N
N

N

HAL

open science

Presynaptic mechanisms of short-term plasticity at
hippocampal mossy fibersynapses

Bernat Gonzalez I Llinares

» To cite this version:

Bernat Gonzalez I Llinares. Presynaptic mechanisms of short-term plasticity at hippocampal mossy
fibersynapses. Neurons and Cognition [q-bio.NC]. Université de Bordeaux; Universiteit van Amster-
dam, 2014. English. NNT: 2014BORD0424 .

tel-01421839

HAL Id: tel-01421839
https://theses.hal.science/tel-01421839v1
Submitted on 23 Dec 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01421839v1
https://hal.archives-ouvertes.fr

i ite VRIJE
e VU

AMSTERDAM

CO-SUPERVISED THESIS SUBMITTED
TO OBTAIN THE DEGREE OF

DOCTOR OF PHILOSOPHY BY

THE UNIVERSITY OF BORDEAUX

DOCTORAL SCHOOL OF LIFE SCIENCES AND HEALTH

SPECIALITY NEUROSCIENCES

By Bernat GONZALEZ i LLINARES

Presynaptic Mechanisms of Short-Term Plasticity at
Hippocampal Mossy Fiber Synapses

Under the supervision of: Christophe MULLE
(co-supervisor: Matthijs VERHAGE)

Defended on 17" December 2014

Members of the jury:

Olivier THOUMINE Principal Investigator at CNRS President
Rafael FERNANDEZ CHACON Professor at Universidad de Sevilla Reporter
Richard MILES Principal Investigator at INSERM Reporter
Lydia DANGLOT Researcher at INSERM Examiner
Matthijs VERHAGE Professor at VU Amsterdam Co-supervisor

Christophe MULLE Principal Investigator at CNRS Supervisor



i . . VRIJE
R VU B

AMSTERDAM

THESE EN COTUTELLE PRESENTEE
POUR OBTENIR LE GRADE DE

DOCTEUR DE

L’UNIVERSITE DE BORDEAUX

ECOLE DOCTORALE SCIENCES DE LA VIE ET DE LA SANTE

SPECIALITE NEUROSCIENCES

Par Bernat GONZALEZ i LLINARES

Mécanismes présynaptiques de la plasticité a court terme
des synapses fibres moussues de I’hippocampe

Sous la direction de: Christophe MULLE
(co-directeur: Matthijs VERHAGE)

Soutenue le 17 décembre 2014

Membres du jury:

Olivier THOUMINE Directeur de recherche CNRS Président
Rafael FERNANDEZ CHACON Professeur Universidad de Sevilla Rapporteur
Richard MILES Directeur de recherche INSERM Rapporteur
Lydia DANGLOT Chargée de recherche INSERM Examinatrice
Matthijs VERHAGE Professeur VU Amsterdam Co-directeur de these

Christophe MULLE Directeur de recherche CNRS Directeur de these



R VU B

AMSTERDAM

MEDE-BEGELEID PROEFSCHRIFT
TER VERKRIJGING VAN DE GRAAD VAN

DOCTOR AAN

DE UNIVERSITEIT VAN BORDEAUX

ONDERZOEKSCHOOL LEVENS- EN GEZONDHEIDSWETENSCHAPPEN

SPECIALITEIT NEUROWETENSCHAPPEN

Door Bernat GONZALEZ i LLINARES

Presynaptische mechanismen van korte-termijn plasticiteit
in mosvezel synapsen van de hippocampus

Promotor: Christophe MULLE
(copromotor: Matthijs VERHAGE)

Verdedigd op 17 december 2014

Promotiecommissie:

Olivier THOUMINE Hoofdonderzoeker aan CNRS Voorzitter
Rafael FERNANDEZ CHACON Professor aan Universidad de Sevilla Reporter
Richard MILES Hoofdonderzoeker aan INSERM Reporter
Lydia DANGLOT Onderzoeker aan INSERM Examinator
Matthijs VERHAGE Professor aan VU Amsterdam Copromotor

Christophe MULLE Hoofdonderzoeker aan CNRS Promotor



Presynaptic Mechanisms of Short-Term Plasticity at
Hippocampal Mossy Fiber Synapses

Abstract

The hippocampal mossy fiber is characterized by its particular morphology, distinct
synaptic transmission and presynaptic plasticity. Moreover, this synapse has been
called “teacher” or “detonator” for its proposed functional role in episodic memory
encoding. Nevertheless, the molecular mechanisms underlying its specific functional
properties remain elusive. This work is composed of two main parts:

1) Phenotyping Hippocampal Mossy Fiber Synapses in VAMP7 KO Mice

VAMPY7 is a vesicle SNARE of the longin family important in neurite growth during
development. In the adult brain, VAMP7 is enriched in a subset of nerve terminals,
particularly at the hippocampal mossy fiber. We analyzed VAMP7 function in
neurotransmitter release by characterizing basal and evoked transmission at this
synapse in KO mice and fully tested hypotheses relevant to short-term plasticity.
Loss of VAMP7 has been previously reported not to cause major developmental or
neurological deficits (Sato et al.,, 2011; Danglot et al., 2012). Presynaptic
mechanisms of short-term plasticity at the hippocampal mossy fiber also seem
unaffected for potential reasons that will be discussed.

2) CA3 Circuits Probed with RABV-Tracing and Paired Recordings

We developed a technique to establish paired recordings between connected dentate
gyrus granule cells and CA3 pyramidal cells (GC-CA3) in mouse hippocampal
organotypic slice cultures. To identify direct presynaptic partners to a defined target
CAS3 pyramidal cell, we combined single-cell electroporation (SCE) and mono-trans-
synaptic tracing based on a pseudotyped, recombinant rabies virus (EnvA
pseudotyped RABV AG). Using SCE we transfected a single CA3 pyramidal cell per
slice with the plasmids encoding: the RABV envelope glycoprotein (RG), a
fluorescent reporter, and TVA (the EnvA cognate surface receptor, which has no
homologue in mammalian cells). The slices were subsequently infected with EnvA
pseudotyped RABV AG. After 3-4 days, the RABV mono-trans-synaptic tracing
revealed the presynaptic inputs of that single neuron. Then, we were able to
establish paired recordings between connected GC-CA3 cells, as well as to quantify
the presynaptic partners of the starter CA3 pyramidal cell.

Keywords

Hippocampal Mossy Fiber, Short-Term Plasticity, TI-VAMP/VAMP7 KO mouse,
Rabies Virus Tracing, Paired Recordings
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Mécanismes présynaptiques de la plasticité a court terme
des synapses fibres moussues de I’hippocampe

Résumé

Les synapses fibres moussues de I'hippocampe entre le gyrus denté et les cellules
pyramidales de CA3 sont caractérisées par leur morphologie particuliére, et par leurs
propriétés distinctives de transmission synaptique et de plasticité présynaptique. Ces
synapses sont parfois appelées «détonatrices» pour leur réle fonctionnel dans
'encodage de la mémoire épisodique. Cependant, les mécanismes moléculaires a la
base des propriétés spécifiques de ces synapses restent peu connus. Ce travail est
composeé de deux parties principales:

1) Phénotypage des synapses fibres moussues de I'hippocampe chez les souris
VAMP7 KO

VAMP7 est une protéine SNARE vésiculaire de la famille des longins, qui joue un
réle dans la croissance des neurites durant le développement. Dans le cerveau
adulte, VAMP7 est enrichi dans un sous-ensemble de terminaisons nerveuses, en
particulier dans les fibres moussues de I'‘hippocampe. Nous avons analysé la
fonction de VAMP7 dans la libération de neurotransmetteurs par une caractérisation
extensive de la transmission synaptique et des mécanismes de plasticité de cette
synapse. L'absence de VAMP7 ne cause pas de graves déficits développementaux
ou neuronaux (Sato et al., 2011; Danglot et al., 2012). Les mécanismes
présynaptiques de la plasticité a court terme de la fibore moussue de I'hippocampe
semblent également normaux, pour des raisons éventuelles qui seront discutées.

2) Circuits du CA3 examinés par tragage viral et enregistrements de paires

Nous avons développé une technique pour établir des enregistrements en paires
entre cellules en grain du gyrus denté connectées et cellules pyramidales CA3 (GC-
CA3), sur des cultures organotypiques de tranches d'hippocampe de souris. Pour
identifier les partenaires présynaptiques directs a une cellule pyramidale CA3 ciblée,
nous avons combiné I'électroporation cellulaire unitaire et le tragcage mono-trans-
synaptique basé sur un virus de la rage recombinant et pseudotypé. Nous avons
transfecté une cellule pyramidale CA3 unique par tranche avec les plasmides codant
la glycoprotéine d’enveloppe du virus de la rage (RG), un rapporteur fluorescent, et
la protéine TVA (récepteur de surface apparenté au EnvA, qui n'a pas d’homologue
chez les cellules de mammiféres). Les tranches ont ensuite été infectées avec le
virus de la rage recombinant et pseudotypé. Apres 3-4 jours, le tragage mono-trans-
synaptique révéle les entrées présynaptiques de ce neurone unique. Ensuite, nous
avons pu établir des enregistrements de paires entre les cellules en grain-CA3
connectés, ainsi que de quantifier les partenaires présynaptiques de la cellule
pyramidale CA3 de départ.

Mots clés

Fibre moussue de I'hippocampe, plasticité a court terme, souris TI-VAMP/VAMP7
KO, tragage par le virus de la rage, enregistrements des paires
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Presynaptische mechanismen van korte-termijn plasticiteit
in mosvezel synapsen van de hippocampus

Samenvatting

De mosvezel van de hippocampus kenmerkt zich door een bijzondere morfologie,
uitzonderlijke synaptische transmissie en presynaptische plasticiteit. De synaps
wordt ook wel "leraar" of "detonator" genoemd vanwege zijn waarschijnlijke rol in de
codering van het episodisch geheugen. Toch blijven de specifieke moleculaire
mechanismen van dit synaps onbekend. Dit werk bestaat uit twee delen:

1) Fenotypering van mosvezel synapsen van de hippocampus in VAMP7 KO muizen

VAMP7 is een vesicle-SNARE van de longin familie van belang bij de groei van
neurieten tijJdens de ontwikkeling. In de volwassen hersenen, wordt VAMP7 verrijkt in
een subset van zenuwuiteinden, vooral in de mosvezel van de hippocampus. We
analyseerden VAMP7 functie in neurotransmitter afgifte door het karakteriseren van
basale en opgeroepen transmissie bij deze synaps in KO muizen. Eerder is al
gesteld dat gebrek aan VAMP7 niet leidt tot grote ontwikkelings- of neurologische
afwijkingen (Sato et al., 2011; Danglot et al., 2012). Presynaptische mechanismen
van korte termijn plasticiteit in de mosvezel van de hippocampus lijken ook
onaangetast te zijn, de mogelijke redenen hiervoor zullen worden besproken.

2) CA3 circuits onderzocht met behulp van RABV-tracing en gekoppelde opnames

We ontwikkelden een techniek om gekoppelde opnames tussen korelcellen van de
gyrus dentatus en aangesloten CA3 piramidale cellen (KC-CA3) op zogenaamde
‘mouse hippocampal organotypic slice cultures’ te meten. Om rechtstreekse
presynaptische partners te identificeren van een specifieke CA3 piramidale cel,
combineerden we single-cell electroporation (SCE) en mono-trans-synaptic tracing
op basis van een pseudo-typed, recombinant rabiésvirus (EnvA pseudogetyped
RABV AG). Met behulp van SCE transfecteerde we één CA3 piramidale cel per slice
met plasmiden die coderen voor: het RABV glycoproteine-envelop (RG), een
fluorescerende reporter, en TVA (de aan EnvA verwante opperviakte receptor die
geen homoloog in zoogdiercellen heeft). De slices werden vervolgens geinfecteerd
met ENVA pseudogetyped RABV AG. Na 3-4 dagen bracht de RABV mono-trans-
synaptische tracing de presynaptische ingangen van die ene neuron aan het licht.
Hierna konden we gekoppelde opnames doen tussen verbonden KC-CA3 cellen.
Daarnaast konden we de presynaptische partners van de starter CA3 pyramidale cel
kwantificeren.

Trefwoorden

Mosvezel van de hippocampus, korte-termijn plasticiteit, TI-VAMP/VAMP7 KO muis,
rabiesvirus tracing, gekoppelde opnames
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Résumé substantiel en frangais

Mécanismes présynaptiques de la plasticité a court terme
des synapses fibres moussues de I’hippocampe

Résumé substantiel en francais

Dans cette thése nous avons ciblé les mécanismes responsables de la
libération de vésicules contenant de neurotransmetteurs dans des synapses
chimiques. Comme pour toute autre forme de communication, il faut deux
neurones pour établir une synapse chimique: une cellule présynaptiques et
une cellule postsynaptique. Le message dans cette communication est une
signale électrique, le potentiel d’action (PA), que devient chimique quand
transverse la fente synaptique que sépare les deux cellules. Grace a la
technique de «whole-cell patch clamp» nous pouvons enregistrer les courants
générées quand le neurotransmetteur est détecté par de récepteurs
postsynaptiques. Selon [lorigine, ces courants sont classifiées comme:
spontanées (si elles ne sont pas liées a larrivé d’'un PA au terminal
présynaptique) ou évoquées (quand la libération de vésicules est déclenchée
par l'arrivée d’'un PA au terminal présynaptique). En plus, les courantes
évoquées peuvent étre synchrones (dans quelques millisecondes suivant le
PA) ou asynchrones (a partir d’'une dizaine jusqu’a quelques centaines des
millisecondes suivant le PA). Les réponses évoquées par PAs consécutifs ne
sont pas identiques, bien au contraire, elles présent une plasticité
remarquable, particulierement dans certaines synapses. Cette plasticité dite ‘a
courte terme’ peut faciliter ou déprimer la transmission synaptique et joue un

réle dans l'intégration d’information.



Résumé substantiel en frangais

Les synapses fibres moussues (FMs) de I'hippocampe entre le gyrus
denté et les cellules pyramidales de CA3 sont caractérisées par leur
morphologie particuliere, et par leurs propriétés distinctives de transmission
synaptique et de plasticité présynaptique. Dans l'adulte, les FMs libérent
principalement du glutamate, mais elles peuvent co-libérer aussi autres
substances comme le zinc. Ces synapses sont parfois appelées
«détonatrices» pour leur réle fonctionnel dans I'encodage de la mémoire
épisodique. Cependant, les mécanismes moléculaires a la base des propriétés

spécifiques de ces synapses restent peu connus.

La derniére théorie propose que chaque vésicule est sensible a I'entrée
de calcium par plusieurs canaux calciques (couplage lache a microdomains de
canaux calciques), combiné a la saturation d’'un tampon calcique rapide (qui

n’a pas été encore identifié).
Ce travail est composé de deux parties principales:

1) Phénotypage des synapses fibres moussues de I'hippocampe chez

les souris VAMP7 KO

Les vésicules des synapses glutamatergiques contient en moyen 70
copies de VAMP2, le SNARE vésiculaire canonique pour la libération de
vésicules synaptiques, mais aussi quelques copies de SNAREs vésiculaires
alternatifs tel que Vti1la, VAMP4, ou VAMP7. C’est discuté si tous les vésicules
expriment plusieurs SNARES, ou si par contre, il existe des pools exprimant

SNAREs différents.



Résumé substantiel en frangais

VAMP7 est une protéine SNARE vésiculaire de la famille des longins,
qui joue un rble dans la croissance des neurites durant le développement.
Dans le cerveau adulte, VAMP7 est enrichi dans un sous-ensemble de
terminaisons nerveuses, en particulier dans les fibres moussues de
I‘'hippocampe. VAMP7 contient un long domaine terminal C (domaine longin)
qui interagit avec la protéine adaptateur 3 (AP-3) pour étre transporté aux
terminales synaptiques. Le domaine longin se replie sur le propre motif
SNARE de VAMP7 inhibant linteraction avec des SNAREs dans la
membrane. Ainsi, les veésicules contenant VAMP7 se trouvent dans un pool
qui est réticent a I'exocytose et que devient libéré seulement aprés une forte

stimulation.

Nous avons analysé la fonction de VAMP7 dans la libération de
neurotransmetteurs par une caractérisation extensive de la transmission
synaptique et des mécanismes de plasticité de cette synapse. Cette
caractérisation a ciblé tous les modes de libération de neurotransmetteurs, soit
la libération spontanée, évoquée (synchrone et asynchrone), ainsi comme la
co-libération de zinc. L'absence de VAMP7 ne cause pas de graves déficits
développementaux ou neuronaux (Sato et al., 2011; Danglot et al., 2012). Les
mécanismes présynaptiques de la transmission synaptique et de la plasticité a
court terme de la fibre moussue de I'hippocampe semblent également
normaux dans ces souris: nous n‘avons pas trouvé de différences dans la

libération spontanée, ni dans la libération évoquée (synchrone et asynchrone),



Résumé substantiel en frangais

ni dans la co-libération de zinc. Probablement VAMP7 ne joue pas un réle

dans la libération de vésicules bona fide.

Récemment, I'équipe de Silvio Rizzoli a proposé que les vésicules
synaptiques subissent une maturation par cycles de endocytose et exocytose
pendant lesquels elles transportent de protéines vers la membrane au méme
temps qu’elles incorporent protéines nécessaires pour la libération de calcium-
dépendante. Ainsi, au début les veésicules jouent un réle dans la libération
constitutive et ne sont considérées comme vésicules synaptiques bona fide
gu'apres quelques cycles d’endocytose et exocytose. Alternativement
Sorensen et Verhage ont proposé une maturation au long du transport depuis
le Golgi vers la membrane. Des études complémentaires sont nécessaires
pour déterminer si VAMP7 joue un réle dans un tel mécanisme de maturation

vésiculaire.

2) Circuits du CA3 examinés par tragage viral et enregistrements de

paires

Depuis le début de ma thése, on a constaté que malgré I'expertise en
électrophysiologie du laboratoire de Christophe Mulle et la disponibilité de
souris mutantes du laboratoire de Matthijs Verhage, on manqué une technique
qui pourrait nous permettre I'analyse physiologique des différentes protéines

présynaptiques par remplacement génétique sur de souris floxées.

Nous avons développé une technique pour établir des enregistrements
en paires entre cellules en grain du gyrus denté connectées et cellules

pyramidales CA3 (GC-CA3), sur des cultures organotypiques de tranches



Résumé substantiel en frangais

d'hippocampe de souris. Pour identifier les partenaires présynaptiques directs
a une cellule pyramidale CA3 ciblée, nous avons combiné I'électroporation
cellulaire unitaire et le tracage mono-trans-synaptique basé sur un virus de la
rage recombinant et pseudotypé. Nous avons transfecté une cellule
pyramidale CA3 unique par tranche avec les plasmides codant la
glycoprotéine d’enveloppe du virus de la rage (RG), un rapporteur fluorescent,
et la protéine TVA (récepteur de surface apparenté au EnvA, qui n'a pas
d’homologue chez les cellules de mammiféres). Les tranches ont ensuite été
infectées avec le virus de la rage recombinant et pseudotypé. Aprés 3-4 jours,
le tragage mono-trans-synaptique réveéle les entrées présynaptiques de ce
neurone unique. Ensuite, nous avons pu établir des enregistrements de paires
entre les cellules en grain-CA3 connectés, ainsi que de quantifier les

partenaires présynaptiques de la cellule pyramidale CA3 de départ.

La technique que nous avons développée rend possible I'enregistrement
de paires visuellement guidé d’une fagon systématique. En outre, le tragage
rétrograde peut étre combiné avec la manipulation génétique de la cellule
postsynaptique. Pour pouvoir manipuler la cellule présynaptique par contre, il
serait nécessaire d'utiliser un tragcage antérograde. La direction du tragcage du
virus de la rage pourrait étre modifiée exprimant la glycoprotéine d’'un autre
virus (i.e. VSV ou LCMV). Des études supplémentaires seront nécessaires
pour développer une tel tracage antérograde, avec lequel nous pourrions

finalement analyser d’autres protéines présynaptiques (i.e. Munc18-1).
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“La morphologie de la cellule pyramidale n'est qu'une des conditions
anatomiques de la pensée. Or cette morphologie spéciale ne suffira jamais a
nous expliquer les énormes différences qui existent au point de vue
fonctionnel entre la cellule pyramidale d'un lapin et celle d'un homme, ainsi
qu'entre la cellule pyramidale de I'écorce cérébrale et le corpuscule étoilé de la
moelle ou du grand sympathique. Aussi a notre avis est-il tres probable qu'en
outre de la complexite de leurs rapports les cellules pyramidales possedent
encore une Structure intraprotoplasmique toute spéciale, et méme
perfectionnée dans les intelligences d'élite, structure qui n'existerait pas dans

les corpuscules de la moelle ou des ganglions.”

