et al.,
2016b.
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C) VOLTAGE-GATED CALCIUM CHANNELS

Voltage-gated calcium channels (VGCCs or Ca,s) are present in all excitable cells.
Activation of Ca,s upon membrane depolarization mediates Ca”* influx from extracellular
space, which makes them an important source for intracellular Ca?*. Local increase in
intracellular Ca®* concentration initiates many important physiological events, such as
neurotransmitter release (Stdhof, 2012) or gene expression (Catterall, 2011), indicating the

essential role of Cay,s in maintaining normal function of cells.

Ca,s were first discovered by Fatt and Katz in 1953 in crustacean muscle fibers (Fatt &
Katz, 1953). The study that aimed at describing the electrical properties and excitability of the
crustacean muscle membrane demonstrated that even in the absence of external Na®, the
muscle continued to generate APs. This response was maintained in the presence of Ca*,
Mg®, K" and CI', suggesting that they may be responsible in transport of the charge
underlying the excitation. When these ions were removed one by one from the solution, Fatt
and Katz found that only removal of Ca®" suppresses the generation of the AP, highlighting
the importance of Ca®* influx for muscle excitability (Fatt & Katz, 1953). Study by Fatt and
Ginsborg further supported the finding that the presence of Na* and Mg", unlike Ca**, is not
necessary for AP generation in crustacean muscle membrane (Fatt & Ginsborg, 1958). By
analyzing membrane currents in the starfish eggs to study ionic mechanisms of excitation,
Hagiwara and colleagues gave an evidence for the existence of more than one type of Ca*
channels (Hagiwara, 1975). Following these, and many more studies, Ca,s are found in all

excitable cells but also in some non-excitable cells (Grafton & Thwaite, 2001).

Ca,s are divided in several subtypes based on their biophysical properties, such as
voltage-dependent Kinetics, inactivation properties, physiological functions in cell, or
sensitivity to various pharmacological agents. Ca®* channels have been designated into three
families regarding the expression of al subunit which is the main determinant of Ca®* channel
type (Catterall, 2011). Ca,1 family consists of L-type Ca®* channels, Ca,2 family is composed
of N-, R-, P- and Q-type channels, while Ca,3 family consists of T-type Ca** channels (Perez-
Reyes, 2003; Catterall, 2011). Opening of these channels upon plasma membrane
depolarization trigger Ca** influx into the cell, mediating many principal physiological
processes, such as vesicle secretion, fertilization, neurotransmitter release, or muscle
contraction, although prolonged elevations of intracellular Ca®* can be lethal for the cell

(Berridge et al., 1998; Siidhof, 2012). Therefore, Ca®* channels are important factor in
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converting the electrical signals generated at the membrane of the cell into the Ca®* transients.
An overview on Ca?* channels properties, functions, and subtypes will be presented in this
Chapter.

1. PROPERTIES AND FUNCTION OF VOLTAGE-GATED CALCIUM
CHANNELS

Ca,s open in response to membrane depolarization, and based on their sensitivity to
depolarization, they can be divided into two categories (Figure 23.) (Perez-Reyes, 2003;
Simms & Zamponi, 2014). High-voltage activated (HVA) channels activate in response to
voltage more depolarized than -40 mV and include L-type (Ca,1), N-type, R-type and P/Q-
type Ca*" channels (Ca,2). In contrast, low-voltage activated (LVA) channels activate at
much more negative potentials (from -70 mV) compared to HVA channels and include only
T-type (Ca,3) Ca** channels (Dolphin, 1995; Catterall, 2011; Simms & Zamponi, 2014).
HVA are heteromultimeric proteins that consist of the pore-forming a1 subunit co-expressed
with auxiliary cytoplasmic B subunit and extracellular a28 subunits. Ca®* channels from
skeletal muscles express an additional y subunit, while LVA channels are devoid of any
ancillary subunit (Catterall, 2011; Simms & Zamponi, 2014) and consist of a1 subunit only
(He et al., 2018). a1 subunit of Ca,s is encoded by ten genes, giving rise to 10 members of
Ca’* channels that are divided into 3 subfamilies (Catterall, 2011; Simms & Zamponi, 2014;
He et al., 2018). They can be distinguished based on their sensitivity to different
pharmacological agents, which represent a reliable tool for separation of distinct Ca** channel
types. Thus, Ca,1 family of Ca** channels (L-type) has four members, Ca,1.1 - 1.4, and all of
them show high sensitivity to inhibitory effect of dihydropyridines (DHPs) (Zamponi, 1997;
Lipscombe et al., 2004; Simms & Zamponi, 2014). Ca,2.1 - 2.3, the members of Ca,2 family
of Ca®* channels are blocked by distinct agents. P/Q-type of Ca** channels (Ca,2.1) are
selectively inhibited by spider toxin m-agatoxin IVA, although P-type channels show higher
affinity to block mediated by this toxin compared to Q-type channels (Mintz et al., 1992b,
1992a; Catterall, 2011). N-type Ca®** channels (Ca,2.2) are selectively blocked by -
conotoxin GVIA isolated from cone snail (McCleskey et al., 1987; Aosaki & Kasai, 1989;
Catterall, 2011). R-type or Ca,2.3 channels are sensitive to block by SNX-482, a peptide
derived from the tarantula venom (Newcomb et al., 1998). Finally, Ca,3 family of Ca*

channels (T-type) has three members (Ca,3.1 - 3.3) which are potently and irreversibely
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inhibited by piperidine-based compound TTA-P2 (Dreyfus et al., 2010; Choe et al., 2011).
However, only Ca,3.2 channel can be selectively inhibited by nickel (Ni?*), while Ca,3.1 and
Cay3.3 are Ni**-insensitive (Zamponi, 1997; Lee et al., 1999b; Catterall, 2011). In addition to
al subunit, four distinct genes encode for B subunits which bind the a1 subunit with a high
affinity. It was demonstrated that one type of al subunit can associate with various types of 3
subunits, which therefore contribute to a great diversity of Ca,s that exhibit specific functions
(Catterall, 2011).

4‘ Ca,1.1 " DHPs II Excitation-contraction coupling
Ca/1 Ca,1.2 “ DHPs || Excitation-contraction coupling |
L - type
Ca1.3 || DHPs | | Cardiac pacemaking activity |
Ca1.4 || DHPs | | Visual transduction
HVA
Caz2.1 || w-AgTx | | Neurotransmitter release P/Q - type
Ca2 Caz2.2 "w-CTx—GVIAI | Neurotransmitter release | N - type
—l Ca2.3 ||SNX-482| | Neurotransmitter release R - type
Ca3.1 || TTA-P2 | | Pacemaking; repetitive firing
LVA Cag3 Ca3.2 || TTA-P2 | I Pacemaking; repetitive firing T - type
—| Ca3.3 " TTA-P2 | l Pacemaking; repetitive firing

Figure 23. Ca®* channels subfamilies.

Ca®* channels are defined as high-voltage activated (HVA) and low-voltage activated (LVA). HVA
Ca®* channels include 2 subfamilies of channels — Ca,1 or L-type (orange boxes) and Ca,2 (P/Q-type,
N-type, R-type; green boxes). LVA Ca*" channels consist of Ca,3 or T-type channels (blue boxes).
Each of these channels type has specific inhibitor that is indicated in red boxes. The main function of
each channel subtype is presented. DHPs: dihydropyridines; o-AgTx: w-agatoxin; o-CTx-GVIA: ®-
conotoxin GVIA. Adapted from Catterall, 2011; Dolphin, 2012; Dreyfus et al., 2010.

Cays are found in all excitable cells and in some non-excitable cells (Grafton &
Thwaite, 2001). The function of Ca,s varies depending on Ca®* channel type and its cellular
localization. In nerve terminals, N- and P/Q-types Ca®* channels have an important role in
synaptic transmission (Ishikawa et al., 2005; Simms & Zamponi, 2014; He et al., 2018), as
local increase in intracellular Ca** concentration upon influx of Ca®* through these channels
mediates synaptic vesicle exocytosis and neurotransmitter release (Sudhof, 2012). R-type

channels are also found to be expressed in neurons where they are involved in
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neurotransmitter release, although they do not represent a major neuronal type of Ca®*
channels (Catterall, 2011; He et al., 2018). L- and T-type channels are found in various types
of tissues and cells, including skeletal muscle, cardiac muscle, or neurons (Perez-Reyes et al.,
1998; Lipscombe et al., 2004; Catterall, 2011; Bannister & Beam, 2013). L-type channels,
although found to be involved in synaptic transmission, are important in secretion of
hormones, and excitation-contraction coupling in skeletal, cardiac and smooth muscles where
they are responsible for muscle contractions. In addition, Ca?* entry through L-type Ca*
channels regulates gene transcription in neurons (Catterall, 2011). T-type Ca®" channels are
involved in regulation of the neuronal excitability and are important in repetitive-firing tissues
(Perez-Reyes, 2003; Catterall, 2011).

Taken together, Ca** channels are crucial for maintaining normal functions of the cells.
The role of each channel depends on its localization, but also the structure. Therefore, more

details on each channel are given below.

2. CALCIUM CHANNEL SUBUNITS

Five subunits were purified from dihydropyridine-sensitive Ca** channels from skeletal
muscles, namely al, a2, B, y and & (Figure 24.) (Takahashi et al., 1987; Catterall, 2011; He et
al., 2018). The main, pore-forming al subunit is a transmembrane protein of 190 kDa
associated with 170 kDa o256 dimer linked together with a disulfide bond. The phosphorylated
B subunit of 55 kDa is an intracellular subunit without any transmembrane segment, in
contrast to y subunit of 33 kDa that is a transmembrane glycoprotein (Takahashi et al., 1987;
Catterall, 2011; He et al., 2018). Each of these subunits exhibit a specific role important for
normal channel functioning. The al subunit determines the type of Cays, it presents a voltage
sensor of the channel and the channel pore, but it also provides many binding sites for
regulatory proteins and scaffold proteins that enable the regulation of intracellular Ca?*
concentration. Auxiliary subunits, a29, B, and y subunit, can modulate the gating properties of
the channels and they are involved in regulation of synaptic release at the presynaptic level
(Takahashi et al., 1987; Catterall, 2011).
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Figure 24. The structure of Ca** channels subunits.

Schematic illustration of Ca,s represented as transmembrane folding models. a-helices are illustrated
as cylinders, and the zigzag line on & subunit shows glycophosphatidylinositol (GPI) anchor. Channel
conduction pore (green) includes the segments S5-S6 and a pore loop of each domain. S4 segment
with charged amino-acids (+) represent voltage sensing segment and it is indicated in yellow. Figure is
adapted from Catterall, 2011.

The pore forming, al subunit of Ca,s is a transmembrane protein with four
transmembrane domains (I-1V). Each transmembrane repeat is connected with a cytoplasmic
linker and contains six transmembrane segments (S1-S6) and a membrane loop between the
segments S5 and S6. Segments S1-S3, S5 and S6 are hydrophobic segments, while the fourth
segment (S4) is a positively charged and it consists of five to six arginine or lysine residues in
every third position (Takahashi et al., 1987; Catterall, 2011; He et al., 2018). It is suggested
that S4 segment represents the voltage sensor of Cays involved in regulation of channel
activation and gating. In addition to voltage sensing S4 segment, segments S5-S6, together
with a pore loop, act as channel conduction pore (Catterall & Few, 2008; Campiglio &
Flucher, 2015). The external end of the pore loop between S5 and S6 of each domain contains
a pair of glutamate residues which are essential for Ca®*-selectivity of the channel (Catterall,
2011). On the contrary, the inner end of the same pore loop is lined by the S6 segments that
are strongly implicated to formation of receptor sites that bind the selective pore-blocking
drugs of L-type Ca?* channels with high affinity (Hockerman et al., 1997; Catterall, 2011).
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There are different isoforms of ol subunit that determine the main properties of Ca®*
currents mediated by distinct Ca** channel types (Chen et al., 2007; He et al., 2018). It is
important to note that the expression of solely a1 subunit in skeletal muscles was shown to be
sufficient to form a functional Ca**-permeable channel (Perez-Reyes et al., 1989) although
with low level of expression, reduced current density and abnormal kinetic of gating (Perez-
Reyes et al., 1989; Catterall, 2011). Moreover, a1l subunit contains binding sites for many
regulatory and effector proteins, therefore providing the regulatory role for Cays
(Bezprozvanny et al., 1995; Campiglio & Flucher, 2015). This subunit further represents a
Ca®* sensor (Campiglio & Flucher, 2015), and even short openings of the channels can lead to
high increase in intracellular Ca®* concentration. To regulate and prevent excessive Ca*" rise,
many regulatory proteins, effector proteins and Ca®* sensors with low affinity are co-localized
with Ca,s by binding to large cytoplasmic domains of al subunit, such as PKC, CaM etc.
(Dai et al., 2009; Catterall, 2011; Campiglio & Flucher, 2015). In addition, al subunit of
presynaptic Ca,s contains a synaptic protein interaction (synprint) site, a sequence located in
the cytoplasmic loop between the domains Il and I11. This site has an essential role in synaptic
vesicle exocytosis through direct interaction with proteins involved in this process, such as
SNAP25, synaptotagmin or syntaxin (Watanabe et al., 2010; Catterall, 2011; Campiglio &
Flucher, 2015).

The g subunit of VGCC is an intracellular subunit without any transmembrane segment
(Dolphin, 1995; Catterall, 2011; He et al., 2018). Four genes encode for B subunits (Catterall,
2011) and structural analysis have shown that all of them contain non-conserved N- and C-
terminal domains, and highly conserved SRC homology 3 (SH3) and guanylate kinase (GK)
domains (Catterall, 2011; Dolphin, 2012; Buraei & Yang, 2013) connected by HOOK region.
The SH3 and GK domains form core region of B subunits and place these subunits in the
family of membrane-associated guanylate kinase (MAGUK) proteins (Dolphin, 2012). SH3
domain of B subunit mediates protein-protein interactions by binding to proline rich sequence
(PxxP) in target proteins, while GK domain represents an interaction site with the o
interaction domain (AID) of 18 amino acid residues located in the cytoplasmic loop between
domains | and Il of the al subunit (Catterall, 2011; Dolphin, 2012; Buraei & Yang, 2013).
The AID domain binds to the GK domain through a hydrophobic groove called AID-binding
pocket (ABP), with the high affinity in low nM range. Following interaction between AID

and ABP, the AID undergoes structural changes by forming a continuous o helix structure
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from a random coil in solution, and this interaction maintains throughout the lifetime of the
Cays (Catterall, 2011; Buraei & Yang, 2013).

Regarding the functions of B subunits, they are essential for Ca®* channel expression,
gating and modulation by G proteins. In general, binding of B subunit to AID of a1 enhances
the level of surface expression of Ca,1 and Ca,2 channels. Moreover, it enhances the gating of
Ca®* channels by shifting the voltage dependence of both channel activation and inactivation
to more hyperpolarized membrane potentials, therefore increasing channel open probability
and rate of inactivation (Catterall, 2011; Buraei & Yang, 2013; He et al., 2018). The B subunit
of Cays is further indicated to be involved in inhibition of Ca,1 and Ca,2 channels by G-
protein coupled receptors (GPCRs) mediated by Gy subunit. This inhibition is voltage-
dependent, since it can be relieved by strong depolarization. However, in the absence of 8
subunit, GBy can still bind to the channels and modulate them, although the inhibition can no
longer be reversed by depolarization (Catterall, 2011; Dolphin, 2012; Buraei & Yang, 2013).

a2 subunit of Ca,s is a highly glycosylated extracellular protein linked by disulfide
bound to 6 subunit (Catterall, 2011; Dolphin, 2012). This disulfide bound enables the a2
subunit to be attached to the membrane. In mammals, there are four genes that encode for
o286, namely CACNA2D1, CACNA2D2, CACNA2D3, and CACNA2D4 which encode for a.26-
1, a28-2, a25-3, and a26-4, respectively (Davies et al., 2007; Dolphin, 2012). a2d subunits
are found to be expressed in central and peripheral nervous system, although with different
level of expression. a25-1 subunit is expressed in all the tissues tested so far (Klugbauer et
al., 2003), including skeletal muscle, and in many neuronal types in cerebellum or
hippocampus, where they are located mainly in presynaptic terminals (Davies et al., 2007;
Dolphin, 2012). The expression of o256-2 is mainly restricted to Purkinje neurons in
cerebellum, and low expression of a25-2 is found in medulla or hippocampus (Davies et al.,
2007). a26-3 was found to be expressed throughout the brain (Klugbauer et al., 2003;
Dolphin, 2012), while the expression of a25-4 is limited to endocrine tissues (Davies et al.,
2007; Dolphin, 2012).

It was demonstrated that a2 and & are the products of the same gene encoding a.28 pre-
protein which undergoes post-translational proteolytic cleavage into the o2 and & proteins
(Catterall, 2011; Dolphin, 2012; Campiglio & Flucher, 2015). This complex of a2 and &

subunits is anchored to the membrane with a glycophosphatidylinositol (GPI) region at the C-
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terminal domain of the & subunit (Davies et al., 2010) which appears following post-
translational cleavage of the predicted transmembrane segment. Both subunits have
extracellular N-terminal domain, and C-terminal hydrophobic domain (Davies et al., 2007;
Dolphin, 2012; Campiglio & Flucher, 2015) in addition to von Willebrand factor type A
(VWA) region, a protein-protein interaction domain in the extracellular sequence of a2d
subunits. This domain contains so called metal ion-dependent adhesion site (MIDAS) motif
that mediates divalent-cation-dependent interactions between the VWA domain and ligands.
Mutations in MIDAS motif unable VWA domain from binding divalent cations, indicating
that MIDAS motif is important for trafficking function of a2 subunits (Davies et al., 2007;
Dolphin, 2012).

It was reported by several studies that co-expression of o286 subunits increases the
expression and function of Ca,s, although not in the same extent as 3 subunit. Co-expression
of 028 subunits in heterologous systems was shown to increase the Ca** current amplitude
(Gurnett et al., 1996) mediated by different types of Ca®* channels (Davies et al., 2010),
without affecting the single-channel conductance, indicating that this effect is due to an
increase in the number of channels expressed at the plasma membrane (Davies et al., 2007).
However, it is still unknown whether o265 subunits can form a specific association with the o1

subunit.

It is interesting to note that o2 subunits represent an important target for gabapentin
(2-(1-(aminomethyl)-cyclohexyl) acetic acid) drugs used as an effective treatment for epilepsy
and chronic, but not acute, neuropathic pain (Klugbauer et al., 2003; Davies et al., 2007).
These gabapentin drugs were shown to bind a26-1 and a.23-2 subunits at third arginine in the
RRR motif, located next to the VMA domain, a motif that is not present in a26-3 and a26-4
subunits (Klugbauer et al., 2003; Davies et al., 2007; Dolphin, 2012). The mechanism of
action for gabapentin drugs is still poorly described. Binding of gabapentin to a25 subunits
has small or no inhibitory effect on Ca®* current amplitude. Nevertheless, an interesting study
demonstrated that Ca®* currents in DRG neurons from mice overexpressing a25-1 were
inhibited by gabapentin, in contrast to Ca®" currents from wild-type mice DRG neurons
(Davies et al., 2007; Dolphin, 2012), suggesting that upregulation of «2d-1 seen in
neuropathic pain can increase the effectiveness of the drug. In addition, a chronic use of the
drug was shown to diminish the localization of a25-1 and a26-2 subunits at the surface of the

cell, leading to decrease in Ca** currents upon drug administration (Dolphin, 2012).
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Finally, y subunit is a glycoprotein with four transmembrane segments (Jay et al., 1990;
Catterall, 2011; Campiglio & Flucher, 2015; He et al., 2018) and without any charged amino
acid residues, as seen for a1l subunit (Jay et al., 1990). Both N- and C-terminal domains are
located intracellularly (Black, 2003). Gene family of y subunit consists of 8 members, y1 — y8
(Black, 2003; Chen et al., 2007), which show great diversity based on the amino acid
sequence composition (Black, 2003) and they are grouped into three clusters based on their
sequence homology (Chen et al., 2007). Subunits y1 and y6 have short C-terminal domain,
and are mostly expressed in skeletal muscle, although y6 is also found in cardiac muscle.
Subunits y5 and y7 are found in kidneys and brain, while y2, y3, y4, and y8 subunits are
known as transmembrane AMPA receptor regulatory proteins (TARPs) which are
predominantly expressed in the brain, where they regulate the gating and trafficking of
AMPA receptors (Black, 2003; Chen et al., 2007; Campiglio & Flucher, 2015). However,
many studies carried out in heterologous systems to study the effect of y subunits on Ca**
currents provided the results that were often in conflict with each other. Up to date, it seems
that only y1 and y6 have a significant effect on Ca®" currents when co-expressed with ol
subunit in Ca,l1.2 or Ca,3.1, while little evidence is given on the effect of y5 and y7, or

TARPs subunits on modulation of Ca,s in neurons (Chen et al., 2007).

3. CLASSIFICATION OF VOLTAGE-GATED CALCIUM CHANNELS

As mentioned before, ten different types of Ca** channels can be identified based on
their pharmacological and electrophysiological properties, but also on the expression of
different a1l subunits (Catterall, 2011; He et al., 2018). These are L-type, N-type, P/Q-type,
R-type and T-type Ca®* channels, also classified as Ca,<1, Ca2 and Ca,<3 channels,
respectively (Perez-Reyes, 2003; Catterall, 2011; He et al., 2018). In the following section, |
will give some insights into the electrophysiological properties, expression, function, and

specific pharmacological modulation of each type of Ca?* channel.

3.1. L-type calcium channels

L-type Ca®* channels are one of the main types of Ca,s that are determined by
expression of Ca,1 type of pore-forming al subunit (Catterall, 2011), referred as Ca,l1.1,
Ca,l1.2, Ca 1.3 and Ca,1.4. (Lipscombe et al., 2004; Catterall, 2011). In general, L-type
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channels can be distinguished from other types of Ca** channels primarily by their high
sensitivity to DHPs agonists and antagonists (Lipscombe et al., 2004). L-type Ca?* channels
are classified as HVA channels that activate at depolarized membrane potentials, with channel
activation that becomes evident at the potentials between -20 and -10 mV (Nowycky et al.,
1985; Fox et al., 1987). These channels mediate long lasting (L) current that shows small
inactivation during depolarization (Nowycky et al., 1985; Aosaki & Kasai, 1989; Koschak et
al., 2001, 2003; Lipscombe et al., 2004) and they exhibit large single channel conductance
(Nowycky et al., 1985; Aosaki & Kasai, 1989; Lipscombe et al., 2004; Catterall, 2011).
Nevertheless, the members of L-type Ca®* channels represent a heterogeneous channel family
since not all of the members express the same functional properties. They are localized in
various tissues where they mediate distinct functions, such as excitation-contraction coupling
in skeletal (Bannister & Beam, 2013; Hernandez-Ochoa & Schneider, 2018) or cardiac
muscle (Bers, 2002; Kuo & Ehrlich, 2015), pacemaker activity in heart atrial tissue (Platzer et
al., 2000; Mangoni et al., 2003), neurotransmitter release in inner hair cell (Platzer et al.,
2000; Brandt et al., 2003) or neurotransmitter release from photoreceptors (Lee et al., 2015).

3.1.1. Cayl.1channels

Cay1.1 type of Ca®* channels conduct L-type Ca®* current. They are characterized by
slow opening kinetics and relatively high sensitivity to inhibition mediated by DHPs
(Lipscombe et al., 2004). Among a1 subunit of Ca,1.1 type, Ca,1.1 Ca’* channels express
auxiliary a28-1 subunits, B1s, and vy, subunits (Bannister & Beam, 2013). All of these
subunits, except a25-1, are primarily expressed in skeletal muscle, which is in agreement with
the exclusive expression of Ca,1.1 Ca** channels in skeletal muscles where they have an
essential role in excitation-contraction (EC) coupling (Lipscombe et al., 2004; Bannister &
Beam, 2013). There, Ca,1.1 channels act as voltage sensing channels that are directly
associated with type 1 ryanodine receptors (RyR1) in the sarcoplasmic reticulum (SR)
(Lipscombe et al., 2004), the Ca®* store in skeletal muscle (Fill & Copello, 2002).
Conformational changes in voltage-sensing domain of Ca,1.1 upon membrane depolarization
directly activate RyRs, leading to release of intracellular Ca®* (Catterall, 2011), a mechanism
that is not dependent on entry of extracellular Ca**. While al intracellular linker between
domains Il and Il is necessary for EC coupling function of Ca,1.1 channels (Bannister &
Beam, 2013; Hernandez-Ochoa & Schneider, 2018), B1, subunit is important in formation of

“tetrads”, clusters of four Ca,1.1 facing every other RyR1 homotetramer (Bannister & Beam,

86



INTRODUCTION

2013; Hernandez-Ochoa & Schneider, 2018). The organization of coupled RyR1 and those
who remain uncoupled, determine the organization of Ca,1.1 on the plasma membrane
(Hernandez-Ochoa & Schneider, 2018). Therefore, Ca,1.1 channels represent peculiar
isoform of VGCCs as they are able to directly couple depolarization of the membrane with

RyRs activation.
3.1.2. Ca,1.2 channels

Cay1.2 type of Ca®* channels expressed in cardiac and smooth muscles, in pancreatic
cells, and in neurons (Lipscombe et al., 2004) are distinct from Ca,1.1 channels in that they
open at membrane potentials around -30 mV with faster Kinetics. This difference in gating
between Ca,1.2 and Ca,1.1 channels is due to differences in the sequence of extracellular
linker between the segments S3 and S4 in first transmembrane domain of ol subunit
(Lipscombe et al., 2004). As Ca,1.1 channels, Ca,1.2 channels also show high sensitivity to
DHPs-mediated block, but unlike Ca,1.1, the primarily role of Ca,1.2 channels is to mediate
Ca®" influx into the cells where Ca®* initiates various signaling cascades (Lipscombe et al.,
2004), such as excitation-contraction coupling in cardiac muscle (Catterall, 2011). In cardiac
myocytes, the contraction of muscle is initiated by AP-mediated Ca?* influx through Ca,1.2
channels that leads to elevations in intracellular Ca?* concentrations. Rise in intracellular Ca®*
increases the sensitivity to Ca®* of type 2 RyRs (RyR2) located on SR, which triggers RyR2
activation and Ca?* release from SR; a mechanism known as Ca**-induced Ca®* release
(CICR) mechanism. Further rise of intracellular Ca®* leads to Ca** binding to troponin C on
actin filaments, which initiates the muscle contraction (Bers, 2002; Kuo & Ehrlich, 2015).
The excessive increase in intracellular Ca®* concentration upon Ca*" entry through the Ca,1.2
channels is limited by Ca**-dependent inactivation, and also by Ca?* release from the SR. It
was suggested that opening of a single Ca®* channel is sufficient to activate Ca®" release
(Bers, 2002). Moreover, in order to relax the contracted muscle, intracellular Ca?*
concentration must be reduced, which is accomplished mainly by removal of Ca®* by SR
Ca®*-ATPase (SERCA) pump, while Na*/Ca®* exchange (NCX), sarcolemmal Ca®**-ATPase
(PMCA), and mitochondrial Ca®* uniporter contribute to a lower extent (Bers, 2002; Kuo &
Ehrlich, 2015). Except regulating the excitation-contraction coupling in cardiac muscle, Ca?*
entry through Ca,1.2 channels regulate the blood pressure and maintain the vascular tone in

smooth muscle (Moosmang, 2003).
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3.1.3. Cayl.3 channels

It has been reported that Ca,1.3 type of Ca®* channels show different properties
compared to Ca,1.1 and Ca,1.2. Although Ca,1.3 channels are classified as HVA channels,
they require lower threshold for the activation (Figure 25. A), which is between 15-25 mV
more hyperpolarized from that of Ca,1.2 channels (Koschak et al., 2001; Xu & Lipscombe,
2001; Mangoni et al., 2003). This low-voltage activation represents one of the main properties
of Cay,1.3 Ca®* channels. In addition, Ca,1.3 channels, like Ca,1.2 channels, show fast kinetic
of activation, which is faster than that of Ca,<1.1 Ca’** channels (Koschak et al., 2001;
Lipscombe et al., 2004; Helton, 2005). Interestingly, Ca,1.3 show lower sensitivity to DHPs-
mediated inhibition compared to Ca,1.2 channels (Figure 25. B) (Koschak et al., 2001; Xu &
Lipscombe, 2001) and application of DHPs often leads to uncomplete inhibition of Ca,1.3
channels (Koschak et al., 2001; Xu & Lipscombe, 2001; Brandt et al., 2003). For this reason,
pharmacological separation of L-type Ca®* current mediated by Ca,1.3 channels from other
types of Ca®* currents does not represent an effective method. As specific inhibitors of
different Ca** current subtypes failed to block DHP-insensitive Ca,1.3-mediated Ca** current,
it has been suggested that Ca,1.3 channels contribute to fraction of the R-type Ca®* current
(Brandt et al., 2003; Lipscombe et al., 2004). Moreover, inhibition of Ca,1.3 by DHPs is
voltage-dependent, since the inhibition is more potent at depolarized membrane potential
when channels are opened, compared to less effective inhibition at hyperpolarized potentials
when most of the channels are in their closed state (Koschak et al., 2001; Lipscombe et al.,
2004).

Ca,1.3 channels are expressed in many cells in which Ca,1.2 channels are also found.
They were shown to have an important role in pacemaker activity in heart atrial tissue, but not
in ventricular tissue where Ca,1.3 are not expressed (Platzer et al., 2000; Mangoni et al.,
2003). Studies showed that mice with inactivated Ca,1.3 channels developed sinus
bradycardia and arrhythmia due to sinoatrial node (SAN) cells dysfunction (Platzer et al.,
2000; Mangoni et al., 2003). Other studies demonstrated that Ca,1.3 couple membrane
depolarization to synaptic transmission in inner hear cells of cochlea (Platzer et al., 2000;
Brandt et al., 2003; Lipscombe et al., 2004), and mice with missing Ca,1.3 channels are deaf,
since the inner hair cells are unable to respond to sound stimulation (Platzer et al., 2000). As a
consequence of Ca,1.3 channels lack, and therefore the Ca®* entry through these channels,
inner hair cells fail to develop normally and synaptic transmission is disrupted (Brandt et al.,
2003).
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Figure 25. Properties of Ca,1.3 and Ca,1.2 L-type Ca** channels.

A;. Ca,1.3 (black circle) and Ca,1.2 (open circle) currents were activated from a holding potential of -
100 mV to different test potentials. Note that Ca,1.3 channels start to activate at more hyperpolarized
potentials compared to Ca,1.2 channels. A,. Current-voltage relationships for Ca,1.3 and Ca,1.2
channels. B. Ca,1.3 and Ca,1.2 show different sensitivity to inhibition by DHPs. B,. Ca,1.3 (black
circle) and Ca,1.2 (open circle) currents were activated from from a holding potential of -80 mV to
different test potentials, in the absence (thick traces) and presence (thin traces) of 1uM nimodipine.
Ca,1.3 channels show lower sensitivity to inhibition by nimodipine. B,. Current-voltage relationships
for Ca,1.3 and Ca,1.2 channels in the absence (black circle, black square) and presence (open circle,
open square) of nimodipine. Figures in A are from Lipscombe et al., 2004, and figures in B are from
Xu & Lipscombe, 2001.

3.1.4. Cayl.4 channels

Ca,1.4 channels share similar properties with Ca,1.3 channels, as they require low
activation threshold, therefore activate at more hyperpolarized potentials than Ca,1.2 channel,
but slightly more depolarized potentials than Ca,1.3 channels (Koschak et al., 2003;
Lipscombe et al., 2004). Like Ca,1.3 channels, Ca,1.4 activate with the fast kinetic (Koschak
et al., 2003), which is supported by the fact that these two types of channels share high level
of sequence homology (Lipscombe et al., 2004), however they show slower voltage-
dependent inactivation compared to Ca,1.3 channels (Koschak et al., 2001, 2003). In addition,
Cay1.4 channels show smaller single channel conductance than other L-type Ca** channels
(Doering et al., 2005). A significant property of Ca,1.4 channels is their low sensitivity to
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inhibition by DHPs (Koschak et al., 2003; Lipscombe et al., 2004), which tends to be about
15-folder lower compared to Ca,1.2 currents (Koschak et al., 2003). Inhibition of Ca,1.4
currents is strongly voltage-dependent and it is more effective at more depolarized membrane
potentials (Koschak et al., 2003). Ca,1.4 channels are unique among other Ca,1 channels in
that they do not show Ca®*-dependent inactivation (CDI), which is well described for other L-
type channels (Koschak et al., 2003; Lipscombe et al., 2004). An interesting study
demonstrated that CDI is inhibited by a still unknown mechanism in the C-terminal domain of
ol subunit (Singh et al., 2006).

Ca,1.4 channels are expressed primarily in synaptic terminals of photoreceptor cells in
the retina (Lipscombe et al., 2004; Lee et al., 2015), where they regulate the exocytosis of
neurotransmitters. It has been reported that mutations in human Ca,1.4 channels lead to
stationary night blindness (Lipscombe et al., 2004) characterized with low visual activity in
the dark (Lee et al., 2015). It was found that more hyperpolarized potentials for Ca,l1.4
channels activation and slow Ca®*" current inactivation during depolarization allow these
channels to better control neurotransmitter release from photoreceptors, which is required for

transmission of visual stimuli (Koschak et al., 2003; Lee et al., 2015).
Dihydropyridines are selective inhibitors of L-type Ca’* channels

Dihydropyridines (DHPs) are organic compounds that include several Ca** channels
antagonists, such as nimodipine, nifedipine, or nitredipine (Nowycky et al., 1985; Fox et al.,
1987; Aosaki & Kasai, 1989; Randall & Tsien, 1995; Zamponi, 1997; Xu & Lipscombe,
2001). DHPs show high selectivity to L-type Ca®* channels (Zamponi, 1997; Lipscombe et
al., 2004), although T-type Ca** channels were also reported to be DHPs-sensitive (Randall &
Tsien, 1995). Other families of Ca®* channels do not respond to DHPs, and therefore are
DHPs-insensitive (Mintz et al., 1992a; Randall & Tsien, 1995; Lipscombe et al., 2004;
Catterall, 2011).

Numerous studies have demonstrated that DHPs can act as both agonists and
antagonists of L-type Ca** channels, depending on DHP drug structure, membrane potential
or conformational state of the channel (Hockerman et al., 1997). Inhibitory effect of DHPs is
well described and it is known to be voltage-dependent (Aosaki & Kasai, 1989; Koschak et
al., 2001, 2003; Lipscombe et al., 2004), indicating that the inhibition by DHPs is more
effective at the depolarized membrane potentials when the channels are opened (or inactive),

while the inhibition is less prominent at hyperpolarized potential when channels are in their
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closed state (Hockerman et al., 1997; Koschak et al., 2003; Helton, 2005). In addition, Ca,1.3
and Ca,1.4 show lower sensitivity to DHPs inhibition (Koschak et al., 2001, 2003; Xu &
Lipscombe, 2001), and the same concentrations of the DHPs do not inhibit all L-type Ca®*
channels to the same extent (Helton, 2005). The receptor site for both DHP agonists and
antagonists is located at the extracellular surface of the membrane, and it is positioned about
25% into the membrane (Peterson et al., 1996; Hockerman et al., 1997). This is supported by
the results which demonstrate that DHPs applied intracellularly do not modulate L-type Ca*
channels (Hockerman et al., 1997). The receptor site for DHPs is described to be located
within the loop that connects segments S5 and S6 in transmembrane domains 11l and IV of ol
subunit (Peterson et al., 1996; Hockerman et al., 1997). Further studies have identified amino
acids in 111S6 and 1VS6 which are unique for DHPs-sensitive Ca?* channels (Hockerman et
al., 1997), and which are required for high affinity DHP binding (Peterson et al., 1996).

3.2.  P/Q-type calcium channels

Ca,2.1 type of pore-forming ol subunit is a determinant of P/Q-type Ca?* channels
(Catterall, 2011) that belong to HVA Ca?* channels (Randall & Tsien, 1995; Catterall, 2011).
P-type channels were first described by Llinas in Purkinje cells (Llinas et al., 1989), while Q-
type channels were first described in granule neurons by Randall and Tsien (Randall & Tsien,
1995). As P- and Q-type Ca®* channels share similar properties and are difficult to
distinguish, they are often referred as P/Q-type Ca®* channels (Nimmrich & Gross, 2012).
Nevertheless, these two types of the channels differ in their activation and inactivation
kinetics. Both P- and Q-type channels are activated at depolarized membrane potentials with
fast kinetics (Stea et al., 1994), although P-type channels activate at slightly more positive
potentials than Q-type channels (Mermelstein et al., 1999). Upon depolarization, both of these
channels inactivate slowly (Randall & Tsien, 1995; Mermelstein et al., 1999), and P-type
channels were described to inactivate with much slower kinetics than Q-type channels (Figure
26.), showing almost no inactivation during depolarization (Randall & Tsien, 1995;
Mermelstein et al., 1999). It is interesting to note that Q-type channels do not show the same
inactivation kinetics in all neurons they are expressed in (Figure 26.), which was suggested to
be due to the expression of different B subunits (Mermelstein et al., 1999). Indeed, slowly
inactivating Q- and P-type channels express B., subunit, while rapidly inactivating Q-type

channels express Bi, subunit (Mermelstein et al., 1999). Another important property of these
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Ca®* channels is their high sensitivity to inhibition by w-agatoxin IVA (Mintz et al., 1992b,
1992a; McDonough et al., 1997), which enables to easily distinguish these channels from
other types of Ca** channels, however Q-type channels show lower sensitivity to this blocker
(Stea et al., 1994; Randall & Tsien, 1995; Mermelstein et al., 1999). In contrary, P/Q-type
channels are insensitive to DHPs and w-conotoxin GVIA, selective inhibitors of L- and N-

type Ca** channels, respectively (Llinas et al., 1989; Mintz et al., 1992a).

Regarding the distribution of P/Q-type Ca®* channels, they are widely expressed
throughout the CNS in various neurons, but with different levels of expression (Mintz et al.,
1992a; Stea et al., 1994; Catterall, 2000). For example, P-type channels are highly expressed
in Purkinje neurons, but show mediate expression in spinal interneurons, while in sympathetic
neurons, these channels are completely absent (Mintz et al., 1992a). In neurons, P/Q-type
Ca®* channels are localized at synaptic terminals where they initiate the neurotransmitter
release mediated by Ca®" influx through these channels (Takahashi & Momiyama, 1993;
Ishikawa et al., 2005; Catterall, 2011). Many studies showed that P/Q channels interact with
Ca**-binding proteins and undergo Ca*-dependent inactivation and facilitation which may
regulate their activity (Lee et al., 1999a, 2002; Catterall, 2011). Calmodulin (CaM) binding
domain (CBD) was found to be located on C-terminal of Ca,2.1 al subunit and to represent a
binding site for Ca?* and CaM (Lee et al., 1999a). Ca’* binding to CBD stimulates
inactivation of Ca,2.1 channels, it improves the recovery of the channels following
inactivation, and it enhances Ca** influx through these channels by facilitating Ca** current,
therefore preparing the channels to response upon continuous stimuli (Lee et al., 1999a). In
contrast to CaM, Ca?*-binding protein 1 (CaBP1) enhances the rate of channel inactivation
when it binds CBD on al subunit, it causes a positive shift in the voltage dependence of
activation, and it does not support Ca®*-dependent facilitation (Lee et al., 2002). Hence, this

protein may have an important role in defining the role of neuronal P/Q-type Ca®* channels.
w-agatoxin IVA is selective inhibitor of P/Q-type Ca** channels

P/Q-type Ca?* channels are inhibited by w-agatoxin IVA with high affinity (Mintz et al.,
1992b, 1992a; Takahashi & Momiyama, 1993; McDonough et al., 1997). This toxin was first
isolated from the venom of funnel web spider Agelenopsis aperta as a peptide of 48 amino
acids (Mintz et al., 1992b). w-agatoxin IVA was shown to be selective to P/Q-type channels,
since it failed to inhibit other types of Ca®* channels, including L-, N- or T-type Ca®* channels

(Mintz et al., 1992b, 1992a). In addition, it was demonstrated that w-agatoxin preferentially
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binds channels in their closed state, it stabilizes this state of the channel, which then requires
higher depolarizations for the activation (Mintz et al., 1992b; McDonough et al., 1997). The
affinity for toxin binding decreases with more positive potentials (McDonough et al., 1997).
Moreover, the inhibition is voltage dependent and train of large depolarizations can relieve
the inhibitory effect of the toxin, even when it is still present in the extracellular space (Mintz
et al., 1992b; McDonough et al., 1997) or bound to the channel (Randall & Tsien, 1995;
McDonough et al., 1997). Finally, complete unbinding of w-agatoxin IVA from the channel
can be achieved by repeated strong depolarizations (McDonough et al., 1997). Studying the
mechanisms by which w-agatoxin IVA inhibits the channel, it was demonstrated that this
toxin rather changes the voltage dependent gating of the channel than blocking its pore.
Therefore, moderate depolarization can no longer activate the channel, which would normally
occur in the absence of inhibitor (McDonough et al., 1997).
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Figure 26. Properties of P/Q-type Ca®* channels.

A. P-type currents in neostriatal neuron (A;) and cortical neuron (A;) show slow inactivation during
depolarization. Bath application of 20 - 25 uM w-agatoxin inhibits P-type currents in both types of

93



INTRODUCTION

neurons. B. Q-type currents in neostriatal neuron (B;) and cortical neuron (B,) show different
inactivation during depolarization, being faster in cortical neurons, while it shows almost no
inactivation in neostraital neurons. In both types of neurons, Q-type current was isolated by bath
application of nifedipine (5 UM, L-type current inhibitor), o-conotoxin GVIA (2 uM, N-type current
inhibitor), and w-agatoxin (100 nM, P-type current). In all four panels, both P- and Q-type currents
were isolated by subtracting the current evoked before the toxin application from the current evoked
after 3-5 min of toxin exposure. Figures in A and B are from Mermelstein et al., 1999.

3.3.  N-type calcium channels

N-type Ca®* channels expressing Ca,2.2 al subunit (He et al., 2018) were first
identified in dorsal root ganglion (DRG) sensory neurons as “neither T nor L” channels since
they were shown to express distinct biophysical properties compared to L- and T-type Ca**
channels (Nowycky et al., 1985). N-type channels have small single channel conductance
(about 13 pS) (Aosaki & Kasai, 1989). They belong to HVA channels that activate at
intermediate membrane potentials, which are more negative than potentials required to
activate L-type channels, but more positive than potentials activating T-type channels
(Nowycky et al., 1985; Fox et al., 1987; Catterall, 2000). Inactivation rate of N-type Ca?*
channels also differs from L- and T-type Ca®" channels, being slower compared to T-type
channels, but faster compared to L-type channels (Nowycky et al., 1985; Fox et al., 1987;
Catterall, 2000). When comparing N-type channels with P/Q-type channels, they both show
similar kinetics of inactivation, although P/Q-type Ca’* channels require more negative
potentials for activation (Ishikawa et al., 2005). However, pharmacological approach is the
most reliable tool to separate and isolate N-type current from other types of Ca®* currents, as
these nickel (Ni*)- and DHP-resistant channels are potently inhibited by w-conotoxin GVIA
(Fox et al., 1987; Aosaki & Kasai, 1989; Boland et al., 1994; Catterall, 2000; Ishikawa et al.,
2005). In addition to w-conotoxin GVIA, cadmium (Cd?*) strongly inhibits these channels,

although Cd?* block is not N-type channel specific (Nowycky et al., 1985; Fox et al., 1987).

N-type Ca®* channels are highly expressed throughout the CNS where they, together
with P/Q-type channels, mediate neurotransmitter release by increasing presynaptic Ca®*
concentration mediated by generation of APs (He et al., 2018). At the presynaptic sites,
SNARE protein complex regulates the fusion of vesicles containing neurotransmitters with
the cellular plasma membrane. This synaptic core complex consists of membrane proteins
syntaxin-1, 25K synaptosome-associated protein (SNAP-25), and vesicle associated

membrane protein (VAMP)/synaptobrevin (Bezprozvanny et al., 1995; Sheng et al., 1996;
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Catterall, 2011; Campiglio & Flucher, 2015; He et al., 2018). Ca,2.2 channels directly bind
SNARE proteins at synprint site that is located at cytoplasmic loop between domains Il and
IIT of a1 subunit (Sheng et al., 1994, 1996; Campiglio & Flucher, 2015). SNARE proteins are
regulated by Ca®" sensor protein synaptotagmin, which can bind synprint site on N-type
channels (Catterall, 2011; Campiglio & Flucher, 2015), and it enables fast release of
neurotransmitters (He et al., 2018). The interaction between SNARE proteins and N-type Ca®*
channels depends on the level of intracellular Ca®* concentration. It was suggested that
docking vesicles bind N-type channels with low affinity via syntaxin/fSNARE-25 dimer at
resting concentration of intracellular Ca?*, and the affinity of binding increases with increase
in Ca** influx. The binding of this protein complex with N-type Ca*" channels becomes
maximal at 20 pM Ca?*, which represents a threshold for vesicles release. At this point,
binding affinity of the synaptic core complex decreases, enabling syntaxin/SNARE-25 dimer
to dissociate from the channel and to permit the fusion of synaptic vesicles (Sheng et al.,
1996). When the interaction between SNARE proteins and synprint of N-type Ca?* channels is
disrupted, synaptic transmission is inhibited, indicating the importance of this coupling for
synaptic vesicles release (Catterall, 2011). Moreover, it was shown that syntaxin can have an
inhibitory effect on N-type Ca®* channels when it is co-expressed with Ca,2.2 channels. In
such conditions, syntaxin shifts the voltage dependence for channel inactivation to more
hyperpolarized membrane potentials, therefore inhibiting the activity of Ca*" channels and
Ca®" influx when there are not enough docked synaptic vesicles to be released (Bezprozvanny
et al., 1995; Catterall, 2011).

w-conotoxin GIVA is selective inhibitor of N-type Ca* channels

o-conotoxin GVIA is a fraction of w-conotoxin isolated from the venom of cone snail
Conus geographus (Boland et al., 1994). It is a peptide of 27 amino acids which selectively
and irreversibly inhibits N-type Ca?* channels with high affinity (McCleskey et al., 1987;
Aosaki & Kasai, 1989), although it has been reported that L-type current can also be
reversibly blocked by this toxin (McCleskey et al., 1987; Aosaki & Kasai, 1989). The
inhibition of N-type channels is time- and dose-dependent (Figure 27.), but it does not show
voltage-dependence, as toxin inhibits the current at any potential tested. Since there is no
passing of neither inward nor outward current, it is argued that the block of the channel is
complete (Boland et al., 1994). Therefore, the toxin can bind the channel in any of its gating

states, whether it is in its open, closed or inactivated state, and physically block the channel
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pore (Zamponi, 1997). Such independence of toxin binding on gating state of N-type Ca**
channels has also been demonstrated in DRG neurons. The results of this study showed that
o-conotoxin GVIA applied to external side of the plasma membrane inhibited the channels by
direct binding regardless of the channel opening (McCleskey et al., 1987).
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Figure 27. m-conotoxin potently inhibits N-type Ca** channels.

In frog (A) and rat (B) sympathetic neurons, N-type current was evoked from a holding potential of -
80 mV to 0 mV. Application of 3 uM w-conotoxin (CgTx) inhibits almost completely N-type currents
in both frog and rat sympathetic neurons, although with faster development of block in rat neurons. In
contrast, current recovery in rat neurons is much slower compared to current in frog neurons. Inset in
A shows N-type current in control, and after exposure to CgTx. Figures in A and B are from Boland et
al., 1994.

3.4. R-type calcium channels

Recordings from cerebellar granule neurons revealed an additional type of Ca** channel
that conducts R-type Ca®* current (Zhang et al., 1993; Randall & Tsien, 1995). Ca,2.3 al
subunit is determinant of HVA R-type Ca®* channels (Sochivko et al., 2002) that activate at
potentials more positive than -40 mV with fast activation kinetic (Zhang et al., 1993; Randall
& Tsien, 1995). R-type channels mediate fast inactivating current that recovers progressively
over time and slower compared to T-type Ca** channels (Randall & Tsien, 1995). In contrast,
when compared with P/Q, N- or L-type channels, R-type current inactivates with faster
kinetics (Zhang et al., 1993). Pharmacological separation of R-type channels is mediated by
SNX-482 (Newcomb et al., 1998; Sochivko et al., 2002; Dietrich et al., 2003; Catterall,
2011), although they are also sensitive to Ni** and w-agatoxin I1IA. R-type channels are
insensitive to inhibitory effect of DHPs and w-conotoxin MVIID, inhibitors of L- and N-type
Ca®* channels, respectively (Zhang et al., 1993; Randall & Tsien, 1995; Sochivko et al.,
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2002). However, in many neurons they are expressed in, R-type Ca** channels show different

properties.

R-type Ca?* channels are present in various neurons throughout the CNS. They can be
found in CA1 pyramidal and neocortical neurons, and in hippocampal dendate granule cells
(Sochivko et al., 2002). These channels are expressed in presynaptic terminals where they can
induce neurotransmitter release, although in the lower extent than N- and P/Q-type channels
(Wu et al., 1998a; Dietrich et al., 2003). In the mossy fibers, pharmacological separation of
R-type channels demonstrated that this Ca®* channel type triggers long-term potentiation
(LTP), and reduction in LTP was seen in Ca,2.3 deficient mice (Dietrich et al., 2003).
However, the same role of R-type channels was not found in other neurons (Dietrich et al.,
2003).

SNX-482 inhibits R-type Ca** channels

A potent inhibitor of R-type Ca®* channels is SNX-482, a toxin derived from the venom
of tarantula Hysterocrates gigas (Newcomb et al., 1998; Bourinet & Stotz, 2001). The
mechanism of inhibition by SNX-482 resembles a lot to mechanism of inhibition by -
agatoxin IVA. SNX-482 mediates both dose- and voltage-dependent inhibition of R-type
channels. At more depolarized potential, the inhibitory effect of this toxin is more effective,
and it can be reviled by train of strong depolarizing potentials. Moreover, the block by SNX-
482 is fast and complete, and it cannot be fully reversed upon the washout. SNX-482 slows
the Kkinetic of channel activation at depolarized potentials and it inhibits the channels by
preventing their activation (Bourinet & Stotz, 2001). The sensitivity of R-type channels to
SNX-482 may differ among different neurons (Sochivko et al., 2002), such as R-type
channels in cortical neurons and dentate granule neurons show higher sensitivity to SNX-482
blocking effect compared to those expressed in CA1l neurons (Sochivko et al., 2002).
However, this toxin is not fully selective to R-type Ca** channels, since reversible inhibition
of L-type channels by SNX-482 can occur (Bourinet & Stotz, 2001).

3.5.  T-type Ca®* channels

T-type (transient) Ca®>* channels are determined by Ca,3 al subunits encoded by 3
different genes. Therefore, Ca,3 family of the channels consists of three T-type Ca®* channel
subtypes, Ca,3.1, Ca,3.2, and Ca,3.3 (Catterall, 2011). This type of Ca** channels shows
distinct electrophysiological and pharmacological properties compared to other types of Ca**
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channels. Notably, Ca,3 channels consist of al subunit only, and they lack the expression of
auxiliary subunits (Simms & Zamponi, 2014), which are not necessary for normal functioning
of the channel (Perez-Reyes et al., 1998). Furthermore, they require hyperpolarized potentials
for the activation, and represent the only member of low voltage activated (LVA) Ca**
channels (McCleskey et al., 1987; Mintz et al., 1992a; Perez-Reyes et al., 1998; Catterall,
2011). Indeed, T-type channels activate at potentials around -70 mV (Fox et al., 1987), show
rapid decay that increases with depolarization, and fast inactivation (Nowycky et al., 1985;
McCleskey et al., 1987; Fox et al., 1987; Mintz et al., 1992a; Perez-Reyes et al., 1998) which
is similar to N-type channels (Nowycky et al., 1985). Their single channel conductance is
small (Nowycky et al., 1985; Fox et al., 1987; Perez-Reyes et al., 1998) and characteristic for
LVA channels (Perez-Reyes et al., 1998). When comparing activation and inactivation
properties of T-type channels against R-type channels, T-type channels activate with slightly
slower kinetic, and they show faster recovery from inactivation (Figure 28.) (Randall & Tsien,
1995). It is important to note that T-type channels exhibit overlap in voltage range between
activation and inactivation, which enables them to generate a maintained current during small
depolarization from rest, and therefore alter the excitability of neurons (Randall & Tsien,
1995; Nelson et al., 2006).

It has been previously mentioned that pharmacological identification of Ca** channels is
a reliable method to distinguish different types of HVA Ca®* channels. For a long time, T-type
channels were lacking the selective inhibitor. However, recent findings demonstrated that
TTA-P2 (3,5-Dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoro-piperidin-
4-ylmethyl]-benzamide), a synthetic compound derived from piperidine, is a selective and
potent inhibitor of LVA Ca?* channels that shows no effect on HVA channels (Dreyfus et al.,
2010; Choe et al., 2011). This blocker was suggested to preferentially bind the channels in
their inactive state and to induce more potent inhibition at more depolarized potentials (Choe
et al., 2011). The inhibition produced by TTA-P2 is voltage-dependent, it slows the closure of
the channels after repolarization, but it does not affect the activation or inactivation kinetics
(Choe et al., 2011).

In addition to TTA-P2, Ca,3 are susceptible to block by Ni** (Fox et al., 1987) although
they show different sensitivity to Ni®* inhibitory effect, as Ni** inhibits Ca,3.2 channels in
low micromolar concentrations, while the same concentration fails to inhibit Ca,3.1 and

Ca,3.3 channels (Lee et al., 1999b). The sensitivity of T-type channels to DHPs is
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controversial. Randall and Tsien reported T-type Ca®* channels that were reversibly inhibited
to DHPs (Randall & Tsien, 1995), in contrast to previous data by Fox and colleagues (1987).
They are insensitive to P/Q-type channels inhibitors w-agatoxin IVA (Mintz et al., 1992a),
and w-agatoxin I11A (Randall & Tsien, 1995), and inorganic blocker cadmium (Cd**) which
potently inhibits L- and N-type Ca®* channels (Nowycky et al., 1985).

T-type Ca?* channels are mainly expressed in the brain, with the highest level of
expression in amygdala, cerebellum, and thalamus. They are also found at a lower extent in
the heart, placenta, kidney, and lung (Perez-Reyes et al., 1998). In many neurons they are
expressed in, Ca,3 channels mediate low-threshold Ca®* spikes (LTS) that generate burst
firing upon depolarization from RMP near -70 mV. In mice that lack Ca,3.1 channels, tonic
firing is elicited in neurons by depolarization from RMP near -55 mV, while lowering the
RMP down to -70 mV failed to elicit firing (Perez-Reyes, 2003). In mouse thalamic neurons,
Ca,3 channels have an important role in modulation of sleep states during non-rapid eye
movement (NREM) sleep. They were shown to be crucial for generation of delta waves, and
sleep spindles states, but not in the generation of slow waves during NREM sleep (Lee et al.,
2004). This is in contrast to the study conducted on rat thalamic neurons, where the same type
of channels was shown to be involved in generation of slow waves during sleep, a result
argued to be due to different classification of electroencephalon (EEG) waves (David et al.,
2013). Moreover, abnormalities in thalamic T-type Ca®* channels are linked to absence
epilepsy (Catterall, 2011; Nelson et al., 2006; McCafferty et al., 2018). In such conditions,
they show upregulated expression and overactivity, which consequentially leads to switch in
firing mode of many neurons, from tonic to bursting mode. Ca,3.2 channel genes are mutated
in childhood absence epilepsy (CAE), and these mutations were shown to alter the voltage-
dependence of channel gating. Two antiepileptic drugs, ethosuximide and methyl-phenyl-
succinimide (MPS), potently block all three T-type Ca®* channels at clinically relevant
concentrations (Perez-Reyes, 2003; Nelson et al., 2006). More recent study reported that
firing of thalamocortical neurons is decreased during the absence seizure. Inhibition of T-type
channels in these neurons does not affect the absence seizure, however the block of such
channels in cortical and nucleus reticularis thalami neurons reduces the seizure (McCafferty et
al., 2018). Furthermore, Ca,3 channels contribute to pain processing in nociceptive neurons,
and they represent a promising drug target for neuropathic pain treatment by anesthetic and

analgesics, such as isoflurane, or nitrous oxide (Perez-Reyes, 2003; Nelson et al., 2006).
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Figure 28. Activation properties of T- and R-type Ca®* currents.

A;. T-type currents elicited from a holding potential of -80 mV start to activate at potentials more
positive than -60 mV. A,. Current-voltage relationship for T-type current. B;. R-type currents elicited
from a holding potential of -80 mV start to activate at potentials more positive than -40 mV. B..
Current-voltage relationship for R-type current. Figure is adapted from Randall & Tsien, 1995.

4. REGULATION OF VOLTAGE-GATED CALCIUM CHANNELS

It is generally accepted that generation of single (or more) AP activates local Ca*
channels at presynaptic terminals, which results in rapid transient increase in intracellular
Ca®* from resting concentrations of around 100 nM up to 100 pM (Grienberger & Konnerth,
2012). This intracellular Ca?* rise triggers the release of neurotransmitters that are contained
in synaptic vesicles, which initiates synaptic transmission (Stdhof, 2012). The main types of
Ca®" channels that are involved in synaptic transmission are N- and P/Q-type Ca®* channels
(Ishikawa et al., 2005; He et al., 2018), while R-type Ca** channels are involved to a lower
extent (Wu et al., 1998b). Activation of Ca** channels is therefore mediated by AP generation
that depolarize membrane potential, and this voltage-dependent modulation of Ca®* channels

represents an important mechanism that control Ca?* entry. Neurotransmitter release upon
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Ca®" influx is a rapid and controlled process that takes place within several microseconds. In
order to regulate Ca®* influx and Ca’*-mediated neurotransmitter release, specific molecular
mechanisms are present in the cells that aim at preventing the excess of intracellular Ca®*
concentration and modulation of the neurotransmitter release, such as long- or short-term

facilitation or depression (Rusakov, 2006).

Ca®* channels are widely distributed in the body in all excitable cells, but also in non-
excitable cells (Grafton & Thwaite, 2001), where Ca®" influx through these channels regulates
many cellular processes by acting as intracellular messenger (Berridge et al., 1998). In
accordance with the interest of my research, only control of Ca** channels involved in
neurotransmitter release by the most important mechanisms, Ca’*-dependent Ca®** channel
inactivation, and modulation by G protein-coupled receptors, is going to be described in this

chapter. Mechanisms of Ca®* removal from the cytoplasm will be discussed later.

4.1. Ca**-dependent modulation of voltage-gated calcium channels

Calcium plays an important role in many cellular processes, from cellular proliferation
to cellular death (Berridge et al., 1998). Therefore, intracellular Ca®* concentrations should be
precisely controlled to avoid the undesirable effects of prolonged Ca?* channels activation.
Inactivation of Ca®* channels upon sustained depolarization is now a well described
regulatory mechanism to maintain the resting levels of intracellular Ca®* concentration
(Berridge et al., 1998; Budde et al., 2002; Rusakov, 2006). This Ca**-dependent inactivation
(CDI) mechanism that depends on intracellular Ca®* elevations can be identified based on
several criteria (Budde et al., 2002). First, Ca** current subjected to CDI shows U-shaped
inactivation curve as a result of double-pulse protocol consisting of conditional depolarizing
pulses to various potentials, and a test pulse to the voltage that activates the maximal Ca**
current, with a brief gap between these two pulses. Current amplitudes evoked by both
conditioning and test pulses consequentially give U-shaped inactivation curves in current-
voltage (I-V) plots (Budde et al., 2002; Cens et al., 2006). Further, substitution of Ca®* for
Ba®* as a charge carrier reduces the inactivation of Ca®** channels mediated by CDI
mechanism (Figure 29.) (Budde et al., 2002; Cens et al., 2006; Rusakov, 2006). The addition
of exogenous buffers, such as BAPTA or EGTA, can also attenuate the CDI by increased Ca®*
buffering (Budde et al., 2002), although Ca?* buffers are prone to saturate near the channel

pore during prolonged Ca** influx (Rusakov, 2006).
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Not all types of Ca** channels are subjected to CDI modulation. HVA Ca?* channels are
the most susceptible to CDI (Cens et al., 2006). Direct inactivation of Ca?* channels pore-
forming o1 subunit is the best described for neuronal L-, N-, and P/Q-type Ca®* channels,
while R- and T-type channels are excluded from CDI (Budde et al., 2002; Cens et al., 2006).
In L-type Ca®* channels, CDI can be initiated by influx of Ca®* through a single channel, and
it is seen as decrease in channel open probability during prolonged depolarizing pulses in the
presence of Ca?* as a charge carrier (Cens et al., 2006). The CDI becomes maximal at the
potentials which activate the most of Ca®* current. In contrast to L-type channels, the opening
of a single channel is not sufficient to drive CDI in P/Q-type channels (Cens et al., 2006), and
both decay and inactivation of the current is similar even in the presence of Ba** as a charge
carrier. However, it was shown that Ca?* influx through P/Q-type Ca?* channels enhances
CDI in the presence of lower concentrations of EGTA as Ca®* chelator through Ca*/CaM
binding (Lee et al., 1999a). This suggests that CDI of P/Q-type channels is more pronounced
when auxiliary B2, subunit is co-expressed with ay subunit, compared to co-expression of Bip

subunit, and CDI is slowed in the presence of Ba** as charge carrier (Lee et al., 1999a).
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Figure 29. The main properties and mechanisms for the CDI in neurons.

(A-B). Wholle-cell recordings from thalamocortical neurons in which Ca** (A) and Ba** (B) currents
are evoked using double-pulse protocol (top trace in A). The protocol consists of conditioning pulse to
varying potentials and it is followed by a test pulse to the voltage at which maximal current amplitude
is activated. A. Near maximal current amplitude during the test pulse (green trace) is evoked following
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a conditioning step to a voltage close to or positive to the Ca®* reversal potential. Similar amplitude
during the test pulse is obtained following a conditioning pulse to -50 mV at which most of Ca**
channels are closed (blue trace). In contrast, activation of maximal Ca** current amplitude during the
conditioning pulse (orange trace) will elicit decreased current amplitude in test pulse due to CDI,
which is not observed when Ca*" is replaced by Ba** as a charge carrier (B). (C-D). Plotting the test
current amplitude against the conditioning pulse potential gives a U-shaped dependency of the test
current amplitude (C) that is reduced in the presence of Ba** (D) as a charge carrier. Adapated from
Budde et al., 2002.

4.1.1. Main mechanisms that control CDI in neurons

In HVA channels, CDI can be induced by several mechanisms. One of the main
mechanisms involves calmodulin (CaM) complex that interacts with Ca®* entering the cell.
CaM is a Ca®* -binding protein that consists of four EF-hands, two at N-terminal lobe, and
two at C-terminal lobe, with former showing low, and latter showing high affinity for Ca**
(Cens et al., 2006). It was demonstrated that CaM is constantly attached to the channels in
close proximity to the inner pore even at resting Ca®* concentrations. Increase in intracellular
Ca®* levels upon its influx leads to the activation of C-terminal lobe of CaM, structural
changes in Ca®* channels, and consequently to the CDI (Cens et al., 2006). Another
mechanism that determines CDI is channel dephosphorylation mediated by activation of
protein phosphatase calcineurin (PP2B), an enzyme activated by Ca?* and CaM (Budde et al.,
2002; Groth et al., 2003). PP2B exerts its effect through protein phosphatase 1 (PP1), whose
activity is inhibited by endogenous inhibitor-1 (Groth et al., 2003), or inhibitor-2 (Budde et
al., 2002). Calcineurin can dephosphorylate endogenous inhibitors and therefore remove the
inhibition of PP1 activity. Consequently, PP1 dephosphorylates Ca,s and induces CDI
modulation (Budde et al., 2002; Groth et al., 2003). Furthermore, CDI can be initiated by
destabilization of cytoskeleton components, that are microtubules and microfilaments, upon
increase in intracellular Ca** concentrations (Budde et al., 2002). It is suggested that Ca*-
induced destabilization of cytoskeleton is due to the interruption of structural connection
between mentioned cytoskeletal components and the channel. It was reported that f-subunit
of Ca,s contains interaction sites for the cytoskeleton protein, including SH3 domain of the
subunit, PDZ domain and guanylyl kinase (GK) domain. Therefore, these sites could be
important in CDI-mediated cytoskeleton destabilization. Further, fast mechanism for CDI has

been proposed to be involved. This mechanism considers direct binding of Ca®* to the
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channels, which can lead to inactivation of several Ca?* channels (so called “domain” model)
or all Ca?* channels of the membrane (“shell” model) (Budde et al., 2002).

Regarding Ca®* channel structural components, the proximal third of C-terminal domain
of Ca,1.2 channels is essential for CDI, and it is called the Ca**-inactivation region (Budde et
al., 2002; Cens et al., 2006). There are several regions in this domain which are involved in
CDI. These are an EF hand motif located downstream of S6 in the IV transmembrane domain
on the al subunit, 1Q-type motif which binds CaM (Budde et al., 2002; Cens et al., 2006),
and CaM tethering site which is responsible for docking CaM at the inner channel pore (Cens

et al., 2006). Therefore, C-terminal domain of Ca®* channels has a crucial role in CDI.

In summary, Ca?* channels are involved in release of neurotransmitters upon membrane
depolarization and the amount of released neurotransmitters strongly depends on presynaptic
Ca?* concentrations. Inactivation of the channels that mediate release of synaptic vesicles
containing neurotransmitters depends on the frequency of stimulation, and increased
frequency leads to increased channel inactivation. It is strongly suggested that CDI has a
neuroprotective role and it contributes to Ca”*-dependent synaptic plasticity (Lee et al.,
1999a; Budde et al., 2002).

4.2. G proteins-mediated modulation of voltage-gated calcium channels

Heterotrimeric G proteins activated by G protein coupled receptors (GPCRSs), together
with Ca?*-dependent inactivation, have an important role in providing a negative feedback
that regulate the activation of main neuronal Ca®* channels of N- and P/Q type (Catterall,
2011). The inhibition of R-type Ca®* channels can also occur but in lower extent (Zamponi &
Currie, 2013). The mechanism of inhibition involves direct binding of G protein By subunit
(GBy) to oy subunit of Cays (Herlitze et al., 1996). This G protein mediated inhibition is
voltage-dependent as it can be significantly diminished upon large depolarizing pulses. There
are several neurotransmitters that can inhibit Ca** channels by binding to GPCRs, and
therefore inhibit synaptic transmission (Wettschureck & Offermanns, 2005). Regarding the
importance of GPCR regulatory mechanism for Ca?* channels modulation, the main
properties of this mechanism are going to be briefly described.
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4.2.1. G proteins and G protein coupled receptors — structure and coupling

G proteins are heterotrimeric proteins consisting of three subunits, a, B, and vy, that are
located at the inner membrane of the cell (Cabrera-Vera et al., 2003). o subunits of G proteins
are encoded by sixteen genes, and they are classified into four main families including G,
Ggn1, Gs, and Gio13 (Cabrera-Vera et al., 2003; Wettschureck & Offermanns, 2005; Zamponi
& Currie, 2013). Membrane-bound Gf subunit is encoded by 5 genes, and it is linked with N-
terminal amphipathic helix to Gy subunit that is encoded by 12 genes (Cabrera-Vera et al.,
2003; Tedford & Zamponi, 2006; Zamponi & Currie, 2013). GPCRs are proteins with seven
transmembrane domains, linked with three intracellular loops (I-I1, 111-1V, and V-VI) and
three extracellular loops (lI-111, 1V-V, VI-VII), an extracellular N-terminal domain, and an
intracellular C-terminal domain that binds G proteins (Tedford & Zamponi, 2006; Zamponi &
Currie, 2013).

The binding of the ligand to GPCRs initiates downstream signaling cascades, including
the inhibition of Cas. In general, the mechanism of inhibition begins upon agonist binding to
the GPCRs which interact with heterotrimeric G proteins containing a, B, and y subunits.
Activated GPCR catalyzes the exchange of Ga subunit-bounded GDP to GTP, leading to
conformational changes of G proteins and dissociation of Ga-GTP from Gy heterodimer
(Figure 30.) (Cabrera-Vera et al., 2003; Tedford & Zamponi, 2006; Zamponi & Currie, 2013).
The signaling is terminated by the intrinsic GTPase activity of Ga subunit that hydrolyses
GTP back to GDP, and allows reassociation of Ga-GDP subunit with the GBy heterodimer.
The continuous presence of an agonist can also induce termination of this signaling pathway
by desensitization (Tedford & Zamponi, 2006; Zamponi & Currie, 2013). There are several
mechanisms of desensitization, including heterologous and homologous desensitization
(Tedford & Zamponi, 2006). Heterologous desensitization involves phosphorylation of
GPCRs at their third intracellular loop mediated by protein kinase A or protein kinase C,
which inhibits the interaction between GPCRs and Ga subunit, therefore terminating GPCR
activity. G protein coupled receptor kinases (GRKs) mediate GPCRs desensitization by
phosphorylation of C-terminal domain residues of GPCRs in the presence of agonist, which is
a characteristic of homologous desensitization (Tedford & Zamponi, 2006).

GPCRs that are involved in G protein mediated inhibition of Ca®* channels include
GABAg receptors, muscarinic receptors, a2-adrenoceptors, 4 and & opioid receptors, and
adenosine Al receptors (Dolphin, 2003; Wettschureck & Offermanns, 2005). The
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involvement of GABAG receptors in Ca®* current modulation has now been well established.
GABAg receptors (GABAgRS) are metabotropic receptors for GABA, the main inhibitory
neurotransmitter in the brain, which couple specifically to Gj, type of G proteins that are
sensitive to pertussis toxin (Bettler et al., 2004; Padgett & Slesinger, 2010; Huang et al.,
2015). GABAg receptor is a heterodimer that consists of GABAg: and GABAg; subunits, and
both of them are required to be expressed to form functional GABAgRs (Bettler et al., 2004;
Padgett & Slesinger, 2010). GABAg; and GABAGg; share about 35% of sequence homology
and they both have extracellular N-terminal domain, seven transmembrane domains, and
intracellular C-terminal domain. GABAg; subunit of GABAgRs contains ER retention signal
that prevents incorrectly folded GABAg receptors to reach the surface of the cell.
Dimerization of GABAg; subunit with GABAg, masks the ER retention signal of GABAg;
and facilitates its surface expression. It was clearly demonstrated that intracellular C-terminal
domains of these two subunits allow the heterodimerization mediated by coiled-coil domains
(Bettler et al., 2004; Padgett & Slesinger, 2010). Moreover, extracellular N-terminal domain
of GABAGg; subunit represents the ligand-binding site. This binding site supports so called
"Venus flytrap” mechanism in which two lobes of N-terminal binding domain, lobe I and lobe
I1, close in the presence of ligand (Galvez et al., 1999; Padgett & Slesinger, 2010). Co-
expression of GABAg; subunit with GABAg; subunit increases the affinity of GABAg; for
ligand binding. Therefore, GABAg: and GABAg, must be co-expressed to form functional
receptors (Galvez, 2001). In contrast to GABAg;, GABAg; is not involved in ligand binding,
but it couples to G proteins (Padgett & Slesinger, 2010). It was shown that all intracellular
segments of GABAg, subunit, including intracellular loops and intracellular C-terminal
domain, are crucial for specific binding of GABAgRSs to G proteins (Margeta-Mitrovic et al.,
2001). Interestingly, co-expression of GABAg; subunit enhances coupling efficacy of
GABAg; for G proteins (Galvez, 2001).

GABAg receptors are located at both presynaptic and postsynaptic levels where they
modulate Ca** channels, K* channels and adenylyl cyclase (Figure 30.). Activation of
GABAgRs that couple to Gij, type of G proteins leads to inhibition of N- and P/Q-type Ca**
channels which are involved in release of neurotransmitters (Bettler et al., 2004). It was
recently reported that activation of GABAgR by baclofen can also modulate LVA Ca®*
channels of T-type in DRG neurons, although through a different mechanism than for HVA
Ca’*channels, since LVA are sensitive to redox modulation which can be reversed in the
presence of dithiothreitol (DTT) (Huang et al., 2015). At the postsynaptic level, Gj,-coupled
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GABAGgRs selectively activate inwardly rectifying K* channels (GIRK or Kir3) leading to K*
efflux, membrane hyperpolarization and inhibition of neuronal activity (Bettler et al., 2004,
Padgett & Slesinger, 2010). GABAgRs have the ability to inactivate an enzyme adenylyl
cyclase through activation of a subunit of Gj, proteins. In contrast, Gs protein-coupled
receptors stimulate adenylyl cyclase to produce cAMP, and activation of GABAgR enhances
this production. The mechanism that underlies stimulation of adenylyl cyclase activity
involves simultaneous activation of GABAgRS, Gs-coupled GPCRs and expression of

appropriate adenylyl cyclase isoform (Bettler et al., 2004).

Adenylyl
cyclase

Figure 30. Role of GABAGg receptors coupled to Gj, type of G proteins.

Activation of GABAg; subunit by ligand binding initializes the exchange of Go bound GDP to GTP,
which in turn leads to dissociation of GTP-Ga from Gy heterodimer. Released Gfy heterodimer
directly binds and inhibits voltage-gated Ca** channels (VGCC), while it activates inwardly rectifying
potassium channels (GIRK). GTP- Go complex couples to adenylyl cyclase and inhibits the exchange
of ATP to cyclic adenosine monophosphate (CAMP).

4.2.2. Properties of GPCRs-mediated inhibition of Ca,s

The activation of GPCRs causes conformational changes and dissociation of G proteins
into Ga and Gy heterodimer. It is now well described that GBy subunits of G;,, protein family
directly bind a1 subunits of N-, and P/Q-type Ca®* channels, leading to the inhibition of these
channels (Herlitze et al., 1996; Ikeda, 1996; Wettschureck & Offermanns, 2005; Tedford &
Zamponi, 2006). Therefore, close localization of GPCRs and Ca?* channels is crucial for
binding of GPy heterodimer to the channels (Tedford & Zamponi, 2006). The inhibition is
generally characterized by a shift of voltage-dependence of channel activation to more

positive potentials, which was first demonstrated by Bean in 1989. Moreover, slowing of both
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Ca®" current activation and inactivation kinetics due to increased delay in channel opening is
another characteristic of GBy-mediated Ca®* current inhibition (Tedford & Zamponi, 2006;
Dolphin, 2009; Catterall, 2011). Increased latency to channel opening is suggested to be
caused by stabilization of channel in its closed state when it is bound to GBy (Tedford &
Zamponi, 2006), which is consistent with the gating models introduced by Bean (Bean, 1989).
These models consider that Ca®* channels can exist in two modes that are in equilibrium with
each other: “willing” and “reluctant” mode. Channels are considered to be in “willing” mode
in the absence of neurotransmitters or agonists which would activate GPCRs and induce G
protein modulation of Ca®** channels. Channels in such mode can be opened by small or
moderate depolarizations. Once the neurotransmitters bind GPCRs leading to consequential
binding of GPy to Ca®* channels, there is a shift in the voltage-dependence of Ca** channels
that are opened by larger depolarizations (reluctant state) (Bean, 1989). Dissociation of Gy
induces fast transition from reluctant back to willing state (Dolphin, 2003). Finally, the
mechanism by which G proteins inhibit Ca®* channels opening involves slowing down of
voltage sensor movement and subsequent channel opening (Jones et al., 1997).

Ikeda (1996) was the first to demonstrate, in sympathetic neurons, the requirement of
GPy expression for Ca?* channel inhibition, which strongly mimicked the inhibitory effect of
noradrenaline in the same neurons (Figure 31.) (Ikeda, 1996). In contrast, Ga. subunit fails to
modulate Ca®* channels (Herlitze et al., 1996; Ikeda, 1996). By using triple-pulse protocol
consisting of conditional depolarizing pulse to high potentials (up to +80 mV), inserted
between two depolarizing test pulses, the inhibition of Ca®* current mediated by Gpy can be
greatly relieved, indicating that the inhibition is voltage-dependent (Ikeda, 1991, 1996;
Catterall, 2011). Re-inhibition of the channels after the high depolarizing pulse appears due to
rebinding of Gy, and the amount of the repeated inhibition depends on the concentration of
activated G proteins. It is still unknown whether re-inhibition involves dissociation and
association of G proteins from the channels (Dolphin, 2003). High frequency train of APs
(Zamponi & Currie, 2013) can also be used to reduce the inhibition. Moreover, it was
demonstrated that the activation of protein kinase C (PKC) signaling pathway can diminish
GPy inhibition of Ca®* channels, which represents another regulating mechanism for GPCR
mediated inhibition (Tedford & Zamponi, 2006).
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Figure 31. Strong depolarization can diminish GABAg inhibition.

Whole-cell Ca®* current was recorded from rat sympathetic neurons following triple-pulse protocol
(lower trace). G proteins were activated by application of 10 uM noradrenaline to activate o-
adrenergic receptors. The inhibition of Ca*" current is markedly relieved following depolarizing pulse
to + 80 mV. Adapted from Ikeda, 1996.

Interestingly, it was noted that inhibition of Ca,2.1 and Ca,2.2 channels by Gy shows
different properties in that GBy inhibits Ca,2.2 Ca®* current amplitude to a higher extent than
Ca2.1 Ca®* current (Currie & Fox, 1997; Zamponi & Currie, 2013). In contrast, high
frequency train of APs can relieve more successfully the inhibition of Ca,2.1 channels than
the inhibition of Ca,2.2. These differences are suggested to be due to different affinity of Gy
to ay subunit of Ca,2.1 and Ca,2.2 (Zamponi & Currie, 2013). However, the inhibition of
Ca,2 by Gy also depends on the Gy complex. It was shown that GB1y2, GB1ys, GB1y7 (Ikeda,
1996), and GPyys (Herlitze et al., 1996) mediate the most effective inhibition of Ca,2,
although some other combinations have been reported to have a similar or larger effect, and
this inconsistency was suggested to be due to different experimental conditions for each study
(Tedford & Zamponi, 2006). Data obtained from these studies indicate the complexity of

interactions between Ca,2 and Gy heterodimer.

4.2.3. Role of Ca, components in modulation of Ca,s by G proteins

The evidence for direct effect of GBy subunit came from electrophysiological recordings
in cell-attached configuration, when it was shown that only agonist present in the patch
pipette can inhibit the channel, which was not the case when agonist was present in the bath
solution (Dolphin, 2003; Zamponi & Currie, 2013). Several studies reported that intracellular
linker between domain I and II of al subunit represents a binding site for Gy, although there

are evidences for both C- and N-terminal domains as essential regions for GBy binding
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(Dolphin, 2003; Tedford & Zamponi, 2006; Catterall, 2011; Zamponi & Currie, 2013). The
Gpy binding site on I-11 linker of Cayal subunit overlaps with the AID binding site for Ca,8
subunit, and both GBy and Ca, subunits can bind Ca®* channels simultaneously. The
presence of Ca,p subunit is necessary for voltage-dependent reversal of GBy-mediated Ca®*
channels inhibition, since in its absence, GBy can still inhibit the channels, but this inhibitory
effect cannot be releaved by strong depolarizations (Herlitze et al., 1996; Zamponi & Currie,
2013). Moreover, depletion of Ca,3 subunit was shown to cause an increase in GABAg- and
p-opioid receptor-induced inhibition of Ca,2 channels (Dolphin, 2003; Tedford & Zamponi,
2006), indicating that Ca,f subunit and Gfy compete for the same binding site on Cayal
subunit (Dolphin, 2003). The expression of different Ca,f subunit isoforms plays an
important role in determining the dissociation kinetics of Gy from Ca,2, and they can have

different effects on activation kinetics of Ca,2 too (Tedford & Zamponi, 2006).

Regarding the importance of C-terminal domain, it was suggested that it improves the
affinity of Ca®* channels for GBy binding, while N-terminal domain contributes to Gy-
mediated inhibition by physically interacting with I-11 linker of Ca,al subunit (Tedford &
Zamponi, 2006). There is an 11 amino acid motif YKQSIAQRART in N-terminal domain
which was found to be crucial for Ca** channels modulation by G proteins, and mutations
induced by replacement of YKQ or RAR amino acids with AAA enables G proteins
modulations of Ca?* channels (Dolphin, 2003).

5. REGULATION OF INTRACELLULAR Ca* CONCENTRATIONS

Calcium entry through Ca,s and subsequent increase in its intracellular concentrations
trigger numerous processes in the cell, such as synaptic transmission (He et al., 2018),
muscle contraction (Bannister & Beam, 2013) or gene transcription (Berridge et al., 1998). In
addition to Cays, sarcoplasmic reticulum (SR) in striated muscle and ER in other cells are
actively involved in the regulation of intracellular Ca** concentrations ([Ca®‘];). These
organelles represent a source of intracellular Ca?*, and they also act as Ca®* storage organelles
that accumulate Ca®* upon its uptake from the cytoplasm. Two families of Ca**-releasing
channels regulate Ca?* efflux from the ER/SR stores, including ryanodine receptors (RyRs),
and inositol 1,4,5-trisphosphate receptors (IPsRs). Ca®* accumulation back into the stores is
mediated by the activity of sarco(endo)plasmic reticulum (SERCA) pumps. Both [Ca®*]; and

luminal Ca** concentrations ([Ca®*].) represent an important regulator of Ca** release from
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ER/SR stores, and they can determine the availability of Ca®* releasing channels. In the
presence of low [Ca®"]., stores tend to accumulate Ca**, and Ca’* entering the cell upon
membrane depolarization is taken up into ER/SR stores. Consequentially, increase in [Ca*"].
will increase permeability of RyRs and IPsRs for Ca®* release (Verkhratsky, 2005). Ca?*
efflux from ER/SR stores contributes to regulation of neuronal excitability, synaptic plasticity
and neurotransmitter release (Verkhratsky, 2005). Here, a special attention will be given to
RyRs and IP3;Rs, and SERCA pumps, their function and modulation.

5.1. Ryanodine receptors

Ca”" release from ER/SR stores is mediated by RyRs, ligand-gated cation channels that
show high Ca®* permeability (Verkhratsky & Shmigol, 1996). RyRs family of channels shows
large conductance (50-500 pS) (Bezprozvanny, 1991; Santulli et al., 2017; Meissner, 2017)
and the ability to conduct both monovalent and divalent cations (Meissner, 2017). RyRs
consist of three isoforms. These are RyR1, also known as “skeletal muscle” type, RyR2 or
“heart” type, and RyR3 or “brain” type (Verkhratsky, 2005). RyRs are heterotetramers
consisting of four 550 kDa monomers (Santulli et al., 2017). Recently, 3D reconstruction
using cryogenic electron microscopy revealed the mushroom-like structure of RyR1 purified
from rabbit skeletal muscle. It was shown that RyR1 consists of four protomers that surrounds
the central transmembrane pore, and each protomer is found to surround a-solenoid repeats,
or repeats of o helix subunits (Zalk et al., 2015). Similar structural organization was found for
RyR2 (Peng et al., 2016), which is in agreement with their 65-70% sequence homology
(Verkhratsky & Shmigol, 1996; Lanner et al., 2010).

The expression of all RyR isoforms has been found in neurons (Verkhratsky, 2005).
RyR1 isoform is also expressed in skeletal, cardiac and smooth muscles, kidney, or
cerebellum. RyR2 isoform is abundant in heart and Purkinje neurons, while RyR3 isoform is
mainly found in the brain (Lanner et al., 2010). RyRs expressed in skeletal and cardiac
muscles are involved in excitation-contraction coupling, but also in synaptic transmission and
synaptic plasticity when expressed in neurons (Lanner et al., 2010; Thomas & Williams,
2012; Zalk et al., 2015).

5.1.1. Activation and modulation of RyR channels

RyRs are considered as Ca®*-dependent Ca** channels since Ca®* is the main ligand that

triggers their activation. Among the main RyRs isoforms, only RyR1 is activated upon
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membrane depolarization as it directly couples to L-type (Ca,1.1) Ca?* channels (Thomas &
Williams, 2012), although the interaction sites are still not well described. In contrast, RyR2
and RyR3 are activated by intracellular Ca®* through a mechanism known as Ca”**-induced
Ca®* release (CICR) (Verkhratsky, 2005). CICR mechanism, and therefore RyRs activation,
strongly depends on [Ca®']i. RyRs show biphasic or bell-shaped response to varying
concentrations of free Ca?* (Bezprozvanny, 1991). At low cytosolic Ca** concentrations, that
range between 100 and 200 nM, RyR are closed and start to open following an increase in
[Ca’*];, reaching the maximum of activation at around 10 pM of [Ca?*];. In presence of higher
Ca®* concentrations (> 10 uM), channel open probability decreases (Santulli et al., 2017;
Meissner, 2017). However, RyR isoforms undergo different regulation processes mediated by
cytosolic Ca®*. RyR2 and RyR3 isoforms activate at lower cytosolic Ca** concentrations and
require higher concentration of cytosolic Ca®* to inactivate compared to RyR1 isoform
(Meissner, 2017).