The Croonian Lecture : «La fine structure des centres nerveux», 1894
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A/IC Associational/Commissural

ACSF Artificial Cerebrospinal Fluid

AMPA a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid
AP Action Potential

AP-3 Adaptor Protein-3

ATP Adenosine TriPhosphate

AZ Active Zone

CA Cornus Ammonis

CAM Cell-Adhesion Molecule

CaMKlI Calcium/Calmodulin-dependent protein Kinase Il
cAMP Cyclic Adenosine MonoPhosphate

CAZ Cytomatrix at the Active Zone

CNS Central Nervous System

DIV Days in Vitro

EC Entorhinal Cortex

EnvA Envelope A

EPSCs Excitatory PostSynaptic Currents

EGFP Enhanced Green Fluorescent Protein
fEPSPs Field Excitatory PostSynaptic Potentials
FF Frequency Facilitation

GABA Gamma-AmminoButyric Acid

GC Granule Cell

GFP Green Fluorescent Protein

o] granular layer

LD Longin Domain

LTD Long-Term Depression

LTP Long-Term Potentiation

MF Mossy Fibers

mEPSCs Miniature Excitatory PostSynaptic Currents
MFBs Mossy Fiber Boutons

ml Molecular Layer

NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione
NTD N-Terminal Domain
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PNS
PP
PPR
Pr
PSD
RABV
RG
RP
RRP
SCE
sl

slm
SM
SNARE

so
Sp
sr
STP
SV
Syt1

tdTom
TI-
™
TVA

VAMP
ZnT3

Postnatal Day

Peripheral Nervous System
Perforant Path

Paired Pulse Ratio

Probability of Release
PostSynaptic Density

Rabies Virus

RABV Glycoprotein

Reserve Pool

Release-Ready Pool
Single-Cell Electroporation
stratum lucidum

stratum lucidum moleculare
Sec1/Munc18-like

Soluble N-ethylmaleimide-sensitive factor
REceptor

stratum oriens

stratum pyramidale

stratum radiatum

Short-Term Plasticity

Synaptic Vesicle
Synaptotagmin1

Target

tdTomato
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1. Synapses

Introduction
1. Synapses

The nervous system consists of a complex network of cells, called neurons,
which are highly specialized for fast information transmission. The site where
neurons exchange information is known as the “synapse”, and it has three
components: a presynaptic compartment, a synaptic cleft, and a postsynaptic
compartment. The human brain contains 10 to 100 billion neurons and a typical
neuron receives 1,000 to 10,000 synapses. Thus, our brain has more than 100 trillion
synapses (Mouton et al., 1997; Drachman, 2005). Besides neurons, the nervous
tissue is also composed of neuroglia (see Figure 1). Synapses evolved early in
animal evolution, central features of synaptic transmission possibly evolving during
the transition to multicellularity (Burkhardt et al., 2011). Today, a great variety of

synapses exists between and within organisms.

Axon Terminals AXON

Cell body

Dendrites

_(synapsed
by another
neuron)
Neuroglia _Neuron
Supporting Cell (Sizes and Shapes Vary)

Figure 1 Nervous tissue (modified from Blausen, 2014)
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1. Synapses

The first criteria proposed to classify synapses reflected their anatomical
location and type of structure targeted. The synaptic target can be a dendrite, a
soma, an axon or an axon terminal, but also blood vessels or the adjacent nervous
tissue (see Figure 2). In the adult brain, over 90% of glutamatergic synapses are

axodendritic.

Axosecretory Axoaxonic Axodendritic Axoextracellular Axosomatic
Axon terminal Axon terminal Axon terminal Axon with no Axon terminal
secretes directly secretes into ends on a dendrite connection ends on soma
into bloodstream another axon spine seccretes into Axosynaptic

extracellular fluid Axon terminal

ends on another
axon terminal

Figure 2 Synapse types according to structure targeted (from Blausen, 2014)

During the last century, investigations established a classification of synapses
depending on the nature of the transmission into “electrical” and “chemical’ types.
The former, albeit being less common in vertebrates, are present in both the Central
(CNS) and Peripheral Nervous System (PNS) (Condorelli et al., 1998; Altevogt et al.,
2002). In electrical synapses, the synaptic cleft is very narrow (2 to 4 nm) and ions
can flow directly from one neuron to another very rapidly (in less than 0.3 ms) (Goyal
and Chaudhury, 2013). Fundamentally, the electrical current can travel bidirectionally
(except for rectifying synapses) through a mechanical and electrical conductive link
know as “gap junction”. Vertebrate gap junctions are formed by connexins, while
those of invertebrates are formed by innexins (Bennett, 2000). Gap junctions are
excitatory but electrical inhibitory synapses have also been reported, first in
invertebrates (i.e. septate junctions), and later in vertebrates (i.e. septate-like
junctions) (Bennett, 2000; Bruzzone et al., 2003). Interestingly, the vertebrate
proteins of these rare electrical inhibitory synapses are homologous with those of
invertebrates (Bennett, 2000). Since electrical synapses are fast but lack gain, they

are found at systems requiring fast responses such as reflexes. On the other hand,
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1. Synapses

chemical synapses have a wider synaptic cleft (20 to 40 nm) and a longer synaptic
delay (typically 2 ms, ranging from 0.5 to 300 ms, at the s-EPSP ganglion) since an
electrical signal is transformed into a chemical one. Moreover, mixed electrical and
chemical synapses also exist (see Figure 3). Chemical transmission involves
presynaptic release of neurotransmitter-containing synaptic vesicles (SVs) due to
calcium influx through voltage-gated channels upon the action potential (AP) arrival
in the presynapse (for AP-independent release, see section 4.2 below).
Neurotransmitter detection by specialized receptors at the postsynapse can either: a)
open ligand-gated ion channels —which results in rapid changes in postsynaptic
membrane potential that affect the probability of the target cell to fire an AP; or b)
activate slower metabotropic receptors (i.e. G protein-coupled receptors) that act
through secondary messengers leading either to the opening of ion channels or to
other cellular effects (i.e. protein synthesis); or c) engage both pathways
simultaneously (Purves et al., 2001). Chemical synapses are mainly unidirectional,
however certain retrograde trans-synaptic messengers have also been reported,
including conventional neurotransmitters, gases, peptides, growth factors, and
membrane-derived lipids (Regehr et al., 2009; Carta et al., 2014a).

Chemical synapse Electrlcal synapse Mixed synapse

l | Synaptic
varicosity

” Glutamate U
!

Synaptic
vesicle

(I
onotropic

\ ' receptop:' U .

etabo[ropic
receptor

Pastsynapt CaMKIl {/p
density }Q\\A“ |

Figure 3 Synapse types according to transmission nature (Modified from Pereda, 2014)

Furthermore, synapses are usually classified according to their effect. The
change in postsynaptic membrane potential can either depolarize (increasing the
probability of AP firing) or hyperpolarize (decreasing the probability of AP firing) the
postsynaptic cell, which divides chemical synapses into “excitatory” and “inhibitory”,
respectively. Similarly, synapses that modulate neuronal activity via metabotropic
receptors are labeled as “modulatory”. However, this classification is inaccurately
used when referring to the effect caused by a particular neurotransmitter. The
postsynaptic receptors and their associated channels are the ones determining the
response elicited by each neurotransmitter (i.e. glutamate-gated chloride channels
determine glutamate transmission as inhibitory in the invertebrate CNS).
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1. Synapses

Additionally, chemical synapses are classified on the basis of the particular
neurotransmitter released. The most abundant neurotransmitters in vertebrates are
two amino acids: glutamate —excitatory at over 50% of all synapses in the human
brain; and y-Aminobutyric acid (or GABA) —inhibitory at 30 to 40% of the synapses
(Roberts, 1986; Hendry et al., 1987). Thus, in practice the terms “glutamatergic” and
“GABAergic” are associated with “excitatory” and “inhibitory” transmission,
respectively (for GABA excitatory role in development and co-release with glutamate
see section 3.2 below). Since glutamate is a precursor for GABA synthesis (Roberts
and Frankel, 1950), glutamate metabolism affects both glutamatergic and GABAergic
function (Nicholls, 1989). Pure modulatory synapses represent around 10% of the
synapses but are extremely diverse (see Table 1) (Nadim and Bucher, 2014).
Despite the few number of pure modulatory synapses, their functional importance
should not be underestimated. Furthermore, co-release of different neurotransmitters
is not exceptional, but rather the rule (Trudeau and Gutierrez, 2007; Hnasko and
Edwards, 2012).

However, these classifications are not sufficient. How can we differentiate
among glutamatergic synapses, which make up more than half of all our synapses?
Ramon y Cajal (1894) already hypothesized that the higher complexity of the
functions carried out by the human brain as compared to those carried out by other
animals or by the human PNS, should be reflected in a special “intraprotoplasmic
structure” of brain neurons. Nowadays, there is evidence for this molecular diversity
beyond the traditional neurotransmitter type classification. Differences are both
qualitative and quantitative in respect to synaptic expression levels of proteins
including receptor isoforms (Schwenk et al., 2014), vesicular transporters, scaffold
and adhesion proteins, “guidance cue” proteins involved in neurodevelopment,
“generic” signaling molecules, and “house-keeping” proteins (O'Rourke et al., 2012).
Moreover, such molecular differences often correspond to differences in function (i.e.
synaptic strength, kinetics or plasticity). Today, synapses are acknowledged as
plastic structures, whose function depends on its own transmission history, as well as
on signals from other cells. Synapses are also known to be influenced by
developmental, homeostatic, pathological, and circuit remodeling events.
Nevertheless, crucial aspects of synapse molecular diversity and its functional
significance stand unexamined (for review of current tools in the field of molecular
neuroanatomy see Pollock et al., 2014; for neurogenomics of behavioral plasticity

see Harris and Hofmann, 2014).
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1. Synapses

Table 1 Synapse types by neurotransmitter and main effect in the vertebrate CNS

Biomolecule Neurotransmitter
Excitatory | Amino acid Glutamate
_ . , GABA
ey #\mino acid Glycine (in spinal chord)
Aspartate
Amino acid D-serine
Glycine
Ester Acetylcholine
Carbon monoxide*
Gas* Hydrogen sulfide*
Nitric oxide*
lon* Zinc* (for co-release with glutamate see 3.2 below)
Lipid Endocannabinoids (i.e. anandamide)
Dopamine
Modulatory Catecholamines Epinephrine.
Mono amine . . Norepinephrine
Histamine
Serotonin

Trace amines

Cocaine and amphetamine regulated transcript (CART)

Opioid peptides (i.e. endorphins)

Peptide Somatostatin

Substance P

Other neuropeptides

Adenosine

Purine

ATP

* Consideration as neurotransmitters debated
1.1. Glutamatergic Synapses

Glutamatergic synapses have been extensively investigated. These studies
have accumulated evidence that synaptic plasticity at this type of synapse is involved
in learning and memory processes. As already mentioned, glutamatergic synapses
are the most abundant in the vertebrate nervous system, where they predominantly
exert an excitatory effect. Recent genomic, immunohistochemical and physiological
analyses suggest a vast molecular variety and its significant implications.
Nonetheless, no further molecular categorization of glutamatergic synapses has

been established to date.

Despite technical limitations to precisely quantify the total number of protein
types present at a canonical mammalian glutamatergic synapse, proteomic analyses
of rodent brains applying large-scale mass spectrometry and subcellular fractionation
have rendered vast lists. While the postsynaptic proteome contains 200 to 1,000

protein types (Peng et al., 2004; Collins et al., 2006; Dosemeci et al., 2007),
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1. Synapses

synaptosomes consist of over 3,000 (Schrimpf et al., 2005; Filiou et al., 2010),
synaptic vesicle fractions comprising more than 400 protein types (Takamori et al.,
2006). It seems that those types most recently added to the synaptic proteome
during mammalian evolution are the ones contributing the most to synaptic diversity
(Emes et al., 2008). Hence, it has been suggested an interplay between complexity
and diversity (O'Rourke et al., 2012). The main components of a canonical
glutamatergic synapse are described below. For clarification, the characteristics of
hippocampal CA3-CA1 synapses would be considered as the canon. The use of a
canon is useful for extrapolation to less studied synapses that seem comparable to
CA3-CA1 synapses.

1.1.1. Presynapse

mitechondrial
domain

synaptic vesicle
domain

fesanve pool
pracmal el

wiaase-ready pool

Active zone

Figure 4 Presynaptic ultrastructure (modified from Siidhof and Rizo, 2011)

The axon terminals, also called presynaptic boutons, are specialized in
storing, releasing and recycling SVs. Neurotransmitters are synthesized at the axon
terminal from precursor molecules transported from the soma, and subsequently
packed into synaptic vesicles (Purves et al., 2001). Neurotransmitter-filled SVs are
released in a regulated manner upon arrival of an AP. Following exocytosis, synaptic
vesicle membranes are endocytosed to recycle SV proteins. The axon terminal is
composed of three structural compartments: the active zone (AZ) (Sudhof, 2012), the
SV domain, and the mitochondrial domain (Garner et al., 2000; Dresbach et al.,
2001).

Under the electron microscope, both sides of the synapse are seen as dark
(electron dense) areas close to the membrane (see Figure 4). Thus, these
ultrastructures are called presynaptic dense projection or cytomatrix at the active
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1. Synapses

zone (CAZ) (Hirokawa et al., 1989; Zhai and Bellen, 2004) and postsynaptic density
(PSD) (Peters et al., 1991). The proteins composing the CAZ regulate tethering and
fusion of SVs to the presynaptic membrane, which allow rapid and reliable
neurotransmitter release when an action potential reaches the terminal. The active
zone is the portion of the presynaptic compartment where SVs are coordinately
exocytosed. The SV domain defines the region where vesicles accumulate and is
further subdivided according to their distance from the plasma membrane into three
functionally distinct pools (see Figure 4): the release-ready pool (RRP) —composed of
fusion-competent vesicles (about 50 nm in diameter) docked or primed at plasma
membrane (Jahn and Fasshauer, 2012); the proximal pool —contains 2 to 4 vesicle
layers and includes SVs that seem clustered near the AZ via filamentous structures
of the CAZ; and the reserve pool —those SVs stored further than 200nm from the AZ
by interacting with actin filaments via synapsin proteins (Hirokawa et al., 1989;
Pieribone et al., 1995; Zhai and Bellen, 2004). Finally, the furthest from the plasma
membrane is the mitochondrial domain (Peters et al., 1991). Mitochondria provide
ATP as energy source (Harris and Weinberg, 2012), regulate the SV cycle, and are
also implicated in calcium homeostasis and neurotransmitter synthesis (Vos et al.,
2010). Nonetheless, there are synapse-specific differences in presynaptic
architecture; a particularly pronounced case is the ribbon structure at sensory

synapses (Ramakrishnan et al., 2012).
1.1.2. Postsynapse

As already mentioned, the most common postsynaptic targets in the adult
brain are dendritic spines. The dendritic spines of postsynaptic cells are structurally
specialized to sense neurotransmitters released into the presynaptic cleft.
Neurotransmitter detection is carried out by receptors abundant in the portion of
postsynaptic membrane facing the presynaptic active zone. The PSD is formed by
cytoskeletal and regulatory proteins, including some that interact with the cytoplasmic
domain of ion channels (Ziff, 1997). The PSD is conveniently located to regulate the
intracellular ionic flux and second messenger cascades initiated by
neurotransmitters. A great heterogeneity exists also at the postynaptic level including
receptor regional diversity of AMPA (Schwenk et al., 2014), kainate (Carta et al.,
2014b) and NMDA receptor isoforms (Monaghan et al., 1983; Bischofberger and
Jonas, 2002).
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1. Synapses
1.1.3. Synaptic Cleft

The synaptic cleft is not a gap where neurotransmitters are released into the
vacuum, but a rather complex structure where the extracellular matrix, astrocytic
processes, and cell-adhesion molecules (CAMs) that bridge the pre- and the
postsynaptic cells, interact. The extracellular matrix is a microenvironment around
neurons and glial cells, which affects neuronal development as well as activity
(Soleman et al., 2013). During the former, the extracellular matrix supports, while
being developed itself, an array of processes including: neuro-, glio-, and
synaptogensis, cell migration, axon guidance, and neurite outgrowth (Bandtlow and
Zimmermann, 2000; Faissner et al., 2010). During adulthood, the extracellular matrix
impact ranges form cell survival and plasticity, to regeneration (Meredith et al., 1993;
Grimpe and Silver, 2002; Dityatev et al., 2010; Kwok et al., 2011) (see Figure 5)).
Neurons and glial cells in turn, secrete a range of molecules that become part of the
extracellular matrix (Soleman et al., 2013). Secondly, among glial cells, astrocytes
play a particularly important role at the synaptic cleft. Astrocytic processes are in
close association with most glutamatergic synapses, the hippocampal mossy fiber
cleft being one of the few reported to be astrocyte-free (Rollenhagen et al., 2007).
The exact physiological impact of astrocytes on the properties, function, and plasticity

of synapses is still under scrutiny (for review see Bernardinelli et al., 2014).

presynaptic

extracellular
space

postsynaptic

Figure 5 Transmission at the quadripartite synapse (from Sykova and Nicholson, 2008)
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1. Synapses

The complex information processing carried out by the nervous system is
achieved by the network of connections between neurons. There are two ways of
neuronal communication: one relies in electrochemical transmission, and the other
on membrane-bound intersynaptic proteins. CAMs are crucial not only for synapse
formation, but also for an array of processes that range from cell migration and
neurite outgrowth, to axonal pathfinding and target recognition. Different CAMs are
particularly enriched in the vertebrate CNS and play a role in synaptic stabilization

and modulation (see Figure 6) (for review see Williams et al., 2011).

Ig superfamily
(e.g. NCAM,
apCAM,
fasciclin 11) CNRs Neuroligins

] Classic cadherins
Integrins lg-domains
: B-neurexins
a Subunit Fibronectin
|l repeats
B Subunit Outside
\ Plasmalmembrane

a-Actinin (|CAM) p120, & catenins Inside
PSD95 CASK
COOH

mn on e o vn

Ankyrin (L1)

. SRC(NCAM)
o - Soon "*FYN (L1) B, -, y coon
Y Actin Ay
Multiple //// COOH S.apt‘zg::ﬁ \.FYN
* signalling 4
pathways

Figure 6 Structure of neuronal CAMs (from Benson et al., 2000)
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2. Neurotransmitter Release

The 2013 Nobel Prize in Physiology or Medicine was awarded to three
scientists —Randy Sheckman, James E. Rothman and Thomas C. Sudhof- for their
work on the machinery regulating vesicle traffic, including the machinery regulating
synaptic vesicles exocytosis. At chemical synapses, neurotransmitter release relies
on SV exocytosis. This process is mediated, like all other intracellular membrane
fusion events, by SNARE (for “soluble N-ethylmaleimide-sensitive factor attachment
protein receptor”) proteins, which are coordinated by the SM (for “Sec1/Munc18-like”)
protein Munc18-1. Besides the core SNARE and SM proteins, calcium-dependent
fusion is triggered by a sensor protein (i.e. synaptotagmin-1), and complex assembly
is orchestrated by an array of proteins, as well as their interaction with the membrane

lipids.

2.1. Neuronal Exocytotic Machinery
2.1.1. SNARE and SM Proteins

SNAREs are small (14-40 kDa) membrane-bound proteins that contain the 60-
70 amino-acid a—helical coiled-coil domain called the SNARE motif (Jahn and
Scheller, 2006). They are called “v-SNARES” when they are at vesicles (v-SNARES)
and “t-SNAREs” when they are at the target membrane. A more accurate
nomenclature names them as R- and Q-SNAREs according to the conserved
arginine or glutamine residue, respectively (Weber et al., 1998). At the synapse, t-
SNAREs are always Q-SNAREs, and v-SNAREs are mostly R-SNAREs (although
vtila, a Q-SNARE, can also be found on vesicles). The interaction between opposed
v- and t-SNAREs impels the formation of a trans-SNARE complex, or SNAREpin, in
which four SNARE motifs zipper into a four-helix bundle that brings the membranes
together and ultimately catalyzes their fusion (Soéllner et al., 1993; Weber et al., 2010)

(see Figure 7).
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Figure 7 SNARE/SM protein cycle (modified from Brose, 2014)

All eukaryotes express at least one member of each of the 4 different SM
protein families: Sec1/Munc18, Sly1, Vps33 and Vps45 (for review see Toonen and
Verhage, 2003). The SM protein present at mammalian synapses is Munc18-1,
which is soluble and expressed throughout the brain (Garcia et al., 1994). Mice
lacking this protein exhibit normal embryonic development, but no regulated
neurotransmitter exocytosis, which causes death at birth (Verhage et al., 2000). This
suggests that Munc18-1 is a positive regulator of release, while other studies report a
negative regulation, this paradox might be explained by the interaction with syntaxin
(reviewed in Archbold et al., 2014). Q-SNARE syntaxins posses a Habc domain,
which in combination with SM proteins inhibits the formation of SNARE complexes
(Burkhardt et al., 2008; Gerber et al., 2008). The Habc domain by itself can inhibit
interactions between SNARE core domains by folding onto one of them, which does
not preclude formation of the SNARE complex but it alters the assembly kinetics
(Fasshauer et al., 2002; Vivona et al., 2010). Moreover, other N-terminal regulatory
protein domains (like the Longin domain) can also modulate SNARE complex
formation (Hong, 2005; Jahn and Scheller, 2006; Schafer et al., 2012; Di
Sansebastiano, 2013).
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Figure 8 SNARE complexes in neuronal and sensory cells (from Ramakrishnan et al., 2012)
The human genome encodes 38 SNAREs, with numerous members in each
subfamily, which results in a large array of possible combinations (Dacks, 2007;
Gordon et al.,, 2010) (see Table 2). Particular SNARE collections reside
predominantly in specific subcellular compartments, where they are specialized for
individual intracellular fusion reactions (Jahn and Scheller, 2006; Kasai et al., 2012).
Furthermore, sensory cells use different SNARE collections (Ramakrishnan et al.,
2012) (Figure 8). In addition, there are redundancies in fusion pathways, such as a
SNARE complex which functions at multiple compartments, or several SNARE

complexes mediating the same membrane fusion (see Table 2).