In order to determine Ca** content in intracellular Ca* stores, caffeine and ryanodine
are often used as pharmacological tools for RyR modulation (Bezprozvanny, 1991; Usachev
et al., 1993). Caffeine is a natural methylxanthine, which is widely used as a potent, although
not selective, activator of RyRs (Thomas & Williams, 2012). It rapidly diffuses through the
plasma membrane and it lowers the sensitivity of RyRs for intracellular Ca?*. Therefore,
resting [Ca®']; can successfully induce Ca?* release from ER stores (Usachev et al., 1993).
Caffeine-induced Ca®* release from intracellular stores can be evoked regardless of the
extracellular Ca?* concentrations ([Ca’*]e), indicating that increase in [Ca*']; upon RyRs
activation is indeed the result of Ca** release from intracellular stores (Usachev et al., 1993;
Verkhratsky & Shmigol, 1996; Verkhratsky, 2005). Repeated activations of RyRs by caffeine
deplete the stores (Usachev et al., 1993), which can be rapidly refilled following Ca** influx
(Verkhratsky, 2005). In rat DRG neurons, uptake of intracellular Ca®* was sufficient to refill
the stores, and no additional source of Ca** was necessary. However, in the presence of low
[Ca®*]., stores refilling becomes slower, strongly indicating that Ca®* influx may contribute to

the refilling process (Usachev et al., 1993).

Ryanodine, a plant derivate from Ryania speciosa, is another exogenous RyR activator.
It preferentially binds the channels in their opened state (Verkhratsky, 2005). Ryanodine
specifically binds to RyRs from the cytosolic side and its effect is strongly concentration-

dependent. Ryanodine at low concentrations (5-40 nM) activates RyRs and increases the
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frequency of channel open probability (Verkhratsky, 2005). Similar effect can be induced by
lower micromolar (1-5 pM) concentrations of ryanodine, which promotes channel open
probability, but it inhibits Ca?*- and caffeine-mediated Ca?* release from stores. High
concentrations (50-100 uM) of ryanodine completely and irreversibly block RyRs (Usachev
et al., 1993; Verkhratsky, 2005). Different effects of ryanodine are suggested to be due to the
presence of ryanodine-binding sites with low- and high-affinity on RyRs (Verkhratsky, 2005).

5.2.  Inositol 1,4,5-trisphosphate receptors

IPsRs, together with RyRs, mediate Ca®*-release from intracellular Ca** stores. As RyR
channels, IP;Rs are large conducting cation channels (Taylor & Tovey, 2010) that consists of
three isoforms, IP3R1, IP3R2, and IP3R3 (Verkhratsky, 2005). IP3R isoforms share about 65%
of sequence homology which indicates that they may have similar structure. Cryogenic
electron microscopy studies confirmed homo- or heterotetrameric structure of IPsR channels
(Taylor & Konieczny, 2016; Santulli et al., 2017) that consist of four 300 kDa monomers
(Santulli et al., 2017). Mushroom-like structure described for RyRs has also been attributed to
IPsRs, which are anchored in the ER membrane by the “mushroom stalk”. This stalk
represents Ca?*-permeable channel pore that is surrounded by six transmembrane helices from
IPsR channel subunits, linked to C-terminal region (Taylor & Tovey, 2010; Taylor &
Konieczny, 2016; Santulli et al., 2017). C-terminal region of one monomer interacts with N-
terminal domain of adjacent monomer, and each N-terminal region contains IP3-binding core
(IBC) (Santulli et al., 2017) which represents binding site for IP3 (Taylor & Konieczny, 2016).

IP;R are expressed abundantly in the ER of many cells with different levels of
expression (Taylor, 1998; Verkhratsky, 2005). IP3R1 is the main isoform found in the brain,
IPsR2 is largely epressed in the spinal cord, while IP3R3 is also expressed in several brain
regions although to a lower extent compared to IP3R1 (Verkhratsky, 2005). In addition, IPsR

in ER are co-expressed together with RyRs.

5.2.1. Activation and modulation of IP3R channels

Inositol 1,4,5-trisphosphate (IP3), a second messenger that is formed as result of
phospholipase C activation by GPCR, is the main activator of IPsRs (Verkhratsky, 2005;
Taylor & Konieczny, 2016). In general, activation of GPCRs by extracellular ligand such as
neurotransmitters leads to dissociation of G proteins (as described in the previous Chapter).

G, subunit activates the membrane enzyme phospholipase C (PLC) which drives the
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hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) into IP; and 1,1-Diacylglycerol
(DAG). IP3 binds to IPsRs and initialize Ca* release from intracellular Ca?* stores into the
cytoplasm (Berridge, 2016; Santulli et al., 2017). It has been demonstrated that each IPsR
channel monomer must bind IP; to induce Ca** release (Alzayady et al., 2016). IPsR channel
gating is also affected by cytosolic Ca** (Bezprozvanny, 1991; Taylor & Tovey, 2010) which
acts as co-agonist together with IP3 (Finch & Turner, 1991). IPsR channels show bell-
dependence on cytosolic Ca®* (Bezprozvanny, 1991). At low free Ca?* concentrations between
10 nM and 1 pM, increased IPsR open probability leads to enhanced Ca®* release from the
stores independently on IP; levels, while free Ca®* concentrations higher than 100 uM inhibit
IPsR channels gating (Bezprozvanny, 1991; Finch & Turner, 1991). Modulation of IP3R
channel activity by cytosolic Ca®* represents an important mechanism for IPsR channel

regulation.

Screening of a chemical library led to identification of 2,4,6-trimethyl-N-(meta-3-
trifluormethyl-phenyl)-benzosulfonamide (m-3M3FBS) which was found to directly activate
all PLC isoforms and to induce Ca®* release from the intracellular stores in a concentration-
dependent manner (Bae, 2003). Ca®* increase induced by m-3M3FBS is described in many
cells, and it is independent on extracellular Ca®* concentrations, supporting intracellular origin
of Ca?* (Bae, 2003; Krjukova et al., 2004; Szebenyi et al., 2014).

5.3.  Sarco(endo)plasmic reticulum pumps

Together with plasma membrane Ca?* pumps and mitochondrial Ca®* regulatory
mechanisms, sarco(endo)plasmic reticulum (SERCA) pumps play an important role in the
regulation of intracellular Ca®* levels and its removal from cytoplasm. They have a high
affinity for Ca?* and are responsible for its uptake into ER stores and their refilling
(MacLennan et al., 1997; Verkhratsky, 2005). SERCA pumps belong to P-type ATPases that
transport two Ca’* ions in the exchange of hydrolysis of one ATP molecule (Guerrero-
Hernandez et al., 2010). SERCA family of proteins is encoded by three gene products,
including SERCA1, SERCA2, and SERCA3. Additionally, alternative splicing of SERCA2
produces two more isoforms, SERCA2a, and SERCA2b (Verkhratsky, 2005; Vandecaetsbeek
et al., 2011). Structural analysis demonstrated that SERCA proteins have highly conserved ten
transmembrane helices (M1-M10) and cytosolic domains including phosphorylation (P),

nucleotide-binding (N), and actuator (A) domains (Toyoshima et al., 2000; Vandecaetsbeek et
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al., 2011). In contrast, SERCAZ2b is the only SERCA isoform that has 11 transmembrane
helices (Camacho et al., 2013). SERCA1 is mainly expressed in skeletal muscle, and
SERCAZ2a is the main cardiac muscle isoform. SERCAZ2D is expressed in both smooth muscle
and non-muscle tissues, while SERCAS is the main non-muscle tissue isoform (MacLennan et
al., 1997).

The activity of SERCA pumps is carefully controlled by free Ca®* concentration in the
ER lumen, [Ca®*].. It is now well described that increase in [Ca*"]. decreases the activity of
SERCA pumps, while store depletion (e.g. upon repeated caffeine applications) (Usachev et
al., 1993) and Ca’* leak activate these pumps to restore Ca** levels in ER lumen (Verkhratsky,
2005). Interestingly, calreticulin, a Ca?*-binding protein, plays an important role in SERCA
activity (Camacho et al., 2013). Specific interactions between SERCA2b and calreticulin have
been described in Xenopus oocyte expression system (Camacho et al., 2013). Calreticulin
directly activates SERCA2b pumps when [Ca®*]. decreases and inhibits its activity when ER
stores are full (Verkhratsky, 2005; Camacho et al., 2013).

SERCA pumps are effectively and irreversibly inhibited by thapsigargin, a widely used
natural inhibitor isolated from plant Thapsia garganica (Treiman et al., 1998). Thapsigargin
exerts its inhibitory effect in nanomolar concentrations (Verkhratsky, 2005) and its
application is usually followed by slow Ca®* leak from stores into the cytosol by still
unknown mechanism (Camello et al., 2002). Low concentrations of thapsigargin (20 nM) are
sufficient to inhibit caffeine-induced Ca’* release from ER stores and its uptake into the stores
in a time-dependent manner, while higher concentrations (200 — 2000 nM) can inhibit Ca?*
influx through HVA Ca** channels (Shmigol et al., 1995).

In summary, ER, and sarcoplasmic reticulum in striated muscle, possesses highly
effective machinery that contributes to the regulation of intracellular Ca®* concentration
levels. This involves Ca**-releasing channels (RyRs and 1PsRs) and SERCA pumps whose
activity is essential in maintaining physiological Ca®* concentrations important for

intracellular signaling (Figure 32.).
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Metabotropic

receptor VGCC

Figure 32. Schematic illustration of intracellular Ca®* regulation.

Ca”* entering the cell through the voltage-gated Ca** channels (VGCC) can directly bind ryanodine
receptor (RyR) on endoplasmic reticulum (ER), increasing the sensitivity of these channels to Ca®* and
initializing Ca*" release from ER stores. Another pathway for Ca?" release involves activation of
metabotropic receptors on the cellular membrane which in turn activates phospholipase C (PLCp).
PLCB drives the hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP,) into inositol 1,4,5-
triphosphate (IP3) and 1,1-diacylglycerol (DAG). IP; binds IP; receptor (IPsR), inducing Ca** release
from the ER. Ca?" is uptaken back into ER stores through the activity of sarco/endoplasmic reticulum
(SERCA) pumps.
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. MATERIALS AND METHODS

A) ETHICAL STATEMENT

All experiments were performed in strict accordance with the guidelines and rules set by
the EC Council Directive (2010/63/UE) and the French "Direction Départementale de la
Protection des Populations des Bouches-du-Rhone" (Licence No. 13.435 held by J.T. and No.
13.430 held by N.W). The experimental procedures were approved by the local Animal Care
Ethical Committee (Comité Ethique de Provence APAFIS 17596; license No. 13.435 held by
J.T. and No. 13.430 held by N.W.). All animals used in this study were kept at constant
temperature (21°C) under 12 h light — 12 h dark cycle, with food (pellet AO4, UAR,
Villemoisson-sur-Orge, France) and water provided ad libitum. All efforts were aimed to

minimize animal suffering and to reduce the number of animals used in this study.

B) ANIMALS

This study has been conducted using wild-type C57BL/6 mice, and transgenic mice
models of both sexes (females and males), aging from 6 to 9 weeks (25 — 30 g). Following

transgenic mice lines were used:

A) PKD2L1-IRES-Cre mice, the transgene mouse line in which IRES-Cre recombinant
gene is inserted downstream of gene coding for PKD2L1 channel, allowing selective
expression of Cre recombinase in PKD2L1" cells (Figure 33. A, B). PKD2L1-IRES-Cre
mice were a generous gift from Dr. Emily Liman (University of Southern California).

B) DREADDs (Designer Receptors Exclusively Activated by Designer Drugs) mice
which represent a chemogenetic model based on engineered G protein-coupled receptors
that can be activated solely by clozapine-N-oxide, a pharmacological inert molecule
(Urban & Roth, 2015). In our model, mutated human muscarinic M4 receptors are
coupled to inhibitory G; proteins (hM4Di). Such receptors are generated by two amino
acid substitution (Y113C*%/A203G>*°), and can no longer be activated by native
agonist, acetylcholine (ACh). G;-DREADD mice (R26-LSL-Gi-DREADD obtained from
The Jackson Laboratory) express HA-tagged DREADD protein, which allows
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immunohistochemical confirmation of receptor localization in the cell, and contain
mCitrine reporter that follows DREADD sequence, enabling cell visualization by
fluorescence microscopy. Mice with G;-DREADD-expressing CSF-cNs were developed
by crossing G;-DREADD mouse line with PKD2L1-IRES-Cre genetic line that removes
the flox cassette and enables the selective expression of CAG promotor-driven
DREADDs in CSF-cNs (Figure 33. A).

C) Mice expressing Channelrhodopsin-2 (ChR2), a blue (~490 nm) light-activated cation
channel known to inhibit the activity of neurons in which it is expressed in (Madisen et
al., 2012). In our mouse model (Ai32(RCL-ChR2(H134R)/EYFP) obtained from The
Jackson Laboratory), ChR2 with a single point mutation at H134R is fused with
enhanced yellow fluorescent protein (EYFP). Mice with CSF-cNs that selectively
express ChR2 were generated by crossing mice with CAG-driven construct in which
ChR2(H134R) is fused with EYFP with PKD2L1-IRES-Cre mice, which allowed
deletion of STOP cassette and selective expression of ChR2 in CSF-cNs (Figure 33. B).

A Cre mouse DREADD mouse
4_:pkd2|1>4 IRES-Cre]- x [@ STOP DREADD||[mCitrine]
@ loxP loxP pta
IRES-Cre
mc} DREADD|[mCitrine] -
pta
B Cre mouse ChR2-EYFP mouse
—kad%” >| IRES-CreI— X m STOP ChR2(H134R)-EYFPl—
@ loxP loxP
IRES-Cre
CAG ChR2(H134R)-EYFP|—

Figure 33. Transgenic mice models used in the study.

A. Mouse model with CSF-cNs expressing inhibitory G;-DREADDs is generated using Cre-Lox
technology by crossing PKD2L1-IRES-Cre mice with mice expressing CAG-driven construct
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consisting of HA-tagged DREADD followed by mCitrine reporter. B. ChR2-expressing CSF-cNs are
generated by crossing PKD2L1-IRES-Cre mice with mice expressing CAG-driven construct
consisting of ChR2 fused with EYFP.

C) SLICE PREPARATION

1. BRAINSTEM SLICE PREPARATION

Coronal brainstem slices were prepared as previously described by Orts-Del’Immagine
and colleagues (2012). Briefly, one adult mouse per experiment was anesthetized with an
intraperitoneal injection of ketamine (Carros, France) and xylazine (Puteau, France) mixture
(100 and 15 mg/kg, respectively). When mouse lost its reflexes, it was decapitated, brain was
removed and immersed in ice-cold (0-4 °C), oxygenated (95% O,, 5% CO;), low
calcium/high magnesium slicing artificial cerebrospinal fluid solution (S-aCSF), containing
(in mM): NaCl 75, NaH,PO, 1.25, NaHCO;3; 33, KCI 3, MgCl; 7, sucrose 58, glucose 15,
ascorbic acid 2, myo-inositol 3, sodium pyruvate 2, CaCl, 0.5 (pH 7.35-7.40, osmolality of
300-310 mosmol.kg™). Meninges was removed using fine forceps, and brainstem was glued
with cyanoacrylate glue onto the cutting plate, where a small block of agar was used to
support the brain during the slicing. Coronal brainstem slices (250 pum thick) were cut using a
vibratome (Leica VT1000S) and incubated for 15-20 min in a submerged recovery chamber
filled with an oxygenated (95% O,, 5% CO,) recording artificial cerebrospinal fluid (R-aCSF)
at 35 °C, containing (in mM): NaCl 115, NaH,PO, 1.25, NaHCO;3; 26, KCI 3, MgCl, 2,
glucose 15, ascorbic acid 2, myo-inositol 3, sodium pyruvate 2, CaCl, 2 (pH 7.35-7.40,
osmolality of 300-310 mosmol.kg™). Slices were left to recover from 35 °C to room
temperature for 1h under continuous oxygenation until their transfer one by one to the

recording chamber.

2. LUMBAR SPINAL CORD SLICE PREPARATION

Spinal cord slices were prepared from adult mice that were injected intraperitoneally
with a ketamine (Carros, France) and xylazine (Puteau, France) mixture (100 and 15 mg/kg,
respectively). When anaesthetized mice lost their toe pinch reflex, they were placed on cold
plate. Transcardial perfusion was carried out with ice-cold, oxygenated (95% O,, 5% CO,),
low calcium/high magnesium S-aCSF, containing (in mM): NaCl 75, NaH,PO, 1.25,
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NaHCO;3; 33, KCI 3, MgSO, 7, glucose 15, ascorbic acid 2, myo-inositol 3, sodium pyruvate
2, CaCl, 0.5 (pH 7.35-7.40, osmolality of 300-320 mosmol.kg™). Following decapitation,
ventral laminectomy was performed to isolate the spinal cord. Precisely, ventral skin and
viscera were removed in order to expose vertebral column. The latter was further isolated
together with ribs by detaching the column from dorsal skin and cutting the femurs. Spinal
column was immersed in ice-cold (0-4 °C) S-aCSF, and under continuous oxygenation, spinal
cord was exposed by cutting the vertebrae from the ventral side (laminectomy) using
iridectomy micro scissors. To completely separate spinal cord from the column, roots were
cut and pulled together with overlying meninges. Lumbar enlargement of the spinal cord was
isolated and placed in a groove made in an agarose block. The block was subsequently glued
vertically onto the cutting plate using cyanoacrylate glue. Coronal spinal cord slices (250 pum
thick) were cut using a vibratome (Leica VT1000S) and incubated for 15-20 min in a
submerged recovery chamber filled with an oxygenated (95% O,, 5% CO,) R-aCSF at 35 °C,
containing (in mM): NaCl 115, NaH,PO, 1.25, NaHCO3; 26, KCI 3, MgSO, 2, glucose 15,
ascorbic acid 2, myo-inositol 3, sodium pyruvate 2, CaCl, 2 (pH 7.35-7.40, osmolality of 300-
310 mosmol.kg™). Slices were left to recover from 35 °C to room temperature for 1h under

continuous oxygenation until their transfer to the recording chamber.

D) ELECTROPHYSIOLOGY

Electrophysiological recordings were performed on acute brainstem and lumbar spinal
cord slices using patch-clamp recordings from neurons located around the CC, exhibiting
typical morphology of CSF-cNs.

At the beginning of each experiment, one slice was transferred to the recording chamber
mounted on an upright Zeiss Axioscop 1FS, and fixed using U-shaped platinum slice holder
(harp). The slice was continuously perfused with oxygenated R-aCSF at room temperature,
with an exchange rate of 2.5 mL.min™. CSF-cNs around the CC were visualized under infra-
red differential interference contrast imaging (IR-DIC) illumination using 63x water
immersion objective mounted on a microscope equipped with a pl precisExcite LED
epifluorescence system (excitation light at 490 nm or 590 nm; CoolLED, Roper) and a
CooISNAP HQ2 cooled CCD camera (Photometrics) connected to a computer through a
frame grabber (CoolSNAP LVDS interface card, Photometrics) and controlled by MetaView
software (Molecular Devices Inc., Sunnyvale, CA, USA) (Figure 34.).
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Whole-cell patch clamp recordings were performed at room temperature in voltage- and
current-clamp mode using Multiclamp 700B patch-clamp amplifier connected to Digidata
1322A interface (Molecular Devices Inc., San Jose, CA, USA). Patch pipettes were pulled
from borosilicate glass capillaries (Harvard Apparatus, Holliston, MA, USA) using a
horizontal P-97 Flaming/Brown type micropipette puller (Sutter Instrument Co., Novato, CA
USA) and filled with an intracellular solution chosen based on experimental purpose (Table
4.). AlexaFluor 594 (10 pM, excitation 590 nm/emission 610 nm, Invitrogen) was added to
the intracellular solution in all the experiments to confirm typical morphology of CSF-cNs
during the whole-cell recording (Orts-Del’Immagine et al., 2012; Orts Del’Immagine et al.,
2015). Patch pipette resistance was between 4-6 MQ when filled with the intracellular
solution. Series resistance (rs) in the whole-cell configuration ranged between 10-20 MQ and
it was monitored throughout each experiment by applying a -20 mV calibration pulse to
control for the quality of the recording, the electrical access and to measure the intrinsic
properties (input resistance, cell capacity) of recorded neuron. Recordings were discontinued
when rs exceeded more than 25% the original value. For voltage-gated calcium currents
recordings, series resistance was compensated by 70-80%. Cells were recorded at a membrane
potential of -70 mV. Signals were filtered at 2-2.4 kHz, digitized between 10 and 20 kHz and

acquired on a computer using the Clampex 9.2 software (Molecular Devices Inc.).
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Figure 34. Experimental setup used for electrophysiological recordings and Ca?*
imaging.

A. Schematic illustration of the setup used for electrophysiological recordings in whole-cell
configuration (WCR), equipped with infra-red differential interference contrast imaging (IR-DIC) and
LED illumination, and CCD camera. B. Acute spinal cord slices observed under IR-DIC illumination
(left). The 590 nm illumination (middle) and 490 nm illumination (right) enable the visualization of
CSF-cN dialyzed with AlexaFluor 594 to confirm the morphology and with Fluo-4 fluorescent Ca®*
probe, respectively. White lines illustrate the position of the patch pipette. White dashed line
delineates the central canal (cc).

1. RECORDING OF VOLTAGE-GATED CALCIUM CURRENT

To characterize voltage-gated calcium channels (Ca,), patch pipettes were filled with a
solution based on caesium acetate (CsAc) with or without tetraethylammonium chloride
(TEA-CI) (Table 4.), supplemented with EGTA as Ca®* chelator. TEA-CI containing solution
with high level of EGTA was used to study the nature of Ca,s and their modulation by
GABAg receptors and muscarinic receptors. EGTA was replaced with BAPTA when the
stability of Ca®* current amplitude over time was tested. Selective antagonists were added to

the oxygenated R-aCSF and bath applied to the recorded neurons with the aim to block
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different receptors and ionic channels. GABA, receptors were inhibited with 10 uM gabazine
(SR 95531), and glycine receptors were inhibited with 1 uM strychnine. To isolate Ca®*
current, voltage-gated sodium channels were inhibited with 0.5 pM tetrodotoxine (TTX),
while voltage-gated potassium channels were blocked with 20 mM TEA-CI. Calcium currents
were elicited using 100 ms steps from a holding potential of -70 mV to +30 mV, with 10 mV
increments (Vswp). The same protocol was used in the presence of cadmium (200 pM, 30 s) to
block whole-cell Ca?* current. The current-voltage relationship was obtained by plotting the
Ca®" peak current amplitude recorded against the test potential (Vstep). The properties and
voltage-dependence of Ca®" current were analyzed with a Boltzmann fit using the following
equation: 1(V) = gmax(V - Vi )/[1 + exp(Vso — V)/K], where | represents the current amplitude
as a function of voltage (V), Omax IS the maximum whole-cell channel conductance, Vi, is the
current reversal potential, Vs is the voltage for half-maximal channel activation, and k is a

slope factor that is equal to RT/zgF, where zg is the valency of the voltage sensor of the Ca,.

To determine the nature of Ca,s and current inhibition by GABAg receptors and
muscarinic receptors, the effect of different toxins and receptors activation was assessed on
Ca®" current peak amplitude elicited with a single 100 ms step from a holding potential of -70
mV to +10 mV every 20-30 s over a 10 min period. N-type Ca,s are sensitive to m-conotoxin
GVIA (500 nM, 5 min), P/Q-type Ca,s to w-agatoxin IVA (500 nM, 5 min), and L-type Ca,s
to nifedipine (1 uM, 5 min). GABAg receptors were activated by selective agonist baclofen
(100 uM, 1 min), while muscarinic receptors were activated by selective agonist
oxotremorine-M (100 uM, 1 min). All Ca?* channel inhibitors, including cadmium, and
agonists of GABAg and muscarinic receptors were added to R-aCSF and applied by pressure,
using a pressure application pipette (~1 pm tip diameter) located ~50 um away from the
recorded cells and connected to a pressure application system (Toohey Company, Hollis, NH,
USA). CGP 54626A (2 uM), a selective antagonist of GABAg receptors, and atropine (10
MM), a selective antagonist of muscarinic receptors, were added to the R-aCSF and bath
applied to the neurons.

The molecular mechanism by which GABAg receptors and muscarinic receptors
activation modulates Ca* currents was studied with a triple-pulse voltage protocol consisting
of two 50 ms long test pulses from a holding potential of -70 mV to +10 mV, separated by a
50 ms conditioning pulse to +100 mV. Pulses were recorded every 30 s over a 10 min period.

The inhibition of Ca®* currents induced by application of baclofen or oxotremorine-M was
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compared before (prepulse) and after (postpulse) the large depolarizing conditioning pulse
(Herlitze et al., 1996; Ikeda, 1996).

CsAc TEA-10E TEA-2E TEA-B KGlu
CsCl 3 3 3 3 /
CsAc 120 100 120 100 /
KCI / / / / 3
K-gluconate / / / / 120
NaCl 5 5 5 5 5
MgCl, 1 1 1 1 1
TEA-CI / 20 20 20 /
CacCl, 1 1 0.25 0.5 0.25
EGTA 10 10 2 / 2
BAPTA / / / 10 /
Free [Ca®],(nM) 135 11.8 15.1 20.2 15.1
HEPES 10 10 10 10 10
Na,-Phosphocreatine 10 10 10 10 10
Mg-ATP 4 4 4 4 4
Na,GTP 0.2 0.2 0.2 0.2 0.2
pH 7.34 7.36 7.35 735 7.33
Adjustment of pH CsOH 1M CsOH 1M CsOH 1M CsOH 1M KOH 1M
(n?::::"j":g,) 294 289 303 207 295
Reversal potential of ions at 20 °C (mV)
E; -61.4 -61.4 -64.8 -63.6 -64.6
E,. 45.7 45.7 45.7 45.7 43.8
E., 65.2 65.2 65.2 65.2 61.5
E, / / / / -93.7

Table 4. Intracellular solutions used for electrophysiological recordings.

All internal solutions were used with particular purpose (see text for more details). When prepared,
solutions were filtered by using 0.22 uM pore filter and stored at -20 °C until use.
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2. RECORDING OF CHOLINERGIC CURRENTS

To record acetylcholine (ACh)-mediated currents (ionotropic nicotinic currents), patch
pipettes were filled with CsAc solution enriched with TEA-CI and 10 mM EGTA (Table 4.).
Acetylcholine-mediated currents were elicited by ACh pressure application (1 mM, 1 s) in the
presence of 10 puM gabazine, 1 pM strychnine, 10 uM atropine, and 20 uM DNQX, a
selective AMPA/Kkainate receptor antagonist.

3. DUAL PATCH-CLAMP RECORDING AND RECORDING OF
CURRENT ACTIVITY FROM THE TERMINAL ENLARGEMENT

Two patch electrodes filled with K-gluconate based intracellular solution (Table 4.)
were used for dual patch-clamp recordings. AlexaFluor 594 (10 uM) and AlexaFluor 488 (10
MM, excitation 490 nm/emission 525 nm, Invitrogen) were added to the intracellular solution
to confirm the morphology of CSF-cNs and distinguish cellular compartment when patch-
clamped from soma and terminal enlargement (“bud”). Spontaneous activity in CSF-cNs was
recorded in voltage-clamp mode from a holding potential of -70 mV maintained in both patch
electrodes, while perfusing the neurons with normal R-aCSF. Current-clamp recordings were
performed from the RMP. APs were triggered with 5 consecutive trains of 500 ms direct

current (DC) pulses (+20 pA) after a period of baseline.

To record from the “bud”, patch pipette was filled with K-gluconate-based intracellular
solution (Table 4.). lonic currents were elicited by 100 ms steps, from a holding potential of -

70 mV to +30 mV, with 10 mV increments (Vstp) in the presence of normal R-aCSF.

4. RECORDING OF CSF-cNs EXPRESSING G;-DREADD

The cells expressing hM4Di-mCitrine were recorded using patch electrodes filled with
K-gluconate based intracellular solution (Table 4.) and visualized with 480 nm excitation light
using pl precisExcite LED epifluorescence system and a CoolSNAP HQ2 cooled CCD
camera. Clozapine-N-oxide (CNO, 5 uM and 10 pM), a selective DREADD activator, was
added to the R-aCSF containing 10 uM gabazine and 1 UM strychnine, and bath perfused to
the recorded neurons. To assess the effect of CNO on the membrane potential, neurons were
recorded in current-clamp mode from the RMP. APs were induced by 500 ms current steps
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from the RMP, with 10 pA increments after a period of baseline. The current-voltage
relationship was constructed for every cell by plotting the injected current and recorded

membrane potential.

E) CALCIUM IMAGING

For calcium imaging experiments, patch pipettes were filled with an intracellular
solution based on K-gluconate or TEA-2E (Table 4.). Cells were loaded with the fluorescent
Ca®" probe Fluo-4 (50 pM, Invitrogen, Carlshad, CA, USA) through the patch pipette and
illuminated with 490 nm excitation light using CoolLED epifluorescence system (pl
PrecisExcite). Emitted fluorescent light (peak emission at 520 nm) was captured at 10 MHz
with CoolSNAP HQ2 cooled CCD camera. The selectivity of the excitation and emission was
optimized using a fluorescence filter cube with bandpass filters for excitation and emission set
at 490 = 30 nm, and 535 + 30 nm, respectively, and a dichroic mirror set at 515 nm (Chroma).
To optimize imaging conditions and to reduce fluorescence quenching, a square region of
interest (ROI) was drawn around the recorded neurons, and illumination intensity was set to
25% of the maximum power. Images were acquired in time lapse mode with a 2x2 binning for
100 ms every 0.2 s for 60 s period (151 images, activation of Ca®* currents in current-clamp
mode), every 0.1 s over 10 s period (61 images, activation of Ca** currents in voltage-clamp

mode), or every 0.5 s over 120 s (201 images, caffeine application).

To activate Ca®* currents, CSF-cNs were recorded in current-clamp mode from the
RMP. 5 consecutive trains of APs at a frequency of 0.5 Hz were triggered with 500 ms direct
current (DC) pulse (+20 pA) after a period of baseline recording to induce Ca?* influx
following membrane depolarization and monitor increase in intracellular Ca®*. To confirm
that Ca®* elevations were due to Ca, activation, recordings were also performed in voltage-
clamp mode with TEA-2E intracellular solution, that is CsAc-based intracellular solution
enriched with TEA-CI and containing low levels of EGTA (2 mM). Fluo-4 was added to the
intracellular solution for each experiment. CSF-cNs were depolarized to +10 mV for 100 ms
from a holding potential of -70 mV and increase in Fluo-4 fluorescence was simultaneously
recorded. To assess Ca** release from the ER, caffeine (50 UM, 30 s) was pressure applied to
selectively activate RyRs in recorded CSF-cNs (Verkhratsky, 2005). The intracellular nature
of caffeine-induced Ca®* elevations was confirmed by using R-aCSF in which 2 mM CaCl,

was replaced with 2 mM MgCl, (Ca** free R-aCSF). Thapsigargin (50uM), an antagonist of
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sarco/endoplasmic reticulum ATPase (SERCA) pump was added to the R-aCSF containing 10
UM gabazine and 1 uM strychnine to assess the role of SERCA pumps in intracellular Ca®*
uptake.

F) OPTOGENETIC ACTIVATION OF CHANNELRHODOPSIN-2

To record CSF-cNs expressing channelrhodopsin-2 fused with EYFP (ChR2-EYFP),
patch electrodes were filled with an intracellular solution based on K-gluconate (Table 4.).
Cells were activated with 490 nm excitation light using CoolLED epifluorescence system (pl
PrecisExcite). Emitted fluorescent light (peak emission at 520 nm) was captured at 10 MHz
with CoolSNAP HQ2 cooled CCD camera. llumination intensity was set to 25% of the
maximum power. In the presence of 10 uM gabazine and 1 uM strychnine, a series of 150 ms
long blue excitation light was delivered every 1 s over 10 s. To compare APs elicited by blue
light with those elicited by current injections, 480 nm light was delivered for 100 ms, with
100 ms increments over a 700 ms period. To elicit APs by current injections, CSF-cNs were
recorded from the RMP and 100 ms long current pulses (+20 pA) were delivered with 100 ms

increments over a 700 ms period.

G) REAGENTS

All reagents were purchased from Sigma-Aldrich, except: gabazine (SR 95531), (R)-
baclofen, oxotremorine-M, atropine, clozapine-N-oxide, and thapsigargin from Tocris
Bioscience (Bristol, UK). ®-conotoxin GVIA, wm-agatoxin IVA, and nifedipine from Alomone
labs (Jerusalem, Israel). Tetrodotoxine (TTX) from Latoxan (Portes-lés-Valence, France). 6,7-
dinitroquinoxaline-2,3-dione disodium salt (DNQX) from Abcam Biochemicals. CGP
54626A was a gift from Bernhard Bettler (University of Basel, Switzerland) and it was
initially produced by Novartis Pharma AG (Basel, Switzerland).
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H) STATISTICAL ANALYSIS

1. DATA ANALYSIS

Ca®* current was analyzed using Clampfit 10.0 suite (Molecular Devices Inc.) and Excel
2016 (Microsoft). Peak current amplitude and mean current amplitude were taken into

account for current-voltage responses (see below).

RMP was determined in current-clamp mode just after the whole-cell configuration was
achieved as well as by averaging in the current-clamp recordings a ~1 s period in the absence
of APs and of current injection (linjecion = O pA). Properties of APs were analyzed from
recordings of spontaneous discharge activity (10-30 s) or from trains of APs elicited by +20
pA current injections for 500 ms using the “Threshold Search” routine from Clampfit 10.0
with a threshold set at 0 mV. For each condition, principal parameters of APs (amplitude,
width, frequency, 10 — 90% rise time) were determined. Threshold potential (TP) was
determined in current-clamp mode following current injection (linjection = +20 pA) by

averaging the current traces at potentials that elicited the APs.

When Ca** current was recorded over a period of 10 min, decrease in Ca** amplitude,
known as rundown, was constantly observed (see Discussion). To account for this
phenomenon when Ca?* current amplitude was compared over time for each cell recorded,
baseline data points before drug application (control) were fitted using a linear regression
function (y = ax + b; where y is recorded peak current amplitude, x is time, while a and b are
constants). The current amplitude in the presence of drug was measured from the raw data and
compared to the value in control calculated at the same time points from the linear regression.

This procedure avoided an overestimation for the degree of inhibition.

Changes in intracellular calcium concentrations ([Ca®];) over time, seen as changes in
fluorescence intensity, were measured in ROIs drawn around the soma and bud of the
recorded CSF-cN and the background on the recorded image. Background fluorescence
intensity was subtracted from the somatic data and data from bud to calculate the net
fluorescence rise (F). The average intensity before the application of the stimulus (Ca,
activation or train of APs), so called basal intensity (Fo), was calculated. AF/F, ratio or (F -
Fo)/Fo was used to calculate the net rise of fluorescence intensity (F), and it is expressed as
percentage. The average fluorescence intensity was plotted over the time to illustrate Ca**

transients and the peak amplitude of the fluorescence rise measured and compared between
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the control and the test conditions. When using imaging with epifluorescence and diffusion of
Fluo-4 into the cell through the patch pipette, fluorescence signal exhibits a progressive
decrease in intensity over time, known as bleaching or quenching. To compute the amount of
quenching over time, baseline data were fitted using a linear regression function (y = ax + b;
where y is AF/Fq value, x is time, while a and b are constants) and subtracted from the raw
data points in a point to point manner. To compare the amplitude of the fluorescence rise
(control vs. baclofen), the maximum amplitude recorded after the 5" train of APs was

normalized against that of the 1% train for each CSF-cN recorded.

2. STATISTIC

Data were expressed as mean £ SD and represented as box-whisker plot using Tukey’s
method with RStudio 1.1.456 (R Studio Team 2018). For each dataset, median and the 25" to
the 75" percentiles (lower and upper limits of each bar, respectively) are calculated. The
interquartile distance (IQR) is determined as the difference between the 25" and 75"
percentiles and the whisker limits calculated as the 75 percentile plus 1.5 times IQR and the
25™ percentile minus 1.5 times IQR. All data with values either higher or lower than whisker
limits are represented as individual data points and considered as outliers. In all the figures
where data are presented with box- and whiskers plots, the thick horizontal line represents the
median. For all data, n represents the number of recorded cells. All data were tested for
normal distribution using Shapiro-Wilk test using R statistics. Data with normal distributions
were analyzed with a one-way ANOVA followed by Dunn’s multiple comparison post hoc
test for the statistical comparison of multiple groups. Student’s two-tailed paired t test was
used for comparison of two groups. Data without normal distributions were analyzed using
Friedman or Kruskal-Wallis test followed by Dunn’s multiple comparison post hoc test for
comparison of multiple groups. Mann-Whitney or Wilcoxon matched-pairs signed rank test

was used when comparing multiple groups.

For statistical analysis of Ca®* current inhibition by blockers or toxins, modulation by
baclofen or oxotremorine-M, and the reduction of intracellular Ca®* elevation following
activation of GABAg receptors or muscarinic receptors, dependent variables (data within a
group) and independents variables (data between groups) were considered. For given cell,
measured parameter or variable (current amplitude or Ca®*" elevation) and its

inhibition/modulation by a drug is considered as a variable dependent on the condition
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(baseline or drug) within a given group while the same variable represents an independent
factor when considered between different groups (control and drug of different types). The
statistical analyses require the use of a mixed effect model considering in a hierarchical way
both dependent and independent variables. The drug effects within a group and between
different groups on the analyzed variable represent fixed factors (Condition and Group). The
choice of the cell recorded in this study was random, therefore, it was necessary to implement
a statistical model with a factor corresponding to this random effect. The statistical analyses
were carried out using the linear mixed effect (Ime version 3.1-128) routine (Pinheiro et al.
2016). The Ime model was subsequently tested using an ANOVA (ANOVA.Ime) followed by
post hoc Dunn’s multiple comparison test. When an interaction between the variables and the
conditions was statistically significant, P value was reported. The differences were considered
significant when P < 0.05. Figures were prepared and finalized using CorelDraw 2018 (Corel

Corporation, Ottawa, ON, Canada).
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[1l. RESULTS

In the first part of this chapter, 1 will present the data from experiments aimed at
describing the expression and modulation of Ca®* channels in medullo-spinal CSF-cNs, and
Ca®* homeostasis in these neurons. The second part is dedicated to the description of the
functional relationship and communication between CSF-cN soma and bud, an enigmatic
compartment for which little is known. In the last part, | will present the development and
validation of novel transgenic mouse models (chemogenetic and optogenetic models,
respectively) that selectively target CSF-cNs. These models are crucial to address ex-vivo and

potentially in vivo the function of CSF-cNs in mammalian CNS.

A) CALCIUM CHANNELS AND CALCIUM HOMEOSTASIS IN
MEDULLO-SPINAL CSF-cNs

1. CHARACTERIZATION OF VOLTAGE-GATED CALCIUM CHANNELS
IN MEDULLO-SPINAL CSF-cNs

As mentioned in the introduction, voltage-gated Ca®* channels (Cays) play a crucial role
in Ca” signaling in neurons as they participate in the modulation of their activity and
physiology, as well as in neurotransmission (Simms & Zamponi, 2014). Nevertheless, to date
there is little known about Ca,s expression and modulation in CSF-cNs. However, one
necessary step to understand CSF-cN role the CNS is to describe their physiology, a study
that includes the characterization of Ca,s. Here, | will present the results of
electrophysiological studies combined to Ca** imaging that were carried out on acute
brainstem and spinal cord slices from wild-type mice. | will describe the presence of Ca,s,
their modulation by metabotropic receptors and the consequences of their activation on

intracellular Ca?* signaling.
1.1.  Medullo-spinal CSF-cNs express functional voltage-gated Ca** channels

There is a little information available about the nature of Ca,s expressed in medullo-
spinal CSF-cNs. It was previously reported in immature CSF-cNs from spinal cord of
neonatal rats that Ca,s mediate the generation of slow depolarizing potentials in these neurons

(Marichal et al., 2009). However, there are no data available about the type of Ca,s that CSF-
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cNs express neither about their modulation. To determine whether CSF-cNs from the mouse
brainstem express Ca,s, voltage-clamp recordings were performed from CSF-cNs (Figure 35.
A) showing the characteristic PKD2L1 channel activity (Figure 35. B). The recordings were
conducted with an extracellular solution containing tetrodotoxine (TTX, 1 puM), a selective
antagonist of sodium channels, and inhibitors of GABAA and glycine receptors, gabazine and
strychnine, respectively. Caesium acetate (CsAc)-based intracellular solution was used to
block potassium channels (see Material and methods). Ca®* currents were evoked using
classical activation protocol in which 100 ms long depolarizing voltage steps were applied
from a holding potential of -70 mV to +30 mV, with +10 mV increasing steps (AV = +10 mV;
Figure 35. C). Evoked inward Ca?* current of increasing amplitude showed fast activation and
reached the peak amplitude of -167.42 + 68.16 pA at a membrane potential of +12.61 + 0.70
mV (n = 16). However, large outward current corresponding to K* current could still be
observed in all recordings and “contaminated” the recorded Ca®* current. To confirm that the
elicited currents were carried by Ca®" channels and to eliminate the outward potassium
current, recordings were repeated in the presence of cadmium (Cd**; 200 pM, pressure
application), a selective blocker of all Ca,s (Swandulla & Armstrong, 1989). In control,
elicited Ca®* current reached the average peak amplitude of -161.81 + 86.67 pA (n = 11) and
it was completely inhibited in the presence of Cd** (peak current amplitude: +25.57 + 47.74
pA; Figure 35. C; n = 11; P < 0.001, Wilcoxon matched-pairs signed ranked test). Subtraction
of current recorded in the presence of Cd?* from the current recorded in control gives Cd*'-
sensitive current that corresponds to “pure” Ca?* current (Figure 35. C). The current-voltage
relationship (I-V curve) was then generated from the Cd®*-sensitive current, where peak Ca?*
current amplitudes were plotted as a function of the command voltage steps and fitted using
Boltzmann function (see Materials and methods). Figure 35. D illustrates the average |-V
curve for subtracted Ca** current and show that it activates at membrane potentials more
positive than -50 mV, indicating that Ca,s expressed in CSF-cNs belong to high-voltage
activated (HVA) Ca?* channels (Catterall, 2011)
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Figure 35. Voltage-gated Ca®* channels are expressed in CSF-cNs from mouse
brainstem.

A. Micrograph shows cell loaded with 10 pM Alexa 594 to confirm the morphology of CSF-cN.
White lines indicate the position of the patch pipette. Dashed line delineates the central canal (cc). B.
Representative voltage-clamp recording from one CSF-cN at a holding potential of -70 mV, showing
unitary current carried by PKD2L1 channel. Dashed line represents channel closed state. C.
Representative whole-cell Ca* current traces evoked from a holding potential (V},) of -70 mV to +30
mV with +10 mV increments. Activation protocol is illustrated under the current traces. Cd** sensitive
Ca”* current (right trace) is obtained by subtracting current recorded in the presence of 200 uM Cd**
(middle trace) from current recorded in its absence (control; left trace). Note the presence of outward
K* current in the control trace. D. Average current-voltage relationship (I-V curve) of subtracted Ca?*
peak current amplitudes evoked during depolarizing steps to various potentials (n = 16). Data are fitted
using a Boltzmann function (red trace, see Materials and methods). The inset in red gives the values
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that define the properties of Ca®* current in CSF-cNs obtained from the Boltzmann fit of the average
data.

To eliminate large outward K* current that remained throughout all recordings when
using the CsAc-based intracellular solution, tetraethylammonium-Cl (TEA-CI), another
selective inhibitor of K™ channels, was added to both intracellular and extracellular solutions
to isolate Ca** currents (see Materials and methods). In such conditions, currents were evoked
using the same activation protocol as illustrated in Figure 35. C, and in all CSF-cNs recorded,
outward K* current was completely inhibited upon membrane depolarization. Elicited inward
Ca®* current exhibited fast activation and little inactivation during increasing depolarizing
voltage steps (Figure 36. A), it reached maximal amplitude of -129.72 + 54.91 pA at a
membrane potential of +11.60 + 0.43 mV, and it reversed at +37.84 = 0.69 mV (Figure 36. B;
n = 13). In agreement with recordings of Ca®" currents obtained when using CsAc-based
intracellular solution only, pressure application of 200 pM Cd?* completely blocked the
elicited current. Peak amplitude of Ca®* current in control was measured at -177.00 + 38.36
pA and +7.25 + 21.32 pA in the presence of Cd** (Figure 36. C; n = 12; P < 0.01, Wilcoxon
matched-pairs signed ranked test). This confirmed that the observed inward current was
carried by Ca?* (Figure 36. C.).

A B Ca” peak current (pA)
1 50
-80 -60 -40 -20 20 40

e
mo pA

20 ms

C In control + cadmium, 200 uM Cd*-sensitive current

S

IA)O pPA

20 ms

Figure 36. Isolation of Ca®* current following inhibition of K* current with TEA-CI-
based solutions.
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Figure 36. Isolation of Ca*" current following inhibition of K* current with TEA-Cl-based
intracellular solution. A. Representative Ca" current trace recorded in voltage-clamp mode from a
holding potential of -70 mV to +30 mV with 10 mV increments (voltage protocol is indicated in
Figure 35. C), in the presence of 20 mM TEA-CI in both intracellular and extracellular solutions. Note
that outward K* current is completely inhibited. B. Average current-voltage relationship (I-V curve) of
Ca’* peak current amplitudes elicited during depolarizing steps to various potentials (n = 13). Data are
fitted using Boltzmann function (red trace). The inset in red gives the value that define the properties
of Ca** current in CSF-cNs obtained from the Boltzmann fit of the average data. C. Cd** sensitive Ca**
current (right trace) is obtained by subtracting current recorded in the presence of 200 uM Cd?**
(middle trace) from current recorded in control (left trace).

The expression of Ca,s was further investigated in spinal CSF-cNs using intracellular
and extracellular solutions supplemented with TEA-CI. Spinal CSF-cNs (Figure 37. A) were
depolarized using the same protocol as described before to elicit Ca®* currents. The recorded
current exhibited properties characteristic to Ca®* current with fast activation and intermediate
inactivation (Figure 37. B). As shown on the average I-V curve generated from experimental
data (Figure 37. C; n = 9), the current started to activate at potentials more depolarized than -
40 mV, it reached a maximum peak amplitude of -283.36 + 100.66 pA at a membrane
potential of +10.10 £ 2.97 mV and it reversed at +46.82 £ 1.29 mV (Figure 37. C,n = 9). It
should be noted that Ca** currents recorded from spinal CSF-cNs presented larger peak
amplitude compared to the currents recorded from medullar CSF-cNs (see above; P < 0.001,
Mann-Whitney test).

Taken together, these results demonstrate that medullo-spinal CSF-cNs express
functional voltage-gated Ca®* channels activated by membrane depolarization. These channels
show properties of HVA Ca,s and are strongly and selectively inhibited by cadmium,

indicating that evoked inward current is indeed carried by Ca*".
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Figure 37. Voltage-gated Ca®* channels are present in spinal CSF-cNs.

A. Micrographs show one spinal CSF-cN illuminated with IR-DIC (left) and dialyzed with 10 pM
Alexa 594 (right) to confirm its morphology. Dashed lines indicate central canal (cc). Scale bare = 10
um. B. Representative Ca*" current trace recorded in voltage-clamp mode following the activation
protocol presented in Figure 36. C. C. Average current-voltage relationship (I-V curve) of Ca®* peak
current amplitudes evoked during depolarizing steps to various potentials (n = 9). Data are fitted using
Boltzmann function (red trace, see Materials and methods). The inset in red gives the values that
define the properties of Ca®* current in CSF-cNs obtained from the Boltzmann fit of the average data.
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1.2.  N-type Ca** channels represent the main Ca** channel subtype expressed in
CSF-cNs

Cass have been divided into three main families that consist of ten members.
Pharmacological approach was shown to be the most reliable tool to separate different types
of Ca,s (Catterall, 2011). To determine the nature of Ca,s in medullar CSF-cNs, voltage-
clamp recordings were carried out in the presence of selective pharmacological inhibitors of
the main Ca,s subtypes. However, to describe the inhibitory effect of a given toxin and to
avoid over-estimation of current inhibition, it was necessary to determine the stability of Ca**
current amplitude during repeated activations of Ca,s over time. Therefore, intracellular
solution supplemented with 10 mM EGTA was used to strongly buffer intracellular Ca®*
concentration. Inward Ca?* current was elicited every 20 s with 100 ms long depolarizing
pulses from a holding potential of -70 mV to +10 mV, where the maximum of Ca,s are
activated and the largest peak current amplitude is seen. Over 10 min of recording, Ca** peak
current amplitude decreased by 26.34 + 5.48 % (peak current amplitudes: -201.12 + 1.69 pA
during the first minute and —147.59 + 3.26 pA during the last minute of recording; data not
shown; n = 3). To test whether such current rundown over time may be the result of
insufficient buffering of intracellular Ca®* in the presence of EGTA, recordings were repeated
with an intracellular solution containing 10 mM BAPTA. While voltage activation step
remained the same as previously described, duration between depolarizations was increased to
30 s. Since BAPTA is faster Ca®* chelator than EGTA, current was expected to show less
rundown and to remain relatively constant due to rapid buffering of intracellular Ca®* with
BAPTA. However, even in the presence of BAPTA, Ca”" current still showed rundown by
9.59 + 5.30 % as peak current amplitude measured during the first minute of recording
decreased from -216.72 + 39.39 pA to -195.73 + 32.34 pA at the end of recoding (data not
shown; n = 4). Considering that current rundown in the presence of BAPTA is not statistically
different from the current rundown in the presence of EGTA (P = 0.06; Mann-Whitney test),
recordings were continued with the intracellular solution containing EGTA.

After establishing the stability of Ca®* current amplitude (or its rundown), the effect of
selective Ca®* channel blockers was tested on Ca®* currents from medullar CSF-cNs. In this
study, the effects of 500 nM @-conotoxin GVIA (N-type Ca?* channels inhibitor), 500 nM w-
agatoxin IVA (P/Q-type Ca?* channels inhibitor) and 1 pM nifedipine (L-type Ca** channels
inhibitor) were investigated. To prevent Ca** current rundown as much as possible, Ca®*
current was elicited with depolarizing steps every 30 s from a holding potential of -70 mV to
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+10 mV over 10 min. Pressure application of w-conotoxin GVIA for 5 min resulted in strong
and irreversible reduction of Ca*" current amplitude (peak currents amplitude: -141.71 +
19.59 pA in control and -52.57 + 28.14 pA in the presence of o-conotoxin GVIA; Figure 38.
A; n =7; P < 0.05 Wilcoxon matched-pairs signed ranked test). In contrast, pressure
application of ®-agatoxin IVA for 5 min induced small inhibition of evoked Ca* current. The
average peak current amplitude of -162.64 + 75.60 pA in control was reduced to -144.00
60.84 pA in the presence of w-agatoxin IVA (Figure 38. B; n = 11; P < 0.01, Wilcoxon
matched-pairs signed ranked test). Similar extent of current inhibition was observed in the
presence of nifedipine, as it induced a small decrease in Ca®* current amplitude (peak currents
amplitude: -123.17 £ 49.39 pA in control and -97.33 £ 29.37 pA in the presence of nifedipine;
Figure 38. C; n = 6; P < 0.05, Wilcoxon matched-pairs signed ranked test). The rundown of
Ca®" current in control was taken into account when measuring the inhibitory effect for each
toxin (red line in Figure 38. A-E). Taking into the consideration that w-conotoxin GVIA
induced the largest inhibition of whole-cell Ca** currents in medullar CSF-cNs, its inhibitory
effect on Ca”* currents recorded from spinal CSF-cNs was tested using the same protocol with
an intracellular solution containing 10 mM BAPTA. Ca®* current evoked during 10 min
exhibited an average peak amplitude of -264.78 + 65.03 pA that was reduced by 24.21 +
11.57% in the presence of w-conotoxin GVIA (peak current amplitude: -203.43 + 67.62 pA,
data not shown, n = 7). The smaller extent of current inhibition by ®-conotoxin GVIA in
spinal CSF-cN may indicate that N-type Ca®* channels do not represent the majority of Cays,
although the presence of BAPTA instead of EGTA in the intracellular solution should be
considered.
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Figure 38. Medullar CSF-cNs express mainly N-type Ca** channels.

A—C. The effect of different toxins on Ca®" current was monitored over time. Representative Ca®*
current traces from CSF-cNs recorded in control (A, By, Cy black traces, 1) and in the presence of ®-
conotoxin GVIA (A;, o-CnTx GVIA, red trace, 2), w-agatoxin IVA (B, ®-AgTx GVIA, red trace, 2),
or nifedipine (Cy, red trace, 2) during time period of 10 min. Time courses of Ca®* peak current
amplitude for recordings presented in A;, B; and C; (black circles) are presented in A, for m-conotoxin
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GVIA, B, for w-agatoxin IVA and C, for nifedipine. Toxins were applied by pressure for 5 min as
indicated by red bar. Blue regression line is fitted from data points taken in control (1), while red
regression line is fitted from data points at the end of recording, where maximum of current inhibition
is seen (2). D. Summary box-and-whiskers plots of the averaged percentage of Ca?* current blockade
in the presence of w-conotoxin GVIA (red box; 64.2 + 6.5%; n = 7), w-agatoxin IVA (light red box;
10.7 + 2.4%; n = 11), and nifedipine (white box; 16.7 + 4.2%; n = 6). Ca®* current sensitivity to o-
conotoxin GVIA is significantly higher compared to its sensitivity to w-agatoxin IVA and nifedipine
(**P < 0.01, ****P < 0.0001; Kruskal-Wallis/Dunn’s post hoc multiple comparison test).

In summary, our results demonstrate that medullar CSF-cNs express mainly N-type
Ca®* channels (Ca,2.2), since pressure application of o-conotoxin GVIA induced the largest
inhibition of whole-cell Ca?* currents. Spinal CSF-cNs are less sensitive to inhibitory effect of
w-conotoxin GVIA, although those recordings were performed in different experimental
conditions. Moreover, the inhibition of medullar Ca** currents in CSF-cNs by w-agatoxin
IVA and nifedipine suggest that these neurons also express P/Q-type (Ca,2.1) and L-type
(Ca,1) Ca®* channels.

2. MODULATION OF VOLTAGE-GATED Ca®** CHANNELS IN
MEDULLO-SPINAL CSF-cNs

The activity of Cas is precisely regulated in order to prevent excessive Ca* entry upon
their activation and intracellular Ca?* rise, and to maintain physiological concentrations of
intracellular Ca®*. One important actor in such regulation are G proteins activated by G
protein-coupled receptors (GPCRs). Here, | looked for G protein-mediated regulation of Ca,s
in medullo-spinal CSF-cNs. | determined the presence of metabotropic GPCRs, GABAg and
muscarinic receptors, and tested the mechanism of action of these receptors on Ca®* currents
expressed in CSF-cNs by using electrophysiological approach together with pharmacological

tools in acute brainstem and spinal cord slices obtained from adult wild-type mice.

2.1. CSF-cNs express functional metabotropic GABAg receptors that mainly

inhibit N-type Ca** channels mediated by a Gpy mechanism

Metabotropic GABAg receptors that couple to G proteins are well described as
modulators of Ca?* channels at pre- and postsynaptic levels (Bettler et al., 2004). In our recent

publication, we have presented the results of immunohistochemical study showing that
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medullar CSF-cNs in the adult mouse express the GABAg; subunit of GABAg receptors
(Jurci¢ et al., 2019). This observation is in agreement with the study carried out on the rat
spinal cord, where cells with typical morphology of CSF-cNs show strong labeling for the
same receptor subunit (Margeta-Mitrovic et al., 1999). To test whether the activation of
GABAg receptors expressed in medullo-spinal CSF-cNs modulate the activity of Cays, Ca**
current was evoked following single depolarizing step from a holding potential of -70 mV to
+10 mV in control and in the presence of baclofen, a selective agonist of GABAg receptors,
and peak current amplitude was monitored over 10 min of recording. As shown in Figures 39.
A and B, baclofen application (100 puM) induced rapid and strong inhibition of Ca®* current in
medullar CSF-cNs that persisted during the depolarizing voltage step (peak current
amplitudes: -159.48 + 87.06 pA in control and -88.78 = 69.16 pA in baclofen; Figure 39. C
and D; n = 13; P < 0.001, Wilcoxon matched-pairs signed ranked test). Current inhibition
induced by baclofen application reversed slowly upon wash out of baclofen, while it was
strongly reduced in the presence of 2 uM CGP, a selective GABAg antagonist (peak current
amplitudes: -172.56 = 66.74 pA in CGP and -154.65 = 72.62 pA in CGP with baclofen;
Figures 39. A-D; n = 14; P = 0.0557, Wilcoxon matched-pairs signed ranked test). Similar
results were observed in spinal CSF-cNs, where baclofen application induced a reduction of
the Ca** current amplitude (peak current amplitudes: -272.66 + 67.38 pA in control and -
183.31 £ 70.63 pA in the presence of baclofen; Figure 40. A-D; n = 7; P = 0.0156, Wilcoxon
matched-pairs signed ranked test). However, current recorded from spinal CSF-cNs in control
showed faster rate of recovery upon wash out of baclofen compared to Ca®* current recorded
from medullar CSF-cNs (Figure 40. A, B). Baclofen-induced current inhibition was almost
completely reversed in the presence of CGP (peak current amplitudes: -251.95 + 100.56 pA in
CGP alone and -243.09 + 106.30 pA in CGP with baclofen; Figure 40. A-D; n = 5; P =
0.0625, Wilcoxon matched-pairs signed ranked test), the effect that was also seen in

recordings obtained from medullar CSF-cNs.
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Figure 39. Ca®* channels in medullar CSF-cNs are modulated by GABAg receptors.

A. Representative Ca" current traces elicited from a holding potential of -70 mV to +10 mV in two
different medullar CSF-cNs recorded in control (top, 1, black traces) or in the presence of 2 uM CGP
(bottom, 1, purple traces), and in the presence of 100 uM baclofen alone (top, 1, red trace) or with
CGP (bottom, 2, blue trace). B. Time course of Ca** peak current amplitude for the recordings in A, in
the absence (red circles) and presence (blue circles) of CGP. Red bar indicates baclofen pressure
application (1 min). C. Summary box-and-whiskers plots for averaged Ca?* current amplitude in the
absence of CGP before (black box) and during (red box) baclofen application, and in the presence of
CGP before (purple box) and during (blue box) baclofen application (see text for details; ****P <
0.0001, **P < 0.01, *P < 0.05, ANOVA.Ime/Dunn’s post hoc multiple comparison test). D. Summary
box-and-whiskers plots for the Ca®* current inhibition mediated by baclofen in the absence (red box)
and presence of CGP (blue box). Baclofen alone significantly inhibited Ca®* current amplitude, while
this inhibitory effect was abolished in the presence of CGP (baclofen: 49 £ 6%, n = 13; baclofen in
CGP: 7 £ 4%, n = 14; ****P < 0.0001, Mann-Whitney test).
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Figure 40. Ca*" channels in spinal CSF-cNs undergo inhibition mediated by GABAg
receptors activation.

A. Representative Ca** current traces elicited from a holding potential of -70 mV to +10 mV in two
different spinal CSF-cNs recorded in control (top, 1, black traces) or in the presence of 2 uM CGP
(bottom, 1, violet traces), and in the presence of 100 uM baclofen alone (top, 1, red trace) or with CGP
(bottom, 2, blue trace). B. Time course of Ca®* peak current amplitude for the recordings in A, in the
absence (red circles) and presence (blue circles) of CGP. Red bar indicates baclofen pressure
application (1 min). C. Summary box-and-whiskers plots for averaged Ca®* current amplitude in the
absence of CGP before (black box) and during (red box) baclofen application, and in the presence of
CGP before (purple box) and during (blue box) baclofen application (see text for details; *P < 0.05,
ANOVA.Ime/Dunn’s post hoc multiple comparison test). D. Summary box-and-whiskers plots for the
Ca”* current inhibition mediated by baclofen in the absence (red box) and presence of CGP (blue box).
Baclofen significantly inhibited Ca®* current amplitude and its inhibitory effect was abolished in the
presence of CGP (baclofen: 35 £ 10%, n = 7; baclofen in CGP: 5 £ 6%, n = 5; **P < 0.01, Mann-
Whitney test).

It has been previously reported that N- and P/Q-type Ca®* channels involved in
neurotransmitter release are mainly susceptible to GABAg receptor modulation (Bettler et al.,
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2004). As | have shown, CSF-cNs express mainly N-type Ca** channels (Ca,2.2). Therefore, |
tested whether this type of Ca®* channels undergoes modulation by GABAg receptors in
medullo-spinal CSF-cNs. w-conotoxin GVIA (500 nM) was pressure applied for 5 min to
inhibit N-type Ca?* channels, followed by baclofen application (100 uM) together with -
conotoxin GVIA (500 nM) for 1 min to activate GABAg receptors. In medullar CSF-cNs,
application of w-conotoxin GVIA alone reduced peak Ca** current amplitude by 30.67 +
10.65% (peak current amplitude: -123.52 + 60.64 pA in control; -81.84 + 33.25 pA in ®-
conotoxin GVIA; Figure 41. A, B; n =4, P = 0.0650, Paired t-test). When baclofen was added
to w-conotoxin GVIA, Ca®* current amplitude was further reduced by 19.19 + 16.74 % (peak
current amplitude: -33.44 + 20.87 pA in o-conotoxin GVIA with baclofen; Figure 41. A, B; n
=4, P =0.3367 for o-conotoxin GVIA alone compared to m-conotoxin GVIA with baclofen,
Mann-Whitney test). Similar pattern of inhibition was seen when Ca** currents were recorded
from spinal CSF-cNs. There, o-conotoxin GVIA alone reduced peak Ca®* current amplitude
by 39.65 £ 17.91% (peak current amplitude: -264.78 + 65.03 pA in control; -162.99 + 73.11
PA in o-conotoxin GVIA; data not shown; n = 7; P > 0.05, Friedman test/Dunn’s post hoc
multiple comparison test). Addition of baclofen to w-conotoxin GVIA finally reduced peak
current amplitude by 36.44 £+ 23.95% (peak current amplitude: -113.10 £ 81.25 pA in -
conotoxin GVIA with baclofen; data not shown; n=7; P >0.05 for m-conotoxin GVIA alone
compared to o-conotoxin GVIA with baclofen, Friedman test/Dunn’s post hoc multiple
comparison test). However, in both brainstem and spinal cord CSF-cNs, baclofen together
with o-conotoxin GVIA did not completely inhibit whole-cell Ca?* currents, indicating the
presence of @-conotoxin GVIA-resistant Ca?* channels that are inhibited by the activation of
GABAg receptors in CSF-CNs.
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Figure 41. Activation of GABAg receptors inhibits mainly N-type voltage-gated Ca*
channels.

A. Representative peak Ca®" currents traces elicited with a voltage step to +10 mV from a holding
potential of -70 mV recorded from one CSF-cN in control (black trace), in the presence of 500 nM -
conotoxin GVIA alone (0-CnTx, red trace) and with 100 uM baclofen (purple trace). B. Time course
of Ca®" peak current amplitude for the recording in A. w-conotoxin GVIA alone was applied by
pressure for 5 min (red bar) for current that was recorded during 10 min. Another recording of 10 min
was initialized 2 min after the end of the first one (//), when w-conotoxin GVIA was applied by
pressure together with baclofen for 1 min (purple box). Inhibition of Ca®* current by toxins was
measured from regression lines which were fitted from data points before toxin application (blue line),
from data points at the end of recording for w-conotoxin GVIA (red line) and from data points at the
time of simultaneous pressure application of w-conotoxin GVIA with baclofen (violet line) where the
maximum of current inhibition is seen.

Activation of GABAg receptors that couple to Gj, type of G proteins leads to direct
binding of GBy subunits to Ca,s (Bettler et al., 2004), mediating their strong inhibition. This
inhibition shows voltage dependence as it can be greatly relieved by strong depolarization
(lkeda, 1991, 1996). To determine if such mechanism of Ca,s inhibition by GABAg receptors
activation is seen in medullo-spinal CSF-cNs, triple pulse protocol was used to activate Ca,s
and potentially reduce the inhibition mediated by GABAg receptors (see Materials and
methods). Ca®* current was elicited with a depolarizing step to +10 mV from a holding
potential of -70 mV before (prepulse) and after (postpulse) introducing high depolarizing step

to +100 mV. In medullar CSF-cNs, Ca** current evoked by prepulse in control had average
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peak current amplitude of -176.83 + 99.62 pA, and similar current amplitude of -149.43 +
65.48 pA was elicited by postpulse (Figure 42. A, C, D; n = 9; P = 0.3719 for prepulse
amplitude compared to postpulse amplitude in control, ANOVA.Ime/Dunn’s post hoc
multiple comparison test). The pre/postpulse ratio was around 95% (Figure 42. F; n = 9).
Application of baclofen induced strong reduction of Ca** currents elicited by the prepulse
when compared to control (-61.76 = 44.41 pA, Figure 42. A, C, E; n = 9; P < 0.0001 when
compared to control; ANOVA.Ime/Dunn’s post hoc multiple comparison test) with according
reduction in the pre/postulse ratio by around 40% compared to the control situation (Figure
42. F; n = 9). This baclofen-mediated inhibition of Ca®* current was potently reduced by
postpulse following the depolarization to +100 mV (-114.66 + 63.99 pA,; Figure 42. A, D, E;
n =9, P < 001 when compared to prepulse; ANOVA.Ime/Dunn’s post hoc multiple
comparison test). Note that peak Ca®* current recorded in the presence of baclofen for the
postpulse reached similar amplitude as seen for postpulse recordings in control (n = 9; P =
0.078 when compared to control; ANOVA.Ime/Dunn’s post hoc multiple comparison test in
postpulse). In the presence of CGP, Ca®" current elicited by prepulse had an average peak
current amplitude of -179.59 + 72.86 pA, while current elicited by postpulse exhibited the
average peak current amplitude of -154.22 + 60.94 pA (Figure 42. B-D, n = 9; P = 0.8596 for
the prepulse compared to postpulse, ANOVA.Ime/Dunn’s post hoc multiple comparison test).
Therefore, the extent of Ca?* current inhibition mediated by baclofen is strongly diminished
for both prepulse and postpulse in the presence of CGP (-166.84 + 79.71 pA for the prepulse
and -144.32 + 59.82 pA for the postpulse, Figure 42. B-E, n = 9; P = 0.8848 for the prepulse
compared to postpulse, ANOVA.Ime/Dunn’s post hoc multiple comparison test). When CGP
was present alone or with baclofen, the pre/postpulse ratio was similar to that observed in
control and it was close to 100% (Figure 42. F; n = 9). Note that the amplitude of Ca®* current
in the presence of baclofen in CGP is similar to that observed in CGP in the absence of
baclofen for prepulse (P = 0.9835) and postpulse (P = 0.9900; n = 10; ANOVA.Ime/Dunn’s
post hoc multiple comparison test).

Similar mechanism of baclofen-mediated inhibition is seen in spinal CSF-cNs. There,
the average Ca’" peak current amplitude of -272.88 + 67.69 pA evoked by prepulse was
reduced to -181.66 + 71.51 pA when evoked by prepulse in the presence of baclofen (data not
shown; n = 7; P < 0.05 for prepulse amplitude in control compared to prepulse amplitude in
baclofen, ANOVA.Ime/Dunn’s post hoc multiple comparison test). Strong depolarization to

+100 mV reduced the inhibitory effect of baclofen on Ca®* current evoked by postpulse (peak
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current amplitude: -143.42 + 39.39 for a postpulse in control; -118.29 + 37.90 pA for a
postpulse in baclofen; n = 7; P = 0.8577, ANOVA.Ime/Dunn’s post hoc multiple comparison
test). In control, the pre/post ratio was 194.08 £+ 29.10% (data not shown; n = 7), while in the
baclofen it was around 155.62 + 38.23% (data not shown; n = 7; P < 0.001, Paired t-test). In
the presence of CGP, inhibition of Ca?* current by baclofen was strongly diminished. The
average Ca** peak current amplitude of -251.95 + 100.56 pA evoked by prepulse in CGP was
similar to the average current amplitude evoked by prepulse in the presence of baclofen (-
243.09 + 106.30 pA in the presence of baclofen; data not shown; n = 5; P = 0.9983 for
prepulse amplitude in the absence of baclofen in CGP compared to prepulse amplitude in the
presence of baclofen in CGP, ANOVA.Ime/Dunn’s post hoc multiple comparison test). Ca®*
currents evoked by postpulse in the absence and presence of baclofen in CGP did not show
significant difference (peak current amplitude: -141.26 + 41.64 for postpulse amplitude in
CGP; -133.50 *+ 41.03 pA for postpulse amplitude in CGP in the presence of baclofen; data
not shown; n = 5; P = 0.9988 for the pospulse amplitude in the absence compared to postpulse
amplitude in the presence of baclofen in CGP, ANOVA.Ime/Dunn’s post hoc multiple
comparison test). In the presence of CGP alone, the pre/postpulse ratio was 178.06 + 46.47%
(data not shown; n = 7), and it was similar to that measured in the presence of baclofen
(181.18 + 56.79%; data not shown; n = 7; P = 0.599, Paired t-test).

Taken together, these results indicate that medullo-spinal CSF-cNs express functional
metabotropic GABAg receptors activated by baclofen. | show that inhibitory effect of
baclofen can be strongly reduced in the presence of selective GABAg antagonist CGP.
Further analysis demonstrated that mainly Ca®* channels of N-type are subjected to inhibition
mediated by GABAg receptors. Moreover, | show that the activation of GABAg receptors by
baclofen inhibits Ca** currents in medullo-spinal CSF-cNs through direct binding of Gpy
subunits of Gjj, proteins to Ca?* channels. Ca?* current inhibition by baclofen is reduced in the
presence of CGP. More important, the inhibition mediated by Gy subunits is voltage-
dependent and it can be relieved by strong depolarization, following classical triple-pulse

protocol.
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Figure 42. Activation of GABAg receptors inhibits Ca®* currents through Gpy-mediated
mechanism.

A. Representative Ca?* current traces recorded from CSF-cNs in control, in response to triple pulse
protocol where a depolarizing step to +100 mV (50 ms) is inserted between two voltage steps from a
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holding potential of -70 mV to +10 mV (50 ms). The protocol is illustrated under the current trace,
where prepulse indicates the voltage step before the depolarization to +100 mV, and postpulse
indicates the voltage step after the strong depolarization. Ca®* current traces elicited by prepulse (1)
and postpulse (2) are recorded in control (black trace) and in the presence of 100 uM baclofen (red
trace). B. Representative Ca®* current traces recorded from CSF-cNs in presence of 2 pM CGP, in
response to triple pulse protocol as indicated in A. Ca®* current traces elicited in prepulse (1°) and
postpulse (2”) are recorded in CGP in the absence (violet trace), and in the presence of baclofen (blue
trace). C. Time course of Ca®* peak current amplitude for the current traces illustrated in A and B.
Baclofen is applied by pressure for 1 min (red box) when Ca®" current is recorded for prepulse in the
absence (1, red circles) and presence (1°, blue circles) of CGP. D. Time course of Ca®* peak current
amplitude for the current traces illustrated in A and B. Baclofen is applied by pressure for 1 min (red
box) when Ca?* current is elicited by postpulse in the absence (2, red circles) and presence (2°, blue
circles) of CGP. C. Summary box-and-whiskers plots for the averaged percentage of Ca®* current
inhibition mediated by baclofen in the absence (red boxes) and presence of CGP (blue boxes) for
currents evoked by prepulse (open boxes) and postpulse (closed boxes). In the absence of CGP,
baclofen significantly inhibited Ca®* current evoked by prepulse compared to postpulse (52 + 24% for
the prepulse and 19 + 8% for the postpulse; n = 9). The inhibitory effect of baclofen was strongly
reduced in the presence of CGP and the inhibition of current did not differ between prepulse and
postpulse (4 £ 12% for the prepulse and 3 £ 7% for the postpulse; n = 10; ****P < 0.0001, ***P <
0.001; ANOVA.Ime/Dunn’s post hoc multiple comparison test). F. Summary box-and-whiskers plots
for the prepulse/postpulse ratio recorded in control (black box), in baclofen (red box), in CGP alone
(violet box) and with baclofen (blue box). The prepulse/postpulse ratio was strongly reduced in the
presence of baclofen alone (control: 98 + 6%, baclofen: 62 + 27%; n = 9). In the presence of CGP,
baclofen failed to reduce the prepulse/postpulse ratio (CGP: 102 + 11%, baclofen in CGP: 103 + 14%;
n =10; P = 0.999). The prepulse/postpulse ratio measured in the presence of CGP alone, as well as in
the presence of CGP with baclofen were both significantly higher then that calculated for baclofen
alone (see above; ****P < 0.0001 for the ratio with baclofen alone compared to CGP alone and CGP
with baclofen, respectively). Statistical test: ANOVA.Ime/Dunn’s post hoc multiple comparison test.

2.2.  Activation of muscarinic receptors inhibits voltage-gated Ca** channels in

CSF-cNs mediated by a Gy mechanism

Previous study carried out on mice brainstem slices showed that CSF-cNs express
functional ionotropic cholinergic receptors of nicotinic type which mediate inward current
when activated by acetylcholine (ACh) (Orts Del’Immagine et al., 2015). To test if the same
type of ionotropic receptors is expressed on spinal CSF-cNs, recordings were made from
CSF-cNs in voltage-clamp mode in response to pressure application of ACh (1 mM). As
expected, ACh applied for 1 sec induced inward current with an average amplitude of -4.77 £
1.98 pA (Figure 43. A, B; n = 15). In the presence of D-tubocurarine (200 puM), a selective
antagonist of nicotinic receptors, this inward current was reduced by 77.58 + 16.05%, and it
had an average amplitude of -0.61 + 0.24 pA (Figure 43. A, B; n = 6; P = 0.0127, Paired t-
test).
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Figure 43. CSF-cNs express functional cholinergic receptors of nicotinic type.

A. Representative current traces recorded in one CSF-cNs from a holding potential of -70 mV in
response to pressure application of 1 mM acetylcholine (ACh, black bar) in control (black trace) and in
the presence of 200 UM D-tubocurarine (red trace). Note that inward current elicited by ACh in
control is inhibited in the presence of D-tubocurarine. B. Summary box-and-whiskers plots of the
average inward current amplitude evoked by application of ACh in control (black box) and in the
presence of D-tubocurarine (red box). D-tubocurarine significantly reduced ACh-mediated current
amplitude (see text for more details; *P < 0.05, Paired t-test).

Another type of receptors activated by ACh are muscarinic acetylcholine receptors,
metabotropic receptors coupled to G proteins. There are five muscarinic receptors (M1 — M5),
and among them, only M2 and M4 couple to inhibitory Gj, proteins (Caulfield, 1993). The
same type of inhibitory G proteins couples to GABAg receptors that were shown to inhibit
Ca®* currents in CSF-cNs when activated by baclofen (see previous section). Therefore, |
looked for the presence of metabotropic muscarinic receptors and the effect of their activation
on Ca®* currents in spinal CSF-cNs. Single depolarizing step from a holding potential of -70
mV to +10 mV was used to elicit Ca®* currents in the presence of oxotremorine-M, a selective
agonist of muscarinic receptors, and the peak current amplitude was monitored over time.
Pressure application of 100 uM oxotremorine-M (1 min) induced long-lasting inhibition of
evoked Ca®* currents, and it reduced the average peak current amplitude from -287.54 +
118.57 pA measured in control to -114.37 + 70.01 pA (Figure 44. A-D; n = 12; P < 0.01,
ANOVA.Ime/Dunn’s post hoc multiple comparison test). The inhibitory effect of
oxotremorine-M on Ca?* current was reduced in the presence of atropine (10 pM), a selective

inhibitor of muscarinic receptors (peak current amplitude: -317.60 + 144.36 pA in atropine; -
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245.88 *+ 106.98 pA in atropine in the presence of oxotremorine-M, Figure 44. A-D; n =6, P
=0.6213, ANOVA.Ime/Dunn’s post hoc multiple comparison test).
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Figure 44. Ca®* currents in spinal CSF-cNs are inhibited by muscarinic receptors.

A. Representative Ca®* current traces recorded from two spinal CSF-cNs in response to depolarization
from a holding potential of -70 mV to +10 mV in control (top, 1, black trace) or in the presence of 10
1M atropine (bottom, 2, violet trace), and in the presence of oxotremorine-M alone (top, 1, red trace)
or with atropine (bottom, 2, blue trace). B. Time course of Ca*" peak current amplitude for the
recordings in A, in the absence (1, red circles) and presence (2, blue circles) of atropine.
Oxotremorine-M is applied by pressure for 1 min as illustrated by red bar. C. Summary box-and-
whiskers plots of the averaged Ca®* peak current amplitude in the absence of atropine before (black
box) and during (red box) oxotremorine-M (oxo-M) application, and in the presence of atropine before
(purple box) and during (blue box) oxotremorine-M application (see text for details; **P < 0.01;
ANOVA.Ime/Tukey’s post hoc multiple comparison test). D. Summary box-and-whiskers plots of the
averaged percentage of Ca?* current inhibition mediated by oxotremorine-M in the absence (red box)
and presence of atropine (blue box). Strong Ca®* current inhibition by oxotremorine-M is significantly
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reduced in the presence of atropine (oxotremorine-M: 60 + 2, n = 12; oxotremorine-M in atropine: 22
+ 4%, n = 6; ****P < (0.0001; Mann-Whitney test).

As G protein coupled receptors, muscarinic receptors act via direct binding of Gpy
subunits to Ca®* channels, a mechanism similar to that observed for GABAg receptors (see
previous section). To determine whether the inhibition of Ca®* current by muscarinic
receptors is voltage-dependent in spinal CSF-cNs, triple pulse protocol was used to activate
Ca®* channels and to reverse the inhibitory effect of muscarinic receptors activation on Ca**
currents (see Materials and methods). In control, Ca®* current evoked by prepulse reached an
average peak amplitude of -300.03 £+ 150.81 pA, while current evoked by postpulse had on
average a peak amplitude of -159.68 + 61.96 (Figure 45. A, n = 7; P = 0.0936 for prepulse
amplitude compared to postpulse amplitude in control, ANOVA.Ime/Dunn’s post hoc
multiple comparison test). Ca®* current amplitude elicited by prepulse was strongly
diminished in the presence of oxotremorine-M when compared to control (-137.73 £ 91.91
pA; Figure 45. A, C, E; n =7; P < 0.05 when compared to control, ANOVA.Ime/ Dunn’s post
hoc multiple comparison test). When Ca?* current was elicited by postpulse in the presence of
oxotremorine-M, current amplitude was similar to that recorded for the postpulse in control
(-112.91 £ 49.70 pA; n = 7; P = 0.9766 when compared to control; ANOVA.Ime/ Dunn’s post
hoc multiple comparison). Pre/postpulse ratio was accordingly reduced in the presence of
oxotremorine-M when compared to control (Figure 45. F; n = 7). In the presence of atropine,
Ca®* current evoked by prepulse had average peak amplitude of -339.52 + 120.88 pA, while
current elicited by postpulse exhibited an average amplitude of -260.06 + 85.45 pA (Figure
45. B; n =6, P <0.05 ANOVA.Ime/Dunn’s post hoc multiple comparison test). The extent of
Ca’* current inhibition mediated by oxotremorine-M was strongly reduced in the presence of
atropine for the prepulse as current exhibited the averaged amplitude of -167.57 + 55.29 pA
(Figure 45. B, C, E; n = 9; P = 0.7925, ANOVA.Ime/Dunn’s post hoc multiple comparison
test). Inhibition of Ca®* current by oxotremorine-M was further reduced when current was
elicited by postpulse, and there was no significant difference when current amplitude was
compared to that recorded in atropine alone (-117.07 + 30.68 pA, Figure 45. B, D, E,n=9; P
= 0.9766, ANOVA.Ime/Dunn’s post hoc multiple comparison test). In the presence of
atropine alone, the pre/postpulse ratio was smaller to that observed in control (Figure 45. F; n
= 6), and in the presence of atropine with oxotremorine-M, the pre/postpulse ratio was similar

to that observed in control (Figure 45. F; n = 6).
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Figure 45. Muscarinic receptors inhibit voltage-gated Ca** channels potentially through
direct binding of Gpy.

A. Representative Ca?* current traces recorded from CSF-cNs in response to triple pulse protocol as
illustrated in Figure 42. Ca*" current traces elicited by prepulse (1) and postpulse (2) are recorded in
control (black trace) and in the presence of 100 pM oxotremorine-M (red trace). B. Representative
Ca”* current traces recorded from CSF-cNs in presence of 10 pM atropine. Ca®* current traces elicited
by prepulse (1°) and postpulse (2’) are recorded in atropine in the absence (purple trace) and in the
presence of oxotremorine-M (blue trace). C. Time course of Ca*" peak current amplitude for the
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current traces illustrated in A and B. Oxotremorine-M is applied by pressure for 1 min (red box) when
Ca”" current is recorded for prepulse in the absence (1, red circles) and presence (1°, blue circles) of
atropine. D. Time course of Ca*" peak current amplitude for the current traces illustrated in A and B.
Oxotremorine-M is applied by pressure for 1 min (red box) when Ca?* current is elicited by postpulse
in the absence (2, red circles) and presence (2°, blue circles) of atropine. E. Summary box-and-
whiskers plots of the averaged percentage of Ca®* current inhibition mediated by oxotremorine-M in
the absence (red boxes) and presence of atropine (blue boxes) for currents evoked by prepulse (open
boxes) and postpulse (close boxes). In the absence of atropine, oxotremorine-M significantly inhibited
Ca”* current evoked by prepulse compared to postpulse (53 + 4 % for the prepulse and 28 + 3% for
the postpulse; n = 7; ***P < 0.001, ANOVA.Ime/Dunn’s post hoc multiple comparison test). The
inhibitory effect of oxotremorine-M was reduced in the presence of atropine and the inhibition did not
differ between prepulse and postpulse (21 + 4% for the prepulse and 28 + 3% for the postpulse; n = 6;
P = 0.6242, ANOVA.Ime/Dunn’s post hoc multiple comparison test). F. Summary box-and-whiskers
plots for the pre/postpulse ratio recorded in control (red box), in oxotremorine-M (blue box), in
atropine in the absence (red closed box) and the presence of oxotremorine-M (blue closed box). In the
presence of oxotrmorine-M, the pre/postpulse ratio was reduced (control: 185.01 + 35.01%;
oxotremorine-M: 115.37 + 36.79%; n = 7; ***P < 0.001, ANOVA.Ime/Dunn’s post hoc multiple
comparison test). In the presence of atropine, oxotremorine-M failed to reduce the pre/postpulse ratio
(atropine: 129.85 + 13.75%; oxotremorine-M in atropine: 141.54 + 17.75%; n = 6). The pre/postpulse
ratio calculated in control was significantly higher than that calculated for atropine alone (see above;
*P < 0.05, ANOVA.Ime/Dunn’s post hoc multiple comparison test).

Altogether, these results indicate that spinal CSF-cNs possess functional ionotropic
receptors of nicotinic type activated by ACh, which is in agreement with the data obtained in
previous study from medullar CSF-cNs (Orts Del’Immagine et al., 2015). Moreover,
muscarinic acetylcholine receptors expressed on spinal CSF-cN inhibit Ca®* currents when
activated by selective agonist oxotremorine-M, and its inhibitory effect is strongly reduced in
the presence of atropine, muscarinic receptor antagonist. The inhibition of Ca** current is
mediated through direct binding of GBy subunits of Gy, proteins to Ca** channels and it is

voltage-dependent as inhibition is relieved upon strong depolarization.

3. REGULATION OF INTRACELLULAR Ca* CONCENTRATIONS

Cells possess several mechanisms which regulate intracellular Ca** concentrations, and
therefore prevent large accumulation of intracellular Ca®* that could lead to development of
pathological events. Cay,s located on the plasma membrane represent a source of extracellular
Ca®*, while ER represents an important source of intracellular Ca®* acting as intracellular Ca**

store. Here, | combined whole-cell patch clamp recordings in voltage-clamp or current-clamp
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mode with Ca®* imaging to describe the role of Ca,s in Ca?* signaling, and to identify the

presence of functional Ca®* stores located in the ER.

3.1.  Calcium signaling and regulation in medullo-spinal CSF-cNs

To describe Ca®* homeostasis in CSF-cNs, it is important to determine the sources of
intracellular Ca?* and the consequences on intracellular Ca** concentration ([Ca®*];). Voltage-
gated Ca?* channels on plasma membrane are one of the important sources of Ca?* influx into
the cells. Therefore, whole-cell patch clamp recordings in voltage-clamp mode were
combined with Ca®* imaging to determine the effect of Ca®* channels activation on
intracellular Ca** elevations. CSF-cNs were depolarized from a holding potential of -70 mV
to +10 mV to activate Ca?* currents of maximum amplitude. To determine the increase in
[Ca®*];, all CSF-cNs were dialyzed with Fluo-4 (50 pM), a fluorescent Ca** probe, and
changes in fluorescence intensity of Fluo-4 were measured. In medullar CSF-cNs, Ca**
current elicited by membrane depolarization had an average peak amplitude of -234.96 +
86.38 pA (n = 5), and it was followed by an increase in somatic [Ca*']; by 660.02 + 313.20%
(n = 5), seen as an increase in the net fluorescence intensity (AF/Fo) of Fluo-4 from the
baseline. Consequentially, Ca®* elevations were seen to diffuse from the soma to the bud (see

below).