Table 2 Contribution of SNAREs, syt1 and priming proteins to different types of exocytosis
(from Kasai et al., 2012)

Synaptic Vesicles

Chromaffin Cells

Sync HTSS Async Tonic Spont [CaZ*-primed) B Cells Acinar Cells Mast Cells

Time constant 1ms 100 ms 10s 1000 s 30ms 1s 10s 10s
VAMP2 e drer har ++ + +k ST ND? —°e
SNAP25 ++b ++ ++ ++ — ++! ++5 — —ad
Munc18a B ++ ++ ++ ++ ++m +t — ND
Munc13-1 ++¢ ++ ++ ++ ++ —4" +u ND ND
RIM ++° + ++ + + ND +v ND ND
CAPS ++f ++ ++ — +f +° +w ND ND
Syt1 ++8 — — A0 Inhibit! +P — ND== —=e
Complexin +h - — + ND +a 1y NDbb L ff
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2. Neurotransmitter Release

v-SNARESs are classified into the following subfamilies: the “longins”, which
contain the N-terminal longin domain (LD) extension of ~120 residues, and the
“brevins”, which are shorter (Filippini et al., 2001) (see Figure 9, notice the similarity
of the transmembrane and R-SNARE domains of tomosyn). The main SV SNARE is
the brevin synaptobrevin2/VAMP2 (for “vesicle-associated membrane protein” 2). Its
canonical partners at the plasma membrane are syntaxin1 and SNAP-25. In the
absence of VAMP2, evoked and spontaneous neurotransmission are reduced to

around 1% and 10% of control, respectively (Schoch et al., 2001).

p—

: : TI-VAMP
|l Longin domain | Rrsnare [N . coco
Longins
Longin domain  |NNNRGSNARENI—— vics
[ speciic NTD_|IRESNARENIN :ves
Brevins
] [ consevedntd | RSNARE [N Tomosyn

Figure 9 Domains of VAMPs and tomosyn (modified from Rossi et al., 2004)

VAMPSs —

In normal physiological conditions, two VAMP2 molecules are sufficient for SV
exocytosis (Sinha et al., 2011). A prototypic SV contains ~70 VAMP2 copies, but also
lower levels of noncanonical v-SNAREs such as VAMP1, Vti1a, VAMP4 and VAMP7
(also called “tetanus neurotoxin-insensitive” or TI-VAMP) (Takamori et al., 2006) (see
Figure 10). The expression of these alternative v-SNAREs probably explains the
residual synaptic transmission in VAMP2 KO mice. A recent report involves VAMP1
in a subpopulation of hippocampal neurons that displays release when VAMP2 is
absent (Zimmermann et al., 2014). The remaining debate is whether low levels of
these v-SNAREs play a role in SV exocytosis in the presence of VAMP2. The
cleavage of VAMP2 by tetanus toxin (TeNT) has been reported to modify coupling
between channels and release-competent vesicles at the Calyx of Held synapse
(Sakaba et al.,, 2005). The existence of SV populations expressing different v-
SNAREs, or at different ratios, has been proposed to account for distinct forms of SV
exocytosis (for review see Ramirez and Kavalali, 2012). However, others claim a
unique origin for SVs, independently of whether their mode of release is evoked or
spontaneous (for review see Kaeser and Regehr, 2014). Given the number of
different proteins expressed on a synaptic vesicle, together with the existence of
isoforms and/or splice variants, the chances that all SVs are homogeneous seem
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extremely low. Even if all SVs were identical in a given synapse, the great array of
possible interactions with other proteins (--SNAREs or regulatory proteins), and

membrane lipids, would render them phenotypically diverse.
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Figure 10 Molecular model of an average SV (from Takamori et al., 2006)

transporter

2.1.2. TI-VAMP/NAMP7

VAMPT7 is encoded by the SYBL1 gene, the first pseudoautosomal gene ever
reported to undergo X and Y inactivation, posing an exception to the already
exceptional pseudoautosomal genes (D'esposito et al., 1996). VAMP7 is a longin
that was first shown to associate with SNAP-23 and syntaxin3 in clostridial
neurotoxin-resistant exocytotic processes at the apical plasma membrane of
epithelial cells (Galli et al., 1998; for the use of clostridial neurotoxins to probe

neurotransmission see Prashad and Charlton, 2014; Popoff and Poulain, 2014).
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VAMP7 has been reported to mediate lysosomal and granule exocytosis in several
cell types (Chaineau et al., 2009) including neurons (Burgo et al., 2012). Depending
on the cell type, VAMP7 can interact with several t-SNAREs (syntaxin1, 3, 4,6, 7, 8
and 10; SNAP-23, -25 and -29; and Vti1b), but neither with syntaxin 13, nor 16 (for
review see Rossi et al., 2004). Besides t-SNAREs, VAMP7 also binds to other
partners (see Figure 11).
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Figure 11 Partners of TI-VAMP (from Chaineau et al., 2009) e

VAMP7 is the SNARE of secretory lysosomes contributing to ATP secretion
from astrocytes (Verderio et al., 2012). Furthermore, VAMP7 localizes to axons and
dendrites during development (Coco et al., 1999), where it has been shown to be
important in neurite growth in cultured neurons and in vivo (Alberts et al., 2003;
Gupton and Gertler, 2010; Heimer-Mcginn et al., 2013). In the adult brain, VAMP?7 is
enriched in a subset of nerve terminals, particularly at the mossy fibers in the CA3
region of the hippocampus (Muzerelle et al., 2003). The LD of VAMP7 targets it to
SVs by binding to the 3-subunit of the clathrin-coat AP-3 (AP338) (Scheuber et al.,
2006). In mocha mice, which lack AP35, SVs do not contain VAMP7 and the zinc-
transporter ZnT3 —among other cargos (see Figure 12), and the SV and RRP size
have been reported to be increased (Danglot and Galli, 2007; Newell-Litwa et al.,
2010). The LD also inhibits the formation of SNARE complexes (Martinez-Arca et al.,
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2003). Thus, VAMP7 has a lower capacity than VAMP2 to assemble in SNARE
complexes. Decreased membrane fusion efficiency due to the LD affects neurite
outgrowth (Martinez-Arca et al., 2000; Martinez-Arca et al., 2001), as well as SV
release (Hua et al., 2011; Burgo et al., 2013). VAMP7-mediated exocytosis relies on
tyrosine 45 phosphorylation by c-Src kinase, which happens after treatment with

insulin but not after depolarization or intracellular calcium rise (Burgo et al., 2013).
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Figure 12 Targeting of TI-VAMP in WT and mocha mice (modified from Danglot and Galli, 2007)

VAMP7-containing SVs remain in a pool reluctant to fuse, and which seems to
engage preferentially in spontaneous neurotransmitter release (Scheuber et al.,
2006; Hua et al., 2011; Ramirez et al., 2012). Recently, Reelin has been reported to

enhance such spontaneous release in an action potential-independent manner (Bal
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et al., 2013). Here, we set out to analyze VAMP7 function in neurotransmitter release
by characterizing basal and evoked transmission in a knock-out mutant mouse. Loss
of VAMP7 in mice does not cause major developmental or neurological deficits (Sato
et al., 2011; Danglot et al., 2012), but it has been associated with increased anxiety-

related behavior (Danglot et al., 2012).
2.1.3. Calcium Sensors

Neurotransmitter release evoked by an incoming AP also requires a calcium
sensor. In mammals, calcium is detected by one of the eight, often co-expressed, C2
domain-containing proteins identified so far (see Figure 13) (Walter et al., 2011). The
two most remarkable synaptic calcium sensors are Synaptotagmin-1 (syt1) and doc2,
but whether they act in parallel or sequentially remains debated (Walter et al., 2011;
Walter et al., 2013). On the one hand, calcium sensors are assumed to inhibit/clamp
spontaneous release at rest; on the other hand, they are thought to trigger exocytosis
upon calcium activation. Besides the sensor, calcium channels and buffers, and
internal calcium sources can regulate release too (Mochida et al., 2008). Channels
can be either tightly or loosely coupled, and different types can be expressed
(Catterall and Few, 2008). For a review on calcium-dependent mechanisms of CNS

presynaptic control see Rusakov, 2006.
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2. Neurotransmitter Release
2.1.4. Regulatory Proteins

Besides SNARE proteins, Munc18-1, syt1, and calcium-dependent
mechanisms, there is a plethora of active zone proteins that can regulate synaptic
release at different stages, including: Munc13, RIM-1alpha, CAPS, Complexins, NSF
& SNAPs, rabphilin, Rab3, tomosyn, RIM-BP, alpha-liprin, CASK, Bassoon, Piccolo,
VGLUTs, ELKS, Mint, AP2, clathrin, dynamin, or calmodulin (Chua et al., 2010). The
the amount of proteins expressed by SVs is for instance very high (see Figure 10).
Reviewing the accumulated knowledge on regulatory proteins is beyond the scope of

this work (for review see Sudhof and Rizo, 2011; Cornelisse et al., 2012).
2.1.5. The Role of Lipids

Obviously, the lipids composing the plasma and vesicles membranes also play
a role in neurotransmitter release. The classical view pictures lipids as fusion-
aversive that only merge after the action of certain proteins. However, this has been
challenged in a study on sphingosine, which is reported to push reluctant VAMP2 to
cooperate with protein complexes, and thus stimulate fusion (Darios et al., 2009,
commented in Verhage and Meer, 2009). Moreover, extended synaptotagmins have
been reported to mediate transfer of lipids between the endoplasmic reticulum and
the plasma membrane in a calcium-regulated manner and dependent on
phosphoinositides (Giordano et al., 2013). Diacylglycerol, a metabolite of this type of
lipids, enhances secretion by activating various presynaptic signaling cascades that
are reciprocally influenced (Wierda et al., 2007). Overall, understanding the
interactions between lipid domains and protein complexes is needed for a complete

theory of neurotransmitter release.

2.2. Types of Release and Vesicle Pools

There are two main release modes: evoked and spontaneous. The former can
be further dissected into synchronous and asynchronous depending on the delay
between stimulation and fusion —i.e. synchronous within few milliseconds, and

asynchronous persisting for tens of milliseconds to tens of seconds (see Figure 14).
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Figure 14 Modes of synaptic release illustrated with simulated data (from Kaeser and Regehr,
2014)

Some studies attribute a specific vesicle pool to each release mode (Fredj and
Burrone, 2009; Chang et al., 2010; Melom et al., 2013), while others claim a unique
vesicle pool to be responsible for all release modes (Wilhelm et al., 2010; Kaeser and
Regehr, 2014; Loy et al., 2014). Besides the 3 structural pools mentioned in section
1.1.1 above (Denker and Rizzoli, 2010), many molecular differences have been
reported to account for release modes including VGLUT expression (Weston et al.,
2011), ZnT3 expression (Lavoie et al., 2011), dependence on calcium channels
(Goswami et al., 2012), dependance on calcium sensors (Walter et al., 2011; Walter
et al., 2013), dependance on G-protein-coupled receptors (Vyleta and Smith, 2011),
dependance on SV recyling pathways (Chung et al., 2010), or vSNARE expression
(Hua et al., 2011; Raingo et al., 2012; Ramirez and Kavalali, 2012; Ramirez et al.,
2012) (see Figure 15). Whether these difference translate into functional subpools is
an on-going debate. Finally, inter-synaptic vesicle sharing has also been reported
(Staras, 2010).
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Figure 15 Representation of certain molecular determinants proposed for different release
modes (from Kaeser and Regehr, 2014)
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3. Hippocampal Formation

The hippocampus was named by the neuroanatomist Julius Caesar Aranzi
(1564) after its resemblance to a seahorse (from the Greek imrmog = horse, and
KauTrog = sea monster). Its elongated shape has been compared also to a banana
and a ram’s horn, the latter leading to the latin denomination for hippocampal
subregions as “Cornu Ammonis” (CA) —in association with the ram’s horns of the
ancient Egyptian god Ammon. The hippocampus belongs to the limbic system and is
located in the medial temporal lobe. Vladimir Bekhterev noted in 1900 the
hippocampus involvement in memory after studying the brain of a patient who
became amnesic after a bilateral lesion. This observation remained neglected until
Scoville and Milner's study (1957) of Henry Molaison’s amnesia after bilateral
hippocampal removal intended to treat his epilepsy (for an update on HM's case see
Annese et al., 2014). Specifically, the hippocampus is involved in the formation of
new memories, and in the consolidation of previous ones, playing an important role in
pattern separation and completion (Nakashiba et al., 2012). Besides its role in
learning and memory, the hippocampus is also important for spatial navigation, as it
became clear with the discovery of place cells in rats (O'Keefe and Dostrovsky, 1971)
—place cells are neurons that fire at high rates in a particular location in the
environment; or the larger hippocampal size of London taxi-drivers (Maguire et al.,
2000). Another particularity of the hippocampus is its capability of generating new
nerve cells into adulthood (Altman, 1963). This process, known as “adult
neurogenesis”, is restricted in mammals to the subgranular zone of the hippocampal
dentate gyrus, and the subventricular zone —cells born in this region migrate to the
olfactory bulb in rodents, but in humans there is little neurogenesis in the olfactory
system (Brus et al., 2013). Furthermore, the hippocampus is one of the most studied
regions of the brain due to its well-defined cellular architecture, which makes it

convenient for physiological research at the synaptic and network level.

3.1. Circuitry and Functions

The first functional description of hippocampal circuits was provided by
Santiago Ramén y Cajal at the end of the 19th century from mere anatomical
observation under a monocular microscope and the use of a several staining
methods (see Figure 16). Since then, this structure has been the subject of an
immense literature. With a scattered drawing of a transverse section, Ramén y Cajal
depicted the structure and all the pathways of the hippocampal circuit, establishing
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the principle of neuronal dynamic polarization: a neuron receives signals at the
dendrites and soma, and transmits them unidirectionally down the axon (although
exceptions exist: dendrites as output, synapses on axons). The hippocampal
formation comprises the Cornus Ammonis (divided in four regions: CA1 to CA4), the
dentate gyrus, the subiculum and the entorhinal cortex (EC). The perforant path
fibers arise from layer Il of the EC and synapse onto the granule cells of the dentate
gyrus (follow arrows in Figure 16). The granule cells' mossy fibers (MFs) in turn,
synapse onto CA3 pyramidal cells. Then, schaffer collaterals project from CA3
through the stratum radiatum to synapse onto CA1 pyramidal cells, which finally send

their axons to the subiculum.

Schaffer

Cingulum Subiculum Alveus CA1 Collaterals

Pyramidal
Neuron

CA3

Fimbria

Entorhinal  perforant Dentate Granule CA4 Mossy
Cortex Path Gyrus Cell Fibers

Figure 16 Diagram of hippocampal structure and connexions (modified from Ramoén y Cajal,
1911)

Recent discoveries have confirmed and completed Cajal’'s hippocampal circuit
with the following connections: EC layer Il to GCs, but also to CA3 and CA2
pyramidal cells; EC layer Ill to CA1 and subiculum; GCs to Mossy cells and vice
versa (Scharfman, 2013); GCs to CA4 and CA2 pyramidal cells; GCs in the CA3 area
(Szabadics et al., 2010); CA3-CA3 recurrent connections (Associational/Comissural
or A/C) (Miles and Wong, 1986; Le Duigou et al., 2014); CA3 to GC backprojections
(Scharfman, 2007); and CA2 to CA1 pyramidal cells (Kohara et al., 2013). Besides
these excitatory pathways, there are numerous inhibitory interneurons (INs),
estimated to be 20% of all cells in the hippocampus (Amaral et al., 1990). The INs
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form intricate networks between each other and the excitatory cells (i.e. see feedback
and feedforward inhibition in section 3.2 below and Figure 19C), which profoundly
affect the physiology of the circuit (Mcbain and Kauer, 2009). For instance,
GABAergic interneurons control the in vitro generation of oscillatory activity, like
gamma oscillations, in hippocampal networks (Traub et al., 2004, but see also control
of gamma oscillations by gap junctions between CA3 pyramidal cell axons).
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Figure 17 Topographic clustering in vivo of GC somas and their Terminal Arborizations (TAs)
of core and satellite Large Mossy Terminals (LMTs) (left) and graded guidance molecule
expression along the juvenile DG and CA3 (modified from Galimberti et al., 2010)

The hippocampus has been divided into subregions according to genetic
differences (Thompson et al., 2008). Gene expression has helped in dissecting
topographical clusters of subfield-interconnections in DG-CA3 (Galimberti et al.,
2010; see Figure 17), while CA1 cell-type-specific differences exist for CA3 and CA2
inputs (Sun et al., 2014). Circuit diversity has also been established along the
longitudinal axis of the hippocampus: dorsal (septal) vs. ventral (temporal) (Moser
and Moser, 1998; Fanselow and Dong, 2010; Poppenk et al., 2013; Zarei et al.,
2013). These subregions are diversely connected to the amygdala, posterior
cingulate cortex (PCC), prefrontal cortex (PFC), and thalamus (Zarei et al., 2013).
For instance, dorsal hippocampus connectivity with the PCC supports episodic
memory, while ventral hippocampus-amygdala connections are used in emotional
processing (Ohara et al., 2013; Zarei et al., 2013). Discrepancies remain about the
exact limits between the dorsal and ventral subregions (Tanti and Belzung, 2013).
Parametric Anatomical Modeling suggests a heterogeneous distribution of the
number of neurons and connections across the main anatomical axes due to layer
morphology (Pyka et al., 2014) (see Figure 18). Finally, the composition of
hippocampal circuits is constantly remodeled, as adult-born granule cells are

incorporated throughout life (Deng et al., 2010; Vivar and Van Praag, 2013).
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Recently, hilar mossy cells have been reported to be the first excitating new-born
GCs (Chancey et al., 2014).
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Figure 18. Heterogeneous number of neurons and connections along the axis due to layer
morphology (from Pyka et al., 2014)

3.2. Mossy Fiber Synapses

Ramoén y Cajal was also the first to describe GC axons, which he named
“hippocampal mossy fibers” (hMFs) because the giant terminals scattered along the
axons gave them the appearance of being covered in moss (Ramén y Cajal, 1911).
He had previously used “mossy fibers” to refer to axons in the cerebellum (i.e.
“cerebellar mossy fibers” or cMFs), which originate from pontine nuclei in the
brainstem and synapse on cerebellar granule cells (see Figure 19) (for a detailed
comparison between both “mossy fibers” see Delvendahl et al., 2013). Electron
microscopy (EM) was used to decribe hMF boutons (hMFBs) in more detail. These
studies confirmed that hMFBs are complex, large terminals, tightly packed with
synaptic vesicles (Blackstad and Kjaerheim, 1961; Laatsch and Cowan, 1966). In
large hMFB there are 2 to 15 docked vesicles, a RRP of 80 to 400 SVs, and three
types of vesicles: normal-sized SVs (33-38 nm in diameter), large clear vesicles (50-
150 nm in diameter), and large dense-core vesicles (100-150 nm in diameter)
(Rollenhagen and Libke, 2006) (see Figure 20).
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Figure 19 Hippocampal (A-C), cerebellar (D-F) mossy fibers, and table comparing these two
morphologically similar but functionally distinct synapses (data from adult rats) (G) (A,B,D and
E from Ramén y Cajal, 1894; Ramoén y Cajal, 1911; Ramén y Cajal, 1933; G from Delvendahl et
al., 2013 and Rollenhagen and Liibke, 2006)
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Figure 20 MF morphology (Panel A from Deguchi et al., 2011, B and C from Galimberti et al.,
2010, D from Rollenhagen and Liibke, 2006, E from Rollenhagen et al., 2007, and F from Wilke
etal., 2013)

Furthermore, the postsynaptic spines on the proximal apical dendrites of CA3
pyramidal cells showed to be equally complex. Such giant spines are called “thorny
excrescences” (TEs) for their similarity to thorny excrescences of plants, which are
multifarious protrusions that sprout from the main stem. Another cell type presenting
TEs, not only on proximal dendrites but also on the soma, are hillar mossy cells
(Scharfman, 2013). Quantification analyses estimated that in the rat 1 million granule
cells (Boss et al., 1985) innervate the 300,000 CA3 pyramidal cells (Amaral et al.,
1990). Each GC contacts ~14 CA3 pyramidal cells (low divergence) (Claiborne et al.,
1986), each of which receives inputs from ~46 different GCs (low convergence)
(Rolls, 2013; Pyka et al.,, 2014). Most of the GC ouputs are actually via filopodial
extensions from hMFBs onto CA3 interneurons —each granule cell innervates 40 to
50 CA3 interneurons (Acsady et al., 1998). On the other hand, most CA3 pyramidal
cell excitatory inputs come from non-MFs: ~3,600 PP contacts from EC layer Il, and
~12000 from recurrent axon collaterals of other CA3 pyramidal cells (Rolls, 2013).
Nonetheless, single GCs can exert direct control of their CA3 pyramidal cell targets,
as it has been shown in vivo (Henze et al., 2002). As mentioned in section 1,
conduction velocity in unmyelinated axons is generally slow; in hMF axons it has
been estimated to be around 0.25 m/s (Kress et al., 2008; Schmidt-Hieber et al.,
2008). Single spikes are not sufficient for in vivo transmission from a GC to CA3, but
instead trains of spikes are required (Henze et al., 2002). The average GC firing rate
recorded in vivo is very low: ~0.01-0.1 Hz (Jung and McNaughton, 1993), but trains

of spikes have been recorded in physiological conditions such as granule cell place
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activity, when firing frequency can reach 10 to 50 Hz and each burst get as far as
100 to 300 Hz (Jung and McNaughton, 1993; Skaggs et al., 1996; Gundlfinger et al.,
2010) (see Figure 21). On the other hand, many CA3 recurrents and/or PP inputs
need to converge to make the CA3 pyramidal fire. Hence, computationalists
nicknamed the MF as ‘detonator’ or ‘teacher’ synapse, and it is modelled as critical
for directing information storage in the auto-associative CA3 network (Rolls, 2013).
Recently, mossy fiber-evoked subthreshold responses have been reported to induce
timing-dependent plasticity at hippocampal CA3 recurrent synapses (Brandalise and
Gerber, 2014). In conclusion, MFs provide a sparse (0.005%) but powerful
connection, while CA3 recurrents are weaker but numerous (~2%). This could fit with
the concept of synaptic “distance-dependent scaling”: synapses closer to soma have
larger RRP but fewer receptors at the postsynapse, and viceversa for those further
from soma (De Jong et al.,, 2012; Lee et al., 2013) —alternatively the peculiar MF
synapse might account for a convergent evolutionary mechanism. Molecular diversity
between the strata where the different inputs synapse onto CA3 pyramidal cells
further points into this direction —i.e. MF in stratum lucidum, A/C in stratum radiatum,
and PP in stratum moleculare. The weight of MFs and CA3 recurrents is further
determined by feedforward (MF-IN-CA3; see Figure 21) and feedback (CA3-IN-CA3)
inhibitory circuits, respectively (Mori et al., 2004).
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Figure 21 GC firing: single vs. train of spikes (modified from Lawrence and McBain, 2003)
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4. Synaptic Plasticity

How synapses can retain long-term memories while experiencing constant
molecular and structural changes is a conundrum. In 1949, Donald Hebb proposed
activity-dependent synaptic plasticity to underlie learning, which is now known as the
“‘Hebbian theory” (Hebb, 1949). Besides Hebbian types, AP-independent forms of
synaptic plasticity also exist. Plastic changes are further categorized according to
duration into short- and long-term forms, and according to effect into facilitating or
depressing. Moreover, a given plasticity type is described by its pre- or postsynaptic
nature. The overview below lists MF characteristic plasticity forms as compared to
more archetypal synapses, with a special emphasis on short-term presynaptic
facilitation (for general review see Pan and Zucker, 2009; Fioravante and Regehr,
2011; Kaeser and Regehr, 2014).