Next, to study Ca?* signaling in a more physiological condition, activation of Ca**
channels was elicited during train of APs. Electrophysiological recordings were performed in
current-clamp mode combined with Ca?* imaging on medullar CSF-cNs. Ca®* elevations were
induced using 5 successive trains of APs by injecting +20 pA DC current from the RMP
(Figure 46. A, B). As shown in Figure 46. C, [Ca*']; increased as a function of AP train
number. Thus, the first AP train induced an increase in somatic [Ca*"]; by 13.57 + 14.38%
(AF/Fp. n = 12) from the baseline, while the 5™ train of AP induced larger increase in [Ca?'];
(37.70 + 42.71%, Figure 46. A, C, n = 12). Following the last train of APs, [Ca*']; were
measured to increase by 292.25 + 69.76% when normalized to the elevations of [Ca®"];
recorded upon the 1% train of APs (Figure 46. D, n =12). At the end of 5" train of APs, [Ca®'];
decreased slowly back to resting levels to a value similar to that observed at baseline (Figure
46. C). Similar intracellular Ca?* elevations were measured from spinal CSF-cNs following

the same protocol. There, the first trains of APs induced an increase in fluorescence intensity
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by 10.69 + 6.30% from the baseline (n = 13; P = 0.5865 when compared to the medullar CSF-
cNs, Mann-Whitney test), the fluorescence increased further following the 5" train of APs
(38.90 = 19.41%; n = 13; P = 0.2109 when compared to the medullar CSF-cNs, Mann-
Whitney test), which corresponded to 393.25 + 109.52% when elevations of [Ca®']; were
normalized to elevations recorded for the 1* train of APs (data not shown; n =13; P < 0.05

when compared to the medullar CSF-cNs, Mann-Whitney test).

Taken together, these results indicate that depolarization of CSF-cNs elicits increases in
the [Ca*]; to a similar extent in spinal and medullar CSF-cNs. As expected, the amplitude of
the rise in [Ca®*]; was proportional to the stimulus intensity and decreased over several
seconds in an exponential manner indicative for the involvement of Ca** clearance

mechanisms to bring [Ca®*]; back to resting levels.

CSF-cNs express GABAg receptors capable of modulating Ca,s. Here, | studied the
consequences of GABAg activation on Ca®* signaling. Therefore, Ca®* influx into the cells
was induced using trains of APs in control and while exposing to 100 uM baclofen (Figure
46. A, B). In the presence of baclofen, intracellular Ca®* rise was reduced on the 1% train of
APs to 8.09 £ 7.41% (n = 6) and decreased further with subsequent AP trains (reduction by
25.48 + 24.18% at the end of 5" train; Figure 46. C; n = 6). When normalized to the 1% train
of APs, [Ca*]; increased only by 165.74 + 35.32% compared to the control situation (Figure
46. D; n = 6). In agreement with our previous results, the effect of baclofen was strongly
diminished in the presence of CGP. In 7 out of 9 recorded cells, baclofen failed to reduce Ca**
elevations following generation of AP trains. Following the 1% train of APs in the presence of
baclofen and CGP, somatic [Ca®*]i increased by 20.71 + 14.24% (n = 7; P = 0.0774 compared
to baclofen alone, Unpaired t-test) and by 64.41 + 36.67% following the 5" train of APs (n =
7; P < 0.05 compared to baclofen alone, Unpaired t-test), which corresponded to 352.46 +
127.51% when normalized to the increase recorded for the 1% AP train (n = 7; P < 0.001
compared to baclofen alone, Unpaired t-test). APs recorded in the presence of baclofen and
CGP were of similar amplitudes compared to those recorded in CGP alone (data not shown).
Moreover, the application of baclofen did not change the properties of evoked APs or intrinsic
properties of CSF-cNs (Table 5.).

These results, therefore, indicate that depolarization of CSF-cNs activates Ca®* channels
on the plasma membrane and leads to the large increases in [Ca*"]; upon Ca®* influx into the

cell. These observations are confirmed in more physiological conditions, where Ca** channels
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activation mediated by generation of APs increased [Ca®']i, an effect that was reduced
following the activation of GABAg receptors by baclofen. Thus, activation of GABAg
receptors and GABA signaling would play a role as modulator of CSF-cN physiology.
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Figure 46. Activation of Ca?* channels induces intracellular Ca®* rise which is inhibited
by GABAg receptors activation.
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Figure 46. Activation of Ca?" channels induces intracellular Ca*" rise which is inhibited by
GABA; receptors activation. A. One CSF-cN is recorded in control (top panels) and in the presence
of 100 uM baclofen (lower panels). Cell is recorded in whole-cell configuration in current-clamp
mode at the RMP of -56 mV and dialyzed with 50 uM Fluo-4. Average representative images are
obtained from 5 successive images acquired for baseline fluorescence (1), for maximum fluorescence
increase after 5 trains APs (2) and for the fluorescence at the end of recovery period (3; see also C).
Dashed white line indicates the central canal (CC), and yellow dashed lines indicate the regions of
interest (ROI) drown in the background (ROI Bkg) and on the soma of the cell (ROI Cell). These two
ROIs were used to calculate the net average fluorescence intensity (AF/Fg) and generate the
fluorescence time course. Five successive trains of APs were generated with +20 pA DC current
injection pulse for 500 ms delivered at 0.5 Hz. B. Representative trains of APs evoked in control
(black trace) and in the presence of baclofen (red trace). Note that traces show the same properties. C.
Time course of the net fluorescence changes for the cell illustrated in A, acquired in control (black
trace) and in the presence of baclofen (red trace) applied during the train of APs. The black arrows
indicate the time point when each train of APs was generated. Trace is corrected for fluorescence
guenching. D. Summary box-and-whiskers plots for the normalized fluorescence increase recorded
after the 5™ train of APs in control (black box), in baclofen (red box), in CGP alone (purple box) and
in the presence of baclofen in CGP (blue box). The application of baclofen reduced the increase in
fluorescence intensity, which was significantly reduced in the presence of CGP (control: 292.25 +
69.76%, n = 12; baclofen: 165.74 + 35.32%, n = 6; CGP: 429.35 + 149.07%, n = 9; CGP with
baclofen: 392.04 + 145.63%, n = 9; **P < 0.01, *P < 0.05, ANOVA.Ime/Dunn’s post hoc multiple
comparison test). E. Summary box-and-whiskers plots for the decrease in normalized fluorescence
increase recorded after the 5" train of APs in the presence of baclofen alone (red box, n = 6) and in the
presence of CGP (blue box, n = 7). CGP significantly reduced the decrease in recorded fluorescence
increase (baclofen alone: 40 + 15%; baclofen in CGP: 9 + 18%; n = 7; *P < 0.05, Mann-Whitney test).

Control Baclofen P value

Resting potential (mV) 571174 (n=12) -53.1+6.7 (n=11) 0.1079
Threshold potential (mV) -374+4.4(n=28) -35.5+49(n=7) 0.4290
AP amplitude (mV) 102.3+7.7 (n=38) 98.7+86(n=7) 0.2183
AP frequency (Hz) 17.7+£5.9 (n=8) 19.7+58(n=7) 0.7345
AP half-width (ms) 38+0.7(n=28) 38+07(n=7) 0.8245

Table 5. Electrophysiological properties of CSF-cNs in control and in the presence of
baclofen.

Baclofen (100 uM) application did not change the RMP and TP of CSF-cNs, neither the properties of
APs that were elicited by +20 pA DC current step injections of 500 ms (two-tailed paired Student’s t-
test for all comparisons).
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3.2.  CSF-cNs posses functional intracellular Ca®* stores involved in Ca*

signaling

Together with voltage-gated Ca** channels expressed on the plasma membrane of the
cells, ER is known to play an important role in the regulation of intracellular Ca*
concentrations. This organelle corresponds to an intracellular Ca** store which can release
and/or accumulate Ca** depending on its luminal and cytoplasmic concentrations. RyRs and
IPsRs can mediate Ca®* efflux from ER stores (Verkhratsky, 2005). To test whether spinal
CSF-cNs possess functional ER stores, Ca®* imaging was performed on CSF-cNs from wild-
type mice dialyzed with Fluo-4, and caffeine (50 uM, 10 s), a potent activator of RyRs, was
pressure applied onto the recorded CSF-cNs. In 14 out of 23 cells recorded, caffeine
application in normal extracellular solution containing 2 mM Ca”* (aCSF, see Materials and
methods) induced an increase in the Fluo-4 fluorescence intensity by 34.79 + 24.79% (AF/Fo;
Figure 47. A, n = 14) from the baseline. To confirm that the observed rise in intracellular Ca®*
is due to Ca*" release from intracellular ER stores, and not due to Ca®* influx through the
plasma membrane, recordings were repeated in the absence of extracellular Ca®* (Ca**-free
aCSF, see Materials and methods). In 14 out of 29 cells, application of caffeine induced rise
in fluorescence intensity by 50.95 + 38.17%, an increase that was similar to that observed in
the presence of extracellular Ca®* (Figure 47. B, n = 14, P = 0.1485, Mann Whitney test).

Ca®" accumulation into ER stores is mediated by SERCA pumps which help to restore
the resting concentrations of intracellular Ca®* upon its elevation in the cytoplasm
(MacLennan et al., 1997). To determine whether SERCA pumps are involved in Ca®*
clearance from CSF-cN cytoplasm, thapsigargin (1 uM), a selective inhibitor of SERCA
pumps, was bath applied and caffeine-mediated Ca?* transients were monitored. In normal
aCSF, before thapsigargin was added to the bath, caffeine induced rises in fluorescence by
50.58 +27.13% from the baseline (Figure 47. A; n = 6). In the presence of thapsigargin,
caffeine-mediated rise in fluorescence intensity was reduced, as fluorescence increased only
by 7.25 + 6.69% from baseline, although value was not significantly different when compared
to the rise induced with caffeine alone (Figure 47. A, n = 6; P = 0.0929, ANOVA.Ime/Dunn’s
post hoc multiple comparison test). Similar results were observed in the absence of
extracellular Ca?*. In such conditions, caffeine-mediated increase in fluorescence was reduced
from 76.43 = 50.65% in the absence of thaspigargin to 16.78 + 26.67% in the presence of
thapsigargin (Figure 47. B, n = 4; P = 0.0509, ANOVA.Ime/Dunn’s post hoc multiple
comparison test).
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In summary, data reported here indicate that CSF-cNs possess functional intracellular
Ca®" stores located in the ER. Our results suggest that Ca* release from the stores is mediated
through RyRs activated by caffeine, a process that does not depend on extracellular Ca*".
Moreover, the uptake of Ca®* back into the stores involves the activity of SERCA pumps,

which are successfully inhibited by thapsigargin.
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Figure 47. Functional intracellular Ca*" stores are present in spinal CSF-cNs.

A. Representative traces of fluorescence changes acquired from one CSF-cN recorded in normal aCSF
in response to 50 pM caffeine in the absence (black trace) and presence (red trace) of 1 pM
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thapsigargin. Pressure application of caffeine is indicated by red bar. Note that caffeine-evoked
response is reduced in the presence of thapsigargin. B. Similar responses to caffeine pressure
application (red bar) in the absence (black trace) and presence (red trace) of thapsigargin are observed
in the absence of extracellular Ca** (Ca®* free aCSF). C. Summary box-and-whisker plots for the
fluorescence increase in response to caffeine application in the absence of thapsigargin in normal
aCSF (black box) and without extracellular Ca** (light grey box), and in the presence of thapsigargin
in normal aCSF (red box) and without extracellular Ca** (light red box). In the presence of
thapsigargin, caffeine induced smaller increase in fluorescence in Ca®* free aCSF when compared to
caffeine-induced fluorescence rise in the absence of thapsigargin (see text for details). *P < 0.05,
ANOVA.Ime/Dunn’s post hoc multiple comparison test. D. Summary box-and-whisker-plots for
inhibition in fluorescence induced by caffeine in the presence of thapsigargin in normal aCSF (red
box) and in solution without extracellular Ca?* (light red box). There is no difference in fluorescence
inhibition induced by caffeine in the presence of thapsigargin between two tested extracellular
solutions (normal aCSF: 83.40 + 22.57%, n = 6; Ca®" free aCSF: 84.84 + 30.94%, n = 4; P = 0.6095,
Mann Whitney test).

3.3.  Inhibition of SERCA pumps modulates Ca?* signaling

As | have demonstrated above, SERCA pumps in medullo-spinal CSF-cNs represent an
important mechanism involved in the intracellular Ca®* uptake back into ER stores. To test
whether Ca** influx through Cas is affected by inhibition of SERCA pumps,
electrophysiological recordings in voltage-clamp mode from CSF-cNs dialyzed with Fluo-4
Ca®" probe were combined with Ca®* imaging to monitor intracellular Ca** elevations
following membrane depolarization in the absence and the presence of thapsigargin. In
control, two depolarizing voltage steps from a holding potential of -70 mV to +10 mV (100
ms) were applied to spinal CSF-cNs with an interval of 8 min between them, which was the
time necessary to reach full SERCA pumps inhibition with thapsigargin. As expected,
depolarization induced activation of Ca,s and evoked a Ca®" current with an average peak
current amplitude of -373.36 = 110.49 pA (n = 9), followed by an increase in intracellular
Ca”** concentration seen by the net fluorescence intensity (AF/Fg) increase by 385.17 +
326.67% from baseline (n = 9). The increase in fluorescence showed fast rise and it returned
to baseline with a decay time constant (t) of 6.17 £ 2.15 s (data not shown; n = 7). Similar
results were observed for the second depolarizing step (after 8 min recording). Depolarization
elicited a Ca* current with the average peak current amplitude of -333.22 + 86.57 pA (n = 9;
P = 0.0506, Wilcoxon signed rank test) that induced intracellular Ca** elevations by 541.60 +
407.21% from baseline (n = 9; P = 0.0858, Wilcoxon signed rank test). Observed Ca**
transient returned to the baseline with a decay time constant of 6.71 + 3.98 s (data not shown;
n=7; P =0.7754, Paired t-test). Therefore, activation of Ca®* channels elicits large elevations
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of intracellular Ca** concentration that slowly returns to its resting levels over several
seconds. In the presence of thapsigargin, however, Ca®* current peak amplitude decreased
from -327.98 + 101.44 pA in control to -272.10 = 91.68 pA (Figure 48. A, B; n =15, P <
0.001, Wilcoxon signed rank test), while the net fluorescence intensity increased (control:
181.92 + 201.22%; thapsigargin: 307.05 + 265.37%; Figure 48. A, C; n = 15; P < 0.01,
Wilcoxon signed rank test). The recovery of evoked Ca®* transients to the baseline was
similar in the absence and the presence of thapsigargin (control: 8.57 + 4.61 ms; thapsigargin:
9.62 £ 8.20 s; Figure 48. C; n = 8; P = 0.6744, Wilcoxon signed rank test).

These data indicate that Ca** influx through voltage-gated Ca®* channels is reduced in
the presence of thapsigargin. However, following application of thapsigargin, the
depolarization-induced Ca?* transients present larger amplitude, presumably because Ca*
cannot be stored into the ER because SERCA pumps are inhibited. Thus, ER Ca?* stores and

SERCA pumps appear to play an important role in regulation of intracellular Ca?".

Conclusion:

Altogether, electrophysiological studies conducted on CSF-cNs in adult mouse
brainstem and spinal cord slices allowed us to characterize the physiology of these neurons.
Here, | demonstrate the presence of voltage-gated Ca®* channels in CSF-cNs. Using
pharmacological tools, | show that these channels are mainly of N-type (Ca,2.2) as
application of w@-conotoxin GVIA mediated large inhibition of whole-cell Ca®** channels,
although the presence of P/Q-type and L-type Ca*" channels was also identified. The activity
of Ca®* channels in CSF-cNs is regulated by metabotropic GABAg receptors as their selective
activation by baclofen potently reduces Ca** currents. GABAg inhibitory effect is mediated
via direct binding of GBy subunits of inhibitory G, proteins to Ca** channels, an inhibition
that is voltage-dependent. In addition to GABAg receptors, muscarinic acetylcholine receptors
are involved in Ca*" channels modulation through a similar mechanim as for GABAg
receptors. Moreover, electrophysiological recordings combined with Ca** imaging
demonstrate that activation of Ca®* channels induces Ca®* influx into CSF-cNs and large
increase in intracellular Ca?* concentrations. Functional intracellular Ca®* stores present in ER
of CSF-cNs participate in the regulation of intracellular Ca** concentration by releasing Ca**

in the cytoplasm presumably through RyRs and by its uptake back into the stores mediated by
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SERCA pumps. | further show that thapsigargin-mediated inhibition of Ca*" uptake by stores
also inhibits Ca** influx through voltage gated Ca?* channels.
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Figure 48. Ca®* influx and intracellular Ca®* concentration are regulated by intracellular
Ca?* stores.

A. Representative traces illustrating the changes in intracellular Ca** concentrations (top) elicited by
corresponding Ca®* current traces (bottom) from one spinal CSF-cN in control (black traces) and in the
presence of 1 uM thapsigargin (red traces). Superimposed traces show the difference in intracellular
Ca®* rise and Ca*" current peak amplitude in control and thapsigargin. B-D. Summary box-and-
whisker plots for the average Ca®* current peak amplitude (B), increase in net fluorescence (C) and
average decay time constant (C) in control (black box) and in thapsigargin (red box). See text for more
details. ***P < 0.001, **P < 0.01, Wilcoxon signed rank test.

166



RESULTS

B) INVESTIGATION OF FUNCTIONAL COMMUNICATION
BETWEEN SOMA AND BUD OF CSF-cNs

In this second part of the result section, | will present a set of the experiments that were
carried out to describe the properties of the CSF-cN terminal protrusion (bud) in mouse spinal
cord slices. 1 will also present the results from electrophysiological recordings conducted from
the soma and/or the bud of CSF-cNs which aimed at understanding the functional relationship

between these two cellular compartments.

1. Ca®" SIGNALING BETWEEN SOMA AND BUD

CSF-cNs have a well described morphology in many species. The single dendrite of
these neurons ends with a terminal enlargement or bud that is inserted in the CC.
Nevertheless, the functional properties of this structure and relation between the bud and the
soma are still unknown. To answer these questions, whole-cell patch clamp recordings in
voltage-clamp mode together with Ca** imaging were performed from soma of spinal CSF-
cNs or technically more challenging, from their bud. The amplitude of Ca®* current and rise in
intracellular Ca?* concentrations following membrane depolarization were compared between
soma and bud, while either of these structures was patch-clamped and dialyzed with Fluo-4
Ca®" probe. Peak Ca** current amplitude was elicited from a holding potential of -70 mV to
+10 mV (100 ms) and changes in intracellular Ca** were monitored based on changes in the
Fluo-4 fluorescence. When CSF-cNs were recorded from the soma (Figure 49. Aj),
depolarization evoked Ca®* currents with an average peak amplitude of -337.93 + 88.82 pA
(Figure 49. By, C; n = 7), followed by an increase in somatic [Ca®']; by 442.84 + 352.54%
(Figure 49. B3, D; n = 7). Moreover, depolarization of the soma evoked diffusion of
intracellular Ca®* to the bud, where fluorescence increased by 586.15 + 223.98% from
baseline (Figure 49. By, D; n = 3; P = 0.873, ANOVA.Ime/Dunn’s post hoc multiple
comparison test). Next, recordings were reproduced by patching the bud (Figure 49. A,),
where Ca?* current elicited by depolarization reached an average peak amplitude of -215.68 +
89.03 pA (Figure 49. B, C, n = 6; P = 0.063, Mann-Whitney test). Accordingly, activation of
Ca”* channels from the bud evoked an increase in fluorescence intensity by 335.10 + 232.40%
in the bud and 167.92 + 75.18% in the soma, suggesting the diffusion of intracellular Ca®*
from the site of channels activation (Figure 49. B,, D; n = 5; P = 0.770, ANOVA.Ime/Dunn’s
post hoc multiple comparison test). Ca>* transients elicited by depolarization of CSF-cNs

show faster recovery to baseline in the structure where depolarization was induced. Thus,
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Ca®" transients recover faster in the soma than in the bud following somatic depolarization,

while depolarization of the bud induces Ca®* transients that recover faster in the bud than in
the soma.
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Figure 49. Intracellular Ca** elevations diffuse between soma and bud in spinal CSF-
CNs.
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Figure 49. Intracellular Ca®* elevations diffuse between soma and bud in spinal CSF-cNs. A.
Micrographs show two CSF-cNs patched at the soma (A;) and bud (A,) and dialyzed with Alexa 594
to confirm the morphology. White lines illustrate position of the patch pipette. Dashed line illustrates
the central canal (cc). Scale bar = 10 um. B. Representative traces illustrate Ca®" transients (top and
middle) elicited in the bud (red trace, top) and the soma (black trace, middle) by corresponding Ca**
current traces (bottom) for a CSF-cNs patched at the soma (B;) and at bud (B,). C. Summary box-and-
whisker plots for the average Ca®* peak current amplitude elicited by depolarization of the soma (black
box) and bud (red box). There is no difference in current amplitude between two cellular
compartments (see text for more details; P = 0.0633, Mann-Whitney test). D. Summary box-and-
whisker plots for the fluorescence increase induced by depolarization of soma (open box) and bud
(closed box), observed in soma (black box) and bud (red box). There is no difference in fluorescence
increase between two cellular compartments following depolarization of soma and bud (see text for
more details; P > 0.05, ANOVA.Ime/Dunn’s post hoc multiple comparison test).

These results demonstrate that membrane depolarization from either of CSF-cN
compartment activates Ca®* channels that can be recorded both in the soma and the bud.
Large intracellular Ca”* elevation can be recorded in the soma and the bud following Cays
activation and they present similar amplitude when recorded either from the soma or the bud.
Ca®" elevation appear to diffuse from one compartment to the other, suggesting a functional

relationship between soma and bud.

2. DUAL PATCH-CLAMP RECORDINGS FROM THE SOMA AND THE
BUD

Dual patch-clamp recordings from the soma and the bud of spinal CSF-cNs were
performed with the aim to elucidate the communication and signal transduction between these
two cellular compartments. Two patch electrodes were used to establish ‘whole-cell’
configuration simultaneously from the cell body and the bud of a single CSF-cN (Figure 50.
A, B). In voltage-clamp mode, the two compartments were maintained at a membrane
potential of -70 mV and spontaneous current activity was recorded from the two
compartments simultaneously. Under these conditions, single channel activity could be
recorded in both structures. PKD2L1 channel appears to open at the same time points with the
similar unitary current amplitude (soma: -7.49 £ 1.13 pA,; bud: -5.77 £ 1.93 pA; Figure 50. C;
n = 3; P = 0.1088, Wilcoxon signed rank test). Although PKD2L1 channel activity (NP,)
seems to be decreased when recorded from the bud, there is no significant difference

compared to channel activity recorded from the soma (soma: 0.007 + 0.003; bud: 0.009 +
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0.000; Figure 50. C; n = 3; P = 0.2375, Paired t-test). Next, | conducted recordings in current-
clamp mode from the RMP and induced the train of APs (DC current injection of +20 pA) in
either of the compartments (soma or bud). The responses were recorded simultaneously from
both soma and bud. In 3 out of 3 cells recorded, positive somatic current injections induced
generation of APs in the soma that were indistinguishable from those recorded in the bud
(Figure 50. D). Accordingly, current injections in the bud generated APs that could be
recorded in both compartments (Figure 50. E). No differences were observed in the RMP
(soma: -53.59 £ 9.62 mV; bud: -52.51 + 8.64 mV; data not shown; n = 6, P = 0.116,
Wilcoxon signed rank test), in the TP (generation from the soma: -25.26 + 1.97 mV in soma, -
24.79 £ 2.07 mV in bud; generation from the bud: -24.86 + 2.45 mV in soma, -23.79 £ 3.11
mV in bud; Figure 50. F; n = 3; P > 0.05, ANOVA.Ime/Dunn’s post hoc multiple comparison
test) or in the amplitude of the generated APs (generation from the soma: 50.38 + 8.37 mV in
soma, 51.41 + 8.52 mV in bud; generation from the bud: 50.56 + 8.91 mV in soma, 51.07 +
9.74 mV in bud; Figure 50. G; n = 3; P > 0.05, ANOVA.Ime/Dunn’s post hoc multiple

comparison test) between soma and bud when stimulated from either site.

These results suggest that signals diffuse from soma to the bud, and vice versa as similar
current activity can be recorded from soma and from bud in voltage-clamp and current-clamp
mode. However, possibility that all recorded signals actually originate from soma should not
be excluded.
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Figure 50. Dual patch clamp recordings carried out from soma and bud.

A. Schematic illustration of experimental approach. Whole-cell patch clamp recordings are performed
using two electrodes to seal to the soma and bud of a single CSF-cN. Both electrodes were used to
record the cell in voltage-clamp mode, while one electrode was used to stimulate the neuron in
current-clamp mode at soma or bud, while simultaneously recording with another electrode. B.
Micrographs illustrate spinal CSF-cNs in which dual patch clamp recordings were performed, that are
dialyzed with 10 uM Alexa 594 (right) or 10 uM Alexa 488 (left) to confirm its morphology and
successful patch from the soma or the bud, respectively. White lines indicate patch pipette. White
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dashed line indicates central canal (cc). Scale bare = 10 um. C. Spontaneous single channel activity
recorded simultaneously from one CSF-cN in the soma (top, black traces) and the bud (middle, red
traces). Traces were superimposed (bottom) to compare the channel open probability and unitary
current amplitude between soma and bud. D. The five trains of APs (500 ms) were induced with a +20
pA positive DC current injections in the soma of CSF-cN (black trace) while simultaneously recording
the response in the bud (red trace). E. The five trains of APs were induced in the bud (red trace) while
recording the response in the soma (black trace) at the same time. F-G. Summary box- and whisker-
plot for the TP (F) and the amplitude of generated APs (G) in soma (black box) and bud (red box)
while stimulating at the soma (open box) or bud (closed box).

3. RECORDINGS FROM ISOLATED BUD

CSF-cNs were shown to be highly resistive neurons with a long space constant and
currents generated from any region of the somato-dendritic compartment would be recorded
at the somatic level with little attenuation (Orts Del’Immagine et al., 2015). Therefore, in an
attempt to demonstrate the presence of active conductance in the bud, | performed
electrophysiological recordings from isolated bud. To realize such experiments, | developed
recording approach that would allow to isolate the bud from soma and physically separate
these two compartments. First, | established two whole-cell recordings from soma and bud to
subsequently pull away the soma using the somatic patch pipette. However, this method
resulted in poor survival of the bud probably due to mechanical disruption of the seal on the
bud and dialysis of the bud content with extracellular medium through the broken dendrite. |
therefore tried another approach that consisted in pressing a fine glass electrode onto the
dendrite of the cell while recording from the bud. The recording of a CSF-cN was confirmed
by the dialysis through the patched bud of Alexa 594 in the whole-cell configuration (Figure
51. A, Bj). Under these conditions, bud patch clamp recordings in voltage-clamp mode
reveald the characteristic PKD2L1 current activity (Figure 51. C;) and membrane
depolarization from -70 mV to +10 mV (AV = +10 mV) evoked voltage-dependent currents
that could be recorded from the bud (Figure 51. D;). Next, the bud was physically separated
from the soma by pressing a glass electrode on the dendrite close to the bud (Figure 51. By)
and the same recording was conducted. Under these conditions, spontaneous PKD2L1 current
activity could still be recorded, although at a lower frequency (Figure 51. C,). However, when
applying the same voltage protocol as before, it was not possible to record any current activity
from the isolated bud (Figure 51. D,).
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Figure 51. Isolated bud from spinal CSF-cNs is devoid of current activity.

A. Micrographs illustrate spinal CSF-cN patch-clamped at the bud when illuminated with IR-DIC
(left) or dialyzed with 10 pM Alexa 594 (right) to confirm its morphology. White lines indicate the
position of the patch pipette, yellow dashed lines indicate the electrode used to press the dendrite,
while white dashed line indicates the central canal (cc). Scale bare = 10 um. B. lllustrations show
CSF-cN patched at the bud in control (B;) and with the electrode used to press the dendrite (B,) and to
isolate the bud from the soma. C. Representative traces showing spontaneous single channel activity
recorded in voltage-clamp mode at -70 mV in control (C,) and while pressing the dendrite (C,). D.
Representative whole-cell ionic current traces evoked from a holding potential (V) of -70 mV to +30
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mV with +10 mV increments in control (D,) and in isolated bud (D,). Activation protocol is illustrated
under the current trace in D;.

These preliminary results strongly suggest that soma and bud are functionally linked,
and currents or depolarizing events elicited in either compartment would affect the other. One
crucial question concerns the electrophysiological properties of the bud. The results presented
here indicate that PKD2L1 channel appear to be expressed in the bud since the characteristic
unitary currents can still be recorded from the isolated bud. They further indicate that the bud
is devoid of active conductance since no voltage-dependent currents could be elicited from
isolated bud.

Conclusion:

In summary, electrophysiological recordings were performed on CSF-cNs from adult
mouse spinal cord slices to study the communication between soma and bud in these neurons.
| was able to record Ca®* currents from both soma and bud and, using Ca®* imaging, 1 show
that depolarization-activated Ca®* channels elicits large elevations in intracellular Ca**
concentrations in both soma and bud, regardless of the site of depolarization. Dual patch-
clamp recordings in voltage-clamp mode demonstrate that PKD2L1 channel can be recorded
in both soma and bud. Current-clamp recordings indicate that, in CSF-cNs, the RMP is
similar between the somatic and the bud compartment and that APs generated by current
injections in soma or in bud show similar TP and amplitude, although they are most probably
propagating from the soma. Furthermore, | developed a novel technique to separate the bud
from the soma so that its properties can be determined independently of the soma. Our
preliminary results suggest that signals are mainly generated in the soma and propagate to the
bud.
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C) INVESTIGATING THE ROLE OF CSF-cNs

1. DEVELOPMENT OF TRANSGENIC MICE MODELS TO STUDY THE
ROLE OF CSF-cNs

Concerning medullo-spinal CSF-cNs, one of the major challenges in their study is the
determination of their role and function in the CNS in vivo. In recent years, studies carried out
in lower vertebrates have provided insights to answer this question and suggested they would
modulate locomotor activity in the lumbar region. Therefore, CSF-cNs were suggested to
represent a novel sensory system intrinsic to the CNS. To date, such a role for CSF-cNs in
mammals has not been demonstrated due to anatomical and technological obstacles. First,
CSF-cNs are present deep in the spinal cord tissue and their accessibility appears limited.
Second, it is a technological challenge to develop imaging and/or recording approaches to
manipulate them in vivo without disrupting the spinal neuronal network. Nevertheless, with
the recent developments in neuroscience and molecular biology, new tools are available, and
in this last section, | will present chemo- and optogenetical models | developed and tested to

set ground for future in vivo studies in the mouse.

1.1.  Development of chemogenetic mouse model based on DREADD technology

In recent years, inovative chemogenetic strategies have been developed based on
modified G-protein coupled receptor systems, namely ‘designer receptors exclusively
activated by designer drugs’ (DREADDS) (Urban & Roth, 2015). DREADD technology relies
on mutated human muscarinic M2 and M4 receptors that couple to inhibitory Gj, proteins
(hM2Di and hMA4Di, respectively). When expressed in cells, these receptors can only be
activated by clozapine-N-oxide (CNO), an otherwise pharmacologically inert compoud. The
exposure of Gj-coupled DREADDs (Gj-DREADDs) to CNO triggers the activation of
inwardly rectifying potassium channels and the inhibition of Ca,s, leading to a reduced
neuronal excitability (Urban & Roth, 2015). Therefore, this model allows to selectively
silence one neuronal population of interest using intraperitoneal CNO injection and one
animal would serve as its own control. There are transgenic mouse models available where
expression of G;-DREADDs can be selectively targeted to a neuronal population using the
Cre-Lox technology (R26-LSL-hM4Di-DREADD/mCitrine, see Materials and methods). This
model allows verification of DREADD expression in a tissue since a HA-tag is attached to the

protein.
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| took an advantage of our PKD2L1-IRES-Cre mouse to generate by cross-breading a
transgenic mouse where DREADD protein would be selectively expressed in CSF-cNs (see
Materials and methods). Considering the localization of CSF-cNs in the spinal cord, this
transgenic mouse model appeared to be the best way to manipulate CSF-cNs and test their
function in vivo. However, prior to launch behavioral studies, it was necessary to validate the

model in vitro.

In adult mice, the presence of DREADD transcript was confirmed by genotyping the
offsprings (Figure 52. A) and the selective expression of DREADD proteins in CSF-cNs was
visualized using immunohistochemical staining against PKD2L1 and HA (Figure 52. B).
Only mice with confirmed genotype (at least heterozygous for DREADD and Cre) were used
to prepare acute spinal cord coronal slices from the lumbar region. Once the whole-cell
configuration was established, CSF-cNs were recorded in current-clamp mode from the RMP,
and first DC current injection steps were applied (-20 to +30 pA for 500 ms) to analyze the
input/output curve, AP properties and frequency (Table 6. and 7.). Then spontaneous activity
was recorded over 5 min. This recording sequence was repeated 6 times in total over a 30 min
recording period and CNO was bath applied after 8 min recording (Table 6. and 7., Figure 52.
C-E). In the presence of 5 UM CNO, a dose classicaly used to activate DREADDs, neither the
membrane potential, the intrinsic properties of CSF-cNs nor AP properties were affected
(Table 6.). To test whether the absence of CNO effect was due to its insufficient
concentration, recordings were reproduced in the presence of 10 uM CNO. In control, some
CSF-cNs showed spontaneous AP discharge activity from the RMP (Table 7.) which was not
affected in the presence of 10 uM CNO (Figure 52. C). Moreover, the presence of 10 uM
CNO in extracellular solution failed to induce hyperpolarization from the RMP (Figure 52. C;
Table 7.). When cells were depolarized by current injections, responses similar to those
induced by 5 uM CNO were observed, and neurons preserved the ability to generate the APs
(Figure 52. D). Accordingly, 10 pM CNO did not increase the TP for generation of APs nor
did it alter the properties of the generated APs upon depolarizing current injection steps
(Table 7.). When tested on Ca®" currents in voltage-clamp recordings (holding potential -70
mV and test potential to +10 mV), DREADDs activation with CNO also failed to inhibit them

(data not shown).

In summary, | was able to selectively express G;-DREADDs in CSF-cNs as confirmed
by the positive immunoreactivity of CSF-cNs against the HA-tag. However, despite of its
expression in these neurons, application of 5 uM and 10 uM CNO failed to induce membrane
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potential hyperpolarization in the recorded cells, neither did it reduced the frequency or
stopped the spontaneous firing of the APs or of triggered discharge. Although unlikely, it can
be suggested that under our condition, CNO was not able to sufficiently activate Gj-
DREADD:s to alter CSF-cNs activity. Another explanation would be that DREADDs failed to
couple to their effector and thus trigger the expected effect. In any case, my results,
unfortunately, indicate that the DREADD model is non-functional in vitro in CSF-cNs and |
could not validate the functionality of chemogenetic DREADD model. | therefore abandoned
this DREADD maodel for further in vivo studies because it appeared as an unsuitable model to

study the function of CSF-cNs in mammalian CNS.

Control CNO, 5 uM P value

Resting potential (mV) -489+29(n=7) -47.3+1.3 (n=4) 0.9213
Threshold potential (mV) -209+12(n=7) -19.5+£09 (n=4) 0.6327
AP amplitude (mV) 727+148(n=7) 63.3+11.4 (n=4) 0.559
AP frequency (Hz) 189+4.1(n=7) 19.8+3.5(n=23) 0.9575
AP half-width (ms) 3.9+08(n=7) 3.7+13(n=4) 0.7647

Table 6. Electrophysiological properties of CSF-cNs-expressing Gi-DREADDs in control
and in the presence of 5 uM CNO.

The presence of 5uM CNO did not change the RMP and TP of CSF-cNs, neither the properties of APs
that were elicited by current step injections of 500 ms, with 10 pA increments (two-tailed paired

Student’s t-test for all comparisons).

Control CNO, 10 uM P value

Resting potential (mV) -48.7+2.2 (n=4) -39.7+1.4 (n=23) 0.0934
Threshold potential (mV) -22.0+1.2(n=4) -19.4+£09 (n=3) 1.0000
AP amplitude (mV) 70.5+15.9 (n=4) 55.2+7.5(n=3) 0.2971
AP frequency (Hz) 33.0+16.6 (n=4) 13.1+£8.0(n=2) 0.1907
AP half-width (ms) 4.9+0.4 (n=4) 49+05(n=3) 0.8699

Table 7. Electrophysiological properties of CSF-cNs-expressing G;-DREADDs in control
and in the presence of 10 uM CNO.

The presence of 10 uM CNO did not change the RMP and TP of CSF-cNs, neither the properties of
APs that were elicited by current step injections of 500 ms, with 10 pA increments (two-tailed paired
Student’s t-test for all comparisons, except for TP comparison, where Wilcoxon rank sum test was
performed).
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Figure 52. DREADD do not hyperpolarize CSF-cNs upon CNO application.

A. lllustration of gel electrophoresis showing the results of genotyping for wild-type mouse (WT),
heterozygous (+/-) and homozygous (+/+) for DREADD::Cre. B. PKD2L1 (red) immunoreactive CSF-
cNs from mouse spinal cord coronal sections are also immunolabeled against HA (green). Note that
not all PKD2L1" CSF-cNs are HA" (arrowheads). C. Representative current-clamp trace recorded
from one CSF-cN from the RMP before (left) and after bath perfusion of 10 uM CNO. CNO
application did not induce hyperpolarization of recorded cell. D. Representative responses of single
CSF-cN to current step injections (500 ms, 10 pA increments) from the RMP in the absence (black
trace) and presence (red trace) of 10 uM CNO. The activation protocol is illustrated between the
traces. E. Average input/output curve for the level of depolarization upon current injection steps (500
ms from -20 to +30 pA, as illustrated in panel D) from neurons recorded in control (black dots; n =
11), in the presence of 5 uM CNO (purple dots; n = 4) and in the presence of 10 uM CNO (red dots; n
=3).
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1.2. Development of optogenetic mouse model with Channelrhodopsin-2-
expressing CSF-cNs

Optogenetic represents an innovative tool that is largely used to control the neuronal
behaviour by activating photosensitive ionic channels. The most commonly used optogenetic
excitatory probe is channelrhodopsin-2 (ChR2), a light-sensitive cation channel that can be
easily activated by blue light of ~480 nm (Britt et al., 2012). Optogenetic stimulation of ChR2
activates mostly sodium permeable channels leading to the depolarization of the cell
membrane potential and AP firing when expressed in excitable cells. Although difficult to
implement for in vivo studies, the optogenetic approach offers a reasonable alternative model
to DREADDs allowing CSF-cN modulation in ex-vivo preparation (isolated whole spinal
cord and fictive locomotion preparation). Therefore, to test whether optogenetic might
represent a suitable approach to asses CFS-cNs role in a more integrated systems, | developed
an optogenetic mouse model based on the Cre-Lox technology to generate mice that
selectively express light sensitive ChR2-YFP in CSF-cNs (see Materials and methods). Acute
spinal cord slices from adult mice were used to record from CSF-cNs expressing YFP-tagged
ChR2 (Figure 53. A) in current-clamp mode at RMP. CSF-cNs were recorded and illuminated
for 150 ms with a 480 nm excitation light delivered through the objective from our LED
illumination system (see Materials and methods). Such a protocol induced AP generation in
all CSF-cNs tested. When recording in voltage-clamp mode from a holding potential of -70
mV, CSF-cN illumination elicited an inward biphasic current characteristic of the ChR2
photosensitive current with an initial fast inactivation phase followed by a sustained one
(Figure 53. B). As illustrated in Figure 53. C, in neurons recorded in current-clamp mode
from the RMP, repetitive light activation induced AP firing. To analyze the effects of
optogenetic neuronal activation with classical current injection-mediated activation, the
intrinsic properties of CSF-cNs and properties of APs generated by light-activated ChR2 were
compared to those induced by current injections in current-clamp mode from the RMP. When
optogenetic approach was used to generate APs, CSF-cNs were stimulated with a ‘blue light’
with increasing light duration (100 ms with 100 ms increments; Figure 53. D), and the same
neurons were injected with +20 pA current steps with the same parameters (for 100 ms with
10 ms increments) when recorded in current-clamp mode (Figure 53. E). There was no
significant difference in RMP of recorded neurons between different activation approaches,

neither in the amplitude or frequency of evoked APs. However, the TP was lower for neurons

179



RESULTS

recorded upon current injection, and half width of APs was smaller for neurons recorded upon

optogenetic activation (Table 8.).
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Figure 53. CSF-cNs generate action potentials upon optogenetic activation.

A. Micrographs show CSF-cNs expressing YFP-tagged ChR2 (left) and dialyzed with Alexa 594 to
confirm the morphology (right). White lines illustrate position of the patch pipette. Dashed line
illustrates the central canal (cc). B. Representative current trace recorded in voltage-clamp mode from
a holding potential of -70 mV (voltage steps from -90 mV to -50 mV with 10 mV increments, 700 ms)
and elicited by 480 nm light (500 ms) C. LED pulses of blue light (blue dashed line) delivered every 1
s elicited APs (C;). Traces delineated by dashed square are shown in C,. D. Representative APs
elicited in one CSF-cN from the RMP (-66.4 mV) by blue light (blue dashed line) of increasing
duration (D,). Train of APs elicited by 700 ms long LED activation is shown in D,. E. In the same
neuron as shown in panel D, APs are elicited by +20 pA current injection of increasing duration from
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the RMP (-62.8 mV) (E;). Activation protocol is illustrated under the trace. Train of APs elicited by
700 ms long current injection is shown in E,.

LED activation Current injection P value

Resting potential (mV) -64.4+11(n=17) -63.7+£13(n=7) 0.3038
Threshold potential (mV) -33.0+x3.1(n=7) -26.6+£19(n=7) 0.0186
AP amplitude (mV) 86.9+18.1(n=7) 85.5+18.3(n=7) 0.9491
AP frequency (Hz) 122+84 (n=17) 13.1+49(n=7) 0.3173
AP half-width (ms) 47+09(n=7) 54+15(n=7) 0.2953

Table 8. Electrophysiological properties of CSF-cNs activated by LED illumintion or
current injections.

Activation of spinal CSF-cNs change by blue light (480 nm) or current injection (+20 pA) does not
change the RMP of CSF-cNs, neither the properties of APs that, however TP is lower when CSF-cNs
are activated by current injections (two-tailed paired Student’s t-test for the RMP, TP and AP half-
width comparisons; Wilcoxon rank sum test for AP amplitude and frequency comparisons).

My results suggest that ChR2 light-sensitive channels are selectively expressed in spinal
CSF-cNs. Optogenetic activation of ChR2-expressing CSF-cNs elicits membrane
depolarization and generation of APs when exposed to 480 nm blue light of stable or
increasing duration. Therefore, this model represents a promising tool to study the role of
CSF-cNs in mammals at least in ex-vivo preparation, a model | am currently testing to asses
whether light activation of CSF-cNs is capable to modulate the locomotor activity recorded

from lumbar ventral roots (output from motor neurons).