4.1. AP-dependent

Activity-dependent synaptic plasticity is the most thoroughly studied form.
Initially, studies used only artificial stimulation protocols, but nowadays more
physiological patterns are also applied. The hMFB is characterized by its low basal
release probability, and distinctive presynaptic facilitation —i.e. Paired Pulse
Facilitation (PPF), Frequency Facilitation (FF), and presynaptic Long-Term
Potentiation (preLTP) (Harris and Cotman, 1986; Salin et al., 1996; Henze et al.,
2000; Nicoll and Schmitz, 2005; Rollenhagen and Lubke, 2010; Clarke, 2012;
Evstratova and Toth, 2014). Postsynaptic changes also play a role in MF STP, and

they are of paramount importance at other synapses.
4.1.1. Short-Term Plasticity

Plasticity lasting from milliseconds to minutes is said to be “short-term” (STP).
The probability of release often determines the direction of STP: normally a high-
release probability synapse tends to depression, while a low-release probability
synapse has more chances to facilitate upon repetitive stimulation. Besides release
probability (Pr), neurotransmission also depends on the number (n) of primed
vesicles, and the amount/quanta (q) of neurotransmitter contained per vesicle (for the
most important factors in Pr, n and q, see Figure 22). Notice that q depends also on
the amount of postsynaptic receptors that can be activated. Furthermore, the giant
MF-CA3 synapse, can engage multisite release (equivalent to coincident

multisynaptic release on the same dendrites), which has been recently reported to
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act in tandem with multivesicular release in MF STP (Chamberland et al., 2014), and

to depend on calcium coupling (Vyleta and Jonas, 2014) (see Figure 22).
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Figure 22 Key determinants of neurotransmission and MF model (A-C from Ariel and Ryan,
2012 and D from Chamberland et al., 2014).
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The most commonly established form of STP relates to changes in the
amplitude of EPSCs occuring following a pair of pulses consecutively applied within a
range of few milliseconds (typically 40 to 500 ms). This is thought to rely on residual
calcium (Fioravante and Regehr, 2011). At MF-CA3 synapses this results in roubust
facilitation (Nicoll and Schmitz, 2005). Another form of pronounced facilitation at this
synapse results from increasing stimulation frequency from basal (0.1Hz) to
moderate (1-3 Hz) (Salin et al., 1996; Breustedt et al., 2010), but the mechanisms for
this Frequency Facilitation (FF) remain elusive. Short trains/bursts of activity also
lead to facilitation at Mf-synapses. At higher frequencies, the timing and efficacy of
release is crucial, but GCs seems to be evolutionary adapted to fire at higher rates
(Bischofberger et al., 2002). Further STP forms have been described and
characterized including: augmentation and PTP (Fioravante and Regehr, 2011),
spike-timing-dependent plasticity (STDP) (Rebola et al., 2007; Lanore et al., 2009),
depolarization-induced potentiation of excitation (DPE) (Carta et al., 2014a), and
metaplasticity (Rebola et al., 2011). Co-release of Zinc can affect NMDA trasmission
at many synapses (Paoletti et al., 2009), including MF-CA3 synapses (Vogt et al.,
2000; Frederickson et al., 2006; Pan et al., 2011; Vergnano et al., 2014).

Activity-dependent analog plasticity is also remarkable at MFs, where the AP
can be broadened in a regulated fashion (Geiger and Jonas, 2000; Debanne et al.,
2011; Carta et al., 2014a) (see Figure 23). Finally, a membrane lipid, arachidonic
acid, is released after activity at postsynaptic CA3 pyramidal cells and acts as a
retrograde messenger at the presynaptic mossy fiber, broadening the AP by
modulating voltage-gated potassium channels, thus leading to robust facilitation of
synaptic transmission (Carta et al., 2014a, commented in Welberg, 2014 and
Schmitz et al., 2014).

4.1.2. Long-Term Plasticity

Longer activity changes are termed as “long-term”, and include potentiation
(LTP) and depression (LTD) forms. Classical LTP relies on NMDA receptor activation
and subsequent increase in AMPAR responses, but at MF-CA3 a presynaptic
NMDA-independent form of LTP (preLTP) also exists (Harris and Cotman, 1986).
NMDA/AMPA ratio at MFs is lower (Monaghan and Cotman, 1982) and subunit
expression is distinct from other brain areas (Berg et al., 2013). Besides reports
under experimental conditions, plasticity has also been observed in vivo (Hagena

and Manahan-Vaughan, 2010), and after more physiologically relevant stimulation by
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natural spike patterns recorded from GCs during spatial navigation (Dobrunz and

Stevens, 1999; Sachidhanandam et al., 2009).
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Figure 23 Analog, digital and mixed transmission (from Debanne et al., 2013)

4.2. AP-independent

Synaptic plasticity is known to result also in an action potential-independent
manner. This type of plasticity plays a role for instance in homeostatic processes
(Lee et al., 2013, commented in Chater and Goda, 2013). Furthermore, nicotine and
caffeine-mediated release has been reported to occur at MF synapses (Sharma and
Vijayaraghavan, 2003; Cheng and Yakel, 2014). Other forms of AP-independent
plasticity at MF-CA3 synapses involve activation by phorbol ester (Honda et al.,
2000), by insulin (Burgo et al., 2013), and by reelin (Bal et al., 2013). Subthreshold
depolarization of GCs has been reported to attain MFBs (Alle and Geiger, 2006), and

to affect the function of the CA3 recurrent network (Brandalise and Gerber, 2014).
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5. Neuronal Tracing

Understanding the mechanisms that affect synaptic function —ranging from
neurodevelopment and synaptogenesis, to circuit rewiring due to homeostasis,
pathologies, or memory encoding- requires knowledge of the synaptic connectivity.
Neuroanatomists have used a range of neuronal tracers to visualize neuronal
connectivity. At the end of the 19™ century, the concepts of neuron, synapse, and
directionality of synaptic transmision were infered, partly, by visualizing neuronal
morphology revealed by the random staining pattern of Golgi’'s reazione nera.
Rudimentary tracing methods of that time relied on physically damaging fibers by
surgical, thermoelectric or chemical means (Waller, 1850). This approach was later
combined with subsequent selective staining —i.e. heavy metal staining for severed
myelinated axons (Marchi and Algeri, 1885; Pitman et al., 1972), and silver affinity
staining for both myelinated and unmyelinated axons) (Nauta, 1952; Fink and
Heimer, 1967). Pathological changes at the somas, of those cells with severed
axons, helped identify the brain region of origin for the given projection. Staining

techniques till this point were based on physical diffusion of dyes in fixed tissue.

In the 1970s, a new neuroanatomical era blossomed with the breakthrough of
tracers that can use active physiological transport in living neurons (Kristensson and
Olsson, 1971; Kristensson et al., 1971; LaVail and LaVail, 1972). Many pioneering
tracing techniques came out from Krister Kristensson’s laboratory (i.e. Evans blue,
horseradish peroxidase, herpes simplex virus), and from Martin Schwab’s laboratory
(i.e. wheat-germ agglutinin and tetanus toxin C-fragment). Neuronal tracers can be
further classified by two criteria: the spreading direction and their ability to cross
synapses (or not). If a tracer travels from the soma through the axon to presynaptic
terminals, it is refered as “anterograde”. On the other hand, if a tracer is transported
in the opposite direction, from presynaptic terminals back to the soma, it is refered as
“retrograde”. Some tracers can travel both antero- and retrogradely. According to the
other criterion, we can differentiate between conventional tracers and trans-synaptic
tracers. A conventional tracer is a chemical probe that allows neuronal labelling, thus
elucidating which brain areas are interconnected, as well as the identity and location
of the traced neurons. However, they do not cross synapses. Tracers that can jump
from one cell to another are called trans-synaptic, and can be either viral or non-viral
(see Table 4). A state-of-the-art tool to unravel neuronal connectivity combines

neurotropic viral vectors and fluorescent proteins, which enables neuronal infection,
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self-replication, and trans-synaptic spread that literally “lights up” the entire circuit
(Kuypers and Ugolini, 1990; Callaway, 2008; Ekstrand et al., 2008). Today,
neurotropic viral vectors also allow to monitor network activity, to manipulate the
activity and/or genome of the circuit, and their infection can be restricted to a defined
population by using mutant mouse lines, stem cell-derived neurons, or transfection

techniques (i.e. single-cell electroporation, helper viruses).

5.1. Conventional Tracers

Current knowledge in systems neuroscience is based to a large extent on
studies using conventional anterograde and retrograde tracers (Cowan, 1998; Luo et
al., 2008; Lichtman and Denk, 2011). Over the past 40 years, these studies have
described connectivity between brain areas and the identity of the projecting
neurons. In spite of this, conventional tracers cannot be used to accurately elucidate
neuronal connectivity because they cannot cross synapses. These tracers exploit
intrinsic cellular transport to label the cell. The most widely applied conventional
tracer is biotinylated dextran amine (BDA) (Glover et al., 1986; Veenman et al.,
1992). Dextran-based tracers are macromolecules conjugated with fluorescent dyes
(i.e. fluorescein, rhodamine, or lysine), and their transport direction depends on
molecular weight and pH. For instance, BDA 10kDa is of widespread use for
anterograde tracing, while BDA 3kDa is the prevailing choice for retrograde tracing
(Reiner et al., 2000). Conventional tracers have been routinely complemented with
techniques like electrophysiology and/or immunohistochemistry. Common tracers are
listed in Table 3, but the advantages and limitations of non-trans-synaptic traces will
not be directly addressed, for review see Lanciego and Wouterlood, 2011;
Wouterlood et al., 2014.
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Table 3 Neuronal tracers (modified from Carter and Shieh, 2009)

Direction
Tracer Comments
(order)
Golgi staining n/a Random staining pattern
Physical i
diffusion Heavy metals n/a “active physiologioal tansport.
Selective silver staining n/a Combined with induced lesions
Biotinyated detran | g | oo decton f ereeer
amine (BDA) pH; can be visualized by EM
Cholera toxin, Mainly Mav qo anterogradel
4 subunit B (CTB) retrograde e gradely
§ Diamidino yellow Retrograde Produces yellow fluorescence
s Dil. DIO Both Lipophilic dye crystals; mainly
—_ ’ used in fixed tissue
©
g Fast blue Retrograde Stable, rapid labeling
= Fluorescent i i i ;
‘-dé; microsoheres Retrograde Available in rgggglogiliferent colors;
>
S Fluoro-Gold Retrograde Widely used, rapid labeling
(&) Horseradish peroxidase Prodqces t_>rown precipitate a_fter
HRP) Retrograde reaction with _hyd_rogen pgr_omde
( and DAB (diaminobenzidine)
Phaseolus vulgaris- Plant lectin; can be visualized by
. Anterograde ’
leucoagglutinin (PHA-L) EM
- _ _ _ _ Anteroarade Detected by aL_Jtoradiography;
o Radioactive amino acids Ig only tracer virtually 100%
S (poly) anterograde
% Normally nontoxic fragments; can
= BoNTs be used to label genetically
- 'w | Clostridial toxins Retro?rade defined neural circuits; cloning
o E TTC (poly) vector; disruption of activity
g’ = possible
§ 2 BL Both Often conjugated with HRP for
0 . ot detection; can be used to label
E’ Plant lectins WGA (poly) genetically defined neural circuits;
% cloning vector
.E Diffusion MRI or DTI n/a Non-invasively used in humans;
0| © myelinated fibers only
< e ) Broad host range, including
= HSV Both possible humans; can be used to label
51 (poly) genetically defined neural circuits;
7] . cloaning vector
% Herpesviruses Does not infect primates; less
© : X
= virulent bartha strain most
PRV Retrog?rade commonly used; can be used to
(poly) label genetically defined neural
circuits; cloaning vector
J Retrograde Can be used to label genetically
> RABV (poly or defined neural circuits; tropism
mono) can be modified; cloaning vector
Rhabidoviruses Infects neurons and glia by
Anterograde diffusion; can be used to label
VSV (poly or genetically defined neural circuits;
mono) tropism can be modified; cloaning
vector
Other (sindbis, semliki, Both possible | Direction, order, and properties
AAV, lenti, CAV-2, , etc.) | (mainly poly) vary depending on viral strain
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5.2. Trans-Synaptic Tracers

Conventional tracers label only direct antero- and retrograde projections.
However, functional networks include second-order connections, and beyond. Trans-
synaptic tracers also appeared in the 1970s, allowing for the study of multisynaptic
circuits. As mentioned above, they are further categorized according to whether they
infect cells (viral tracers) or not (non-viral tracers). The use of viruses is
advantageous because they are “genetic machines”, thus they naturally amplify
labeling, and recent genetically modified viruses achieve: specificity of infection
(initial cell type and/or extent), choice of direction, and cloning vector capability. On
the other hand, certain species or strains of viruses spread also non-synaptically, and
all viruses are more or less cytotoxic. Such cytotoxicity has implications for both the
study and the experimenter. This drawback has been reduced with the introduction of
less aggressively spreading strains. Nonetheless, eventual mutations should never
be disregarded. Therefore, the biosafety of research facilities needs to be certified
and in the case of rabies virus use, prior vaccination is mandatory for researchers.
Non-viral tracers are generally safer for the experimenter (except for radioactive
amino acids), but can also induce physiological changes. Moreover, many non-viral
tracers can also be genetically encoded. In contrast with viruses, the signal of most
of them is diluted with each synaptic step, limiting tracing to 2" order neurons. Non-
conventional tracers can be targeted with cell-type specific promoters (Huh et al.,
2010).

5.2.1. Non-Viral Tracers
5.2.1.1. Radioactive Amino Acids

Neurons, as any other cell, absorbe amino acids to incorporate them into
polypeptides, some of which are eventually transported anterogradely to synaptic
terminals, secreted, and uptaken by postynaptic cells. Radioactive amino acids like
H leucine and >H proline (“*H” is pronounced “tritiated”) were established in the
second half of the 20" century as tools to visualize uptake and transport mechanisms
in the nervous system by autoradiography (Droz and Leblond, 1962, 1963). The
systematic use as neuronal tracers came a decade later from the hand of Anita
Hendrickson and collaborators (Cowan, 1972). This tracing method is the only one
virtually 100% anterograde (Hendrickson, 1982}).
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5.2.1.2. Plant Lectins

Lectins are plant proteins with a high-affinity binding to certain sugars, such as
glycoproteins on the neuronal plasma membrane. Bound lectins are subsequently
internalized and transported within the cell, including to neurites. Not all lectins are
trans-synaptic  (i.e. Phaseolus vulgaris-leucoagglutinin, or PHA-L). Two
representative cases that can cross synapses are wheat-germ agglutinin (WGA)
(Schwab et al., 1978), and barley lectin (BL) (Horowitz et al., 1999). WGA weights
18kDa and it is a cysteine-rich lectin that binds to N-acetylglucosamine and sialic
acid of carbohydrate moieties part of glycoproteins or glycolipids. Its function is to
protect wheat from insects, yeast and bacteria but it poses no danger for the
experimenter. However, lectins can affect synaptic physiology —i.e. lectin-dependent
desensitization of AMPA/Kainate receptor (Thio et al., 1992), and lower release
probability (Vyklicky et al., 1991). Initially, WGA was traced by radiolabeling, but
shortly after it was conjugated with HRP (Schwab et al., 1978; Gonatas et al., 1979).
Besides immunodetection against HRP, lectins can now be detected using also
antibodies against a lectin (i.e. anti-WGA recognizes both WGA and BL, since both
species belong to the triticeae tribe) (Horowitz et al., 1999). Recently, WGA variants
fused to fluorescent proteins have been produced —i.e. WGA:GFP (Oh et al., 2009),
and WGA: DsRed (Sugita and Shiba, 2005; Oh et al., 2009) (see Figure 24). Finally,
WGA has been use as genetic tool (Braz et al., 2002) and it has been combined with

rabies virus tracing (Wall et al., 2010)

A. Non-specific promoter ~WGA
B. Non-specific promoter ERLOECI N
C.

Non-specific promoter WGA

i Cre-mediated recombination

D. TTC-GFP

3

r. [ Caliype-spesiic promoler | GFP [IES| WGA-Dsfled |

o. [CarypesaepEmeer Al  + | wo[TTCAP-

Figure 24 WGA and TTC-based constructs for neuronal tracing (from Huh et al., 2010)
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5.2.1.3. Clostridial Toxins

Of the bacterial toxins, those with the highest neuronal specificity are the
clostridial toxins —i.e. botulinum neurotoxins (BONTs), and tetanus neurotoxin
(TeNT). TeNT is the toxin most developed for tracing. This toxin is taken up by nerve
terminals at the neuromuscular junction and retrogradely transported to trans-
synaptic spinal cord interneurons (Habermann et al., 1973). Trans-synaptic spread
was demonstrated by autoradiography in the 1970s by another tracing pioneer,
Martin E. Schwab (Schwab and Thoenen, 1976). He soon found that TeNT, as WGA,
could be used as a tracer conjugated with HRP (Schwab et al., 1978; Schwab and
Agid, 1979). However, this approach was limited by rapid development of clinical
symptoms and consequent death of the experimental animals. TeNT binds to
neurons through its nontoxic C fragment (TTC) (Bizzini et al., 1977), which was
thereafter used as neuronal tracer (Bizzini et al., 1980). To my knowledge, TTC was
the first trans-synaptic tracer to be used as a carrier, when it was fused to /lacZ (Coen
et al., 1997). As for WGA, in the last decade TTC has been also fused to a
fluorescent protein —i.e. TTC: GFP (Kissa et al., 2002; Maskos et al., 2002; Roux et
al., 2005; reviewed in Huh et al., 2010). Furthermore, targeted genetical expression
of tetanus toxin light chain has been used to disrupt synaptic transmission (Harms
and Craig, 2005; Ehlers et al., 2007). A drawback of the TTC fragment is that, since it
lacks the translocation domain, it is retained in endosomes. TTC has been fused to
diphteria toxin C and T domains to obtain translocation properties (Francis et al.,
2000). Longer persistance in the cytoplasm has been achieved by a nontoxic
derivative of another clostridial toxin: BoNT/A, which normally cleaves SNAP25
(Pellett et al., 2011; Vazquez-Cintron et al., 2014). Besides the use as neuronal
tracers, clostridial toxins are also clinically useful as immunotoxins against cancer

and viral infections, and can be misused as biological weapons.
5.2.1.4. Diffusion MRI or DTI

This method is a breakthrough for non-invasive human brain tracing. It
combines magnetic resonance imaging (MRI) and computer algorithms called
“tractography”. In 1990, Michael Moseley described water diffusion in white matter as
anisotropic, and to be optimally fitted by a tensor (Moseley et al., 1990). Without a
clear mechanistic understanding, the obvious application for tract tracing in the
human brain was developed based on the assumption that the direction of the fastest

diffusion should be indicative of the orientation of the fibres as first shown by Le
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Bihan and collaborators (Douek et al., 1991). This method is known as diffusion MRI
or DTI (for “diffusion tensor imaging”). DTI data from large fascicles and tracts are
analyzed with tractography softwares to reveal the trajectories of white matter fiber
bundles (Conturo et al., 1999). However, only the path is unveiled but not its
direction. Another disadvantage of DTI, as compared to histology, is the current low
resolution of the images and unfeasible application to unmyelinated fibers.
Howevers, both drawbacks are constantly improved by advances in MRI and

computing technologies.

DTI has led to a new discipline called “connectomics”, paralelly put forward in
2005 by Patric Hagmann and Olaf Sporns (Hagmann, 2005; Sporns et al., 2005). In
his Ph. D. thesis titled “From diffusion MRI to brain connectomics”, Hagmann (2005)

defines the concept of “connectome” as follows:

“Accordingly, It is clear that, like the genome, which is much more than
just a juxtaposition of genes, the set of all neuronal connections in the brain is
much more than the sum of their individual components. The genome is an
entity it-self, as it is from the subtle gene interaction that li[ffe emerges. In a
similar manner, one could consider the brain connectome, set of all neuronal
connections, as one single entity, thus emphasizing the fact that the huge
brain neuronal communication capacity and computational power critically

relies on this subtle and incredibly complex connectivity architecture”

Besides its revolutionary application in human brain tracing, DTI has also been
used in rodents. An example of DTI tracing of the hippocampal mossy fiber can be

seen in Figure 25 (Ropireddy and Ascoli, 2011).
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granule cell mossy fiber
granule cell dendrite

Figure 25 DTI tracing of the hippocampal mossy fiber (adapted from Ropireddy and Ascoli,
2011).

5.2.2. Viral Tracers

The application of viral infections for neuronal tracing arises from the ability of
certain viruses, known as neurotropic viruses, to trans-synaptically infect neurons.
Viruses are obligate parasites which are not alive, thus they are not phylogenetic.
Therefore, Linnaean taxonomy to classify viruses goes from order to strain (i.e. only
3 orders are in use, so many viruses are not assigned to any order). Alternative
classification also exist, like the Baltimore and LHT classifications. The former places
viruses into 7 classes according to method of replication and nucleic acid
characteristics (i.e. DNA or RNA, single- or double-stranded, and sense or anti-
sense). The LHT classification also differentiates between DNA and RNA viruses,
plus other physical and chemical characteristics (i.e. symmetry, presence of
envelope, diameter of capsid, number of capsomers). The first neurotropic virus
considered for tracing was a species of the Herpesviridae family: the Herpes simplex
virus (Kristensson et al., 1974; Ugolini et al., 1987). The other main family used for
tracing is the rhabidoviridae family (see Table 4). Herpes simplex virus type 1
(HSV1), together with pseudorabies virus (PRV), and the fixed Challenge Virus
Standard (CVS) strain of rabies virus (RABV), are the main trans-synaptic viral
tracers used in their naturally occuring variants with subsequent
immunohistochemical detection. Decades of studies have significantly advanced our
knowledge of neuroanatomic connectivity, especially for higher orders of connectivity.

RABV-CVS can practically trace an unlimited number of synapses, however, all
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viruses are more or less cytotoxic. Thus, the longer the infection time, the more
synapses traced, but also the more likely the 1! order neurons would have died.
Moreover, RABV-CVS and the Bartha strain of PRV spread predominantly
synpatically, but other species or strains spread also non-synaptically (reviewed in
Callaway, 2008; Van Den Pol et al., 2009; Ugolini, 2010). These drawbacks of
natural strains have been addressed by recent genetic modifications. Additional
modifications have exploited further the potential of neurotropic viruses to incorporate
marker genes, control tracing direction, limit synapse crossing to mono-synaptic
partners, and to exploit viruses beyond labeling (i.e. strategies to monitor or
manipulate activity/genomics of connected neurons or entire circuits). This field has
boomed during the last decade and many advances are still expected in the short-
term. For instance, neurotropic viruses that belong to other families and are not
currently used for neuronal tracing, could be developed in a few years. Besides their
use in tracing, neurotropic viruses are developed for opposing ends in therapy and

biowarfare.

Table 4 Classification and properties of the most remarkable viral tracers (modified from
Beuret, 2000)

o Nucleic acid RNA DNA
5 I I I I I I |
£ gfy'g‘arggitay lcosahedral | cosahedral Helical Helical | cosahedral lcosahedral | cosahedral
o | | | | | | |
s Enveloped  Enveloped Enveloped Enveloped Naked Enveloped Enveloped
g omeloped | I | | | I |
g Genome (+)|ss (+|)ss (-)|ss (-)lss ssli|near c?s c?s
6 .
architecture oolnt ocint 00||1t | . (+)(|:ur(—) Iiniaar Iinlea
Baltimore Class v v \') v 1l | |
| | I I I I I
g Order LhasTigned U1as‘i:;igned I\/brme?aviraies I\/bnonelgaviraieﬁ UlasTigned herpeslvirai&s herpe-..lvireies
'E Family togavliridae togaxlfiridae rhabdolviridae rhabd?viridae parvo?/iridae herpe?l,viridae herpeslviridae
=
ﬁ Subfamily n/a n/a n/a n/a parvovirinee a-herpesvirus a-herpesvirus
5 I I | | | I
E Genus dphelwirus aiph?virus Iyssalvirus vesiaulovirus dependqlaa'vovirus sinﬂ?xvirus varioelllwirus
s " | . .
= . sindbis  semliki forest s Herpes simplex  pseudorabies
Species virus, Virts rabies virus =Y ARV p\i'?usm s
_‘_G"E*!r ‘ 1_9-‘5"'* ‘
?"Qg«} 2’*—..,} % % ¢
S homerase ) ) (+) (+) () ) )
- | | | | | | |
E diameter (nm) 60-70 60|-70 70-85x1|30-380 70-85x|130-380 18|-26 150|-200 150i200
Q .
& Genomesize(kb) 5 12 11.9 (5) 11-12 (5) 4.7 (2) 152 (80) 143 (72)
(genes) | | |
Cloning
e 5 5 5] <5 <5 100 100
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5.2.2.1. Herpesviridae

The herpesviridae family consists of double-stranded DNA, icosahedral,
enveloped viruses. Their genome encodes approximately 80 genes in its 150 to 200

thousand base pairs. They can be used as vectors for up to 100kb.
a) Herpes Simplex Virus (HSV)

Also known as human a-Herpesvirus, this was the first trans-synaptic viral
tracer (Kristensson et al., 1974; Ugolini et al., 1987). Initially, natural strains of herpes
simplex virus type 1 (HSV1) were used for tracing. Most strains can travel in both
direction, but the Mcintyre-B strain goes exclusively retrogradely, and the H129 strain
predominantly spreads anterogradely (reviewed in Callaway, 2008). Later on, the fact
that around half of the 80 genes encoded by HSV are not essential for its replication
(Mocarski et al., 1980), was exploited to use HSV for gene transfer, and as a vector
coding for antisense RNA to reduce NMDA receptor expression (reviewed in Van
Den Pol et al., 2009). In the past years, a recombined HSV containing the brainbow

cassette has also been produced (Card et al., 2011).
b) Pseudorabies Virus (PRV)

PRV, as HSV, is part of the a-Herpesviruses subfamily, but it belongs to the
varicellovirus genus instead of the simplexvirus. PRV is also known as Herpes suis
or porcine a-Herpesvirus, and it cannot infect primates. Thus, it is a safe choice for
experiments in non-primate species. It should be mentioned to avoid confusion that,
althought it is called pseudorabies, it is NOT a rabies virus (i.e. “pseudorabies” was
used due to the similarities between its infection-induced behaviors and those
caused by RABV infection). Initally used natural PRV strains can also travel in
different directions: the Becker strain can go in both, while the Bartha strain is
preferentially retrograde (Loewy, 1998; Aston-Jones and Card, 2000). Later on, a
modified PRV variant was develop to replicate conditionally in cre-expressing cells
(DeFalco et al., 2001).

5.2.2.2. Rhabdoviridae

In contrast to herpesviruses, the rhabdoviruses are helical and contain single-
stranded, antisense RNA. Importantly for potential modifications, both families are
enveloped. The rhabdoviruses' genome is much smaller (around 12 kb) and it
encodes only 5 genes. Therefore, their cloning capacity is also limited to just 5kb.
One of the genes encodes the glycoprotein (G) that the new virions incorporate as
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envelope after replication, which is also exploited for generation of recombinant

variants.
a) Vesicular Stomatitis Virus (VSV)

The vesicular stomatitis virus (VSV) is a species of the vesiculovirus genus.
Wild-type VSV has been reported to be actively transported in both directions
(Lundh, 1990). However, the recombinant variants generally employed spread
principally by diffusion, infecting both neurons and glia (van den Pol et al., 2002).
Neuroscientists have started to use VSV rather recently. What makes it an interesting
virus in tracing is its capability to rapidly infect and replicate. It has been reported to
infect cells within one hour (Van Den Pol et al., 2009), and to cross to 1% order
neurons 30 minutes after starter-cell infection (Kretzschmar et al., 1996; Wagner and
Rose, 1996). Thus, VSV can potentially be used for in vitro electrophysiology
recordings of previously infected slices, which would overcome the risk of cutting
axons when infection is previously done in vivo. Furthermore, the heterogenous VSV
cell specificity can be modified by pseudotyping VSV with another viral envelope and
replacing the native glycoprotein (VSV-G) by that of another virus, while specific
initial infection can also be achieved by selectively expressing an exogenous
envelope-complementary surface protein in a cell or cell population. Both approaches
were combined in a recent study to obtain a monosynaptic VSV tracer that can go
anterogradely if the new G comes from the lymphocytic choriomeningitis virus
(LCMV-G), and retrogradely if it is from the rabies virus (RABV-G) (Beier et al.,
2011). However, the same authors reported a year later that the VSV (LMCV-G)
findings were due to contamination with native VSV-G, and that pure VSV (LMCV-G)
infect mostly glia and just few anterograde neurons (Beier et al., 2012). They could,
however, replicate in vivo the findings for the VSV (RABV-G) (Beier et al., 2013a, b).

b) Rabies Virus (RABV)

The other main species of the rhabodoviridae family used for tracing is the
rabies virus (RABV), which belongs to the lyssavirus genus and has been widely
applied for retrograde labeling. A distinction should be done between the two
different RABV tracing strategies applied so far. On the one hand, naturally occurring
strains, such as RABV-CVS, have been used for poly-trans-synaptic tracing
combined with posterior immunohistochemical detection. On the other hand, modified
variants of the Street Alabama Dufferin B19 (SAD B19), commonly used in vaccines,

have been developed to allow more sophisticated applications, not limited to tracing
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(see Figure 26). An overview of those strains, as well as potential new variants, is
provided below. Importantly for tracing application, there are viral mechanisms that
have evolved to reduce CNS damage while enabling viral spread (Hemachudha et
al., 2013) (see Figure 27 for RABV replication cycle). Thus, the least cytotoxic strains
are the most advantageous for tracing, as damage is minimal. It should not be
dismissed that, although new strains are attenuated and/or modified, they all exhibit a
certain degree of cytotoxicity, which has implications for both the infected cells and
the experimenter. RABV spontaneously mutates at higher rates than DNA viruses
(Gomme et al., 2011). Therefore, interpretations of results need to account for
cytotoxicity, the biosafety of research facilities needs to be certified, and researchers

must be vaccinated before any experiment is carried out.

A B Definitions of rabies virus strains

® Rabies virus street virus: an isolate from a naturally

infected animal, for example a dog or fox.

Gl tein (G . . . . .
50‘?:;""{‘ S L membrane * Fixed rabies virus: a rabies virus that has been passaged

in tissue culture or animals. Fixed rabies virus can be
vimirna  pathogenic or non-pathogenic. The term fixed indicates
only that the incubation period and virulence has been
stabilized.

297aa

e Pathogenic rabies virus: a strain that typically causes
rabies after peripheral inoculation.

¢ Attenuated rabies virus: a strain with a greatly reduced

RNA-dependent Matrix protein (M)
RNA polymerase (1 Nucleoprotain () 202aa ability to cause rabies after inoculation into an animal.
aa 450aa

* Neurotropic rabies virus: a strain that preferentially
infects primary neurons or neuronal cell lines.

* Non-neurotropic rabies virus: a strain that infects
neuronal cells at a level less than or equal to other cell

types.

Figure 26 Rabies virus virion structure (left) and definitions of strains (right) (from Albertini et
al., 2011, and Schnell et al., 2010, respectively)
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Figure 27 RABYV entry into neurons (left) and repllcatlon cycle (right) (modified from Schnell et
al., 2009)

b1) Wild Type RABYV (fixed variants)

These were the first RABV strains used, both for tracing and rabies virus
vaccines. Besides tracing, early neuroanatomist like Ramén y Cajal observed tissue
samples from RABV-infected animals to describe the pathophysiological

consequences on cellular morphology (see Ramoén y Cajal, 1906).

RABV was shown to be suitable for neuronal tracing in rodents and primates
(Astic et al., 1993; Ugolini, 1995; Kelly and Strick, 2000). These reports remarked the
low cytotoxicity, the timely spread, and the practically restricted neuronal specificity.
The seminal work carried out by in parallel by Ugolini and Kelly paved the way for the
wide application of the CVS-11 strain, which was used alone or combined with
conventional tracers to unveil circuits in many animal models (reviewed in Gomme et
al., 2011).

b2) Modified RABV (recombinant variants)

The second generation of RABV variants were characterized for being
pseudotyped and/or genetically modified. The most revolutionary modification
introduced the expression of a fluorescent reporter, which is amplified by native cell
expression and yields a bright visualization of traced neurons. Modified RABV

variants have been used for advanced tracing, but also in vaccines for rabies and
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other infectious diseases of viral and bacterial origin (Wiktor et al., 1984; Thomas and

Luxon, 2013). The main variants for tracings are listed below.
b2.1) VSV Pseudotyped and Glycoprotein-deleted RABV

RABV naturally spreads strictly retrogradely: it enters through presynaptic
terminals and is transported to the cell body (see Figure 27). The glycoprotein
encoded in the RABV gene ‘G’ is responsible for trans-synaptic spread (Etessami et
al., 2000). Glycoprotein-deleted RABV (RABV AG) variants cannot spread trans-
synaptically. A gene coding a fluorescent reporter can be inserted instead of G.
Finally, by pseudotyping RABV particles with the VSV envelope, RABV can infect
also anterogradely: enter the cell through the soma and subsequently label neurites
(Haberl et al., 2014). Thus, this technique labels first order neurons anterograde to

the site of infection but it does not trace trans-synaptically.
b2.2) EnvA Pseudotyped and Glycoprotein-deleted RABV

As in the previous variant, RABV AG particles were pseudotyped, in this case
with the evelope from ASLV-A (for “Avian Sarcoma and Leukosis Virus A”), termed
EnvA, which complemented with expression of TVA (i.e. cognate surface membrane
protein for the avian virus, which is not present in mammalian cells) in a cell or a
population can limit initial infection to a defined target without further trans-synaptic
spread (Wickersham et al., 2007a). If the glycoprotein is not deleted, EnvA
pseudotyped RABYV infection is limited to the target and higher-order neurons are

poly-transsynaptically traced (Nguyen et al., 2012).
b2.3) EnvA pseudotyped RABV AG and RG expression

If EnvA pseudotyped RABV AG is complemented with TVA and RABV
glycoprotein (RG) expression, only the defined target cell or population is infected,
but in this case the mono-trans-synaptic retrograde neurons are also traced (spread
stops in the 2"%order cells since RG is not expressed) (see Figure 28) (Wickersham
et al., 2007a, b). Using this approach anterograde trans-synaptic tracing has also

been reported from primary sensory neurons to CNS neurons (Zampieri et al., 2014).
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Figure 28 WT and modified RABY tracing (modified from Ginger et al., 2013).

It is possible to trace networks of a targeted starter cell and a cell population
by using single-cell electroporation and Cre-dependent helper viruses, respectively
(see also the use of stem cell-derived neurons: Garcia et al., 2013). This techniques
are used to express RG and TVA in the cell or cell population of interest, permitting
subsequent RABV AG(EnvA) infection to be limited to the predefined target(s).

Modified RABV variants have been widely applied including:

- improved transsynaptic tracing (Miyamichi et al., 2013 reviewed in Dum and
Strick, 2013).

- double recombinant viral transsynaptic tracing (Ohara, 2009; Ohara et al.,
2013)

- cre-dependent tracing (Wall et al., 2010; Sun et al., 2014)

- single-cell starter and poly-transsynaptic tracing (Nguyen et al., 2012)

- single-cell starter and mono-transsynaptic tracing (Marshel et al., 2010)
- tracing of excitatory or inhibitory neurons (Liu et al., 2013)

- unveiling monosynaptic circuits such as:

1) new born GC neurons (Vivar et al., 2012; Deshpande et al., 2013; Vivar and
Van Praag, 2013). This was achieved by using the Moloney murine leukemia virus
(MMLV) as helper virus to express the TVA, RG, and fluorescent reporters, as this

virus only spreads in dividing cells.

2) Hippocampus : CA2-EC Il (Rowland et al., 2013) and Weible et al., 2010
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3) Olfactory system (Choi et al., 2008; Arenkiel et al., 2011; Choi and
Callaway, 2011)

4) in vivo tracing of a single cell: Marshel et al., 2010 (SCE), Rancz et al.,

2011; Velez-Fort et al., 2014 (via whole-cell transfection)
b2.4) New RABYV variants

Furthermore, neurotropic viral vectors have been recently combined with
genetically encoded calcium indicators, with molecules to control neuronal activity
(i.e. rhodopsins, allostatin receptor), or with recombinases for conditional expression
of specific genes (i.e. reverse tetracycline transactivator, flippase recombinase, Cre),
rendering this technique extremely valuable for physiologists. For new versions see
Osakada et al., 2011 (see Figure 29).

5.2.2.3. Other Neurotropic Viruses

Besides the viruses covered above, which are the most widely exploited for
current tracing approaches, there are several other viruses with a great potential.
Among them are viruses of the following neurotropic families: parvoviridae (i.e. AAV),
adenoviridae (i.e. CAV-2), retroviridae (i.e. lentivirus), togaviridae (i.e. sindbis virus
and semliki forest virus), paramyxoviridae (i.e. measles and mumps), or
picornaviridae (i.e. polio and coxsackie). Although all these viruses exhibit
neurotropism to some extent, and can potentially act as tracers, not all of them are
currently used for this purpose. This is not an exhaustive list, but advances in the

short-term are more likely expected in the ones mentioned.
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Figure 29 Beyond labeling: trans-synaptic tracing strategies to monitor or manipulate
activity/genomics of connected neurons or entire circuits. (A-F from Ginger et al., 2013 and G-I

from Arenkiel, 2011)
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6. Scope of This Work

Since its first description, mossy fibers and the synapses they make onto CA3
neurons have been characterized by their particular morphology. Numerous
physiological studies have reported MF-CA3 synapses to be distinct with a wide
dynamic range of presynaptic facilitation stemming from a low initial release
probability and multiple glutamate release sites. Nevertheless, the specific molecular

mechanisms underlying the specific synaptic properties remain in great part elusive.
This work is composed of two main parts:
1) Phenotyping hippocampal mossy fiber synapses in VAMP7 KO mice

We investigated the molecular mechanisms of presynaptic plasticity at
hippocampal mossy fiber synapses by carrying out a detailed physiological
characterization of a KO mouse for TI-VAMP/VAMP?7.

2) CA3 circuits probed with RABV-tracing and paired recordings

We developed a technique to establish paired recordings between connected
dentate gyrus granule cells and CA3 pyramidal cells (GC-CA3) in mouse
hippocampal organotypic slice cultures with the perspective to allow refined
characterization of presynaptic parameters of MF-CA3 synapses. To identify direct
presynaptic partners to a defined target CA3 pyramidal cell, we combined single-cell
electroporation (SCE) and mono-trans-synaptic tracing based on a pseudotyped,
recombinant rabies virus (EnvA pseudotyped RABV AG). Using SCE we transfected
a single CA3 pyramidal cell per slice with the plasmids encoding: RABV envelope
glycoprotein (RG), a fluorescent reporter, and TVA (EnvA cognate surface receptor
which has no homologue in mammalian cells). The slices were subsequently infected
with EnvA pseudotyped RABV AG. After 3-4 days, the RABV mono-trans-synaptic
tracing revealed the presynaptic inputs of that single neuron. Then, we were able to
establish paired recordings between connected GC-CAS3 cells, as well as to quantify

the inputs to the starter CA3 pyramidal cell.
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Phenotyping Hippocampal Mossy Fiber Synapses in VAMP7 KO Mice

Results & Discussion
Phenotyping Hippocampal Mossy Fiber Synapses in VAMP7 KO Mice

A current endeavour in cellular neuroscience is to better understand the
molecular determinants of plasticity mechanisms. Given the rich expression of the
vesicular SNARE TI-VAMP/VAMP7 in hippocampal mossy fibers, we decided to
phenotype transmission at this synapse in an available knockout mouse model
(Danglot et al., 2012).