Conclusion:

In summary, | generated chemogenetic mouse model in which G;-DREADDs proteins
were expressed in CSF-cNs, and optogenetic model in which CSF-cNs express light-sensitive
ChR2. My results demonstrate that activation of DREADDs by CNO in spinal CSF-cNs fails
to hyperpolarize the membrane of recorded neurons and to inhibit the activity of CSF-cNs. In
contrast, light stimulation of ChR2 in spinal CSF-cNs activates CSF-cNs, as it depolarizes
membrane of these neurons, leading to generation of APs. These results indicate that
chemogenetic DREADD mouse model does not represent a model of interest to study the role
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of CSF-cNs in vivo, however, optogenetic ChR2 model is validated on spinal cord slices in

vitro and it can be considered as a model to pursue the functional studies on CSF-cNs role.
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V. DISCUSSION

CSF-cNs have been observed for the first time in the late 19" century and since then,
they have been extensively characterized at a histological level. However, their properties at a
functional level were, until recently, less studied. The main reason was the lack of specific
tools to visualize, manipulate and record from them in tissue. With the development of novel
molecular tools and transgenic animal models, this technological obstacle starts to be
overcome. Several studies have thus been conducted and data on CSF-cN physiology at the

cellular level are becoming available.

The work | present in this thesis participates in the better understanding of medullo-
spinal CSF-cNs in the mouse. In the first part of my study, I indicate that medullo-spinal CSF-
cNs express voltage-gated Ca** channels (Cays), mainly of N-type (Ca,2.2), and that the Ca**
influx eliciteted following their activation generates large rise in the [Ca*']; both at the
somatic and bud levels. Further, |1 show that medullo-spinal CSF-cNs express functional
metabotropic receptor subtypes for GABA and ACh whose activation leads to the inhibition
of Ca,2.2 and consequently to the reduction in intracellular Ca** elevation. Next, | show that
CSF-cNs posses functional Ca®* stores that modulate Ca®* signaling by either releasing or
storing intracellular Ca**. Althogether, these results represent the first characterization of Ca**
signaling/homeostasis and modulation in CSF-cNs from mouse brainstem and spinal cord.
CSF-cNs have a specific morphology with a bud, their unique and characteristic terminal
enlargement in contact with the CSF. This structure is poorly understood and its role as either
a receptor or a secretory pole is unknown. In the second part of my study, | addressed this
point and I give insights about the bud properties and its functional relationship with the
soma. Finally, to answer the ultimate question about the function of CSF-cNs in mammalian
CNS in vivo, there is a need to develop animal models allowing the selective manipulation of
CSF-cNs in more integrated system or for behavioral test in vivo. The last part of my thesis
deals with the development and validation of chemo- and optogenetic animal models that will
allow in a near future to demonstrate the function of medullo-spinal CSF-cN in the

mammalian CNS.
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A) PHYSIOLOGY AND CALCIUM HOMEOSTASIS OF
MEDULLO-SPINAL CSF-cNs

1. MEDULLO-SPINAL CSF-cNs ARE MODULATED BY GABAergic AND
CHOLINERGIC IONOTROPIC AND METABOTROPIC RECEPTORS

CSF-cNs were shown to express functional GABAA as well as glutamatergic
AMPA/Kainate ionotropic receptors (Marichal et al., 2009; Orts-Del’Immagine et al., 2012;
Jalalvand et al., 2014; Orts Del’Immagine et al., 2015), both receptors being involved in a
functional neurotransmission in rat, mouse and lamprey (Marichal et al., 2009; Orts-
Del’lmmagine et al., 2012; Orts Del’Immagine et al., 2015; Jalalvand et al., 2016b)
Immunohistochemical studies carried out on rat spinal CSF-cNs (Corns et al., 2015) and
mouse medullar CSF-cNs (Orts-Del’Immagine et al., 2012) further demonstrated that these
neurons are in close vicinity with cholinergic terminals immunolabeled against ChAT
(choline acetyltransferase), suggesting that medullo-spinal CSF-cNs would be modulated by
ACh. Indeed, electrophysiological recordings from rat spinal CSF-cNs showed that
exogenous application of ACh induced membrane depolarization in rat spinal CSF-cNs
(Corns et al., 2015) and fast inward current in mouse medullar CSF-cNs (Orts Del’Immagine
et al., 2015). Here, | show that similar responses can be recorded from mouse spinal CSF-cNs
where pressure application of ACh evoked inward currents of small amplitude that were
blocked in the presence of D-tubocurarine, a nicotinic receptor antagonist. Note that, in mouse
medullar CSF-cNs, ACh-mediated currents presented larger amplitudes (Orts Del’Immagine
et al., 2015) than in the spinal cord. This result could be explained by a lower density of
cholinergic nicotinic receptors in the spinal cord, or by the expression of different receptor
subtypes. Regarding activation of cholinergic nicotinic receptors, there is no evidence that
these receptors would be involved in synaptic transmission and the mode of activation for
these receptors remains elusive. One hypothesis would be that ambient ACh would lead to a
tonic activation of CSF-cNs. However, Orts Del’Immagine and colleagues (2015) indicated

that such a mechanism was not present for medullar CSF-cNs.

Beside the selective ionotropic receptors activated by GABA, glutamate or ACh, these
neurotransmitters also possess metabotropic receptor subtypes. Thus, GABA binds to
ionotropic GABAA receptors and metabotropic GABAg receptors, which differ in their

pharmacological and electrophysiological properties. GABAg receptors are selectively
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inhibited by CGP 55845 and classically activate inwardly rectifying potassium channels
(GIRK) and inhibit Cays (Bettler et al., 2004). These receptors were found to be expressed in
spinal CSF-cNs (Margeta-Mitrovic et al., 1999; Romaus-Sanjurjo et al., 2016). Indeed, in a
recent study, we showed that GABAg receptors are present in medullo-spinal CSF-cNs in the
mouse and that they are functional (Jurci¢ et al., 2019). Further, | present here the evidence to
support the expression of functional muscarinic cholinergic receptors (mMAChRS) in the same
neuronal population (see below). This aspect will be discussed further in a subsequent section.
Finally, because CSF-cNs express functional ionotropic glutamatergic receptors, | also tested
for the presence of their metabotropic form. However, to date, the collected results were not

conclusive, and this study would need to be pursued.

Taken together, these results indicate that in vertebrate, medullo-spinal CSF-cNs are
inserted in an neuronal network and in synaptic contact with GABAergic and glutamatergic
neurons as well as potentially by cholinergic and serotoninergic neurons (Orts-Del’Immagine
et al., 2014). The activity of CSF-cNs appears to be modulated by, at least, inhibitory
(GABA) and excitatory (glutamate) neurotransmission through activation of fast ionotropic
receptors. Their activity is also modulated by metabotropic receptors that would serve for a
more prolonged regulation by activating intracellular cascade. However, the nature of CSF-cN
presynaptic partners, their localization and their modulatiory action still remain to be
demonstrated.

2. FUNCTIONAL VOLTAGE-GATED Ca* CHANNELS EXPRESSION IN
CSF-cNs AND MODULATION BY METABOTROPIC RECEPTORS

Classically, based on electrophysiological properties and sensitivity to different
pharmacological agents, Ca,s can be divided into three subfamilies, namely Ca,1 (L-type),
Ca2 (P/Q-, N, and R-type), and Ca,3 (T-type). Moreover, these channels can be further
subdivided into high (Ca,1 and Ca,2) voltage-activated (HVA) and low (Ca,3) voltage-
activated (LVA) Ca,s (Catterall, 2011; Simms & Zamponi, 2014). Here, using classical
whole-cell patch-clamp approach in voltage-clamp mode combined with pharmacological
tools, | was able to isolate Ca®* currents in the presence of inhibitors for synaptic receptors
and blockers for sodium and potassium voltage-dependent channels. Calcium currents were

recorded from both medullar and spinal CSF-cNs, which allowed the comparison of current
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properties between neurons located around CC in different segments along the medullo-spinal
axis of mouse CNS. | observed on average larger amplitude of whole-cell Ca** currents
recorded from spinal CSF-cNs compared to medullar ones, suggesting a higher Ca** channel
density in CSF-cNs from the spinal cord. Although current density was not calculated, this
difference in the current amplitude cannot be due to differences in the cell size since it is on
average similar in spinal and medullar CSF-cNs. My results indicate that CSF-cNs possess
multiple types of Ca,s, however the N-type Ca** channels (Ca,2.2, strong inhibition of the
Ca®* current by o-conotoxin GVIA) represent the main Ca®* channel type expressed in CSF-
cNs as they contribute to more than 80% of the total Ca** current. P/Q-type (Ca,2.1) and L-
type (Cay1.2, Ca,1.3) Ca?* channels are also expressed but contribute to less than 20% of the
whole-cell Ca?* current. All isoforms of Cays identified here are primarily observed in neurons
and are considered as neuronal forms of Ca®* channels (Catterall, 2011), confirming the
neuronal nature of medullo-spinal CSF-cNs. In this study, Ca®* channels activated at
membrane potentials more positive than -40 mV, which is a characteristic of HVA channels.
It was reported that CSF-cNs of juvenile rats express T-type (Ca,3) Ca?* channels sensitive to
nickel (Ni**) (Marichal et al., 2009). This channel subtype was shown to activate and
inactivate at potentials around -60 mV and around -40 mV, respectively (Fox et al., 1987,
Catterall, 2011). In my recordings carried out on adult mice ( > 6 week-old), I did not observe
Ca’* current activation below -40 mV neither the characteristic shoulder between -60 and -40
mV in the current-voltage relationship present when Ca,3 are expressed. One possible reason,
that would need to be tested, for the absence of LVA Ca** channel types might be explained

by the age difference and neuronal maturation of CSF-cNs.

Further, my data indicate that Ca®* current amplitude exhibited a rundown by 26.3 +
5.5% (n = 3) over 10 min recording, while the access resistance and the holding current
remained unchanged. Decrease in Ca** current amplitude over long period of time has already
been reported in whole-cell patch-clamp recordings and was attributed to the increase in
intracellular Ca®*, and therefore described as Ca®*-dependent process (Belles et al., 1988). In
my recordings, | used 10 mM intracellular EGTA as Ca* buffer to control for the intracellular
concentration of free Ca?*. However, EGTA is so-called slow buffer that might not buffer
Ca® close to the plasma membrane fast enough and therefore might not prevent Ca*'-
dependent current rundown. | therefore repeated the analysis using 10 mM BAPTA, another
type of Ca®* chelator that shows faster binding kinetics and higher buffering capacity

compared to EGTA. In the presence of BAPTA, | observed the rundown of current amplitude

187



DISCUSSION

by 9.6 = 5.3% (n = 4; P = 0.06 when compared to recordings with EGTA, Mann-Whitney
test; data not shown). This result would suggest that the rundown observed in CSF-cNs is not
Ca**-dependent and would involve some other regulatory process. It should be noted that
CSF-cNs are small neurons (~10 um diameter) with little cytosolic space and recordings
performed under whole-cell configuration would lead to massive dialysis of the intracellular
content necessary for Ca®* channel activity. Cays activity is known to be modulated through
phosphorylation (Meuth et al., 2002; Budde et al., 2002). Therefore, it is possible that this
mechanism is lost, although ATP, GTP and Phosphocreatine were added to the intracellular
solution. To address this point, it would be necessary to conduct dedicated sets of experiments
to characterize molecular basis of the observed rundown. Nevertheless, | overcame this
‘technical’ issue by adapting my analysis procedure and taking into accound the rundown (see

Materials and methods).

Among the mechanisms that regulate the activity of Ca,s, G protein-mediated inhibition
of Ca?* channels is a well described mechanism for Ca®* channels regulation (Catterall, 2011).
Metabotropic receptors (G protein-coupled receptors; GPCRs) are known to inhibit main
neuronal types of Ca,s (N-, and P/Q-type) through the activation of Gy, proteins that directly
bind Cays via GPy subunits dimer (Herlitze et al., 1996; Ikeda, 1996; Wettschureck &
Offermanns, 2005; Tedford & Zamponi, 2006).

The inhibitory effect of GABAg receptors activation on presynaptic and postsynaptic
Ca®* currents was described in supraoptic nucleus (SON) neurons or neocortical pyramidal
neurons (Harayama et al., 1998; Pérez-Garci et al., 2013; Booker et al., 2018) as well as in rat
hippocampal interneurones (Lambert & Wilson, 1996). In agreement with these observations,
my results demonstrate that, in medullo-spinal CSF-cNs, activation of GABAg receptors by
baclofen, its selective agonist, inhibits whole-cell Ca®* current. | show that Ca®* current
undergoes inhibition mediated by GABAg receptors and that this inhibitory effect is selective
to GABAGg receptors since it is reversed in the presence of CGP 55845, a potent antagonist of
GABAg receptors. Furthermore, | indicate that ACh application has a similar inhibitory effect
as GABAg activation on Ca?* current both in spinal and medullar CSF-cNs. This effect is
mediated by activation of mMAChRs since it was reproduced by oxotremorine-M application, a

muscarinic receptor agonist and blocked by atropine, a muscarinic receptor antagonist.

Activation of GPCRs induces conformational changes of these receptors associated to G

proteins and triggers the activation of Ga and dissociation of GBy subunits, each subunit
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acting as intracellular regulator. Calcium currents were shown to be inhibited by Gj,, coupled
metabotropic receptors through the direct binding of GBy subunits to the channel (Herlitze et
al., 1996; Ikeda, 1996; Tedford & Zamponi, 2006). Classically, Ca?* channel inhibition by
GPCRs is voltage-independent or dependent, with the latter characterized by the slowing of
current activation and inactivation (Tedford & Zamponi, 2006), and relief of inhibition
following large depolarization (lkeda, 1991, 1996). Such large depolarization is introduced by
using triple-pulse protocol consisting of two depolarizing test pulses separated by conditional
large depolarizing pulse (Ikeda, 1996). Voltage-dependent inhibition of Ca®* current was
demonstrated in chick dorsal root ganglion (DRG) cells. There, Ca** current inhibition
mediated by activation of GABAg receptors was reduced for the postpulse compared to
prepulse, suggesting voltage-dependent recovery of Ca*" currents following the inhibition
(Grassi & Lux, 1989). Similar responses were recorded from the rat cultured DRG neurons
(Tatebayashi & Ogata, 1992). In mouse medullo-spinal CSF-cNs, GABAg and mAChRs
activation mediates Ca®* current inhibition through a similar Gpy-voltage-dependent
mechanism, since Ca”* current inhibition by baclofen and oxotremorine-M is relieved

following strong depolarization.

Muscarinic mAChRs represent another subfamily of G protein-coupled receptors
comprised of five isoforms: Mz to M5. My, M3 and Ms receptors bind Gg11 proteins, while M;
and My, receptors bind Gij, proteins (Caulfield, 1993). In expression systems, Ca?* channels
were shown to be inhibited by M, and M, types of mAChRs (Higashida et al., 1990). In rat
superior cervical ganglion (SCG) sympathetic neurons, Ca®* current of N-type is rapidly
inhibited following oxotremorine-M-mediated activation of M, receptors. The inhibition is
voltage-dependent and mediated by Gpy subunits (Delmas et al., 1998). Similar results were
found in neostriatal cholinergic interneurons from rat that mostly express muscarinic M, and
M, receptors. In these neurons, inhibition of N-type and P-type Ca,s upon muscarinic
receptors activation by oxotremorine-M was significantly reduced following strong
depolarization, indicating the presence of voltage-dependent inhibitory mechanism mediated
by M, and M4 muscarinic receptors (Yan & Surmeier, 1996). Voltage-dependent inhibition of
Ca”* channels mediated by activation of M, receptors by carbachol or oxotremorine-M was
observed in SCG neurons (Fernandez-Fernandez et al., 1999; Kammermeier et al., 2000). In
contrast, voltage-independent inhibition of Ca®* currents was observed in SCG neurons but it
involved activation of M; receptors sensitive to M;-toxin (Kammermeier et al., 2000). My

results are in agreement with these studies and indicate that, in murine CSF-cNs, mAChRs are
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functional and target Ca®* channels. Although I did not determine the subtype of muscarinic
receptor involved in modulation of Ca*" currents in CSF-cNs, it can be assumed that the
inhibition is mediated through M, or M, receptors that couple to inhibitory Gj, proteins
known to inhibit Ca?* channels (Herlitze et al., 1996; Ikeda, 1996) as the observed inhibition
is voltage-dependent and thus mediated by GPy subunits. Of course, the final demonstration
of the mAChRs subtype involved in CSF-cNs would need the use of subtype specific agonist
and/or antagonists. Note that both GABAg receptors and mAChRs were shown to activate
GIRK current (see Introduction), however in mouse medullo-spinal CSF-cNs activation of
either of the two receptors failed to generate such a response (Jurci¢ et al., 2019). These data

would suggest that Kir3 channels are not expressed in this neuronal population.

Facilitation of Ca®" current inhibition by strong depolarization was reported to be
effective mostly for GBy-mediated inhibition of N-type (Ca,2.2) (Luebke & Dunlap, 1994,
Bourinet et al., 1996; Herlitze et al., 1996) and P/Q-type (Ca,2.1) Ca’* channels (Mintz &
Bean, 1993; Chen & van den Pol, 1998), although it was recently demonstrated that L-type
(Cay1) Ca** channels also undergo voltage-dependent inhibition by GABAg receptors (Pérez-
Garci et al., 2013). Accordingly, | show that Ca,2.2 in medullo-spinal CSF-cNs are inhibited
by GABAg receptors and mAChRs, and that this inhibition is mediated by voltage-dependent
GPBy mechanism. CSF-cNs express mainly N-type Ca** channels (Cav2.2) and to a lower
extent L- (Cavl1.1 and 1.3) and P/Q- (Cav2.1) channel types. Although a modulation of these
latter two Ca®* channel subtypes cannot be excluded, my data indicate that GABAg receptors
and mAChRs would target primarily N-type Ca** channels. Indeed, in the presence of o-
conotoxin GVIA, there was little supplementary inhibition of the remaining current following
baclofen application.

In the future, it would be necessary to characterize the expression of other metabotropic
receptors, in particular for neuropeptides, that might be co-released synaptically or circulating
in the CSF. Therefore, one of the future lines of research to elucidate the role of medullo-
spinal CSF-cNs in mammals would require to identify the signals circulating in the CSF
and/or present in the extracellular space (neuropeptides, neurotrophins, hormones,...), to
determine whether CSF-cNs express the corresponding receptors and assess the functional

consequence on CSF-cN physiology.
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3. Ca®* SIGNALING AND HOMEOSTASIS IN MEDULLO-SPINAL CSF-

CcNs

In the present study, | have described for the first time Ca®* homeostasis in medullo-
spinal CSF-cNs. | combined electrophysiological recordings to Ca®* imaging and determined
the consequences of Ca?* channels activation on intracellular Ca** concentrations in medullo-
spinal CSF-cNs and addressed its regulation by different mechanisms. Classically, elevations
of intracellular Ca** are mediated by Ca®* influx through Ca,s on plasma membrane or by
Ca®* efflux from intracellular Ca** stores found in the ER. To maintain physiological
concentrations of intracellular Ca?* around 100 nM (or lower) and normal neuronal activity,
Ca®" is extruded from the cytosol out of the cell or accumulated back in the ER (Grienberger
& Konnerth, 2012). In this study, | show that membrane depolarization of medullo-spinal
CSF-cNs activates mainly N-type Ca’* channels, leading to Ca®* influx through these
channels and increase in intracellular Ca** concentrations seen as increase in fluorescence
intensity of Fluo-4 Ca*" probe. Fluo-4 is a single-wavelength probe that indicates relative
changes in intracellular Ca®* (Bootman et al., 2013), however it does not allow the precise
determination of intracellular Ca** concentration. | measured high elevations of fluorescence
intensity upon membrane depolarization of CFS-cNs (up to 660% from the baseline) which
would indicate the large increase in intracellular Ca®* especially because of the small size of
these neurons. In physiological conditions, Cay,s are activated by generation of APs. |
recreated such conditions and monitored elevations in somatic Ca®* concentrations as a
consequence of APs discharge. As expected, trains of APs elicited Ca** influx into the CSF-
cNs and increase in Fluo-4 fluorescence intensity indicating intracellular Ca** elevations that
were proportional to the stimulus intensity. This increase was fast and invaded the entire cell
from the soma down to the bud. Further, the response was diminished upon GABAg receptors
activation by baclofen (and presumably by mAChRs activation followed by oxotremorine-M
application). These observations further confirm the involvement of GABAg receptors in
modulation of Ca,s and consequential regulation of intracellular Ca®* concentrations. The
consequence of such Ca®* influx in CSF-cNs and its modulation through GPCR activation is
unknown but it would certainly have an effect on CSF-cN physiology and activity. As
calcium is an important intracellular signaling molecule, it would be important to analyze in
the future the physiological consequence of Ca®* transient in CSF-cNs and identify the

triggered molecular cascade.
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One of the questions regarding Ca’* signaling in CSF-cNs, and for which no data are
available, concerns the presence of functional intracellular Ca®* stores situated in the ER and
whether these stores participate in the regulation of intracellular Ca®* concentrations by either
releasing Ca®* into the cytosol or accumulating it in order to maintain the low cytosolic Ca®*
concentration. Calcium can be released from the stores through RyRs channels or IP3Rs
channels (Verkhratsky, 2005). I induced Ca?* release by using caffeine, known to increase the
sensitivity of RyR for cytosolic Ca?* and to induce Ca?* efflux from the ER. Indeed, caffeine
application at 50 mM induced Ca®* increase in CSF-cNs, which is mediated by RyRs.
Similarly, high concentration of caffeine applied at 40 mM was shown to induce maximal
Ca®* efflux from ER in cerebellar granule neurons isolated from neonatal and adult mice
(Kirischuk et al., 1996). In contrast, lower concentrations of caffeine ranging between 10-20
mM were sufficient to elicit Ca®* release from the ER in rat and mouse dorsal ganglion
neurons in culture (Usachev et al., 1993; Shmigol et al., 1996). However, challenging CSF-
cNs with low concentration of caffeine set at 10 mM, | did not observe caffeine-mediated
Ca?* increase. It is clear that different concentrations of caffeine are needed to activate Ca*'-
release channels at the membrane of the ER in different neurons, suggesting variances in
functional properties of these channels. The difference observed in CSF-cNs might also be
explained by the limitation of the slice preparation and the use of pressure application system
rather than bath application that might have reduced caffeine accessibility to neurons and
induced its dilution in the perfusion medium. Moreover, out of 23 CSF-cNs recorded in my
study to investigate intracellular Ca®* stores, only 14 of them responded to caffeine-mediated
Ca®" increase. These results indicate that variabilities in caffeine-sensitivity of RyRs in CSF-
cNs might be present among same neuronal population, as it was previously reported for rat
sensory neurons (Shmigol et al., 1996). On the other hand, it might reflect different filling
level of the ER in different CSF-cNs due to variability in their activity. In agreement with the
study by Shmigol and colleagues (1996), | further demonstrate that the response of CSF-cNs
to caffeine persists in the absence of extracellular Ca?*, confirming intracellular origin of Ca**
that is released from ER through caffeine-sensitive RyR channels, and not due to Ca?* influx
through Cays or other channels on the plasma membrane. To further confirm the presence of
RyRs on the ER of CSF-cNs and their involvement in Ca* release, it would be necessary to
test the effect of direct exposure to RyRs. High concentrations of ryanodine (~100 uM) were
shown to have an inhibitory effect on RyRs and Ca”* efflux from stores in granule neurons
isolated from mice (Kirischuk et al., 1996). In contrast, ryanodine at low concentrations
(between 5-10 nM) mediated Ca’* release from sarcoplasmic reticulum in frog skeletal
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muscle cell (Bull et al., 1989), although the same effect could not be confirmed in cultured
primary hippocampal neurons from rat (Adasme et al., 2015). | tested on medullo-spinal CSF-
cNs in slices the effect of ryanodine but the results were not conclusive mainly because of the
difficulty to get ryanodine into the recorded cell. One possible experiment that could address
this question would be to develop alternative neuronal populations (primary or organotypic
slice culture) that would allow a more efficient way to expose CSF-cNs to ryanodine.
Nevertheless, these data indicate that medullo-spinal CSF-cNs present functional ER-Ca?*
stores capable of releasing Ca®* in the cytosol most certainly through activation of RyRs but

the mechanism by which this release might occurs remains to be determined.

IPsRs are another Ca®*-release channels present on the ER that represent the source of
intracellular Ca** (Verkhratsky, 2005; Taylor & Konieczny, 2016). IP3 is produced by
activation of metabotropic receptors coupled to Gq proteins, including muscarinic
acetylcholine receptors (M1, M3, Ms), al adrenergic receptors, and glutamatergic receptors
(mGIuR1, mGIuR5), which consequentially activate phospholipase C (Wu et al., 1992;
Caulfield, 1993; Pin et al., 1994). Whether these receptors are expressed in CSF-cNs and how
their activation would participate in regulation of Ca?* homeostasis in CSF-cNs remain to be

determined.

To prevent the excessive rise in intracellular Ca** concentrations, neurons possess
mechanisms which help to extrude cytosolic Ca®* and to restore basal levels of cytosolic Ca?".
These systems include Ca?*-ATPase pump (PMCA) and Na'/Ca®* exchanger (NCX) on the
plasma membrane or Ca** accumulation in the ER stores mediated by sarco(endo)plasmic
reticulum (SERCA) pumps. Such an involvement of SERCA pumps in Ca®" uptake has
already been reported in SCG neurons (Wanaverbecq et al., 2003). My results show that the
activity of SERCA pumps in CSF-cNs and Ca*" accumulation into the ER is inhibited by 1
MM thapsigargin. In agreement with my data, thapsigargin was a successful tool to inhibit ER
Ca”*" accumulation in mouse cerebellar granule neurons (Kirischuk et al., 1996) and DRG
neurons (Shmigol et al., 1995), however the effective dose of thapsigargin in these neurons
ranged between 20-500 nM. In minority of the recorded CSF-cNs, thapsigargin application
induced an initial small increase in cytosolic Ca®* concentration, suggesting Ca®* leak from
the ER stores. In my recordings, the same concentration of thapsigargin (1 pM) inhibits Ca**
current induced by membrane depolarization, indicating that thapsigargin exhibits inhibitory
effect on both SERCA pumps and Ca,s in CSF-cNs. On the other hand, depolarization of
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CSF-cNs in the presence of thapsigargin elicited larger increase in intracellular Ca**
concentrations, suggesting that Ca*" could not be accumulated back into the ER due to
simultaneous inhibition of SERCA pumps. It should be tested to what extent SERCA pumps
actually contribute to Ca®* extrusion as | did not see any difference in Ca®* transient recovery
time between transients elicited in the absence and in the presence of thapsigargin. My
observation on the effect of thapsigargin on Ca,s is consistent with data obtained from mouse
sensory neurons, where similar concentration of thapsigargin significantly reduced Ca*
current elicited by membrane depolarization (Shmigol et al., 1995). It was demonstrated by
the same study that mostly HVA Ca,s are subjected to thapsigargin-mediated inhibition. Here,
| showed that CSF-cNs express mainly HVA N-type Ca’" channels, followed by less
represented P/Q-type channels, which would strongly indicate that these types of Ca,s
undergo blockade by thapsigargin also in CSF-cNs. However, this is in contrast to findings
from bovine adrenal zona glomerulosa cells, where application of thapsigargin inhibited both
HVA and LVA Ca,s (Rossier et al., 1993).

There are several studies that reported the involvement of PKD2L1 channel in Ca?*
homeostasis (Chen et al., 1999; Kaja et al., 2011). PKD2L1 is selective marker for CSF-cNs
(Djenoune et al., 2014; Orts-Del’Immagine et al., 2014; Jalalvand et al., 2014), and in mouse
it is expressed along the medullo-spinal axis (Orts-Del’Immagine et al., 2014). PKD2L1 was
shown to act as mechanoreceptors and chemoreceptor in lamprey, mouse and zebrafish CSF-
cNs (Orts-Del’Immagine et al., 2012; Jalalvand et al., 2016b; Sternberg et al., 2018). It was
previously demonstrated that PKD2L1 is permeable to Ca®* and also modulated by
extracellular and intracellular Ca®* in heterologous expression systems (Chen et al., 1999;
DeCaen et al., 2016). In such expression systems, increasing concentrations of extracellular
Ca®" lead toincrease in PKD2L1 channel activity, while prolonged exposure to elevated
extracellular Ca?* channel desensitizes PKD2L1 channel resulting in lower channel activity
compared to its resting state (Chen et al., 1999). PKD2L1 channels are also expressed on the
ER membrane where they may act as Ca®" release channel (Kaja et al., 2011). It cannot be
excluded that PKD2L1 channel in CSF-cNs could exhibit the same role. However, the
permeability of PKD2L1 to Ca®* and its modulation by Ca?* in mammalian CSF-cNs has not
been demonstrated. Recently, PKD2L1 channel was suggested to modulate the activity of
CSF-cNs (Orts Del’Immagine et al., 2015; Sternberg et al., 2018). It could be expected that
changes in intracellular or extracellular Ca®* in CSF-cNs would modulate the activity of

PKD2L1 and therefore the excitability of these neurons. Here | show that activation of
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GABAg receptors and mAChRs inhibits Ca®* channels and reduces Ca®* influx in CSF-cNs,
affecting intracellular Ca®* concentrations. Moreover, | show that Ca** can be released from
intracellular ER stores through RyRs and it could also be released through 1P3Rs activated by
GPCRs (see above). It is likely that intracellular Ca®* elevations could modulate the activity
of PKD2L1 and influence the excitability of CSF-cNs. There are also biomarkers circulating
in the CSF or released from synaptic partners that might be capable of modulating the activity
of CSF-cNs by activating GPCRs expressed in these neurons and targeting Ca* signaling. To
test the possibility of PKD2L1 modulation by Ca®*, I recorded spontaneous activity of
PKD2L1 unitary current and changes in intracellular Ca®* concentration following
extracellular alkalization, which was already shown to increase the activity of PKD2L1 (Orts-
Del’Immagine et al., 2012; Orts Del’Immagine et al., 2015). In my experimental approach,
alkalization increased the channel activity, but it decreased the fluorescence intensity of Fluo-
4 Ca** probe most probably due to a direct effect of pH changes on Fluo-4 properties. To test
the involvement of PKD2L1 channels, it would be necessary to develop an alternative
approach. One of the approaches of interest would involve the use of GCaMP6 transgenic
mouse model hosted in our laboratory. This model would enable us to monitor spontaneous
Ca®" elevations upon longer openings (>20 ms) of PKD2L1 channel or following modulation
of PKD2L1 activity by extracellular alkalization in situation that is close to the physiological
situations. In the zebrafish larvae, this approach has been successfully used to demonstrate
that upon spinal cord bending, intracellular Ca?* would increase in CSF-cNs and that this
phenomenon was mediated by PKD2L1 acting as Ca®* permeable mechanosensor (Sternberg
etal., 2018).

The study presented here is the first to characterize Ca** signaling and homeostasis in
medullo-spinal CSF-cNs in the mouse and contribute to better understanding of their
physiology. They indicate the potentially important role that Ca** would play in the regulation
of this unique neuronal population. They also open new lines of research, in particular
concerning the Ca**-dependent regulation of CSF-cNs following integration of signals

circulating in the CSF.
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B) FUNCTIONAL RELATION BETWEEN SOMA AND BUD IN
SPINAL CSF-cNs

For the first time, | conducted the set of electrophysiological recordings together with
Ca®" imaging to record from the terminal enlargement (bud) of spinal CSF-cNs with the aim
to determine its properties and communication with the soma. In the first part of these
experiments, | recorded Ca*" current amplitude and intracellular Ca®* elevations following
membrane depolarizations while recording in voltage-clamp mode from the soma. | show that
depolarization elicits Ca®* current of large amplitude and fast rise in intracellular Ca*
concentrations within several milliseconds. This fast rise is in contrast to slow recovery of
fluorescent Ca** signal back to baseline and resting intracellular Ca** concentration. Similar
kinetics of Ca* transients is observed in larger neurons, SCG neurons (Wanaverbecq et al.,
2003). | was able to measure similar fast rise in intracellular Ca?* and slow recovery of Ca**
transients in the bud following depolarization of the soma. There was no delay in the onset of
Ca®" influx in the bud compared to the soma, and intracellular Ca** elevations are of similar
amplitude, suggesting either that Ca,s are expressed in these two cellular compartments or
Ca?* diffuses from the soma to the bud with fast kinetics. The main mechanism of Ca”*
clearance in SCG neurons involves PMCA pumps, however the activity of SERCA pumps in
Ca®" uptake is also involved (Wanaverbecq et al., 2003). In contrast, SERCA pumps were
shown to contribute less in Ca®* extrusion from the cytosol in cerebellar granule neurons
(Ivannikov et al., 2010). Based on my previous results, | show that the rate of Ca®* clearance
upon membrane depolarization is not affected in the presence of thapsigargin. This result
could indicate that SERCA pumps are less involved in clearance of Ca** from cytosol in CSF-
cNs, in agreement with observations seen for small cerebellar granule neurons (Ivannikov et
al., 2010). Further experiments should be carried out to test whether PMCA would be mainly
involved in Ca®* clearance in medullo-spinal CSF-cNs and have a full image of Ca®*
homeostasis in these neurons. Interestingly, similar response of CSF-cNs to membrane
depolarization was observed when neurons were patch-clamped at the bud. Recorded Ca**
current amplitude and observed intracellular Ca** rise were indistinguishable from those
recorded when neurons were depolarized from the soma. Accordingly, Ca** elevations were
also seen in the soma, indicating that the soma and the bud are functionally connected as
signals occurring in one of these compartments would probably affect the other one. To better
understand this relation and communication between the soma and the bud, I conducted dual

patch-clamp recordings from the soma and the bud of CSF-cNs. | show that spontaneous
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PKD2L1 unitary current appears in both structures at the same time points with similar
amplitudes and open probability. In addition, APs elicited by positive current injections are
identical when recorded from both structures and show similar properties. Considering that
CSF-cNs are small neurons with high input resistance and large length constant (Orts
Del’Immagine et al., 2015) it can be strongly suggested that signals recorded from the bud
would originate from the soma. Therefore, in physiological conditions CSF-cNs could be
activated at the level of the bud by biomarkers that circulate in the CSF, and the response
elicited in the bud could further generate the response in the soma. Orts Del’Immagine and
colleagues (2015) conducted a study with a model neuron which suggested that activation of
PKD2L1 channels present at any cellular level could be detected in the soma due to high
‘electrotonicity’ of CSF-cNs, an assumption that is supported by my observation (Orts
Del’Immagine et al., 2015).

To specifically address the properties of the bud and the expression of specific ionic
conductance, | performed the experiments aiming at separation/isolating the bud from the
soma. So far, my attempts to pull away the soma or the bud, while recording from the bud,
were unsuccessful. However, when | pressed the electrode against the dendrite to stop
electrical communication between soma and bud, | could record PKD2L1 channel activity
from the “isolated” bud, while voltage-dependent conductances were reduced or disrupted.
These data would suggest that PKD2L1 is expressed in the bud which is devoid of any active

ionic conductance.

Concerning the bud, its physiological role remains to be demonstrated and the
experiments conducted in this study will be pursued. To date, there are no evidences
indicating its role as receptor pole (integrating signals circulating in the CSF through specific
receptors) or a releasing unit as suggested in the literature. Our preliminary electronic
microscopy data suggest the presence of vesicles in the bud arguing for a secretory role.
However, the mechanisms by which such release might occur is still unknown. On the other
hand, if PKD2L1 expression in the bud is confirmed and because of the high ‘electrotonicty’
of CSF-cNs, it can be suggested that modulation of its activity through circulating signals or
mechanical stimuli would have a large impact on somatic activity and excitability. These are
open questions crucial to demonstrate the sensory function of medullo-spinal CSF-cNs in the

mouse.
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C) INVESTIGATING THE ROLE OF CSF-cNs — DEVELOPMENT
OF NOVEL TRANSGENIC MICE MODELS

The physiological role of medullo-spinal CSF-cNs in mammalian CNS is largely
unknown. PKD2L1 channel that acts as mechano- and chemoreceptor was shown to be
expressed in CSF-cNs from lamprey, zebrafish, mouse and macaque (Djenoune et al., 2014;
Orts-Del’Immagine et al., 2014; Jalalvand et al., 2014). Therefore, a sensory role was
attributed to these neurons, which are suggested to represent a novel population of sensory
neurons. Moreover, CSF-cNs come in contact with the CSF, indicating that they may receive
the information that circulate in the CSF and transmit them towards the parenchyma and their
synaptic partners. Recent studies carried out in zebrafish and lamprey show that CSF-cNs act
as mechanosensors able to modulate the motor activity in the spinal cord (Fidelin et al., 2015;
Boéhm et al., 2016; Jalalvand et al., 2016b). This suggests that a similar role can be attributed
to mammalian CSF-cNs. However, the localization of CSF-cNs deep in the spinal cord around
the CC in higher vertebrates is the main limitation which makes it difficult to study the role of
CSF-cNs in mammals in vivo. It is thus necessary to develop more integrated models where
CSF-cNs could be selectively manipulated in vivo. | took the advantage of chemogenetic
approach using “Designer Receptors Exclusively Activated by Designer Drugs” (DREADDs)
to try to resolve the problem of cellular accessibility and manipulate CSF-cNs in mice.
DREADD technology was used, for example, to study the neuronal circuits underlying the
feeding behavior in mice, and it was shown that the activation of mutated human M3
receptors coupled to Gq proteins (hM3Dq) depolarizes AgRP neurons, leading to increased
food intake (Krashes et al., 2011). Inhibitory G;-DREADDs activated by clozapine N-oxide
(CNO) were shown to be an effective strategy to hyperpolarize neurons in epileptic mouse
model and to suppress the epileptiform activity in these mice (Avaliani et al., 2016). In my
study, the activation of Gj,-coupled DREADDs by CNO was expected to reduce the
excitability of CSF-cNs. Immunohistochemical staining against HA indicated that HA-tagged
mutated hM4Di (DREADDs) were effectively expressed in PKD2L1" CSF-cNs. In spite of
the successful expression of DREADDs in mouse medullo-spinal CSF-cNs, | was not able to
validate this model in vitro, since the CNO application did not have any effect on RMP of
recorded neurons, neither on the AP discharge activity or Ca** currents. Activation of G-
DREADDs was reported to target GIRKs and to induce hyperpolarization in HEK-293 cells
co-expressed with GIRK1/2 subunits (Armbruster et al., 2007). In addition, CNO activation
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of Gi-DREADD:s in hippocampal neurons also induced silencing of AP firing (Armbruster et
al., 2007). Similar effects of CNO were observed in cultured DRG neurons (Saloman et al.,
2016) and CA3 pyramidal neurons in organotypic hippocampal slice culture (Avaliani et al.,
2016). We have recently reported that activation of GABAg receptors by baclofen fails to
activate GIRK channels in CSF-cNs (Jurc¢i¢ et al., 2019). This result suggests that GIRK
channels are not expressed in mouse CSF-cNs and would therefore explain the lack of the
response to Gi-DREADD activation in this study. The DREADD model appeared to be an
interesting solution to modulate CSF-cNs in vivo and we expected to conduct behavioral tests
in control and after intraperitoneal CNO application to analyze modification of mice

phenotype. Unfortunately, the DREADD model appears inoperant for our purpose.

Optogenetic is commonly used technology that is based on optical activation of proteins
to modulate the neuronal activity. It relies on use of channelrhodopsin-2 (ChR2), a naturally
occurring light-sensitive ion channel that can be easily activated by illumination with 480 nm
blue light (Britt et al., 2012). Here, | developed a mouse model in which CSF-cNs selectively
express YFP-tagged ChR2 and show that light stimulation of mouse ChR2-expressing CSF-
cNs depolarizes the membrane, leading to AP firing in all CFS-cNs recorded. This
photostimulation of CSF-cNs is similar to neuronal activation through electrophysiological
protocols. Further, this approach is reliable and reproducible since neuronal discharge follows
precisely the illumination frequency. Our results therefore indicate that the optogenetic
approach can be used to assess the role of medullo-spinal CSF-cNs at least in ex-vivo models.
So far, optogenetic manipulations of CSF-cNs from zebrafish provided important information
on involvement of these neurons in the regulation of locomotor activity. The optical activation
of ChR2-expressing CSF-cNs in spinal cord of zebrafish larvae induced low frequency
swimming behavior, a response that was reduced when CSF-cNs (or KA cells in zebrafish)
were genetically silenced (Wyart et al., 2009). Using optogenetic approach combined to
electrophysiological recordings, activation of CSF-cNs was shown to have differential effects
on swimming behavior of the zebrafish depending on the animal states. When CSF-cNs were
activated by light during the rest, they induced swim-like behavior. In contrast, activation of
CSF-cNs during naturally occurring swimming disrupted swimming activity (Fidelin et al.,
2015). It was shown that CSF-cNs target spinal glutamatergic premotor interneurons (VO0y/) of
the fish locomotor central pattern generators (CPGs) (Fidelin et al., 2015). The same group
indicates that the effect is mediated by GABA release from CSF-cNs onto VOy interneurons

(Wyart et al., 2009; Fidelin et al., 2015). The functional connectivity of mammalian CSF-cNs
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has not been described yet, although similar pattern in modulation of motor activity is
expected to be present in vertebrates. CPGs, a spinal network consisting of excitatory and
inhibitory interneurons, regulate motor behavior by directing its rhythm and patterns
(Brownstone & Bui, 2010; Gosgnach et al., 2017). In mice, neuromodulatory system in the
spinal cord is under control of cholinergic VO interneurons (VOc) (Miles et al., 2007), a
subtype of VO interneurons that are derived from Dbx1" progenitor cells in pO domain in the
ventral spinal cord (Pierani et al., 2001), and selectively express Pitx2 transcription factor
(Zagoraiou et al., 2009). VO interneurons form longitudinal clusters on the lateral sides of the
CC along the spinal cord (Zagoraiou et al., 2009; Witts et al., 2014), and they provide
cholinergic input to motoneurons by forming “C boutons”, cholinergic varicosities
surrounding the soma and proximal dendrites of motoneurons (Miles et al., 2007; Zagoraiou
et al., 2009). Interestingly, VOc represent the only source of “C boutons” to motoneurons
(Zagoraiou et al., 2009). The modulatory activity of VOc is mediated by muscarinic M,
receptor subtype expressed on “C boutons” and activation of these receptors is shown to
increase the excitability of motoneurons they surround (Miles et al., 2007). Mice with
genetically disrupted “C bouton” signaling show impaired firing of motoneurons and muscle
activation (Zagoraiou et al., 2009). Regarding the synaptic inputs onto VOc¢ interneurons, they
were shown to receive excitatory inputs from glutamatergic interneurons, inhibitory
GABAergic inputs and serotonergic inputs from the brainstem (Zagoraiou et al., 2009). In
zebrafish, CSF-cNs provide direct GABAergic input on a subset of VO interneurons and
modulate swimming (Wyart et al., 2009; Fidelin et al., 2015). In mammalian, CSF-cNs
located around the CC could receive the information from the CSF by monitoring its content
and the presence of various neuroactive substances. By sensing the changes in the content of
the CSF, they could modulate the activity of VO¢ interneurons located in their close proximity

and participate in regulation of locomotor activity.