Reports quantify the expression of VAMP2 in around 70 copies per synaptic
vesicle (Takamori et al., 2006). The alternative vSNARE, TI-VAMP/VAMP?7, is highly
expressed in a subset of terminals, including hippocampal mossy fibers (MF)
(Muzerelle et al., 2003), and possibly at many other synapses (Hua et al., 2011). It
remains unknown how many copies are present per vesicle, and whether all vesicles
in MF boutons (MFBs) express VAMP2 and/or VAMP7. Furthermore, the adapator
protein-3 (AP-3) packages VAMP7, ZnT3 and PIl4Klla, together with other cargos,
into synaptic vesicles that may form a subpool (Martinez-Arca et al., 2003; Salazar et
al., 2004). It has been shown that ZnT3 is only present in a subset, around 17%, of
MF SVs (Lavoie et al.,, 2011). Thus, two possible scenarios exist in VAMP7-
expressing (WT) animals: a single pool of mixed vSNAREs (Table 1.A1), or 2 pools
of different vSNAREs (Table 1.A2); a further variable, whether ZnT3 is absent or
present, makes it four possible scenarios for KO (see Table 1.B1-2, and C1-2,

respectively).

For the sake of simplicity, recycling pathway differences are not shown in
Table 1. However, they are a potential source of pool sorting, as VAMP7-containing
vesicles might be bulk endocytosed, and refilled with neurotransmitter(s) via an
indirect way route that passes through endosomes, from which SV budding is AP-3-
mediated (Blumstein et al.,, 2001; Cheung and Cousin, 2012), and spared when
clathrin function is disrupted (Zlatic et al., 2013). On the other hand, VAMP2-
containing SVs can be endocytosed through either short routes (i.e. kiss-and-run, or
kiss-and-stay), if not fully fused with the plasma membrane, or through clathrin-
depedent endocytosis if fully fused, from which SV budding is AP-2-mediated (Koo et
al., 2011; Gordon and Cousin, 2013; Poudel and Bai, 2014).
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Table 1. Hypotheses VAMP?7 pools and zinc release

From B1
Golgi in

: o : e
L ) N )

For instance, in calcyon KO mice, a protein that regulates the subcellular
distribution of AP-3 and the targeting of AP-3 cargoes, ZnT3 and PIl4Klla seem to be
decreased at hMFs (Muthusamy et al., 2012), while a similar Pl4Klla decrease was
also observed in mocha mice, which lack the AP-36 subunit (Salazar et al., 2005).
Disruption of AP-3 in mocha neurons resulted in loss of ZnT3 targeting, while
synaptophysin, which was reduced in PC12 cells after AP-2 disruption, was not
altered (Salazar et al.,, 2004). Moreover, in mocha mice evoked transmission is
normal but spontaneous miniature EPSCs (mMEPSCs) release frequency is increased
(Scheuber et al., 2006). This might be explained by the absence of SNARE complex
clamping exerted by the longin domain of VAMP7. Furthermore, asynchronous
release was shown to be selectively diminished in AP-3b2 KO mice (Evstratova et
al., 2014).

We first characterized basal properties like spontaneous transmission, EPSC
amplitude, failures, evoked short-term plasticity —including paired-pulse ratio (PPR)
and frequency facilitation (FF). Then we looked at evoked and asynchronous release
triggered by short or long bursts of activity. Finally, we checked the possible
implication of VAMP7 in the co-release of zinc with glutamate by monitoring NMDA
EPSCs.
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At the moment, we are testing a possible action-potential-independent
facilitation through alpha-7 nicotinic acetylcholine receptors (a7-nAChRs). But those
experiments are not included in this work. The rest of the data is presented below in

an article format, currently under preparation.
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Abstract

VAMPY7 is a vesicular SNARE of the longin family that localizes to axons and
dendrites during development, where it has been shown to be important in neurite
growth. In the adult brain, VAMP7 is enriched in a subset of nerve terminals,
particularly in hippocampal mossy fibers (MFs) originating from the dentate gyrus.
We analyzed the VAMP7 function in neurotransmitter release by detailed functional
characterization of MF synapses onto CA3 pyramidal cells in knockout mutant mice
for VAMP7. We have evaluated the role of VAMP7 in different forms of short-term
synaptic plasticity and in a potential contribution of the co-release of glutamate and
zinc. Albeit extensive, this analysis in mice has not revealed any significant impact of
the loss of VAMP7 for basal properties of synaptic transmission, for short-term
plasticity, for asynchronous release and for the ability of MF vesicles to release ionic
zinc. The potential role of VAMP7 in the structural and functional organization and

plasticity of the presynaptic compartment is discussed.



Introduction

At chemical synapses, neurotransmitter release relies on synaptic vesicle (SV)
exocytosis. This process is mediated, like all other intracellular membrane fusion
events, by SNARE (for “soluble N-ethylmaleimide-sensitive factor attachment protein
receptor”) proteins present at vesicles (v-SNAREs) and at the target membrane (t-
SNARES) (also called R- and Q-SNAREs respectively, according to the conserved
arginine or glutamine residue) (Weber et al., 1998). SNAREs are small (14-40 kDa)
membrane-bound proteins that contain the 60-70 amino-acid o—helical coiled-coil
domain called the SNARE motif (Jahn & Scheller, 2006). The interaction between
opposed v- and t-SNAREs impels the formation of a trans-SNARE complex, or
SNAREpin, in which four SNARE motifs zipper into a four-helix bundle that brings the
membranes together and ultimately catalyzes their fusion (Sollner et al., 1993; Weber
et al., 1998). The human genome encodes 38 SNAREs, with numerous members in
each subfamily, which results in a large array of possible combinations (Gordon et
al., 2010). Particular SNARE collections reside predominantly in specific subcellular
compartments, where they are specialized for individual intracellular fusion reactions
(Jahn & Scheller, 2006). However, there are redundancies in fusion pathways, such
as a SNARE complex which functions at multiple compartments, or several SNARE

complexes mediating the same membrane fusion.

v-SNARESs are classified into the following subfamilies: the “longins”, which
contain the N-terminal longin domain (LD) extension of ~120 residues, and the
“brevins”, which are shorter (Filippini et al., 2001). The main SV SNARE is the brevin
synaptobrevin2/VAMP2 (for “vesicle-associated membrane protein” 2). Its canonical
partners at the plasma membrane are syntaxin1 and SNAP-25. In the absence of
VAMP2, evoked and spontaneous neurotransmission are reduced to around 1% and
10% of control respectively (Schoch et al., 2001). In normal physiological conditions,
two VAMP2 molecules are sufficient for SV exocytosis (Sinha et al.,, 2011). A
prototypic SV contains ~70 VAMP2 copies, but also lower levels of noncanonical v-
SNAREs such as Vtila, VAMP4 and VAMP7 (also called “tetanus neurotoxin-
insensitive” or TI-VAMP) (Takamori et al., 2006; Wilhelm et al., 2014). The
expression of these alternative v-SNAREs probably explains the residual synaptic
transmission in VAMP2 KO mice. The remaining debate is whether low levels of
these v-SNAREs play a role in SV exocytosis in the presence of VAMP2. The
existence of SV populations expressing different v-SNARES, or at different ratios, has

been proposed to account for distinct forms of SV exocytosis (for review see Ramirez
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and Kavalali, 2012). However, others claim a unique origin for SVs, independently of
whether their mode of release is evoked or spontaneous (for review see Kaeser and
Regehr, 2014).

VAMP7 is a longin that was first shown to associate with SNAP-23, and
syntaxin3 in clostridial neurotoxin-resistant exocytotic processes at the apical plasma
membrane of epithelial cells (Galli et al., 1998). VAMP7 has been reported to
mediate lysosomal and granule exocytosis in several cell types (Chaineau et al.,
2009) including neurons (Burgo et al., 2012). Depending on the cell type, VAMP7 can
interact with several t-SNAREs (syntaxin1, 3, 4, 6, 7, 8 and 10; SNAP-23, -25 and -
29; and Vti1b), but neither with syntaxin 13, nor 16 (for review see Rossi et al., 2004).
VAMP7 is the SNARE of secretory lysosomes contributing to ATP secretion from
astrocytes (Verderio et al., 2012), and to zinc secretion from HelLa cells (Kukic et al.,
2014). Furthermore, VAMP7 localizes to axons and dendrites during development
(Coco et al., 1999), where it has been shown to be important in neurite growth in
cultured neurons and in vivo (Alberts et al., 2003; Gupton and Gertler, 2010;
Racchetti et al., 2010). In the adult brain, VAMP7 is enriched in a subset of nerve
terminals, particularly in mossy fibers originating from the dentate gyrus granule cells
as indicated by strong labeling in the projecting region (the stratum lucidum) in CA3
(Muzerelle et al., 2003).

The LD of VAMP7 targets it to SVs by binding to the d-subunit of the clathrin-
coat AP-3 (AP335) (Scheuber et al., 2006). In mocha mice, which lack AP35, SVs do
not contain VAMP7 and the zinc-transporter ZnT3 —among other cargos, and the SV
and RRP size have been reported to be increased (Newell-Litwa et al., 2010; Danglot
and Galli, 2007). The LD also inhibits the formation of SNARE complexes (Martinez-
Arca et al., 2003; Vivona et al.,, 2010; Schéafer et al., 2012). Thus, VAMP7 has a
lower capacity than VAMP2 to assemble in SNARE complexes. Decreased
membrane fusion efficiency due to the LD affects neurite outgrowth (Martinez-Arca et
al, 2000; Martinez-Arca et al., 2001), as well as SV release (Hua et al., 2011; Burgo
et al., 2013). VAMP7-mediated exocytosis relies on tyrosine 45 phosphorylation by c-
Src kinase, which happens after treatment with insulin but not after depolarization or
intracellular calcium rise (Burgo et al., 2013).

VAMP7-containing SVs remain in a pool reluctant to fuse, and which seems to
engage preferentially in spontaneous neurotransmitter release in crayfish (Hua et al.,
1998) and rodents (Scheuber et al., 2006; Hua et al., 2011; Ramirez et al., 2012).
Furthermore, asynchronous release was shown to be selectively diminished in AP-
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3b2 KO mice (Evstratova et al, 2014). Recently, Reelin has been reported to
enhance such spontaneous release in an action potential-independent manner (Bal
et al., 2013).

Loss of VAMP7 in mice does not cause major developmental or neurological
deficits (Sato et al., 2011; Danglot et al., 2012), but it has been associated with
increased anxiety-related behavior (Danglot et al., 2012). In addition, neurite
outgrowth showed a moderate reduction in cultured mutant hippocampal neurons
(Sato et al., 2011), albeit no overt sign of this defect was found in vivo (Danglot et al.,
2012). Here, we set out to analyze VAMP?7 function in neurotransmitter release and
presynaptic forms of synaptic plasticity by characterizing synaptic transmission at

hippocampal MF-CA3 synapses in VAMP7 knock-out mice.



Materials and Methods
All experiments were performed in accordance with the European Communities
Council Directive of 24 November 1986 and the European Directive 2010/63/EU on

the Protection of Animals used for Scientific Purposes.

Animal procedures and genetically modified mice

Mice were housed in a temperature — and humidity- controlled animal colony on a
12h dark-light cycle with food and water available ad libitum. VAMP7 knockout (KO)
mice were generated as described in Danglot et al., 2012. WT and VAMP7 KO mice

were male littermates.

Slice Electrophysiology

Parasagittal hippocampal slices (320 ym) were obtained from 18- to 25-day-old male
VAMP7 KO mice and WT littermates. Slices were transferred to a recording chamber
in which they were continuously superfused with an oxygenated extracellular medium
(95% O2 and 5% CO2) containing 125 mM NaCl, 2.5 mM KCI, 2.3 mM CaCl2, 1.3
mM MgClI2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM glucose (pH 7.4).
Bicuculline (10 yM) was present in the superfusate of all experiments. Whole-cell
voltage-clamp recordings were made at room temperature (except for NMDA EPSCs
and mEPSCs, which were made at ~32°C) from CA3 pyramidal cells under infrared
differential interference contrast imaging with borosilicate glass capillaries, which had
resistances between 4-8 MQ. For MF-CA3 EPSCs at -70 mV, the patch electrodes
were filled with a solution containing 140 mM CsCH3S03, 2 mM MgCI2, 4 mM NacCl,
5 mM phospho-creatine, 2 mM Na2ATP, 0.2 mM EGTA, 10 mM HEPES, and 0.33
mM GTP (pH 7.3) adjusted with CsOH. For NMDA EPSCs the patch electrodes were
filled with a solution containing (in mM): 120 cesium methanesulfonate, 2 MgCI2, 4
NaCl, 5 phospho-creatine, 2 Na2ATP, 20 BAPTA, 10 HEPES, 0.33 GTP (pH 7.3)
adjusted with CsOH.

MF-CA3 EPSCs were evoked by minimal intensity stimulation via a glass electrode
(about 1 pym tip diameter) positioned in the hilus region of the dentate gyrus.
Stimulation pipettes were filled with 1M NaCl and stimulation pulses in basal
conditions were provided at 0.1 Hz (200 ms duration, 5 - 40 V and 15 - 30 mA
amplitude). MF synaptic currents were identified according to the following criteria:
robust low frequency facilitation, low release probability at 0.1 Hz, rapid single rise
times (~1 ms), and decays free of secondary peaks that may indicate the presence of

polysynaptic contamination.



The access resistance was < 20 MQ and recordings were discarded if it
changed by > 20 %. No series resistance compensation was used. Recordings were
made using an EPC 9.0 or EPC 10.0 amplifier, which were run with Pulse and Patch
Master software (HEKA Elektronik, Lambrecht/Pfalz, Germany), respectively. Data
were filtered at 3 kHz, digitized at 10 or 20 kHz, and stored on a personal computer

for additional analysis.

To record NMDA EPSCs, cells were voltage-clamped at +40 mV and NMDA EPSCs
isolated by blocking AMPA and kainate receptors with 20 uM NBQX. The selective
GABAg receptor antagonist CGP 55845 was also added at 3 pyM to better record

responses to trains of stimuli.
To record mEPSCs, 0,5 uM TTX was added to the extracellular medium.

Bicuculline methochloride, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzol[flquinoxaline-2,3-
dione (NBQX), D-(-)-2-amino-5-phosphonovaleric acid (D-APV), CGP 55845, and

TTX were from Tocris. All other compounds were from Sigma-Aldrich.

Data Analysis and Statistics

Data were analyzed using IGOR Pro (Wavemetrics, Lake Oswego, OR). Results are
expressed as mean + SEM, unless otherwise indicated; n indicates the number of
different cells. Statistical comparisons were performed using Student’s t test and
statistical significance was set at 0.05. Statistical comparison between normalized
data was performed using nonparametric Mann-Whitney test. EPSP amplitudes
during trains of stimulation were obtained by measuring the maximal amplitude value
reached during the train of EPSPs. Statistical analysis was performed with GraphPad

Prism software.

Immunohistochemistry

Mice were anesthetized with pentobarbital (60 mg/kg, ip) then intracardially perfused
with 4% paraformaldehyde (PFA) in PBS. Tissues were postfixed for 1 hin 4% PFA
and cryoprotected in PBS-sucrose 30% (w/v) overnight. Cryotome sections (50 um)
were incubated in PBS-NH4CI (20 min, room temperature) and permeabilized in PBS
+ 0.1% Triton, 0.2% gelatin (PBSTg). Sections were then incubated for 2 days at 4°C
with the primary antibodies in PBSTg and with the secondary antibodies for 3 h.
Controls without primary antibody were always negative. Specimens were observed
with a 20x oil immersion objective, followed by a 1.1 digital zoom magnification.
Images were acquired on a Leica SP5 confocal microscope by sequential scanning
of the emission lines. Alexa 488 was detected by using the 488 nm-line of an argon



laser for excitation; Cy3 and Cy5 were respectively excited by the 543 nm-line of a
green neon laser and the 650 nm-line of a helium neon laser. Typically, sections
(4096 X 4096 pixels), with an interval of 0.32 ym, were scanned three times, to

optimize the signal/noise ratio. Quantifications were performed using ICY software.

The antibodies used were: against TI-VAMP/NVAMP7 (described in Muzerelle et al.,
2003), rabbit polyclonal anti-Munc13-1 (Synaptic Systems), mouse monoclonal anti-
ZnT3 (Synaptic Systems), and rabbit polyclonal anti-VIAAT (provided by B. Gasnier,

Paris).



Results

The expression of presynaptic proteins in the stratum lucidum is moderately
affected in VAMP7 KO mice

Because VAMP?7 is highly expressed in the hippocampal MF track, we tested
whether the loss of the presynaptic VAMP7 impacts on the expression of canonical
presynaptic proteins in the stratum lucidum (sl), the region where MFs make synaptic
contacts onto CA3 cells. We used immunolabeling for several presynaptic proteins,
and expression intensity in VAMP7 KO mice was normalized to the average WT
expression. VAMP7 staining was completely lost in KO (Figure 1A). Munc13-1
(Figure 1B) protein was used as a canonical presynaptic marker. Munc-13-1
intensity increased to 180% + 48 (n=2 for both WT and KO, >20 confocal
slices/animal). This increase in Munc13 intensity could be interpretated as an
increase in synapse density. To answer this question, we quantified the amount of
synaptic boutons by measuring the density of Munc-13 puncta in the stratum
lucidum. Here again the density of Munc13 puncta was increased in the 2 KO (140%
+ 12 of the WT), suggesting an increased density of synaptic terminals. To rule out a
potential general effect on excitatory and inhibitory synapses, we proceeded to the
labeling of GABAergic presynaptic boutons with a VIAAT (Vesicular Inhibitory Amino
Acid Transporter) staining. In contrast to Munc13 staining, VIAAT intensity (Figure
1C) remained unchanged (94% % 5, n=2 animals, >20 confocal slices/animal). We
found that the intensity of Munc13 was stable in stratum pyramidale and stratum
radiatum (99.5 + 9% in stratum pyramidale, and 87£19% in stratum radiatum),
indicating that the increase of synaptic density was specific to stratum lucidum where
MF terminals are enriched. Because, VAMP7 targeting in presynaptic terminals is
dependent on the molecular adaptor AP3, we also checked the expression of the
zinc transporter ZnT3, a presynaptic vesicular molecule whose targeting is also AP3-
dependent. In VAMP7 KO mice, ZnT3 intensity (Figure 1D) decreased to 67+16% (n
=2, >20 confocal slices/animal), indicating that ZnT3 is still able to reach the
presynaptic MF boutons in the absence of the VAMP7 vSNARE on the AP3 vesicles.
qual transmission and short-term plasticity are not impaired in VAMP7 KO
mice

We tested the potential role of VAMP7 in controling neurotransmitter release
and plasticity at MF-CA3 synapses. We recorded CA3 pyramidal cells in the whole-
cell voltage clamp mode in slices from WT and VAMP7 KO mice, and we evoked MF-
EPSCs by minimal stimulation of MFs with an electrode positioned in the DG
(Marchal, 2004) (Figure 2A). The average amplitude of MF-EPSCs evoked at a
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frequency of 0.1Hz was not significantly different beteween the two genotypes (WT:
46.7 £ 5.3 pA, n=14; VAMP7 KO: 39.2 £ 2.9 pA, n =15; P value = 0.2184) (Figure
2B). The rate of failure of MF-EPSCs, which is indicative of the initial release
probability at MF-CA3 release sites, was similar in WT and VAMP7 KO mice (22.7
5.6% and 23.3 + 3.9%, respectively, P value = 0.9306) (Figure 2C). These results
indicate that the basal properties of MF-CA3 synapses are not affected by the loss of
VAMP?.

We then examined whether different forms of short-term plasticity were altered
in VAMP7 KO mice. Differences in the extent of paired-pulse facilitation, consisting in
two stimulation separated by a short time interval (e.g 40 ms), is generally used to
test for changes in release probability. Paired-pulse ratio (PPR) was slightly higher in
VAMP7 KO mice, but this tendency did not reach statistical significance (4.7 £ 0.7 in
VAMP7 KO vs. 3.5 £ 0.5 in WT, P value = 0.2155) (Figure 2D, E). MF-CA3 synapses
undergo a rather unique form of presynaptic plasticity named frequency facilitation
(FF). FF corresponds to the marked facilitation of MF-CA3 synaptic transmission
upon increasing the steady rate of stimulation from low (0.1 Hz) to moderate (from
0.5 to 3 Hz). FF was not significantly altered in VAMP7 KO mice (WT: 388 £ 19 %, n
= 14; VAMP7 KO: 418 £ 47 %, n = 15; Student’s unpaired t test, P value = 0.5782)
(Figure 2F-H). We also tested synaptic facilitation by stimulating MFs with either five
or ten stimuli at 20Hz (Figure 3). MF-EPSC facilitation, as normalized to the average
amplitude of the first stimulus, was not affected for neither train stimuli number
(Figure 3B and F), although the amplitude of the first EPSC in either of the trains was
higher for VAMP7 KO slices (42.6 £ 7.6 pA in VAMP7 KO vs. 30.1 £ 5.0 pA in WT for
5 stimuli, and 47.2 £ 5.7 pA in VAMP7 KO vs. 34.3 £ 7.3 pA in WT for 10 stimuli). It
could be that the great variability masks eventual significant differences (Student’s
unpaired t test, P value = 0.2087 and 0.175 respectively) (Figure 3C and G). Finally,
the charge for each train was also slightly higher in mutant mice (20.2 + 2.1 pC in
VAMP7 KO vs. 15.6 £ 1.6 pC in WT for 5 stimuli, and 36.5 £ 5.7 pC in VAMP 7 KO
vs. 30.6 £ 6.3 pC in WT for 10 stimuli), but this was not statistically significant
(Student’s unpaired t test, P value = 0.1062 and 0.5424 respectively) (Figure 3D and
H).

Spontaneous release is not altered in VAMP7 KO slices

Immunocytochemical labeling of Munc13 indicate a possible increase of
synaptic release sites in VAMP7 KO mice. Functionally this could be translated into
increased spontaneous release activity. Unexpectedly, neither the frequency nor the
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amplitude of mMEPSCs were altered in VAMP7 KO mice (Figure 4). mEPSCs
recorded in CA3 pyramidal cells arise from MF synapses as well as from A/C and
perforant path glutamatergic synapses. We separated synaptic events according to
their amplitude, considering that MF-CA3 EPSCs display on average higher quantal
size (Henze et al.,, 2002). The frequency of large mEPSCs (>25pA) was not
significantly different in both genotypes (0.92 + 0.17 Hz, n=23 in WT vs 1.20 £ 0.19,
n=23 in VAMP7 KO). It this appeared that evoked and spontaneous EPSCs are not
significantly altered in VAMP7 KO mice.

Plasticity of evoked MF-EPSCs after long bursts is not altered by loss of
VAMP7

ZnT3-containing (Lavoie et al., 2011) and VAMP7-containing (Hua et al.,
2011) SVs have been reported to be released more reluctantly. We thus reasoned
that synaptic release events evoked after long trains of stimulation could be impaired.
In order to further investigate the release of the RRP, we applied 5 s-trains at 10, 20,
and 40 Hz (Figure 5). Similarly to shorter trains, when MF-EPSC amplitude was
normalized to the average of the first stimuli, the extent of plasticity evoked by long
trains was also unaffected (Figure 5). The amplitude of the first EPSC in either of the
trains were not significantly different between the two genotypes for 10, 20 Hz and 40
Hz trains (10Hz: 165 + 39 pA vs. 123 £ 66 pA in WT; 20Hz: 166 + 25 pA vs. 115 £ 32
pA; 40Hz: 129 + 22 pA vs. 143 £ 65 pA; Student’s unpaired t test, P value = 0,5652;
0,2401, and 0,8063 respectively).

Asynchronous release after short and long bursts is not altered by loss of
VAMP7

Treatment of cultures with TeNT revealed an asynchronous release
component in WT but not in slices of mocha mice, and no asynchronous release was
observed in TeNT-untreated explants by stimulation at 0.1 Hz (Scheuber et al.,
2006). We thus investigated asynchronous release in VAMP7 KO mice.
Asynchronous MF-EPSCs occur during several hundreds of ms following prolonged
bursts of stimulation (Figure 6). We calculated for each genotype the average
number of asynchronous events and median amplitude (per bins of 10ms), in the 500
ms preceding and following short bursts (i.e. trains of five and ten stimuli at 20 Hz)
(Figure 6A and D). Next, we compared the frequency of events in the 100 ms post-
stimulation, as a ratio of the events in the 500ms baseline (Figure 6B and E). Those
frequencies did not differ in the absence of VAMP?7 after either number of stimuli (5st:
18.2 £ 5.3 Hzvs. 17.7 £ 6.5 Hz in WT, P value = 0.9561; 10st: 30.5 + 10.3 Hz vs. 26.1 £
5.8 Hz, P value = 0.7098). We also compared the cumulative probability of the
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asynchronous events (Figure 6C and F), without finding any disparity (Kolmogorov-
Smirnov test, P value = 0.1798 and > 0.9999, for 5 and 10st respectively). Finally, we
compared the average median amplitude of the preceding 500ms (‘pre’), the 100ms
post-stimulation (“10bins post’), and the 500ms post-stimulation (‘post’) (Figure 6G
and H). The one-way ANOVA tables for these multiple comparisons are shown below

(Supplementary Table 1 and 2, for 5 and 10st respectively).

We then examined whether asynchronous release following long bursts of
stimulation was altered in the absence of VAMP7. Long bursts (namely trains of 5
seconds at 10, 20, and 40Hz (Figure 7) give rise to numerous and complex EPSCs
that follow bursts of stimulation for up to 500ms. Thus, instead of counting the
number of events, we chose to compare the charges of the first 500ms of each train,
the total train charge (5s), and the subsequent 500ms of asynchronous release
(Figure 7G, H, and I, respectively). The initial charge (1% 500ms) increased linearly
with increasing stimulation frequency, and despite a higher charge at all frequencies
in KO slices, this tendency did not reach statistical significance (Figure 7G and
Supplementary Table 3). On the other hand, the total train charge and asynchronous
charge attained a maximum at 20 Hz, and decreased at 40 Hz, while no significant
difference was observed between genotypes (Figure 7H and |, and Supplementary
Table 4 and 5, respectively). Overall our comparison did not reveal any significant
differences in the ability of MF-CA3 synapses to evoke asynchronous release in the
absence of VAMP?7.

Synaptic release of zinc in the absence of VAMP7

The targeting of the zinc transporter ZnT3 depends on the molecular adaptor
AP3 like VAMPT. This suggests that VAMP7 is expressed in zinc containing vesicles.
Although the expression of ZnT3 is only moderately decreased in VAMP7 KO mice,
we tested whether zinc release form MF terminals may be affected in the absence of
VAMP7. To examine the dynamics of zinc release at excitatory synapses, in
particular at MF-CA3 synapses, we took advantage of the high nanomolar sensitivity
of the GIuN2A NMDAR subunit for zinc (Vergnano et al, 2014). Despite the presence
of the GIuN2A subunit at MF-CA3 synapses, it has been recently shown that a single
synaptic event is unable to produce zinc modulation of NMDA currents at this low
release probability synapse, while modulation is apparent at higher release
probability SC-CA1 synapses and at MF-CA3 synapses which were conditionally
shifted to higher release probability (Vergnano et al., 2014).

12



We recorded from NMDA-mediated EPSCs at + 40 mV in the presence of
NBQX to block AMPA and kainate receptors. To allow to detect modulation of
NMDA-EPSCs by synaptically released zinc at MF-CA3 synapses, we increased
release probability by conditioning with 10 stimuli at 3 Hz, then applied a train of 7
stimuli at 25 Hz (Figure 8). This protocol should enable to evaluate whether the
amount of zinc being relased at MF-CA3 is altered in VAMP7 KO mice, by the extent
of NMDA-EPSC inhibition during the train. We found no difference in the NMDA-
response to the train at 25 Hz between the two genotypes (Figure 8) indicating that

zinc is released at comparable levels in WT and VAMP7 KO mice.
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Discussion

VAMP7 is a synaptic v-SNARE abundantly expressed in the hippocampal
stratum lucidum, the region where MFs make synaptic contacts with CA3 pyramidal
cells and interneurons. In mocha mice, which are deficient in functional AP-3, VAMP7
is similarly lost in hippocampal MF terminals, whereas the localization of
synaptobrevin 2 is unaffected (Scheuber et al, 2006). In these mice, evoked MF-CA3
transmission is normal, but spontaneous miniature EPSCs (mEPSCs) release
frequency recorded in CA3 pyramidal cells is increased (Scheuber et al., 2006). The
loss of VAMP7 and the absence of SNARE complex clamping exerted by the longin
domain of VAMP7 seemed most likely to explain the perturbation described in mocha
mice. The Longin domain of VAMP7 was recently further proposed to regulate
spontaneous release but not evoked release in cultured hippocampal neurons (Hua
et al., 2011). This prompted us to directly examine the consequences of the loss of
VAMP7 on spontaneous and evoked synaptic transmission and plasticity at MF-CA3

Syhapses.

Immunolabeling experiments confirmed the loss of VAMP7 in MF terminals
and showed moderate increase in the labeling intensity for the presynaptic protein
Munc13 which is consistent with an increase in synapse density, whereas no change
in the GABAergic marker VIAAT was observed. Our detailed electrophysiological
analysis has provided no evidence that functional properties of MF-CA3 synapses
were affected by the loss of VAMPY. In contrast to findings in mocha mice, we found
no significant difference in the frequency of spontaneous EPSCs in CA3 pyramidal
cells, even when restricting the analysis to EPSCs of higher amplitude (>25 pA),
which likely arise form MF synapses (Henze et al., 2002). The basic properties of
evoked EPSCs, using a minimal stimulation protocol were not affected, indicating no
overt change in the quantal parameters and release probability. In addition, the
frequency and amplitude of asynchronous events, which occur in a delayed manner
following short trains of stimulation were not different in the two genotypes.
Interestingly, this form of synaptic release was recently shown to be selectively
diminished in AP-3b2 KO mice (Evstratova et al, 2014). Overall, our data suggest
that the synaptic phenotype of mice lacking AP-3 cannot be accounted by a deficient
targeting of VAMP7 to MF synaptic vesicles. Disruption of AP-3 mediated
endocytosis should be considered. Similar to VAMP7, ZnT3 has also been shown to
be selectively present in vesicles derived through an AP- 3-dependent mechanism
(Kantheti et al, 1998), suggesting that the loss of VAMP7 may affect the release of a
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specific pool of vesicles containing zinc (Lavoie et al, 2011). Using a recently
described protocol to assess the dynamics of zinc at MF-CA3 synapses (Vergnano et
al, 2014), we observed that zinc was normally released during short trains of

stimulation at MF-C3 synapses.

VAMP7-containing vesicles have been shown to preferentially replenish
resting pool that contributes only minimally to evoked release but may comprise a
reluctantly released pool of vesicles (Hua et al, 2011). However, the compound
synaptic responses to long trains of stimulation were not impacted by the loss of
VAMPY7. In general, characteristic forms of short term plasticity at MF-CA3 synapses,
such as paired pulse facilitation, frequency facilitation or train facilitation were not
different in WT and VAMP7 KO mice.

The apparent lack of a synaptic phenotype is rather unexpected.
Compensatory mechanisms may be invoked. However there is clear evidence for
impairment in certain features of synaptic transmission (i.e spontaneous or
asynchronous release) in mice lacking AP-3 which also lack VAMP7 at MF-CA3
synapses (Scheuber et al, 2006; Estratova et al, 2014). Compensatory mechanisms
to explain the lack of an apparent phenotype in VAMP7 KO mice are not consistent
with a synaptic phenotype in AP-3 deficient mice. On the other hand, we found
altered expression of presynaptic proteins like Munc13-1 and ZnT3. Particularly, the
lack of Munc13-2 at MFs, leaving Munc13-1 as the only isoform expressed, has been
reported to result in decreased release probability, increased frequency facilitation,
and remarkable reduction of asynchronous release (Breustedt et al., 2010). The
paralog VAMP1, recently shown to be expressed in the subpopulation of neurons
that display release in the absence of VAMP2 (Zimmermann et al., 2014) may also

account for compensatory changes.

Loss of VAMP7 in mice does not cause major developmental or neurological
deficits (Sato et al., 2011; Danglot et al., 2012). VAMP7 KO mice display increased
anxiety (Danglot et al., 2012), and this behavior has been linked to the ventral
hippocampus (Ohara et al., 2013; Zarei et al., 2013). Hence synaptic transmission at
MF-CA3 synapses in the ventral hippocampus may be preferentially affected in the
absence of VAMP7 although we have no evidence for a differential regional
expression of VAMP7 in MFs.

Although rather extensive, our comparison study may have ommitted less

conventional roles for synaptic vesicle release. Of particular relevance, reelin acts
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presynaptically to enhance spontaneous release without affecting properties of
evoked neurotransmission in hippocampal cultured neurons, an action which requires
VAMP7 and SNAP-25 but not synaptobrevin2 (Bal et al, 2014). There is yet no
evidence for a reelin dependent enhancement of MF-EPSCs, and application of
reelin in a slice preparation may prove uneasy. However, activation of presynaptic
alpha7 nicotinic acetylcholine receptors similarly increase MF-EPSCs in an action
potential-independent manner, and this is mimicked by caffeine operating through
internal calcium stores (Sharma and Vijayaraghavan, 2003). It will thus be very
interesting to compare the effects of an alpha 7 nAChR agonist and/or caffeine on
MF-EPSCs in WT and VAMP7 KO mice. An additional possibility for a role of VAMP7
in MF axons relates to their localization to axons and dendrites during development
(Coco et al., 1999) and their potential role in neurite outgrowth (Sato et al, 2011). MF
terminals show prominent forms of structural plasticity, in particular in response to
one-trial learning (Ruediger et al, 2011) or following housing in an enriched
environment (Galimberti et al, 2006). We could further test the possibility that the
plasticity of MF filopodia which make synaptic contacts with CA3 interneurons could
be affected by the loss of VAMPY.

Overall, VAMP7 a v-SNARE particularly enriched at MF-CA3 terminals does
not appear to play a conventional role in synaptic transmission, and further work is

needed to shed light on its presynaptic function.
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Figures and Legends

- CAZ punci3

Figure 1. Sagittal sections of WT and KO hippocampus stained with DAPI plus VAMP?7,
Munc13, VIAAT and ZnT3.

A, VAMPY intensity is totally lost in KO. Scale bar=90 um. B, Munc13-1 expression seems increased
in KO. Scale bar=50 um. C, VIAAT expression is relatively constant. Scale bar=100 um. D, ZnT3
expression shows a decreasing tendency. Scale bar=100 um. CA2/CA3: Cornus Ammonis 2 and 3, sr:
stratum radiatum, sl: stratum lucidum, sp: stratum pyramidale, so: stratum oriens.
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Figure 2. Basal evoked transmission and short-term plasticity are unaltered in VAMP7 KO.

A, Schematic diagram of a hippocampal slice displaying the recording (right, in a CA3 pyramidal cell)
and stimulating electrodes (left, inside the dentate gyrus). B-C, Comparison for average basal EPSC
amplitudes and percentage of failures. D, Sample traces evoked by two stimuli with a 40ms inter-
stimulus interval and over-imposed average. E-F, Comparison for Paired Pulse Ratio (PPR) and
Frequency Facilitation (FF). G, Sample average traces evoked at 0.1 and 1Hz. H, Time course of FF,
EPSCs were normalized to the mean amplitude of the 10 min baseline at 0.1Hz (60 stimuli) preceding
the stimulation increase to 1Hz (60-120”’ stimuli), and final 30 stimuli at 0.1 Hz. The error bars
represent + S.E.M.
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Figure 3. Evoked plasticity by short bursts is not affected in the absence of VAMP7

A, Sample traces evoked by 5 stimuli at 20 Hz and over-imposed average. B, EPSC facilitation as
normalized to the average amplitude of the first stimulus. C-D, Comparison of the average EPSC
amplitude of the first stimulus, and average train charge. E, Sample traces evoked by 10 stimuli at 20
Hz and over-imposed average. F, EPSC facilitation as normalized to the average amplitude of the first
stimulus. G-H, Comparison of the average EPSC amplitude of the first stimulus, and average train
charge. The error bars represent + S.E.M.
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Figure 4. Spontaneous release is unaltered in VAMP7 KO.

A, Sample traces of mMEPSCs. B, Cumulative probability plot for the first 300 events of 23 cells. C-D,
Comparison of the average amplitude and frequency of mEPSCs. The error bars represent + S.E.M.
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Figure 5. Evoked plasticity by long bursts is not affected in the absence of VAMP?7.

A, Sample traces of average EPSCs evoked by 5s-trains at 10 Hz. B, Comparison of the average
EPSC amplitude of the first stimulus at 10 Hz. C, Sample traces of average EPSCs evoked by 5s-
trains at 20 Hz. D, Comparison of the average EPSC amplitude of the first stimulus at 20Hz. E,
Sample traces of average EPSCs evoked by 5s-trains at 40 Hz. B, Comparison of the average EPSC
amplitude of the first stimulus at 40 Hz. G-I, EPSC facilitation as normalized to the average amplitude
of the first stimulus for 5s-trains at 10, 20, and 40 Hz, respectively. The error bars represent + S.E.M.
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Figure 6. Asynchronous release after short bursts is not affected in the absence of VAMP7

A, From top to bottom, median amplitude and average number of events per 10ms bins, displayed
over sample traces of average EPSCs evoked by trains of five stimuli, flanked by overlaid sample
traces of baseline and asynchronous events. B, Comparison of the frequency of events in the 100ms
post-stimulation as ratio of the events during the preceding 500ms. C, Cumulative probability plot for
the asynchronous events. D, From top to bottom, median amplitude and average number of events
per 10ms bins, displayed over sample traces of average EPSCs evoked by trains of ten stimuli,
flanked by overlaid sample traces of baseline and asynchronous events. E, Comparison of the
frequency of events in the 100ms post-stimulation as ratio of the events during the preceding 500ms.
F, Cumulative probability plots for the asynchronous events. G,H, Comparisons of the average median
amplitudes of the events in: the preceding 500ms, the 100ms post-stimulation, and 500ms post-
stimulation, for trains of five and ten stimuli, respectively. The error bars represent + S.E.M.
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Figure 7. Asynchronous release during and after long bursts is not different in VAMP7 KO

A, Sample traces of average EPSCs evoked by 5s-trains at 10 Hz, including the preceding 500ms
baseline, and subsequent 500ms of asynchronous release. Charges calculated are represented by the
respective colored area (train charge includes both the blue and green areas). B, Overlaid sample
traces of 500ms baseline and asynchronous release, with calculated area colored in grey and orange,
respectively. C, Sample traces of average EPSCs evoked by 5s-trains at 20 Hz, including the
preceding 500ms baseline, and subsequent 500ms of asynchronous release. Charges calculated are
represented by the respective colored area (train charge includes both the blue and green areas). D,
Overlaid sample traces of 500ms baseline and asynchronous release, with calculated area colored in
grey and orange, respectively. E, Sample traces of average EPSCs evoked by 5s-trains at 40 Hz,
including the preceding 500ms baseline, and subsequent 500ms of asynchronous release. Charges
calculated are represented by the respective colored area (frain charge includes both the blue and
green areas). F, Overlaid sample traces of 500ms baseline and asynchronous release, with calculated
area colored in grey and orange, respectively. G-I, Comparisons between genotypes of the different
charges calculated for each frequency. The error bars represent + S.E.M.
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Figure 8. Zinc is normally released in the absence of VAMP7

A, The probability of release at mossy fiber synapses was increased by applying a
conditioning stimulus (ten stimulations at 3 Hz) prior to burst stimulation (seven
stimuli at 25 Hz). B, After the conditioning stimulus, burst stimulation induced similar
potentiation of NMDA-EPSCs in WT and KO slices, which indicates similar zinc release in

both genotypes. C, Data were normalized to the amplitude of the first NMDA-EPSC in the
burst and are presented as mean * S.E.M.



Supplementary Information
Supplementary Table 1 One-way ANOVA comparing average median

amplitude of events

around 5stim@20Hz

Test details Mean | Mean "I")?fi" Sd'?f:f wrlko| t |DF|Summary
preWT vs. preKO 14.95 | 16.34 | -1.397 | 4259 | 14 | 13 |0328|77| ns
o 10post WT vs. 15610P0St | 3372 | 33.19 | 05291 | 4.167 | 14 |13 [0.127 77| ns
POStWT vs. postKO 2273 | 21.99 | 0.7436 | 4.167 | 14 | 13 [0.179 |77 | ns
preWT vs. 1st 10post WT 14.95 | 33.72 | -18.77 | 4.015 | 14 | 13 | 4676 | 77| *==
preWT vs. postWT 14.95 | 2273 | -7.788 | 4.015 | 14 | 13| 194 | 77| ns
preKO vs. 1st 10post KO 16.34 | 33.19 | -16.85 | 4.402 | 14 | 13 |3.827 |77 | =
preKO vs. postKO 16.34 | 21.99 | -5.647 | 4402 | 14 |13 |1283|77| ns

Supplementary Table 2 One-way ANOVA comparing average median

around 10stim@20Hz

amplitude of events

Test details M\:ﬁn M:S" l\llljt?fz:n SdEif:f V\rI‘T Krl) t DF | Summary
preWT vs. preKO 125 | 15.06 | -2.56 9.651 8 [13]0.265 |15 ns
ro 10post WTvs. 15t 10Post | 4646 | 51.74 | 5279 | 9651 | 8 |13 [0.547 [15| ns
postWT vs. postKO 2717 | 28.79 | -1.619 9.651 8 [13]0.168 | 15 ns
preWT vs. 1st 10post WT 125 | 46.46 | -33.96 | 8.935 | 8 | 13 |3.801|15 *
preWT vs. postWT 125 | 27.17 | -14.67 8.935 8 [ 131642 |15 ns
preKO vs. 1st 10post KO 15.06 | 51.74 | -36.68 10.32 8 | 13355515 *
preKO vs. postKO 15.06 | 28.79 | -13.73 10.32 8 [ 13133115 ns

Supplementary Table 3. Two-way ANOVA comparing the charge of the 1°' 500ms of 5-second

trains at 10. 20. and 40Hz.