Because the ChR2 model is functional in our model, we are developing a project to test
the potential neuromodulator role of CSF-cNs in the locomotion of the mouse. Interestingly,
transgenic mouse models to label CSF-cN axons and synaptic terminals indicate that CSF-cNs
could come in synaptic contact with VOc and even motoneurons. Further, using the PKD2L1-
ChR2 mouse model, we have initiated an analysis of ex-vivo fictive locomotion. Locomotor-
like activity was recorded extracellularly from left and right lumbar ventral roots and upon
photoactivation of lumbar CSF-cNs, we observed a modification of the locomotor rhythm.

Finally, using the same ChR2 model but in lumbar coronal acute slices, we are conducting, in
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a similar way as the study from Fidelin and colleagues (2015), experiments to demonstrate the
synaptic connections between CSF-cNs and VOc or motoneurons. Here we are recording
neurons surrounded by ChR2-YFP positive fibers or varicosities and expect to record
GABAergic synaptic events upon illumination with ‘blue light’. Therefore, the use of
optogenetic to activate CSF-cNs provides promising tool to demonstrate for the first time ever

the function of medullo-spinal CSF-cNs in the mammalian CNS.
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V. CONCLUSION

In the current study, | performed electrophysiological recordings in combination with
Ca®* imaging on CSF-cNs in acute brainstem and spinal cord slices from adult mice. Here, |
report the presence of voltage-gated Ca?* channels (Ca,s) on plasma membrane of CSF-cNs
that are predominantly of the N-type (Ca,2.2). Ca?* channels represent an important source of
extracellular Ca?* and activation of these channels induces large increase in intracellular Ca**
concentrations. | further show that CSF-cNs possess functional intracellular Ca®* stores which
are present in ER. These stores are involved in Ca** signaling in CSF-cNs since they release
Ca®* through RyRs and potentially uptake it through SERCA pumps (Figure 54.). | further
confirm that CSF-cNs are inserted in neuronal network and modulated by GABAergic and
cholinergic signaling. These pathways are capable to regulate Ca,s activity through their
metabotropic receptor subtypes via the classical Gj/Gpy regulatory mechanism. Moreover, |
show that CSF-cN soma and bud are functionally coupled and indicate that signals
modulating bud activity would leads to somatic activation. Finally, | present data validating
an optogenetic approach that is a promising strategy to manipulate CSF-cNs activity with the

aim to determine their function in vivo.

The study carried out during my PhD provides new pieces of evidence on medullo-
spinal CSF-cNs in a mammalian model and contribute to better understanding of medullo-
spinal CSF-cN physiology and modulation. They also indicate the advances accomplished to
resolve the mystery about the role of CSF-cNs in mammalian CNS. However, my study also
opens new questions that need to be answered to better understand the function of these

neurons.

Because of their morphology, phenotype and localization at the interface between CSF
and parenchyma, CSF-cNs possess all characteristics to act as sensory neurons in the
mammalian CNS. To confirm this hypothesis, it will be necessary to pursue the identification
of the receptors that CSF-cNs express and in parallel determine the signals present in the
extracellular space or in the CSF that are susceptible to bind to the identified receptors. Along
the same line, the properties, function and role of the bud as a sensory structure would needed
to be demonstrated. Moreover, it would be important to determine how CSF-cNs integrate the

signals they receive and how they process these signals. It has already been suggested that the
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terminal enlargement would participate in receiving the information from the CSF and
transmitting them toward the parenchyma and synaptic partners of CSF-cNs. It was further
indicated that the “bud” could receive the signals from distal parts of the CNS and release
them into the CSF. Therefore, more extensive studies should be carried out to investigate the
role of this mysterious neuronal structure and determine how it contributes to the CSF-cNs

function.
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Figure 44. Regulation of intracellular Ca®* concentrations.

Medullo-spinal CSF-cNs express voltage-gated Ca®* channels that are inhibited by metabotropic
GABAg receptors and muscarinic acetylcholine receptors (mACh) following recruitment of Gy
subunits. Ca** can be also released from intracellular stores located in the endoplasmic reticulum (ER)
through ryanodine receptor (RyR) and it can be accumulated back into ER through sarco(endo)plasmic
reticulum (SERCA) pump.

The next step will be to demonstrate the identity and localization of CSF-cN presynaptic
partners and thus demonstrate the consequence on CSF-cN activity. Up to now, medullo-
spinal CSF-cNs in mammals were described to receive GABAergic and glutamatergic
synaptic inputs. It could be expected that these inputs modulate CSF-cN activity in different
ways depending on their origin and nature. The identification of other neuronal partners that
project onto CSF-cNs and their localization would give valuable information on the network

CSF-cNs are inserted in. Of course, to have the full picture, the identity and localization of
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CSF-cN postsynaptic partners is crucial to demonstrate the consequence of CSF-cN activation
on CNS activity. In mouse, CSF-cNs project an axon towards unknown partners.
Immunohistochemical and tracing studies would provide a set of data on the territories
innervated by CSF-cNs and would indicate potential postsynaptic partners for CSF-cNs.
Moreover, connectivity between CSF-cNs and their synaptic partners could be studied by
taking advantage of mice that express ChR2 in CSF-cNs. This approach would enable to
monitor the responses generated in synaptic partners of CSF-cNs following light stimulation
of CSF-cNs. A particular attention will be given to the relationship between CSF-cNs and the

spinal motor network.
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Key points

e Medullo-spinal CSF contacting neurones (CSF-cNs) located around the central canal are
conserved in all vertebrates and suggested to be a novel sensory system intrinsic to the CNS.

® (CSF-cNs receive GABAergic inhibitory synaptic inputs involving ionotropic GABA, receptors,
but the contribution of metabotropic GABAg receptors (GABAg-Rs) has not yet been studied.

o Here, we indicate that CSF-cNs express functional GABAg-Rs that inhibit postsynaptic calcium
channels but fail to activate inhibitory potassium channel of the Kir3-type.

e We further show that GABAg-Rs localise presynaptically on GABAergic and glutamatergic
synaptic inputs contacting CSF-cNs, where they inhibit the release of GABA and glutamate.

e Qur data are the first to address the function of GABAg-Rs in CSF-cNs and show that
on the presynaptic side they exert a classical synaptic modulation whereas at the post-
synaptic level they have an atypical action by modulating calcium signalling without inducing
potassium-dependent inhibition.

Abstract Medullo-spinal neurones that contact the cerebrospinal fluid (CSF-cNs) are a
population of evolutionary conserved cells located around the central canal. CSF-cN activity
has been shown to be regulated by inhibitory synaptic inputs involving ionotropic GABA,
receptors, but the contribution of the G-protein coupled GABAj receptors has not yet been
studied. Here, we used a combination of immunofluorescence, electrophysiology and calcium
imaging to investigate the expression and function of GABAg-Rs in CSF-cNs of the mouse
brainstem. We found that CSF-cNs express GABAg-Rs, but their selective activation failed to
induce G protein-coupled inwardly rectifying potassium (GIRK) currents. Instead, CSF-cNs
express primarily N-type voltage-gated calcium (Cay2.2) channels, and GABAg-Rs recruit Gy
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subunits to inhibit Cay channel activity induced by membrane voltage steps or under physio-
logical conditions by action potentials. Moreover, using electrical stimulation, we indicate that
GABAergic inhibitory (IPSCs) and excitatory glutamatergic (EPSCs) synaptic currents can be
evoked in CSF-cNs showing that mammalian CSF-cNs are also under excitatory control by
glutamatergic synaptic inputs. We further demonstrate that baclofen reversibly reduced the
amplitudes of both IPSCs and EPSCs evoked in CSF-cNs through a presynaptic mechanism of
regulation. In summary, these results are the first to demonstrate the existence of functional post-
synaptic GABAg-Rs in medullar CSF-cNs, as well as presynaptic GABAg auto- and heteroreceptors
regulating the release of GABA and glutamate. Remarkably, postsynaptic GABAg-Rs associate with
Cay but not GIRK channels, indicating that GABAg-Rs function as a calcium signalling modulator
without GIRK-dependent inhibition in CSF-cNs.
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Introduction

GABAg receptors (GABAg-Rs) belong to family 3 (or
family C) G-protein coupled receptors and mediate
the slow inhibitory response to GABA by activating
Gy, protein-dependent signalling pathways (Padgett
& Slesinger, 2010; Pinard ef al. 2010). The core
structure of GABAgp-Rs consists of two principal
subunits, GABAp, and GABAjg, that assemble into
heteromeric functional receptors at pre- and post-
synaptic sites of the synapse (Mohler & Fritschy,
1999; Bettler et al. 2004; Pin & Bettler, 2016). Pre-
synaptic GABAg-Rs are positioned at axon terminals
of both excitatory (heteroreceptors) and inhibitory
(autoreceptors) neurones, where their activation
suppresses neurotransmitter release through inhibition
of voltage-dependent calcium channels (Cay), although
other mechanisms have been implicated (Scanziani
et al. 1992; Chen & van den Pol, 1998; Barral et al.
2000; Sakaba & Neher, 2003). Postsynaptic GABAg-Rs
are expressed in somatodendritic compartments of
neurones and evoke a slow inhibitory postsynaptic
current by gating G protein-coupled inwardly rectifying
potassium (GIRK) channels, which hyperpolarises
the membrane and inhibits neuronal excitability (De
Koninck & Mody, 1997; Liischer et al. 1997). Postsynaptic
GABAg-Rs additionally down-regulate Cay channels,
thus controlling calcium-dependent neuronal processes
such as dendritic Ca*"-spike propagation and synaptic
plasticity (Pérez-Garci et al. 2006; Booker et al. 2018).
Finally, GABAp-Rs can influence pre- and postsynaptic
functions by inhibiting adenylyl cyclase, though the
physiological consequences of this modulation are poorly
understood (Padgett & Slesinger, 2010). In addition
to their diverse signalling pathways, GABAp-Rs are
widely expressed throughout the central nervous system

including the hindbrain and the spinal cord, thereby
playing pivotal roles in numerous physiological processes
(Margeta-Mitrovic et al. 1999; Bettler et al. 2004).

Medullo-spinal neurones that contact the cerebrospinal
fluid (CSF-cNs) constitute a peculiar neuronal population
located around the central canal (CC) of all vertebrates
(Vigh et al. 2004; Djenoune et al. 2014). They feature
a bipolar morphology with a short dendritic process
projecting toward the CC and ending in its lumen
with a terminal protrusion or ‘bud), suggesting a role
in sensing CSF flow or composition (Stoeckel et al
2003; Marichal et al. 2009; Orts-Del'Immagine et al.
2012, 2014). Consistent with this hypothesis, CSF-cNs
express selectively the polycystic kidney disease 2-like
1 (PKD2L1) channel, a sensory transduction protein
sensitive to extracellular variation of pH and osmolarity
and sensing CSF flow and spinal cord torsion (Huang
et al. 2006; Orts-Del’Immagine et al. 2012, 2016; Bchm
et al. 2016; Jalalvand et al. 2016). PKD2L1 channels
are non-selective cationic channels that produce enough
depolarisation to trigger action potentials and therefore
they contribute to setting the excitability of CSF-cNs
(Orts-Del'Immagine et al. 2012, 2016). Moreover,
CSF-cNs are embedded in a neuronal network, receiving
primarily inhibitory synaptic inputs from yet-unidentified
presynaptic partners (Orts-Del'Immagine et al. 2012).
Inhibition of CSF-cNs was shown to be mediated by the
amino acids GABA and glycine, which activate ionotropic
GABA, and glycine receptors, respectively (Marichal et al.
2009; Orts-Del’'Immagine et al. 2012). In addition, pre-
vious immunohistochemical studies revealed the presence
of GABAj-Rs in neurones of rat spinal cord surrounding
the central canal and with morphological properties of
CSF-cNs (Margeta-Mitrovic et al. 1999). However, their
function, as well as their signalling effectors in CSF-cNs,
remain unknown.

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society



J Physiol 597.2

In the present study, we assessed the expression
and functional properties of GABAg-Rs in CSF-cNs of
the mouse brainstem. Double immunohistofluorescence
staining with the selective marker PKD2L1 for CSF-cNs
show that the GABAg; subunit localises in the soma and
the dendrite of medullar CSF-cNs. Using patch-clamp
recordings and calcium imaging we demonstrate that post-
synaptic GABAg-Rs in CSF-cNs function by inhibiting
Cay channels through recruitment of GBy but surprisingly
they do not activate GIRK channels in these neuro-
nes. CSF-cNs in the mouse brainstem were initially
thought to be under the sole control of inhibitory
synaptic inputs, but here, using an electrical stimulation
protocol, we demonstrate that CSF-cNs also receive
glutamatergic excitatory inputs involving AMPA/kainate
receptors. Finally, we show that GABAg-Rs, presumably
localised on both GABAergic and glutamatergic terminals,
have an inhibitory action on GABA and glutamate release
onto CSF-cNG.

Methods
Animal ethics

All experiments were conducted in conformity with the
rules set by the EC Council Directive (2010/63/UE) and
the French ‘Direction Départementale de la Protection des
Populations des Bouches-du-Rhéne (DDPP13)’ (Licence
No. 13.435 held by J.T. and No. 13.430 by N.W.).
Experiments were performed using 98 C57BL/6] mice
(Mus musculus) of both sexes aged 8-18 weeks old
(25-30 g, obtained from Envigo, Gannat, France). All
animals were housed at constant temperature (21°C),
in an enriched environment, under a standard 12 h
light-12 h dark cycle, with food (pellet AO4, UAR,
Villemoisson-sur-Orge, France) and water provided ad
libitum. Every precaution was taken to reduce to the
minimum the number of animals used and to minimise
animal stress during housing and prior to experiments. We
understand the ethical principles under which The Journal
of Physiology operates, and our work complies with the
journal’s animal ethics checklist.

Histological procedures and confocal imaging

Adult mice were anaesthetised intraperitoneally with a
combination of 100 mg kg ketamine (Carros, France)
and 15 mg kg~! xylazine (Puteau, France). Animals were
then transcardially perfused first with 0.1 M PBS and then
by 4% paraformaldehyde in PBS (PFA; Sigma-Aldrich).
Tissues were immediately removed, post-fixed for 30 min
to 1 h in PFA at room temperature followed by over-
night washing in PBS at 4°C. Tissues were finally
cryoprotected for 24-48 h in 30% sucrose in PBS
at 4°C and frozen in isopentane (—40°C). Coronal
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brainstem thin sections (40 pum) were obtained using
a cryostat (Leica CM3050, Wetzlar, Germany) and
collected serially in twelve-well plates containing 0.1 M
PBS. Sections were then incubated for 1 h in PBS
containing 0.3% Triton X100 (Sigma-Aldrich) and 2%
donkey serum with 1% bovine serum albumin (BSA),
followed by an overnight incubation at 4°C with rabbit
anti-PKD2L1 IgG (1:700; AB9086, Millipore-Chemicon,
Fontenay-sous-Bois, France) and then a 24 h incubation
atroom temperature with mouse anti-GABAg,; IgG (1:100,
AB55051, Abcam Biomedicals, Paris, France). Sections
were then washed in PBS and incubated for 2 h with
secondary antibodies conjugated to either AlexaFluor 488
(PKD2L1: 1:400; Millipore-Chemicon) or 594 (GABAg;:
1:1000; Millipore-Chemicon). Sections were mounted on
gelatine-coated slides and coverslipped with home-made
mowiol mounting medium for fluorescence microscope
examination. Confocal images were captured with a Zeiss
LSM 700 laser scanning microscope before processing with
ZEN 2009 light Edition (Zeiss, Iena, Germany) and Image]
1.8.0 software (NIH).

Acute brainstem slice preparation

Coronal brainstem slices (from the caudal part up to the
4th ventricle) were prepared as previously described by
(Orts-Del'Immagine et al. 2012). Briefly, 8- to 12-week-old
mice were anaesthetised with the ketamine-xylazine
solution, decapitated, and the brain rapidly removed and
submerged in ice-cold (0—4°C), oxygenated (95% O,-5%
CO,) and low calcium-high magnesium cutting solution
containing (in mM): NaCl 75, NaHCO; 33, NaH,PO,
1.25, KCI 3, CaCl, 0.5, MgCl, 7, glucose 15, sucrose
58, ascorbic acid 2, sodium pyruvate 2, myo-inositol 3
(pH 7.3-7.4; osmolality 300-310 mosmol kg~!). Coronal
brainstem slices (250 pm thick) were cut with a vibratome
(Leica VT1000S) and incubated for 15-20 min at 35°C
in a submerged chamber filled with oxygenated artificial
CSF (aCSF) containing (in mM): NaCl 115, NaHCO; 23,
NaH,PO, 1.25, KCl 3, CaCl, 2, MgCl, 2, glucose 15,
ascorbic acid 2, sodium pyruvate 2, myo-inositol 3 (pH
7.3-7.4; osmolality 300-310 mosmol kg™ '). Slices were
then maintained in oxygenated aCSF at room temperature
prior to recording. After a recovery period of at least 1 h,
slices were transferred to the recording chamber super-
fused with aCSF at 1.5-2.5 ml min™—".

Electrophysiology

Neurones around the central canal were visualised
under infrared illumination using oblique or DIC
optics mounted on a Scientifica SliceScope Pro 1000 or
Zeiss Axioscope S1 microscope, respectively. Whole-cell
patch-clamp recordings were performed at room
temperature (~20°C) in current- and/or voltage-clamp
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mode using a Multiclamp 700B or Axopatch 200A
patch-clamp amplifier (Molecular Devices, San Jose,
CA, USA). Patch pipettes (4-6 M) were pulled
from borosilicate glass capillaries (Harvard Apparatus,
Holliston, MA, USA) using a P-97 Flaming/Brown
type micropipette puller (Sutter Instrument Co, Novato,
CA, USA). In all experiments, 10 uM Alexa Fluor
594 (Invitrogen) was included in the patch pipettes
for identifying the typical morphology of neurones in
contact with the cerebrospinal fluid (CSF-cNs) during
the whole-cell recording (Orts-Del' Tmmagine et al. 2012,
2016). Series resistance (10-20 M) was monitored
throughout each experiment and unstable recordings
were discontinued. For voltage-gated calcium currents
recordings, series resistance was compensated by 70-80%.
Data were filtered at 2-2.4 kHz and digitised at 10 kHz
using a Digidata 1322A or 1440A interface (Molecular
Device) driven by pClamp 9.2 or 10.7, respectively
(Molecular Device). The liquid junction potential was left
uncorrected.

Recording of voltage-gated calcium currents. For the
characterisation of postsynaptic voltage-gated calcium
(Ca’™) channels (Cay) and the study of their modulation
by GABAjg-Rs, electrodes were filled with a solution
containing (in mM): CsCl 3, caesium acetate 100, NaCl
5, MgCl, 1, CaCl, 1, TEA-Cl 20, EGTA 10, HEPES
10, disodium phosphocreatine 10, Mg-ATP 4, Na;GTP
0.2 (adjusted to pH 7.36 with CsOH; osmolality of
290-295 mosmol kg™!). Calcium currents were elicited
by 100-200 ms voltage steps (Vsiep, 10 mV increments)
from a holding potential of —70 mV while the neurone
was perfused with oxygenated aCSF supplemented
with 10 uM gabazine (GABA, receptor antagonist),
1 uM strychnine (glycine receptor antagonist), 0.5 uM
tetrodotoxin (TTX, inhibitor of sodium channels) and
20 mM tetraethylammonium chloride (TEA-CI, blocker
of potassium channels). The current-voltage relationship
was constructed for each cell by plotting the Ca’" peak
current recorded for a given Vs, and the properties and
voltage-dependence of Ca’" current were analysed with
a Boltzmann fit using the following equation: I(V) =
max (V — Viel)/[1 + exp(Vso — V)/k]; where I represents
the current amplitude as a function of voltage (V), gmax
is the maximum whole-cell channel conductance, Ve,
is the current reversal potential, Vs is the voltage for
half-maximal channel activation and k (the slope) is equal
to RT/z,F where z, is the valency of the voltage sensor of
the calcium channel.

Calcium current inhibition by postsynaptic GABAg-Rs
was assessed on Ca’" peak current (elicited with a
100 ms Vsip to +10 mV every 30 s over a 10 min
period) by application of baclofen (100 uM, 30 s),
a selective agonist for GABAg-Rs, using a pressure
application pipette (~1 pum tip diameter) positioned at
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~50 pum from the recorded cells and connected to a
pressure application system (Toohey Company, Hollis,
NH, USA). The molecular mechanism by which GABAg-R
activation modulates Ca’" currents was studied with a
triple-pulse voltage protocol (recorded every 30 s for
10 min) consisting of two 50 ms test pulses to +10 mV
from a holding potential of —70 mV, separated by a
50 ms conditioning pulse to 4100 mV. The inhibition of
calcium currents induced by application of baclofen was
then compared before (prepulse) and after (postpulse) the
large depolarising conditioning pulse (Herlitze et al. 1996;
Ikeda, 1996).

Recording of inwardly rectifying (GIRK/Kir3) potassium
currents. To record postsynaptic GABAg-mediated
Kir3-type K™ currents (GIRK), patch pipettes were filled
with a solution containing (in mM): potassium gluconate
140, NaCl 4, HEPES 5, MgCl, 2, EGTA 1.1, Na,ATP
2, disodium phosphocreatine 5, Na;GTP 0.6 (adjusted
to pH 7.35 with KOH; osmolality 285 mosmol kg™1).
Kir3-type K" currents were evoked by pressure application
of baclofen (100 uM, 40 s) at —50 mV in the presence of
10 uM gabazine, 1 uM strychnine and 20 uM DNQX
(AMPA/kainate receptor antagonist).

Recording of synaptic currents. Electrically evoked
inhibitory (IPSCs) and excitatory (EPSCs) postsynaptic
currents were recorded with patch electrodes filled with
(in mM): CsCl 130, NaCl 4, MgCl, 2, EGTA 1.1, HEPES
1.1, disodium phosphocreatine 5, Na, ATP 2, Na;GTP 0.6,
lidocaine N-ethyl chloride 5 (adjusted to pH 7.35 with
CsOH; osmolality 285 mosmol kg™!). IPSCs and EPSCs
were elicited at 0.1 Hz by voltage pulses with a stimulus
isolator (100 us, 50-60 V stimuli; ISO-Flex, A.M.PlI,
Jerusalem, Israel) through a stimulating electrode filled
with aCSF and positioned at 50—-100 m from the soma of
the recorded cell. GABA, receptor-mediated IPSCs were
recorded at —60 mV and were isolated by including 1 uM
strychnine and 20 uM DNQX to the external solution.
To record glutamatergic receptor-mediated EPSCs, the
external solution was supplemented with 1 uM strychnine
and 10 uM gabazine. EPSCs were recorded at holding
potential of —60 mV. GABAg-R-mediated inhibition of
IPSCs and EPSCs was assessed by bath application of
baclofen (20 or 100 uM, see Results). For paired-pulse
ratio analysis, stimuli were delivered in pairs with 70 ms
interpulse intervals and a frequency of 0.1 Hz.

Calcium imaging

Calcium imaging experiments were performed in CSF-cNs
patched with electrodes containing (in mM): KCI 3,
potassium gluconate 120, NaCl 5, MgCl, 1, CaCl, 0.25,
EGTA 2, HEPES 10, disodium phosphocreatine 10,
Mg-ATP 4, Na;GTP 0.2 (adjusted to pH 7.33 with KOH;

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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osmolality 290-295 mosmol kg~!). Cells were loaded with
the fluorescent Ca*" probe Fluo-4 (50 uM, Invitrogen,
Carlsbad, CA, USA) through the patch pipette and the
preparation was illuminated (490 nm, excitation band-
pass filter: 490 + 30 nm; Chroma, Bellows Falls, VT,
USA) using the CoolLED epifluorescence system (p1 Pre-
cisExcite, Andover, UK), The emitted light (520 nm,
emission bandpass filter: 535 + 30 nm and a dichroic
mirror set at 515 nm; Chroma) was collected with a HQ2
CoolSnap CCD camera (Standard mode at 10 MHz and
Gain 1, Photometrics) connected to a PC through a frame
grabber (CoolSNAP LVDS interface card, Photometrics,
Tucson, AZ, USA) and controlled by MetaView software
(Molecular Devices). To optimise imaging conditions
and reduce fluorescence quenching, a square region of
interest (ROI) was drawn around the recorded neuro-
nes, the illumination intensity was set at 25% of the
maximum power. Images were acquired in time laps
mode with 2 x 2 binning for 100 ms every 0.2 s over
a 1 min period (151 images). CSF-cNs were recorded
in current-clamp mode from the resting membrane
potential (RMP) and after a period of baseline recording,
5 consecutive trains of action potentials (APs) (0.5 Hz)
were triggered with a 500 ms DC current pulse (+20 pA)
to induce Ca’" influx following membrane depolarisation
and monitor the elicited elevation in intracellular Ca**.
To test whether the Ca’" elevations were effectively
mediated through Cay activation, recordings were also
carried out in voltage-clamp mode with an intracellular
solution containing (mM): CsCl 3, caesium acetate 100,
NaCl 5, MgCl, 1, CaCl, 1 TEA-CI, 20, EGTA 2, HEPES
10, disodium phosphocreatine 10, Mg-ATP 4, Na;GTP
0.2, with 50 uM Fluo-4 (adjusted to pH 7.36 with
CsOH; osmolality 290-295 mosmol kg~'). CSF-cNs were
depolarised to +10 mV for 100 ms from a holding
potential set at —70 mV and the increase in fluorescence
simultaneously recorded.

Reagents

All reagents were purchased from Sigma-Aldrich except:
Tetrodotoxin (TTX) from Latoxan (Portes-lés-Valence,
France). 6,7-dinitroquinoxaline-2,3-dione disodium salt
(DNQX) from Abcam Biochemicals. (R)-baclofen and
gabazine (SR 95531) from Tocris Bioscience (Bristol, UK).
w-conotoxin GVIA, w-agatoxin IVA and nifedipine from
Alomone labs (Jerusalem, Israel). CGP54626A (CGP)
was a gift from Bernhard Bettler (University of Basel,
Switzerland) and was initially produced by Novartis
Pharma AG (Basel, Switzerland).

Data analysis and statistics

Data analysis. Current and potential responses were
analysed using the Clampfit 10 suite (Molecular Devices
Inc.) and Excel 2016 (Microsoft). In our analysis, the peak

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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and the mean amplitudes were considered for current
and voltage responses, respectively (see below). The RMP
was determined in current-clamp mode at I = 0 just
after the whole-cell configuration was achieved as well
as by averaging in the current-clamp recordings a ~1 s
period in the absence of action potentials (APs) and
of current injection (Ipjection = 0 pA). AP properties
were analysed either from recordings of the spontaneous
discharge activity (10—30 s periods) or from trains of APs
elicited by the injection of a +20 pA DC current pulse
for 500 ms using the ‘threshold detection’ routine from
Clampfit 10 with a threshold set at 0 mV. In each condition,
the principal parameters of APs (amplitude, overshoot,
10-90% rise time and level of after hyperpolarisation)
were determined, as well as AP frequency.

Over the period used to record Ca’" current
(~10 min) we consistently observed a decrease in
the Ca’" current amplitude, known as rundown (see
Discussion). Therefore, to account for this phenomenon
when comparing Ca?* current amplitude over time, we
fitted the baseline data points (control) before drug
application (Ca*" channel blockers, toxins or baclofen)
recorded for each cell with a linear regression function
(y = ax + b; where y and x are the recorded peak
current and time, respectively, and a and b are constants).
The current amplitude in the presence of the drug was
measured from the raw data and compared to the value in
control calculated at the same time points from the linear
regression; this procedure avoided an overestimation for
the degree of inhibition.

To measure changes in fluorescence, i.e. intracellular
calcium concentrations ([Ca®'];), regions of interest
(ROI) were drawn over the CSF-cN soma (ROI Cell,
Fig. 5A) and the background (ROI Bkg, Fig. 5A) on
the recorded images. The average fluorescence intensity
was measured over time from these two ROIs and sub-
sequently, the background fluorescence intensity was
subtracted from the somatic data to compute the net
fluorescence (F). The average fluorescence intensity before
stimulus application (Cay activation or train of APs),
the so-called basal intensity or Fj, was then calculated
over 30-40 images. Finally, the net rise from baseline in
cell fluorescence was calculated as the (F — F,)/F, or
AF/F, ratio and expressed as a percentage. The average
fluorescence intensity was then plotted over time to
illustrate Ca’" transients and the peak amplitude of
the fluorescence rise measured and compared between
the control and the test situations. Fluorescence signal
when using imaging with epifluorescence and diffusion of
Fluo-4 into the cell through the patch pipette exhibits a
progressive decrease in intensity over time, a phenomenon
known as fluorescence bleaching or quenching. We
therefore computed the amount of quenching over time by
fitting the baseline data with a linear regression function
(y = ax + b; where y and x are the AF/F, value and
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time, respectively, and a and b are constants) and sub-
tracted these data from the raw data points in a point
to point manner. To compare the amplitude of the rise
in fluorescence, in control vs. baclofen, the maximum
amplitude recorded after the 5" train of APs was
normalised against that of the 1st train for each recording.

The inhibitory effect of GABAj-R activation on
IPSCs and EPSCs was determined by comparing current
amplitudes of 30 averaged traces including failures
before and during application of baclofen or CGP. The
paired-pulse ratio (PPR) was calculated as the ratio of the
second postsynaptic current (PSC) over the first PSC. The
decay times of EPSCs and IPSCs were obtained by fitting
the decay phase of the current with a single exponential
equation using Clampfit 10. Rise times (10-90%) of
synaptic currents were calculated using the statistics tool
of Clampfit 10. In all figures showing EPSCs and IPSCs,
stimulus artifacts were blanked for clarity.

Statistical analysis. Data were expressed as means & SD
in text and represented as box-whisker plot using Tukey’s
method with Prism 6 (GraphPad) software or RStudio
1.1.456 (R Studio Team, 2018), as previously described
(Orts-Del'Immagine et al. 2017). Briefly, for each data
set, the median and the 25" to the 75" percentiles
(lower and upper limits of each bar, respectively) are
calculated. Next, the interquartile distance (IQR) is
determined as the difference between the 25" and 75
percentiles and the whiskers limits or ‘inner fences’
calculated as the 75" percentile plus 1.5 times IQR and
the 25" percentile minus 1.5 times IQR. All data with
values either higher or lower than the inner fences are
represented as individual data points and considered
as outliers. In all the figures where data are presented
with box-and-whiskers plots, the thick horizontal line
represents the median. For all electrophysiological data
and histological experiments, 7 refers to the number of
recorded cells and to the number of mice exanimated,
respectively. All data were tested for normal distribution
using the Shapiro-Wilk test with Prism 6 software or R
statistics. Data with normal distributions were analysed
with a one-way ANOVA followed by Tukey’s multiple
comparison post hoc test for the statistical comparison of
multiple groups or with a Student’s two-tailed paired ¢ test
for the comparison of two groups (Prism 6, GraphPad,
La Jolla, CA, USA). Data without normal distributions
were analysed with a Friedman or Kruskal-Wallis test
followed by a post hoc Dunn’s multiple comparisons
test when comparing multiple groups; Mann-Whitney or
Wilcoxon matched-pairs signed rank test when comparing
two groups (Prism 6, GraphPad or R statistics).

For the statistical analysis of Ca’* current blockade
(use of blockers or toxins) and modulation by baclofen,
as well as the reduction in the level of intracel-
lular calcium elevation following activation of GABAg-Rs,
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we had to consider dependent (data within a group)
and independent (data between groups) variables. For
a given cell, the measured parameter or variable
(current amplitude or Ca®" elevation) and its inhibition/
modulation by a drugis considered as a variable dependent
on the condition (baseline or drug) within a given group
while the same variable represents an independent factor
when considered between different groups (control and
drug of different types). Therefore, the statistical analyses
require the use of a mixed effect model considering
in a hierarchical way both dependent and independent
variables. The drug effects within a group and between
different groups on the analysed variable represent fixed
factors (Condition and Group). Finally, because the choice
of the cell recorded for this study was done randomly
among all those available, it was necessary to implement
a statistical model with a factor corresponding to this
random effect. The statistical analyses were carried out
using the ‘linear mixed effect’ (Ime version 3.1-128)
routine (Pinheiro et al. 2016). The lme model was sub-
sequently tested using an ANOVA (ANOVA.Ime) followed
by a post hoc Dunn’s multiple comparisons test. Wherever
an interaction between the variables and the conditions
was statistically significant we reported the P value. In
the statistical analysis, the differences were considered
significant when P < 0.05. Figures were prepared and
finalised using CorelDraw 2018 (Corel Corporation,
Ottawa, ON, Canada).

Results
CSF-cNs express the B; subunit of the GABAg receptor

A previous publication has shown a strong labelling
for GABAg; subunits in cells of rat spinal cord with
morphological hallmarks of CSF-cNs, thatis a small round
cell body with a single process extending toward the CC
(Margeta-Mitrovic et al. 1999). To confirm that GABAg,;
is expressed in CSF-cNs, we performed in the hind-
brain dorsal vagal complex double immunofluorescence
labelling against GABAp, and PKD2L1 channel, a
specific marker for medullospinal CSF-cNs of mouse
(Orts-Del'Immagine et al. 2012, 2014). As described pre-
viously (McDermott et al. 2001; Liu & Wong-Riley, 2005),
cell bodies with a marked immunostaining for GABAg;
subunits were observed in the dorsal motor nucleus of
the vagus nerve (DMNX) and the hypoglossal nucleus
(XIL, Fig. 1A; n = 3). In addition, an observation at
higher magnification revealed the presence of immuno-
reactivity against GABAg; subunits (arrows) in the soma
of small round cells present around the CC and presenting
a projection towards the CC (open arrowhead, Fig. 1B; n =
3). These cells around the CC were positively immuno-
labelled by antibodies against the PKD2L1 channel, a
selective marker of medullo-spinal CSF-cNs (Fig. 1G;
n = 3). Therefore, our results indicate that medullar

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Figure 1. GABAg receptors are expressed in CSF-cNs but their activation does not mediate Kir3-type
potassium currents

A, image of the mouse brainstem showing immunoreactivity for GABAg1 subunit in the dorsal motor nucleus of
the vagus (DMNX), the hypoglossal nucleus (XIl) and around the central canal (CC). B-D, colocalisation of GABAg,
subunit (red, panel B) with PKD2L1 channel (green, panel C; merged image in panel D) in neurones in contact
with the cerebrospinal fluid (CSF-cNs). GABAgq staining was visualised in soma (arrows) and dendrites (open
arrowheads) of CSF-cNs, but at low levels in their terminal dendritic protrusion or bud (closed arrowheads). E, left:
micrograph showing the typical morphology of CSF-cNs after whole-cell dialysis with Alexa 594 (10 M). CSF-cNs
have a round cell body and extend a dendrite ending with a bud in proximity to the CC. Scale bar, 10 um. E, right:
action potentials evoked by a 500 ms depolarising current pulse (+10 pA) in identified CSF-cNs had the same
properties in controls (black trace) and in the presence of 100 uM baclofen (blue trace). £, in CSF-cNs, pressure
application of 100 M baclofen for 40 s did not induce either a hyperpolarisation under current-clamp recording
(@), or an increase in the holding current under voltage-clamp mode (b). Note the single-channel activity (inset
in Fb) mediated by the PKD2L1 channel, as previously described in CSF-cNs. G, in DMNX neurones, application
of baclofen (100 uM, 40 s) evoked a hyperpolarisation under current-clamp recording (a), or an outward current
when the cell was recorded in voltage-clamp mode (b). Current and voltage responses were abolished by bath
application of the selective GABAg receptor antagonist CGP (2 ©M; red traces). [Colour figure can be viewed at
wileyonlinelibrary.com]
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Table 1. Electrophysiological properties of CSF-cNs before and after the activation of GABAg receptors with baclofen

Control Baclofen P value
Resting potential (mV) —57.08 + 7.39 (n = 12) —53.08 + 6.70 (n = 11) 0.1079
Threshold potential (mV) —37.41 £ 437 (n=38) —35.54 £ 492 (n=7) 0.4290
AP amplitude (mV) 102.30 &+ 7.74 (n = 8) 98.73 4+ 8.58 (n =7) 0.2183
AP frequency (Hz) 17.68 £ 5.89 (n = 8) 19.67 £ 5.80 (n =7) 0.7345
AP half-width (ms) 3.78 + 0.67 (n = 8) 3.83 + 0.66 (n=7) 0.8245

In the presence of 100 uM baclofen, the resting membrane and threshold potential as well as action potentials (APs) parameters are
not significantly different from control (two-tailed paired Student'’s t-test for all comparisons). APs were evoked by +10 pA current

pulses of 500 ms duration.

CSF-cNs express GABAg; subunits (Fig. 1D; n = 3).
GABAg; coexpressed with PKD2L1 in the somatodendritic
compartment of CSF-cNs (arrows and open arrowheads;
Fig. 1C and D; n = 3) but a clear labelling for GABAg,
was difficult to observe in the bud (closed arrowheads;
Fig. 1Cand D), suggesting a low expression of the protein
in the dendritic terminal protrusion. Altogether, these data
suggest that medullar CSF-cNs possess GABAg-Rs.

GABAg receptors do not mediate Kir3-type potassium
currents in CSF-cNs

We next investigated the functional properties of
GABAg-Rs in CSF-cNs. In different neuronal models,
including the hindbrain, activation of GABAg-Rs was
shown to elicit Kir3-type potassium currents (GIRK). We
therefore assessed whether a similar response is generated
in medullar CSF-cNs. Using whole-cell patch-clamp
recordings in current-clamp conditions, we showed that
local application of baclofen (100 uM, for 30-40 s),
a selective agonist for GABAg-Rs, changed neither the
properties of APs evoked by a depolarising current pulse
(Fig. 1E and Table 1) nor the CSF-cN intrinsic properties
(Table 1). Further, at a holding potential of —50 mV,
in all CSF-cNs tested, baclofen activation of GABAp
receptors failed to elicit either a hyperpolarisation of
the resting membrane potential (RMP, current-clamp
recording, Fig. 1Fa; n = 10) or an increase in the
holding current (voltage-clamp recording, Fig. 1Fb; n =
22). Since DMNX neurones also express GABAgp-Rs
(Fig. 1A) and were shown to have GABAp-mediated
potassium currents (Browning & Travagli, 2001), we
tested, as an internal control in the same slice pre-
paration, whether GABAg-R-mediated response can be
recorded. In all DMNX neurones, pressure application of
baclofen (100 uM, 40 s) induced a hyperpolarisation of the
membrane potential by 9.45 + 4.12 mV in current-clamp
mode (Fig. 1Ga; n = 6) or an outward potassium current
under voltage-clamp mode with an average amplitude of
23.67 £ 25.21 pA (Fig. 1Gb; n = 6). Both responses were
fully blocked in the presence of CGP54626A (CGP), a
GABAg-R selective antagonist (Fig. 1Ga and Gb; n = 3).

These data show that GABAj-Rs activate Kir3-type pot-
assium channels in DMNX neurones but not in CSF-cNs.

Characterisation of voltage-gated calcium channels
in CSF-cNs

Injuvenile rats, CSF-cNs were suggested to express calcium
voltage-dependent channels (Cay) (Marichal et al. 2009)
but so far, no functional data are available in adult mice
and the type of Cay expressed is unknown. To address
this point in our model, we carried out voltage-clamp
recordings in conditions enabling selective isolation of the
Ca’* current (see Methods, Recording of voltage-gated
calcium currents) and applied voltage steps (Vi from
—60 to +30 mV, 10 mV increments) for 100 ms from a
holding potential of —70 mV to evoke inward currents
of increasing amplitude (Fig. 2A). The evoked currents
exhibit fast activation at the start of the voltage steps
followed by a sustained current showing little inactivation
and ending with a fast tail current. As illustrated from the
average current—voltage relationship (I-V curve, Fig. 2B)
and the fit of the experimental data using a Boltzmann
function (red line in Fig. 2B), the current activates for
membrane potentials more depolarised than —40 mV,
reaches a peak amplitude of —129.72 + 54.91 pA at
a membrane potential of +11.60 &+ 0.43 mV (Fig. 2B;
n = 13). These properties of the recorded current are in
agreement with those reported for high voltage activated
Ca’?* currents (Catterall, 2011) and this assumption is
confirmed by the full block of the current observed in the
presence of 200 uM cadmium (Cd*"), a selective blocker
of Cay (peak current amplitudes: —177.00 £ 38.36 pA in
control and +7.25 + 21.32 pA in Cd**; Fig. 2C, n =
12; P < 0.01, Wilcoxon matched-pairs signed ranked
test). Next, we characterised the nature of Cay expressed
by CSF-cNs and underlying the observed current using
selective toxins or inhibitors for the principal Cay sub-
types. In the presence of 500 nM w-conotoxin GVIA
(w-CnTx GVIA), a selective blocker for Cay2.2 (or N-type
Ca?* channels), the amplitude of the recorded current was
strongly reduced (peak current amplitudes: —141.71 +
19.59 pA in control and -52.57 &+ 28.14 pA in w-CnTx

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Figure 2. CSF-cNs express N-type voltage-gated Ca?t channels
A, representative whole-cell current traces recorded in response to
voltage steps from —60 mV to +30 mV (Vsiep, +10 mV increments,
protocol illustrated under the current traces) from a holding
potential of —70 mV (V},) to elicit Ca* current in a CSF-cN. The
inset represents the recorded CSF-cN after cell dialysis with Alexa
594 (10 uM) to confirm the morphology. CC: central canal. B,
average current-voltage relationship for the Ca2* currents recorded
in CSF-cNs (n = 13). Data are fitted using a Boltzmann function (red
trace, see Methods for more details). The inset in red gives the values
defining the properties of the Ca?* current in CSF-cNs obtained
from the Boltzmann fit of the average data (see text for details). C,
summary box-and-whiskers plots of the averaged percentage of
Ca?* current blockade in the presence of cadmium (Cd%*; 105 =+
3%; black box, n = 12), w-conotoxin GVIA (w-CnTx GVIA; 64 & 6%;
grey box, n = 7), w-agatoxin IVA (w-AgaTx IVA; 11 £+ 2%, light grey
box, n = 11), and nifedipine (14 & 3%; white box, n = 9). Ca?*
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GVIAT; Fig.2C, n=12; P < 0.05, Wilcoxon matched-pairs
signed ranked test). In contrast, in the presence of 500 nM
w-agatoxin IVA (w-AgaTx VIA), a blocker of Cay2.1 (P/Q
type), or 1 uM nifedipine, a blocker of Cay1.2 and 1.3
(neuronal L type), there was only a small decrease in
the Ca’" current amplitude (peak current amplitudes:
—162.64 + 75.60 pA in control and —144 + 60.84 pA
in w-AgaTx VIA, n = 11; —123.17 £ 49.39 pA in control
and -97.33 & 29.37 pA in nifedipine, n = 6; P < 0.01
and P < 0.05, respectively, Wilcoxon matched-pairs signed
ranked test). Taken together, our results demonstrate that
medullar CSF-cNs express functional voltage-dependent
Ca’* channels that are primarily of the Cay2.2 type (N

type).

GABAg receptors are functional in CSF-cNs
and modulate voltage-gated calcium channels

Classically GABAg-R activation has been shown to inhibit
Cay both at pre- and postsynaptic levels and therefore
to modulate cellular activity and synaptic transmission
(see below), respectively. To assess whether GABAg-Rs
activation modulates Cay in CSF-cNs, we elicited peak
Ca** currents (holding potential of —70 mV, voltage step
to +10mV) and tested the effect of baclofen on the current
amplitude. Figure 3A and Billustrates representative traces
showing the effect of baclofen on Ca’" current recorded
in two CSF-cNs in the absence and presence of CGP. In
all tested CSF-cNs, baclofen application (100 uM, for
30 s) induced a rapid and long-lasting inhibition of Ca*"
currents (Fig. 3C and D; n = 13) that slowly reversed
upon baclofen wash out. In the presence of CGP, the
baclofen-mediated Ca** current inhibition was strongly
reduced (Fig. 3A-D; n = 14).

G protein coupled receptors (GPCR) of the Gay,
type primarily inhibit Ca>" current through the direct
binding of the GBy subunits to the channel. This
inhibition is voltage dependent and can be removed by
a strong depolarisation (Herlitze et al. 1996; Ikeda, 1996).
To test whether the observed effect on Ca®" currents
following GABAg-R activation is mediated through a
similar mechanism in CSF-cNs, we used the classical triple
pulse protocol (see Methods, Recording of voltage-gated
calcium currents). In controls, the Ca?t current elicited
by the prepulse and the postpulse had similar average
amplitudes of —176.83 £ 99.62 pA and —149.43 =+
65.48 pA, respectively (Fig. 4Aa; n =9, P = 0.3719 pre-
vs. postpulse amplitude in control, ANOVA.Ime/post hoc
Dunn’s multiple comparison test) and the pre/postpulse

current sensitivity to cadmium and w-CnTx GVIA is significantly
higher compared to that observed in the presence of w-agatoxin IVA
(***P < 0.0001, *P < 0.01; Kruskal-Wallis/Dunn’s post hoc multiple
comparison test). [Colour figure can be viewed at
wileyonlinelibrary.com]
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ratio was around 95% (Fig. 4D; n = 9). As illustrated
for a representative recording (Fig. 4Aa and Ba), baclofen
application strongly reduced the peak amplitude of the
Ca’* current activated during the prepulse (average peak
amplitude: —61.76 + 44.41 pA, n = 9; ANOVA.Ime/post
hoc Dunn’s test, P < 0.0001 compared to control; see
above; (1) in Fig. 4Aa, Ba, C and D). Note that the
level of inhibition was similar to that reported in Fig. 3
(inhibition: 51 £ 24%; n = 13, in Fig. 3D for single
pulse protocol; 52 £ 24%; n = 9, in Fig. 4D for triple
pulse protocol; Mann-Whitney test, P=0.8409). However,
following the depolarisation to +100 mV, the current
inhibition mediated by baclofen was strongly reduced
for the postpulse compared to the prepulse in the same
conditions and the average peak amplitude was similar
to that observed for the postpulse recordings in controls
(control postpulse: —149.43 £ 65.48 pA; baclofen post-
pulse: —114.66 £ 63.99 pA, P = 0.078 and prepulse
vs. postpulse in baclofen, P < 0.01, ANOVA.Ime/post
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hoc Dunn’s multiple comparison test; n = 9; (2) in
Fig. 4Aa, Baand C; n=29). Accordingly, the pre/postpulse
ratio decreased by around 40% compared to the control
situation (Fig. 4D; n = 9). In the presence of CGP, the
inhibition of the Ca** current by baclofen was strongly
reduced for the current elicited by the pre- and post-
pulse (average peak amplitude: —179.59 £ 72.86 pA and
—166.84 £ 79.71 pA for the prepulse (P = 0.9591) and
—154.22 +60.94 pA and —144.32 4 59.82 pA for the post-
pulse (P = 0.9901) in CGP in the absence or presence of
baclofen, respectively, n = 10; P = 0.0703 and 0.9801 for
the pre- and postpulse in baclofen in the absence (n=9) or
presence (n = 10) of CGP; ANOVA.Ime/post hoc Dunn’s
multiple comparison test; see (2) in Fig. 4Ab, Bb, and
Q). In the presence of CGP alone and with baclofen, the
pre/postpulse ratio was similar to that observed in control
and close to 100% (Fig. 4D; n = 10). Altogether, these
results show that GABAgR-Rs are functional in CSF-cNs
and inhibit Ca®* current through a GBy-mediated effect.
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Figure 3. Activation of GABAg receptors by baclofen inhibits Ca?t current

A, representative peak Ca* currents traces elicited with a voltage step to +10 mV from a holding potential of
—70 mV and recorded in two different CSF-cNs in control (top, 1, black traces) or in the presence of 2 uM CGP
(bottom, 2, red traces) and in the presence of 100 ©M baclofen (top 1, blue trace) alone or with CGP (bottom,
2, violet trace). B, time course of the Ca?*t current peak amplitude for one recording in control (black circles) and
the recordings presented in A in the absence (1, blue circles) and presence (2, red circles) of 2 uM CGP. Baclofen
was applied at 100 uM by pressure for 30 s, as indicated by the blue bar. C, summary box-and-whiskers plots for
the average Ca* current peak amplitude before and during baclofen application and in the absence or presence
of CGP (control, black box: —159.33 £ 87.18 pA, n = 13; baclofen, blue open box: —60.63 & 39.44 pA, n =
13; CGP, red open box: —172.56 + 66.74, n = 14 and baclofen in CGP, violet open box: —154.65 + 72.62, n =
14; ***P < 0.0001, **P < 0.01, *P < 0.05; ANOVA.Ime/Dunn’s post hoc multiple comparison test). D, summary
box-and-whiskers plots for the Ca2* current inhibition induced by baclofen in the absence (blue open box) and
presence (violet open box) of CGP. Baclofen produced a significant inhibition of the Ca2* current peak amplitude,
while in the presence of CGP this inhibitory effect was abolished (baclofen: 49 4+ 6%, n = 13; baclofen in CGP:
7 + 4%, n = 14; ***P < 0.0001, Mann-Whitney test). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4. GABAg receptors inhibit voltage-gated Ca?* channels through a Gy-mediated mechanism
A, representative traces illustrating the peak Ca?* current recorded in two CSF-cNs in control (a) or in the presence
of 2 uM CGP (b) using a triple pulse protocol where 2 voltage steps to +10 mV (50 ms) from a holding potential
of —70 mV are applied and separated by a depolarising step to +100 mV for 50 ms. The recording protocol is
illustrated below the traces in panel a and the pulses before and after the depolarisation to +100 mV represent
the prepulse (black font) and postpulse (grey font), respectively. Aa, current traces recorded in control (black trace)
in the presence of baclofen (blue trace) and elicited by the prepulse (1) and the postpulse (2). Ab, recordings in
the presence of 2 uM CGP before (red trace) and during baclofen application (violet trace) for the prepulse (1)
and the postpulse (2'). B, time course of the Ca?t current peak amplitude for the neurones illustrated in Aa and
Ab and illustrating the baclofen effect on the amplitude of the Ca?* current elicited by the prepulse (a) and the
postpulse (b) in the absence (1 and 2, blue circles) and the presence of 2 uM CGP (1" and 2, red circles). Baclofen
was pressure applied at 100 M for 30 s as indicated by the blue bars. C, summary box-and-whiskers plots for
the Ca?t current inhibition induced by baclofen in the absence (blue box) and presence (violet box) of 2 uM
CGP for the prepulse (open box) and the postpulse (grey box) as indicated above the graph. Baclofen produced
a significant inhibition of the peak Ca2* current amplitude elicited by the prepulse that was larger than that
observed for the postpulse Ca2*t current (baclofen: 52 4+ 24% for the prepulse and 19 =+ 8% for the postpulse,
n =9). In the presence of CGP, the baclofen inhibitory effect was strongly and significantly reduced and there
was no significant difference between the inhibition observed for the pre- and postpulse currents (baclofen in
CGP: 4 + 12% for the prepulse and 3 £+ 7% for the postpulse, n = 10). D, summary box-and-whiskers plots
for the prepulse/postpulse ratio recorded in control (black box), in baclofen (blue open box), in CGP (red open
box) and in baclofen with CGP (violet open box). In the presence of baclofen alone, the prepulse/postpulse ratio
was strongly reduced (control: 98 + 6%, baclofen: 62 & 27%, n = 9). In the presence of CGP, baclofen failed to
reduce the prepulse/postpulse ratio (CGP: 102 &+ 11%, baclofen in CGP: 103 & 14%, n = 10; P = 0.9998). The
prepulse/postpulse ratios calculated in the presence of CGP and baclofen with CGP were both significantly higher
than that calculated for baclofen alone (see above; ***P < 0.0001 for the ratio with baclofen alone compared to
CGP alone and CGP with baclofen, respectively). Statiscal test: ANOVA.Ime/Dunn’s post hoc multiple comparison
test; ***P < 0.001, ****P < 0.0001. [Colour figure can be viewed at wileyonlinelibrary.com]
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GABAg receptor activation reduces action potential
evoked intracellular calcium rises

Following activation of Cay, the Ca?* influx will induce
an elevation in the intracellular Ca’*t concentration
([Ca**];). Using combined electrophysiology and Ca*"
imaging with Fluo-4, we tested the consequence of
GABA3-R activation on [Ca’"]; increase induced by a
short depolarisation. First, when Ca?* currents are elicited
in voltage-clamp mode (from —70 mV to +10 mV for
100 ms), the Fluo-4 fluorescence, i.e. [Ca*t]; in CSF-cN

N. Jurci¢ and others
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soma increased by 560 & 313% (n = 5; data not shown)
from baseline. This result confirms that activation of Cay
elicits a large elevation in [Ca’"];. Next, to reproduce
a more physiological condition, we elicited [Ca®'];
elevation using 5 consecutive trains of APs by injecting
in current-clamp mode +20 pA DC current from the
CSF-cN RMP (Fig. 5A and B; see Methods, Calcium
imaging). As expected, [Ca*"]; increased by 14 + 14%
(AF/Fy; n = 12) from baseline on the first AP train and
subsequent trains of APs induced a cumulative rise in
[Ca*"]; to reach on average an amplitude of 38 + 43%
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Figure 5. GABAg receptor activation inhibits intracellular Ca?* increase induced by Cay activation

A, representative average images illustrating in control (a) and in the presence of baclofen (b, 100 xM) the baseline
fluorescence (1) acquired in one CSF-cN recorded in current-clamp mode at the resting membrane potential (RMP:
—56 mV) and dialysed (whole-cell configuration) with 50 M Fluo-4, a Ca?*-sensitive fluorescent probe, (2) the
maximum fluorescence increase after 5 consecutive trains of action potentials (APs) and (3) the fluorescence at
the end of the recovery period (see also control and baclofen in panel B, black and blue lines respectively). Images
are presented in pseudocolour (black: low fluorescence; red: high fluorescence) and each average was obtained
from 5 consecutive images (~1 s) in the different conditions. Dashed white line delineates the central canal (CC)
and yellow dashed lines represent the regions of interest (ROI) drawn in the background (ROI Bkg) and on the
CSF-cN soma (ROI Cell). These two ROIs were used to calculate the net average fluorescence intensity (AF/Fo;
see Methods) and generate the fluorescence time course, i.e. the calcium transient. The 5 trains of APs were
triggered with a DC current injection pulse of +20 pA for 500 ms delivered at 0.5 Hz. B, time course of the net
fluorescence changes acquired in control (black trace) and in the presence of 100 «M baclofen applied during the
AP train (blue trace) from the cell illustrated in A. The arrows under the traces represent the time point when each
train of APs was triggered. Trace was corrected for fluorescence quenching. C, summary box-and-whiskers plots
for the normalised fluorescence increase recorded after the 5th train of APs in control (black box), in baclofen
(blue open box), in CGP (red open box) and in baclofen with CGP (violet open box). In the presence of baclofen
alone, the net increase in fluorescence was significantly reduced while that effect was abolished when CGP was
bath applied (control: 282 + 51% and baclofen: 166 + 35%, n = 6; CGP: 429 + 170% and baclofen in CGP:
379 £ 158%, n = 7; **P < 0.01, *P < 0.05, ANOVA.Ime/Dunn’s post hoc multiple comparison test). D, summary
box-and-whiskers plots for the decrease in the normalised fluorescence rise recorded after the 5th train of APs in
the presence of baclofen alone (open blue box, n = 6) and in the presence of baclofen with CGP (open violet box,
n = 7). In the presence of CGP, the decrease in the recorded fluorescence rise was significantly reduced (baclofen
alone: 40 & 15%, n = 6; baclofen in CGP: 9 + 18%, n = 7; *P < 0.05, Mann-Whitney test). [Colour figure can

be viewed at wileyonlinelibrary.com]

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society



J Physiol 597.2

from baseline on the 5% train (Fig. 5Aa and B; n = 12).
This [Ca**]; elevation corresponded to 292 + 70% when
normalised to the increase recorded for the 1st AP train
(Fig. 5C; n = 12). At the end of the 5% train of APs, the
[Ca’*]; slowly decreased in an exponential manner to
return after several seconds to a value similar to the base-
line value (3 in Fig. 5A and B). As illustrated in Fig. 5Ab
and B for a representative recording, in the presence of
baclofen, the amplitude of the [Ca®"]; elevation, recorded
on the 5" train of APs, was reduced by nearly half (Fig. 5C
and D; n = 6). We reproduced the same protocol in the
presence of CGP and, in 7 out of 9 cells recorded, baclofen
application failed to reduce the [Ca?*]; elevation (Fig. 5C
and D; n = 7). Our results, therefore, indicate that
CSF-cN depolarisation following a train of APs induces
an elevation of [Ca’"]; through activation of Cay2.2 and
that GABAg-R activation leads to a reduction in this rise.

Inhibitory synaptic transmission is modulated
by GABAg receptors in CSF-cNs

Activation of GABAg-Rs inhibits synaptic transmission
by acting on voltage-gated calcium channels at a variety
of central synapses. Therefore, we studied in CSF-cNs
the effect of baclofen on postsynaptic inhibitory (IPSCs)
and excitatory synaptic currents (EPSCs) evoked by
local electrical stimulation. Our previous work has
demonstrated the presence of spontaneous inhibitory
synaptic transmission (Orts-Del'Immagine et al. 2012)
but electrically evoked IPSCs have never been recorded
in CSF-cNs. Thus, we first characterised evoked IPSCs
in medullar CSF-cNs. In the presence of DNQX (20 uM)
and strychnine (1 uM) to block respectively glutamatergic
and glycinergic receptors, electrical stimulation (50—60V,
100 ws) at a frequency of 0.1 Hz elicited postsynaptic
inward currents in CSF-cNs voltage-clamped at —60 mV
(Fig. 6Aa and b). Postsynaptic inward currents were
reversibly reduced by bath application of gabazine, (GBZ,
10 uM), a selective GABA, receptor antagonist, with a
percentage of inhibition of 98 + 6% (Fig. 6Aa, Ab and B;
n=10). In addition, the reversal potential of postsynaptic
inward currents determined by measuring the current
amplitudes at different holding potentials from —60 to
+40 mV (with 20 mV increments) was —9.75 &+ 3.15 mV
(Fig. 6C and D; n = 6), which is close to the calculated
equilibrium potential for chloride ions (+3.2 mV). These
results show that evoked IPSCs recorded in CSF-cNs
were mediated by GABA, receptors. We next checked
whether baclofen has an inhibitory effect on evoked IPSCs.
Bath application of the selective GABAg receptor agonist
baclofen (100 uM) powerfully reduced the amplitudes of
evoked IPSCs recorded in CSF-cNs at a holding potential
of —60 mV, with a percentage inhibition of 82 &+ 12%
(Fig. 6Ea, Eb and F;, n = 6). The inhibitory effect of
baclofen was reversed by bath application of 2 uM CGP
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(Fig. 6Ea, Eb and F; n = 6). Therefore, our data show
that GABAg-R activation inhibits the GABA,-dependent
inhibitory synaptic transmission in CSF-cNs.

GABAg receptors inhibit excitatory synaptic
transmission in CSF-cNs

We previously reported that CSF-cNs express AMPA/
kainate receptors but stimulation of neurotransmitter
release with a hypertonic shock did not evoke EPSCs
and therefore we suggested that CSF-cNs do not
receive excitatory synaptic inputs (Orts-Del'Immagine
et al. 2016). However, the mechanisms involved in
the enhancement of the transmitter release by hyper-
tonic shocks are not yet known and in neurones the
enhancement is not dependent on calcium entry into pre-
synaptic terminals (Rosenmund & Stevens, 1996; Mochida
et al. 1998). In this study, we therefore tested whether
EPSCs can be induced in CSF-cNs following presynaptic
calcium influx induced by electrical stimulation. In the
presence of gabazine and strychnine to block, respectively,
GABA,- and glycine receptor-dependent synaptic trans-
mission, electrical stimulation (50—60 V, 100 us) at a
frequency of 0.1 Hz and from a holding potential of
—60 mV induced fast postsynaptic inward currents in
CSF-cNs that were reversibly inhibited by bath application
of DNQX (20 uM), an AMPA/kainate receptor antagonist
(Fig.7Aa, Aband B). The percentage of inhibition of EPSCs
by DNQX was 95 & 6% (n = 7). Moreover, the reversal
potential determined by recording postsynaptic currents
at a holding potential ranging from —60 to +40 mV
(20 mV increments) was 0.60 & 7.10 mV (Fig. 7C and D,
n=15), consistent with the multiple cationic permeability
of AMPA/kainate receptors. These data show that electrical
stimulation evoked EPSCs mediated by AMPA/kainate
receptors in CSF-cNs. We further studied the effect of
GABAg-R activation on excitatory synaptic transmissions
in CSF-cNs. At a holding potential of —60 mV, bath
application of baclofen (100 M) had a marked inhibitory
effect on the amplitudes of EPSCs recorded in CSF-cNs,
with a percentage of inhibition of 63 £ 16% (Fig. 7Ea,
Eb and F, n = 7). Bath application of the antagonist
CGP reversed the inhibitory effect of baclofen on EPSCs
(Fig. 7Ea, Eband F; n = 7). These results show for the first
time that CSF-cNs receive excitatory glutamatergic inputs
and that activation of GABAg receptors has an inhibitory
effect on the excitatory synaptic transmission.

Presynaptic action for GABA; receptor-mediated
inhibition of inhibitory and excitatory synaptic
transmission

We then examined whether the baclofen-mediated
inhibition of EPSCs and IPSCs in CSF-cNs is caused by a
pre- or postsynaptic mechanism. For this purpose, we first
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evoked synaptic responses by paired-pulse stimulation and
we compared the paired-pulse ratio (PPR: amplitude of
the second postsynaptic current/amplitude of the first
postsynaptic current) before and during application of
baclofen and CGP. At a stimulus interval of 70 ms
(50—60 V, 100 us for each pulse) and from a holding
potential of —60 mV, bath application of baclofen (20 uM)
significantly increased the PPR of both IPSCs (Fig. 84 and
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C) and EPSCs (Fig. 8B and D) by, respectively, 65 & 37%
(n=17)and 92 + 70% (n = 7), largely due to a reduction
in the amplitude of the first response (see lower traces in
Fig. 8A and B). Bath application of CGP (2 uM) reversed
the increase in PPR induced by baclofen of both IPSCs
(Fig. 84 and C) and EPSCs (Fig. 8B and D). To confirm
further the presynapticlocus of GABA receptor-mediated
inhibition, we next checked whether there is a postsynaptic
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Figure 6. Baclofen inhibits evoked inhibitory synaptic transmission in CSF-cNs

A, IPSC peak amplitudes plotted versus time (a) and representative averaged traces (b) before (black trace), during
(orange trace) and after (green trace) bath application of the selective GABAa receptor antagonist gabazine (GBZ,
10 uM). IPSCs were evoked every 10 s at a holding potential of —60 mV and in the presence of 20 ©M DNQX
(an AMPA/kainite antagonist) and 1 M strychnine (a glycine receptor antagonist). B, box-and-whisker plots of
IPSCs peak amplitudes in control and in the presence of gabazine. Gabazine had a significant inhibitory effect on
IPSC amplitude (control: —71.39 + 58.04 pA, n = 10; gabazine: —1.84 + 5.60 pA, n = 10; **P < 0.01, Wilcoxon
matched-pairs signed rank test). C, averaged IPSCs traces in response to voltage-step applications from —60 mV
to +40 mV using 20 mV increments. D, IPSC mean peak amplitudes plotted against the holding potential. The
indicated reversal potential was determined from the linear regression of the current-potential relationship (R? =
0.99). E, time course of peak IPSCs amplitudes (a) and representative averaged traces (b) before (black trace) after
bath application of 100 uM baclofen (selective agonist of GABAg receptors, blue trace) and 2 uM CGP (selective
antagonist of GABAg receptors, red trace). IPSCs were evoked at 0.1 Hz and at —60 mV. F, box-and-whisker
plots of IPSCs amplitudes in control and in the presence of baclofen and CGP. Baclofen significantly reduced
the amplitude of IPSCs and the inhibitory effect was reversed with CGP (control: —42.82 4+ 15.82 pA, n = 6;
baclofen: —6.38 4 1.97 pA, n = 6; CGP: —50.78 £ 30.12 pA, n = 6; *P < 0.05, Friedman/Dunn post hoc multiple
comparison test). [Colour figure can be viewed at wileyonlinelibrary.com]
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interaction between GABAjg receptors and GABA, or
AMPA/kainate receptors by analysing the kinetics of
evoked IPSCs and EPSCs, respectively. We found that
application of baclofen (20 uM) did not affect either the
decay time or the 10-90% rise time of IPSCs (Fig. 8E
and G) and EPSCs (Fig. 8F and H). Therefore, these
results suggest that inhibition of both inhibitory and
excitatory synaptic transmission by baclofen is mediated
by activation of presynaptic GABAg receptors.

GABAg modulation of CSF-cN activity in mouse brainstem 645

Discussion

Over the last few years, substantial advances have been
made in identifying membrane proteins expressed in
medullar CSF-cNs and involved in the control of their
excitability. Excitation in CSF-cNs was shown to be
mediated by pH sensitive PKD2L1 and ASICs channels
whereas inhibition involves ionotropic GABA , and glycine
receptors (Orts-Del' Tmmagine et al. 2012, 2016). In
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Figure 7. Evoked excitatory synaptic transmission is inhibited by baclofen in CSF-cNs

A, time course of peak EPSCs (a) and representative averaged traces (b) before (black trace), during (orange trace)
and after (green trace) bath application of the selective antagonist of AMPA/kainate receptors DNQX (20 pM).
EPSCs were recorded every 10 s at a holding potential of —60 mV and in the presence of gabazine (10 uM)
and strychnine (1 ©M). B, box-and-whisker plots of EPSCs amplitudes summarising the inhibitory effect of DNQX
(control: —38.43 4+ 19.51 pA, n = 7; DNQX: —1.57 + 1.91 pA, n = 7; **P < 0.01, Student'’s two-tailed paired t
test). C, averaged EPSCs traces recorded at different holding potentials (from —60 to +40 mV). D, plot of the mean
current amplitude of EPSC against the holding membrane potential. EPSCs had a linear relationship to holding
membrane potential and linear regression analysis showed an extrapolated reversal potential close to 0 mV (R? =
0.99). E, EPSC peak amplitudes plotted versus time (a) and representative averaged traces (b) before (black trace)
and after bath application of 100 M baclofen (blue trace) and 2 uM CGP (red trace). EPSCs were evoked at 0.1 Hz
and at —60 mV. F, summary box-and-whisker plots showing the effect of baclofen on EPSC amplitudes. Baclofen
had a significant inhibitory effect on EPSC amplitudes that was reversed with CGP (control: —37.96 + 10.64 pA,
n = 7; baclofen: —14.86 +9.79 pA, n = 7; CGP: —37.59 + 12.99 pA, n = 7, ***P < 0.0001, repeated measures
ANOVA/Tukey post hoc multiple comparison test). [Colour figure can be viewed at wileyonlinelibrary.com]
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the present study, we provide additional insights into
the functional properties of CSF-cNs by analysing the
contribution of metabotropic GABAg-Rs in the control
of CSF-cNs activity. We demonstrate that GABAg-Rs
are present in CSF-cNs, but they do not activate the
canonical GIRK pathway. In contrast, CSF-cNs express
primarily N-type voltage-gated Ca®" channels (Cay2.2).
Activation of GABAj receptors recruits Gy subunits
to inhibit Cay2.2 activity and reduces the increase in
intracellular Ca*". Our study further shows, for the
first time in rodents, that CSF-cNs have AMPA/kainate
receptors that are engaged in a synaptic transmission,
which demonstrates that CSF-cNs receive an additional
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excitatory control through glutamatergic inputs. Finally,
we found that GABAg receptors are located presynaptically
on both GABAergic and glutamatergic terminals and their
activation inhibits the release of GABA and glutamate
onto CSF-cNs. The schematic illustration in Figure 9
summarises the overall results.

Absence of GIRK-dependent inhibition in CSF-cNs

The most intriguing result reported here is the lack of
GABAg-mediated GIRK response in CSF-cNs. Indeed, our
data revealed that the application of baclofen, the selective
agonist of GABA-Rs, had no effect in all cells tested,
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Figure 8. Baclofen increases the paired-pulse ratio of both IPCSs and EPSCs but has no effect on their

kinetics

A, upper traces: representative averaged IPSCs recorded by a paired-pulse stimulation at an interstimulus interval
of 70 ms before (black) and in the presence of 20 M baclofen (blue) and 2 M CGP (red). IPSCs were recorded
at 0.1 Hz from CSF-cNs voltage-clamped at —60 mV in aCSF containing DNQX (20 M) and strychnine (1 uM). A,
lower traces: IPSCs recorded without (black) or in the presence of baclofen (blue) were scaled to the first response.
B, upper traces: representative paired-pulse EPSCs averaged traces evoked at an interstimulus interval of 70 ms
before (black) and in the presence of 20 M baclofen (blue) and 2 ©M CGP (red). EPSCs were recorded every
10 s at —60 mV and with aCSF containing gabazine (10 M) and strychnine (1 «M). B, lower traces: EPSCs
recorded without (black) or in the presence of baclofen (blue) were scaled to the first response. C, summary
box-and-whisker plots showing the effect of baclofen on the paired-pulse ratio of IPSCs (PPR: amplitude of the
second IPSC/amplitude of the first IPSC). Baclofen significantly increased the PPR of IPSCs and its effect was
reversed with CGP (control: 0.72 & 0.23, n = 7; baclofen: 1.22 & 0.50, n = 5; CGP: 0.65 £ 0.26, n = 7;
*P < 0.05, repeated measures ANOVA/Tukey post hoc multiple comparison test). D, summary box-and-whisker
plots showing that baclofen significantly increased the paired-pulse ratio of EPSCs (PPR: amplitude of the second
EPSC/amplitude of the first EPSC). The baclofen-mediated increase of the PPR was reversed with CGP (control:
0.85 + 0.40, n = 7; baclofen: 1.52 £+ 0.73, n = 7; CGP: 0.86 &+ 0.43, n = 7: **P < 0.01, repeated measures
ANOVA/Tukey post hoc multiple comparison test). £ and F, summary box-and-whisker plots showing that IPSCs
(E) and EPSCs (F) had similar decay times between control (IPSC: 22.35 + 3.01 ms, n = 11; EPSC: 2.71 + 0.50 ms,
n = 9) and 20 uM baclofen (IPSC: 23.07 + 3.26 ms, n = 11; P = 0.5305, Student’s two-tailed paired t test;
EPSC: 2.82 £ 0.48 ms, n = 9; P = 0.6106, Student’s two-tailed paired t test). For both IPSCs and EPSCs, decay
time constants were obtained from a monoexponential fit to the decay phase of synaptic currents. G and H,
box-and-whisker plots summarising the effect of baclofen (20 M) on the 10-90% rise time of evoked IPSCs (G)
and EPSCs (H). Baclofen had no significant effect on the 10-90% rise time of IPSCs (control: 1.68 + 0.55 ms, n =
11; baclofen: 1.68 & 0.63 ms, n = 11; P = 0.9810, Student’s two-tailed paired t test) and EPSCs (control: 0.79 +
0.25 ms, n = 9; baclofen: 0.89 4 0.63 ms, n = 9; P = 0.6065, Student’s two-tailed paired ¢ test). [Colour figure

can be viewed at wileyonlinelibrary.com]
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neither on holding currents when CSF-cNs were recorded
in voltage-clamp mode, nor on membrane potentials
under current-clamp recordings. However, GABAg-Rs
had an inhibitory effect on Cay channels mediated by
Gpy activation, indicating that GABAg-Rs are functional
at the membrane of CSF-cNs and able to activate the
G protein-dependent signalling cascade. Furthermore,
GABAp-R activation induced classical outward KT
currents in other neurones of the brainstem such as
DMNX neurones, as previously shown (Browning &
Travagli, 2001), which rules out eventual bias in our
recording conditions of GIRK responses.

Postsynaptic GABAg-Rs express after birth but they
do not open GIRK channels in developing brain in the
first days of life (Gaiarsa & Porcher, 2013). GABAg-R-
mediated GIRK currents establish in brain rodents after
the first postnatal week (Luhmann & Prince, 1991; Gaiarsa
et al. 1995) or at the latest between the third and the fifth
postnatal week (Nurse & Lacaille, 1999; Lei & McBain,
2003). In our study, we recorded CSF-cNs in 8- to
12-week-old adult mice, therefore in a time window in
which GABAg-Rs are supposed to be fully mature and
trigger GIRK currents. However, CSF-cNs were shown
to retain some immature features in adulthood because
they continue to exhibit immature markers such as
the expression of doublecortin or Nkx6.1 proteins, as
well as a high resting potential and input resistance
(Orts-Del'Immagine et al. 2012, 2014, 2017). As GIRK
inhibition has been shown to appear in mature neuro-
nes (Mongiat et al. 2009; Gonzalez et al. 2018), one
could suggest that the lack of GABAg-R-mediated GIRK
inhibition in CSF-cNs is the consequence of their
persistent immature state. The physiological conditions
in which CSF-cNs terminate their development, as well as

Postsynaptic Ca, Inhibition

Figure 9. Cartoon summarising the
function of GABAg-Rs in CSF-cNs
CSF-cNs express GABAg-Rs that inhibit
voltage-gated calcium (Cay) channels
through the recruitment of GBy-subunits.
Note that following GABAg-R activation no
G protein-activated inwardly rectifying K+
(GIRK) response could be observed.
GABAGg-Rs are also localised presynaptically
on GABAergic and glutamatergic axon
terminals forming synapses onto CSF-cNs,
and their activation inhibits the release of
GABA and glutamate, respectively. [Colour
figure can be viewed at
wileyonlinelibrary.com]
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the underlying mechanisms, are still unknown, but the
expression of GIRK inhibition concomitantly with the
full maturation of CSF-cNs may strongly change their
excitability properties (Mongiat et al. 2009). Interestingly,
in developing brain regions where GABAg-Rs do not
control cell excitability by gating GIRK channels, it was
shown that the receptor is coupled to signalling pathways
involved in neuronal development (Bony et al. 2013;
Gaiarsa & Porcher, 2013; Giachino et al. 2014). One could
therefore hypothesise that GABAg-Rs might be involved
in maturation processes of CSF-cNs, but further studies
will need to address this potential function for GABAg-Rs
in CSF-cNs.

CSF-cNs express voltage-gated Ca* channels and they
are inhibited by GABAg receptors

To date there is little information about the Cay expression
and function in medullo-spinal CSF-cNs, nor about
the isoform(s) expressed. Classically, depending on the
a-subunit forming the channel, Cay can be subdivided
in high (Cayl and 2) and low voltage-activated (Cay3)
channel classes comprising different isoforms based on
channel electrophysiological properties (Catterall, 2011).
Here, using a selective pharmacological approach, we
conducted the first characterisation of Cay expression
in CSF-cNs from adult mice. Our results indicate that
CSF-cNs express primarily the N-type Ca*" channels
(Cay2.2; around 80% of the total current) along with
Cay2.1 (P/Q-type) and Cay1.2 and 1.3 (neuronal L-type),
although at a lower level (<20% of the total current).
All identified isoforms are the neuronal forms of
high-voltage activated Ca** channels (Catterall, 2011), a
result consistent with the neuronal nature of CSF-cNs.

Ependymal
cells
Q «» Central

Canal

CSF

Glutamatergic

PKD2L1 synapse

Neurotransmission Inhibition

. GABA, receptor @ AMPA/kainate receptor



648 N. Jurci¢ and others

Marichal and colleagues (2009) indicated that CSF-cNs
recorded from juvenile rats express T-type Ca*" channels
(Cay3). This subtype is characterised by an activation
around —60 mV (low-voltage) and a fast inactivation
around —40 mV (Fox et al. 1987; Tkeda & Dunlap, 2007;
Catterall, 2011). Our results suggest that CSF-cNs from
adult mice do not express the Cay3 subtype. Indeed,
in adult mouse CSF-cNs, Ca’" currents could only be
activated for membrane potentials higher than -40 mV and
we did not observe in the current-voltage relationships the
characteristic shoulder (between —60 and -40 mV) under-
lying Cay3 activation.

The characterisation of Cay subtypes expressed in
CSF-cNs and the analysis of their modulation following
GABAg-R activation typically required 10 min long
recordings, a period over which we observed a decrease in
the Ca*" currentamplitude by 35.8 + 9% (n=13), evenin
the presence of 10 mM intracellular EGTA as Ca** buffer
(slow kinetics), while the access resistance and the holding
current remained unchanged over the same period of time
(data not shown). Calcium currents have been reported to
undergo rundown when recorded over long periods in the
whole-cell configuration and this phenomenon is largely
due to a Ca*"-dependent mechanism (Belles et al. 1988).
In the presence of 10 mM BAPTA, another type of Ca**
buffer with faster binding kinetics and higher buffering
capacity, we observed a similar phenomenon (amplitude
decreased by 24.2 + 4%, n=11; P=0.706 when compared
to recordings with EGTA, Mann-Whitney test; data not
shown). This result would suggest that the observed
rundown is not Ca** dependent and would involve some
other regulatory processes. On the other hand, CSF-cNs
are small neurones (~ 10 wm diameter) with little cytosolic
space, and one could suggest that recordings performed
under whole-cell configuration would lead to massive
dialysis of intracellular compounds necessary for Ca*"
channel activity. To characterise the molecular basis of the
observed rundown, one would need to carry out a set of
specific experiments but, since this is beyond the scope of
the present study, it was not further addressed.

In the past decades, numerous studies have
demonstrated that Ca*t channels, especially Cay2.2 in
neurones, are inhibited by activation of metabotropic
receptors primarily of the Gy, type (Pertussis toxin
sensitive) (Ikeda & Dunlap, 1999, 2007; Dolphin, 2003)
through the direct binding to the channel of the GBy
dimers (Bean, 1989; Ruiz-Velasco & Ikeda, 2000; Dolphin,
2003; Zamponi & Currie, 2013). Medullar CSF-cNs receive
GABAergic synaptic entries that would activate both
synaptic ionotropic GABA, and metabotropic GABAp
receptors. The latter GABAergic receptor subtype was
shown in different neuronal populations to inhibit both
pre- and postsynaptic Ca’" channels (Pérez-Garci et al.
2006; Booker et al. 2018). Consistent with the literature,
we demonstrate in medullar CSF-cNs that GABAg-Rs
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strongly and selectively inhibit Cay2.2 and we show
that this inhibition is mediated by a voltage-dependent
Gpy mechanism. As a consequence, GABAg-R-mediated
Cay inhibition leads to a decrease in the Ca®* influx
and thus in the intracellular Ca** concentration. Except
for its role in triggering neurotransmission, Ca®* plays
crucial functions in the regulation of neuronal physio-
logy and activity. First, at the genomic level, Ca**
was shown to stimulate Ca’"-regulated-kinase-cascades
and phosphorylation of AMP-response element binding
protein (CREB) and to play a role in gene transcription
(Gallin & Greenberg, 1995; West et al 2001). Thus,
variation in intracellular Ca’" might recruit basal
transcription machinery in CSF-cNs, leading to an
activity-dependent protein expression. Second, several
reports indicate that Ca®" is capable of activating
or modulating sodium, potassium (Shah et al. 2006)
and chloride (Frings ef al. 2000) ionic conductance
and/or of regulating postsynaptic receptors through
Ca?*-dependent phosphorylation processes (Booker et al.
2018). Similar mechanisms might exist in CSF-cNs to
regulate their activity and excitability. Finally, PKD2L1
channels were shown to be regulated by intracellular
Ca’T (Chen et al. 1999; DeCaen et al. 2016) and to
act as a sensory receptor modulating CSF-cN excitability
(Orts-Del'Tmmagine et al. 2016; Jalalvand et al. 2016).
Thus, in CSF-cNs, variation in intracellular Ca*™ would
affect PKD2L1 activity and in turn CSF-cN excitability.
Considering that GABAg-R activation reduces Ca** influx
in CSF-cNs, one would expect a reduced activation
or stimulation of the previously mentioned signalling
cascades and, as a consequence, a modulation of CSF-cN
activity and physiology. Similarly, bioactive compounds
circulating in the CSF or released by synaptic partners
might activate other GPCR subtypes expressed in CSF-cNs
and targeting Ca*" signalling to regulate CSF-cN activity.
The identification of such regulatory pathways represents
one of the future challenges in the demonstration for the
role and modulation of medullo-spinal CSF-cNs in the
central nervous system.

CSF-cNs receive synaptic glutamatergic inputs

As the spontaneous synaptic activity is very low in
rodent CSF-cNs, we used in our previous works the
application of a hypertonic solution to increase the
synaptic release of neurotransmitters and found that
hypertonic shocks induce in CSF-cNs inhibitory GABAA
and glycinergic synaptic currents, but not excitatory
glutamatergic synaptic currents (Orts-Del' Immagine et al.
2012, 2016). In neurones, the mechanisms underlying
the increase of synaptic release following hypertonic
shocks are not well known and more importantly
they do not involve calcium entry into the presynaptic
compartment (Rosenmund & Stevens, 1996; Mochida
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et al. 1998). For a more accurate analysis of synaptic trans-
mission, we therefore used in this study a physiologically
relevant approach using electrical stimulations to evoke
calcium-dependent synaptic transmission. We found that
local electrical stimulations indeed evoked in CSF-cNs
glutamatergic synaptic currents (EPSCs), showing that, in
addition to GABAergic and glycinergic synaptic inputs,
CSF-cNs receive also functional glutamatergic synaptic
inputs. Evoked EPSCs were almost fully inhibited by
DNQX, a selective antagonist of AMPA/kainate receptors,
indicating that EPSCs in CSF-cNs do not have a NMDA
receptor component. These results are consistent with our
previous data showing that CSF-cNs express functional
kainate and AMPA receptors but not NMDA receptors
(Orts-Del'Immagine ef al. 2016). Indeed, currents evoked
by local application of glutamate in medullar CSF-cNs
were inhibited by DNQX but not by the NMDA receptor
antagonist AP-V and application of NMDA failed to
induce any currents, even at more depolarised potentials
to remove the magnesium block (Orts-Del’ Immagine et al.
2016). Note that spinal CSF-cNs in lower vertebrates such
as lampreys have been shown to exhibit glutamatergic
transmission engaging both AMPA and NMDA receptors
(Jalalvand et al. 2016). Whether this difference is the
consequence of NMDA receptor loss of expression in
mammalian CSF-cNs during evolution or more simply
a different glutamatergic signalling between CSF-cNs
localised in brainstem and spinal cord remains an open
question.

GABAg receptors inhibit both the release of GABA
and glutamate onto CSF-cNs

We demonstrated that activation of GABAj-Rs by
baclofen inhibits the amplitude of evoked IPSCs and
EPSCs recorded in CSF-cNs. The inhibitory effect of
baclofen on the synaptic transmission in CSF-cNs is most
likely mediated by the activation of GABAg-Rslocated pre-
synaptically on terminals of GABAergic and glutamatergic
inputs and by interfering with the neurotransmitter release
machinery, as shown in many brain regions (Pinard et al.
2010). Two results in our study support this assumption.
First, we show that baclofen enhanced the paired-pulse
ratio of two consecutives IPSCs or EPSCs, an observation
consistent with an alteration of the neurotransmitter
release probability, as reported in a variety of different
synapses (Manabe et al. 1993; Wilcox & Dichter, 1994;
Fioravante & Regehr, 2011). Second, we show that baclofen
had no effects on IPSC and EPSC kinetics (rise and decay
times), therefore ruling out eventual interactions between
postsynaptic GABAp-Rs and postsynaptic GABA, or
AMPA /kainate receptors. Studying the effect of baclofen
on the frequency of miniature IPSCs and EPSCs would
be a suitable approach to further confirm the presynaptic
terminal localisation of GABAp-Rs on GABAergic
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and glutamatergic inputs to CSF-cNs. However, such
experiments would be difficult to achieve in CSF-cNs since
the frequency of spontaneous synaptic events is very low
in these neurones (Orts-Del’ Tmmagine et al. 2012, 2016).

Conclusion

In the present study, we characterise for the first time in
mouse medullar CSF-cNs their synaptic connectivity and
show that they receive both GABAergic and AMPA/kainate
glutamatergic inputs. Further we indicate that GABAg-Rs
are functional and act as modulators of CSF-cN activity
both at the pre- and postsynaptic level where they target
Ca’" channels. These results add to the growing bulk of
data on CSF-cN physiology and give the first insights into
CSF-cN regulation through synaptic partners. In future
studies, one will first need to identify the localisation
of the GABAergic and glutamatergic neuronal partners
connected to medullar CSF-cNs and to determine how
they modulate their activity. It will then be necessary to
identify whether they receive synaptic projections from
other neuronal populations. Together, the expected results
of these studies will form a basis for understanding the
function of this unique neuronal population.
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