. Mean | Mean Mean SE of n n
Test details WT KO Diff. diff. WT | KO q |DF|Summary
WT
10 Hzvs. 20 Hz | 14.36 | 60.56 -46.2 22.72 6 | 6 |2.88 |45 Ns
10Hzvs.40Hz | 14.36 | 1114 -97.07 22.72 6 | 6 |6.04]|45 e
20 Hzvs.40Hz | 60.56 | 111.4 -50.87 22.72 6 | 6 |3.17 |45 Ns
KO
10 Hzvs. 20 Hz | 22.67 | 83.28 -60.61 16.78 11 |11 | 511 |45 o
10 Hzvs. 40 Hz | 22.67 | 1425 -119.8 16.78 11 |11 (101 |45 FrHE
20 Hzvs.40Hz | 83.28 | 142.5 -59.22 16.78 11|11 | 4.99 |45 >
multiple t tests | Mean1 | Mean2 P value
10Hz WT vs KO | 14.357 | 22.674 0.280626
20Hz WT vs KO | 60.555 | 83.282 0.259174
40HzWT vs KO | 111.43 | 1425 0.279246




Supplementary Table 4. Two-way ANOVA comparing the total charge of 5-second trains at 10.
20. and 40Hz.

Test details Mean | Mean M(-_)an SI% of n|n
WT KO Diff. diff. |WT|KO
WT
10 Hzvs.20Hz | 554.1 | 8454 -291.3 228.9 6 | 6| 1.8 |45 Ns
10 Hzvs. 40 Hz | 554.1 | 743.9 -189.8 228.9 1.17 | 45 Ns
20 Hzvs.40Hz | 8454 | 743.9 101.5 228.9 6 | 6 |0.63]|45 Ns
KO
10 Hz vs. 20 Hz 555 963.4 -408.4 169.1 11 | 11 | 3.42 |45 Ns
10 Hz vs. 40 Hz 555 766.3 -211.3 169.1 11 |11 [ 1.77 | 45 Ns

20Hz vs. 40 Hz | 963.4 | 766.3 197.2 169.1 11111 11.65 |45 Ns

q |DF|Summary

()]
»

multiple t tests | Mean1 | Mean2 P value

10Hz WT vs KO | 554.1 555 0.991365
20Hz WT vs KO | 8454 | 963.44 0.522161
40Hz WT vs KO | 743.89 | 766.29 0.938818

Supplementary Table 5. Two-way ANOVA comparing the charge of the 500ms asynchronous
release subsequent to 5-second trains at 10. 20. and 40Hz.

Test details Mean | Mean Mt?an SE_ of n|n
WT KO Diff. diff. |WT | KO
WT
10Hzvs.20Hz | 7.304 | 13.72 -6.417 5.083 6 | 6 |1.79|45 Ns
10 Hzvs.40 Hz | 7.304 | 14.47 -7.166 5.083 1.99 | 45 Ns
20Hzvs.40Hz | 13.72 | 14.47 -0.749 5.083 6 | 6 |0.21]|45 Ns
KO
10 Hzvs.20Hz | 10.39 | 17.97 -7.585 3.754 |11 |11 |2.86 |45 Ns

10 Hzvs.40Hz | 10.39 | 12.83 | -2.439 3.754 |11 |11 ]0.92 | 45 Ns

q |DF|Summary

»
o

multiple t tests | Mean1 | Mean2 P value

10Hz WT vs KO | 7.3037 | 10.389 0.274538
20Hz WT vs KO | 13.721 | 17.974 0.397194
40Hz WT vs KO | 14.47 | 12.828 0.763274

20Hzvs.40Hz | 17.97 | 12.83 5.147 3.754 |11 |11 ]1.94 |45 Ns
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CA3 Circuits Probed with RABV-Tracing and Paired Recordings

It was clear since the beginning of my Ph.D. project that studying presynaptic
mechanisms of synaptic plasticity at hippocampal mossy fiber synapses was
technically limited by the current recording paradigm: in vitro CA3 whole-cell
recordings probed with MF(s) extracellular stimulation. While this technique has
widely increase our knowledge about the physiology of MF-CA3 synapses, a single
fiber cannot be unequivocally stimulated, nor specifically targeted. Therefore, we
needed to develop a technique that would allow us to establish granule cell — CA3
pyramidal cell paired recordings. This is challenging due to the low connectivity
between these two populations. Acute slices make it even harder, as fibers can be
cut when dissecting, with the slicing angle determining to a large extent the chances
of success. Thus, we chose to use hippocampal organotypic slices and a viral tracing

strategy.

To identify direct presynaptic partners to a defined target CA3 pyramidal cell,
we combined single cell electroporation (SCE) and mono-trans-synaptic tracing
based on a pseudotyped, recombinant rabies virus (EnvA pseudotyped RABV AG).
This approach proved succesful to obtain GC-CA3 paired recordings and to quantify
presynaptic inputs to the starter CA3 pyramidal cell. Nonetheless, this technique is
still cumbersome for reasons that will be discussed. While certain drawbacks could
be improved, others are inalienable to the technique. The latter need to be
considered when evaluating the suitability of this method for a particular research

question.
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Abstract

Presynaptic modulation is a crucial factor in the adaptive capacity of the
nervous system. The coupling between incoming action potentials and synaptic
vesicle exocytosis is modulated by recent activity of presynaptic neurons, and by
activation of presynaptic receptors by external signals. The extent of synaptic
plasticity is remarkable at the hippocampal mossy fiber synapse onto CA3 pyramidal
cells. Here we develop a method to analyze such plasticity by recording pairs of
synaptically connected dentate gyrus granule cells and CA3 pyramidal cells (GC-
CA3) in mouse hippocampal organotypic slice cultures. To identify direct presynaptic
partners to a defined target CA3 pyramidal cell, we have combined single-cell
electroporation (SCE) and mono-trans-synaptic tracing based on a pseudotyped,
recombinant rabies virus (EnvA pseudotyped RABV AG). Using SCE we have
transfected a single CA3 pyramidal cell per slice with the plasmids encoding: RABV
envelope glycoprotein (RG), a fluorescent reporter, and TVA (EnvA cognate surface
receptor which has no homologue in mammalian cells). The slices were
subsequently infected with EnvA pseudotyped RABV AG. After 3-4 days the RABV
mono-trans-synaptic tracing reveals the presynaptic inputs of that single neuron.
Then, we were able to establish paired recordings between GC-CA3, as well as to
quantify the presynaptic partners of the starter CA3 pyramidal cell. This approach
has enabled us to study the mechanisms of presynaptic plasticity in conditions of
scarce connectivity between two neuronal populations. Furthermore, it allows the
simultaneous study of synaptic architecture and physiology in slices from both wild

type and mutant mice with altered neurotransmitter release.



Introduction

Synaptic connectivity in the hippocampus has been extensively studied due to
its well-defined cellular architecture. CA3 pyramidal cells are particularly interesting
for understanding the specific properties of different excitatory and inhibitory circuits.
Their connections onto CA1 pyramidal cells, known as Schaffer collateral [fiber] (SC)-
CA1 synapses, are among the most researched. Plasticity at these synapses is
considered to be representative of “canonical glutamatergic synapses”. The
excitatory inputs from granule cell mossy fibers have also been the subject of many
investigations. In contrast to SC-CA1 synapses, these synapses are known for their
particular morphology, distinct synaptic transmission and forms of presynaptic
plasticity. Moreover, the numerous recurrent connections (CA3-CA3), made it
possible to establish in vitro paired recordings by random double patch with a
reasonably high probability (MacVicar and Dudek, 1980; Miles and Wong, 1986;
Debanne et al., 1995; Pavlidis and Madison, 1999; reviewed in Le Duigou et al.,
2014). CA3-CA1 in vitro paired recordings have also been established by random
double patch (Sayer et al., 1990; Malinow, 1991; Debanne et al., 1995; Debanne et
al., 1996). On the other hand, the scarce connectivity between GCs and CA3
pyramidal cells renders randomly obtained GC-CA3 paired recordings unpromising.
Nonetheless, during the last decade various strategies have achieved, albeit at low
success rates, in vitro GC-CAS3 paired recordings (Mori et al., 2004; Galimberti et al.,
2006; Mori et al., 2007; Toni et al., 2008; Szabadics et al., 2010).

The recent advent of recombinant viral tracing opens new avenues to achieve
paired recordings between populations with low inter-connectivity. This potential use
was already demonstrated in the first reports of a recombinant rabies virus (RABV),
which is pseudotyped with the EnvA envelope and expresses a fluorescent reporter
instead of the native glycoprotein (Wickersham et al., 2007a). However, since gene
gun transfection resulted in many starter cells per slice, pairs of connected cells
could not be obtained in 100 % of the attempts, indicating the need to combine RABV
tracing with single-cell transfection. Two techniques proved succesful in this respect
both in vitro and in vivo: single-cell electroporation (Marshel et al., 2010) and
transfection via whole-cell (Rancz et al.,, 2011; Velez-Fort et al., 2014). However,
these approaches have focused on the posterior anatomical study of inputs to a
single neuron. Here we combine SCE and RABV tracing in mouse organotypic

hippocampal slice cultures to establish GC-CA3 paired recordings.



Materials, Methods, and Results
Animals and Reagents

Experimental animals: C57/BI6 mice

SCE plasmids: tdTomato TVA (P15) and RG (P2) (from Frick's Team,
University of Bordeaux)

EnvA pseudotyped RABV AG vectors (obtained from KK Conzelmann, Ludwig-
Maximilians-Universitat, Munich) were amplified and pseudotyped with the
hybrid surface protein EnvA by M Haberl and M Ginger (Frick’'s Team,
University of Bordeaux), as described by Wickersham et al., 2007a, b (for
design and generation of rabies virus vectors see Osakada and Callaway,
2013).

Culture media

Dissection medium (500 mL)

Add 5 mL D-glucose (Sigma G8679) and 5 mL Hepes (Gibco) to 500 mL GBSS
(Sigma G9779). Filter and add 5 mL Penicillin-streptomycin. Maintain and use
the solution at 4°C. Discard after 28 days.

Opti-mem medium

Add 1 mL D-glucose (Sigma G8679) and 25 mL HBSS (Gibco 24020) to 50 mL
opti-mem (Gibco 31985). Filter and add 25 mL Horse Serum and 2 mL
Penicillin-streptomycin. Maintain at 4°C until required. Condition and warm up
the medium to 37 °C using a 5% CO; incubator before use.

Neurobasal medium

To 490 mL Neurobasal (Gibco 12349) add: 5 mL D-glucose (Sigma G8679), 2.5
mL of 200 mM glutamine, and 10 mL B27 (Gibco). After filtration add 5 mL
Penicillin-streptomycin. Maintain 4°C. Condition and warm up the medium to
37 °C using a 5% CO; incubator before use. Fresh medium is prepared every
week.

HEPES-based extracellular solution (for SCE)

145 mM NaCl, 2 mM KCI, 2 mM CaCl2, 2 mM MgCI2, 10 mM glucose, and 10
mM Hepes, adjusted to 320 mOsm per liter and titrated with NaOH to pH 7.4.
This solution is prepared every day from 10x stock.

Standard ACSF

125 mM NaCl, 2.5 mM KCI, 0.8 mM NaH2PO4, 26 mM NaHCO3, 3 mM CacCl2,
2 mM MgCI2, 50 uM phenol red and 11 mM D-glucose. This solution is
prepared every day and saturated with carbogen at least 10 min before use.

Patch-pipette solutions for SCE and whole-cell recording

(1 ml aliquots and can be stored for 6—8 months at —20 °C)

SCE and presynaptic cell (current clamp): 130 mM K-gluconate, 10 mM
HEPES, 0.2 mM EGTA, 2 mM MgCI2, 4 mM NaCl, 5 mM phospho-creatine, 2
mM Na2ATP, and 0.33 mM GTP, adjusted to 310 mOsm per liter and titrated
with KOH to pH 7.3. Biocytin (0.2-0.4%) can be added to visualize the
morphology of the recorded pairs of connected neurons.

Postsynaptic cell (voltage clamp): 140 mM CsCH3S03, 2 mM MgCI2, 4 mM
NaCl, 5 mM phospho-creatine, 2 mM Na2ATP, 0.2 mM EGTA, 10 mM
HEPES, and 0.33 mM GTP (pH 7.3) adjusted with CsOH

Equipment

Dissection tools for removing the brain (scissors, forceps, spatula and Pasteur
pipettes)

Bunsen burner

Tissue chopper (Mcllwain, Brinkmann, Westbury, NY)

Incubator



Microfilters (World Precision Instruments, cat. no. MF3465)

Millicell culture plate inserts (Millipore)

Microscope for dissections (Stemi 2000-C; Zeiss)

Filter paper (VWR, cat. no. 516-0015)

Plastic Petri dishes (diameter 35, 60 and 145 mm)

Upright, fixed-stage microscope configured for differential interference contrast
(DIC)-infrared video microscopy (Olympus BX51 WI; Olympus)

Temperature controller for perfusion chamber (TC-324B; Warner Instruments)
to maintain the temperature at 34 °C

Grid (no need for nylon threads, which could hindered the positioning of two
recording electrodes in the region of interest, ‘U’-shaped weight on top of
membrane is sufficient)

Vibration isolation table (with a pneumatic system; TMC or Newport)

XY stage for microscope to allow the independent movement of the microscope
from the slice chamber and the recording pipettes (Siskiyou)

Culture room microscope with dual filter (CK40; Olympus) and coupled to
mercury lamp (U-RFLT50; Olympus)

Water-immersion objective: x 40 or x 60, high numerical aperture (=0.8) with
long working-distance (22 mm) and specific design (cone shaped) to allow the
insertion of two recording electrodes between the objective and the recording
tissue

Infrared-sensitive camera (CoolSNAP EZ; Ropert Scientific)

Imaging Software (Micromanager; see Edelstein et al., 2010)

Software for cell quantification (Imaris 3D spot measurement; Bitplane, and
Image J 2D threshold measurement macro by V. Labrousse; see Collins,
2007)

Dual-wavelength LED system: 470/550 nm (pE-2; CoolLED)

Multiband filter (59022; Chroma)

Peristaltic pump (Minipuls 3; Gilson)

Two-channels Patch Clamp amplifier (EPC 10.0 run with Patch Master; HEKA
Elektronik) (or MultiClamp 700B; Molecular Devices)

Two stable micromanipulators (MC1000e; Siskiyou)

Critical: They should be arranged such that the pipette on one side can be
removed and changed without disturbing the pipette on the other side.

Acquisition equipment (AD/DA converter and computer with data acquisition
software)

Thick-walled borosilicate glass tubing (Harvard Apparatus, cat. no. GC150F-10;
outer diameter 1.5 mm, inner diameter 0.86 mm).

Two three-way pressure valves for maintaining pressure in the lines behind the
patch pipettes

Horizontal pipette puller (P-97; Sutter Instruments)

Patch-pipette filler tips (20 pL microfiller; Eppendorf)



Procedure
Overview and Timing

For Timeline and graphic diagram see Figure 1.

Hippocampal organotypic slices: 90 min

CA3 single-cell electroporation: 20 min/slice

Retrograde viral tracing: 15 min to blot and 3-4 days to trace.
GC-CA3 paired recordings: 60-150 min

Quantification of inputs to starter CA3: 90-120 min

moowz

>

Hippocampal organotypic slices

Interface organotypic hippocampal slices were prepared from P5-P7 C57BL6
mice as described previously (Stoppini et al., 1991), according to the guidelines of
the University of Bordeaux/CNRS Animal Care and Use Committee. Three to four
days after plating, Opti-mem medium was replaced with Neurobasal medium, which

was changed every 2—-3 days.

B. CA3 single-cell electroporation

Slices at 7 DIV were taken from incubator using a petri dish with 1-2 mL
Hepes-buffered solution (HBS) and placed in the recording chamber filled also with
HBS. Plasmids expressing TVA-RG-GFP were electroporated in one cell per slice
following Single Cell Electroporation protocol, adapted from Rathenberg et al., 2003.
Micropipettes had a tip diameter of around 1um and a resistance of 7-8 MQ. They
were pulled from GB150F capillary glass on a P-97 micropipette puller. Hippocampal
organotypic slices for SCE were kept in the recording chamber filled with a Hepes-
buffered solution (HBS). The whole volume of medium in the recording chamber was
routinely refreshed after each electroporation. Slices were kept for a maximum of 30
minutes in the recording chamber. Slice morphology was visualized using a Olympus
BX51 WI microscope. Voltage pulses were delivered using a voltage stimulator
(model DS3A, DigiTimer Ltd) controlled by an EPC 10.0 amplifier (Heka elektroniek)
using the software Patch Master. The plasmids were diluted as follows: P2 at 50
ng/uL, P15 at 25 ng/uL in 40 pL potassium gluconate intracellular solution.
Intracellular solution was centrifuged to prevent pipette clogging. 5 ul of the plasmid-
containing solution were loaded into the micropipette for every electroporation.
Electroporation was monitored by visualizing membrane deflection after pulse

application.

C. Retrograde viral tracing
1 day after SCE, transfection was revealed under culture room microscope,

we proceeded with infection of transfected slices by “blotting” method: 1 yL of RABV-



AG-EGFP was loaded on a squared piece of membrane (MiliCell). This membrane
was placed upside-down on top of the slice. The membrane was removed after 24
hours. Virus infection of organotypic slices was performed in sterile conditions and

following the guidelines of Bordeaux University.

D. GC-CAS3 paired recordings

We monitored viral tracing till putative presynaptic granule cell tracing was
visible (typically 3-4 days after infection). Then the slice was transferred in a petri
dish with 1-2 mL ACSF to the recording chamber perfused with bubbled (95% O2
and 5% CO2) ACSF. The slice was visualized under a 4x objective and repositioned
if necessary to an orientation that would allow for both recording electrodes to access
target cells without crossing. Then, cells were visualized under a 40X objective.
Fluorescence was excited with a dual-wavelength (470/550 nm) LED llighting system
and emission was filtered with a multiband filter that allowed for dual DIC —
fluorescence (red or green) visualization, which reduced vibrations since the filter

cube was not constantly switched.

At first, while simultaneously visualizing in DIC and green fluorescence, a
presynaptic granule cell was patched and kept in current clamp with a pipette filled
with potassium gluconate intracellular solution. Then, by simultaneously visualizing in
DIC and red fluorescence, the starter CA3 pyramidal cell was patched and kept at -
70 mV in voltage clamp with a pipette filled with cesium methanesulfonate
intracellular solution. The presynaptic cell was acquired at a gain of 0.2 mV/pA and
APs were triggered by injecting current (800 pA during 1 ms). Excitatory postsynaptic
currents (EPSCs) were recorded from the postsynaptic CA3 cell, which was acquired
at a gain of 10 mV/pA. Steps of voltage (-5 mV, 50 ms) or current (-10 pA, 50 ms)
were injected in order to control access resistance. Access resistance was <20 MQ

and remained stable throughout the recording. Recordings were performed at 32°C.
For post hoc analysis, traces were analyzed using Igor Pro (Wavemetrics).

E. Quantification of inputs to starter CA3
After recording, slices were fixed for 5min in 2% PFA and subsequently
washed 3 times in 1X PBS. Slices were kept in 1x PBS at 4°C until mounting and
further processing. Slices can be immunostained for instance with antibodies against
GADG67 (Millipore) as described previously (Haberl et al., 2014).

High-resolution images of mounted slices were acquired with a confocal

microscope Leica SP8 WLL2 on an upright stand DM6000 (Leica Microsystems,
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Mannheim, Germany), using objectives HC Plan Apo CS2 20X multi-immersion NA
0.75 and HC Plan Apo CS2 40X oil NA 1.30. The confocal microscope was equipped
of a white light laser 2 (WLL2) with freely tuneable excitation from 470 to 670 nm (1
nm steps) and a diode laser at 405 nm. The scanning was done using either a
conventional scanner (10Hz to 1800 Hz) or a resonant scanner (8000Hz). The
microscope was composed of 2 internal PMT, 2 internal hybrid detectors and
1external PMT for transmission. In cases where the image was too big to fit in the
field of view, tiled acquisition was performed. Presynaptic partners were quantified

using two different softwares: Image J and Imaris.

Troubleshooting table

Problem Possible reason Solution
Fungal contamination =~ Contaminated medium Throw away any unused
medium and male fresh
Contaminated incubator Empty the incubator and

clean it thoroughly
Low SCE success rate Pipette diameter (big or small)  Optimize diameter

Pipette clogging Centrifuge IS
Multiple CA3 starters ~ Co-transfection of soma and Reduce pipette diameter
process form another cell (no solution available for
Gap junction present gap junction presence)
Apply “wake up” train
No EPSCs at CA3 Silent synapse (see Mori et al., 2004,
2007)




Results

Following the procedure described above it was possible to establish GC-CA3
paired recordings (see Figure 2). Besides allowing visualization of connected cells for
physiological study, RABV tracing also reveals the presynaptic partners to a single
CAS3 pyramidal cell, which can be easily quantified by confocal imaging of the fixed

slice following recording (see Figure 3).

In Table 1, basal transmission and short-term plasticity data for four GC-CA3
paired recordings are provided. Two other pairs were obtained but starter cell died
without completing the protocol. Thus, we successfully patched 6 connected GC-CA3
pairs out of 31 attempts that were carried out in total. Many, more slices were
processed but did not reach the final stage (i.e. starter cell died, multiple starters
were present, or slice was contaminated by mushrooms). Duration of the recording
ranged from less than one hour to almost two. In this project we focused on short-

term plasticity, but if conditions are optimized, long-term forms could be studied also.

Table 1. Basal transmission and short-term plasticity in four GC-CA3 paired recordings.

. 0.1 Hz PP 5st20Hz (% of 1st
Totaltime| pooc | Eoilures EPSC
recorded o FF PPR
(min) amp (%) amp 2 3 4 5
(PA) (PA)
Pair 1 114.00 | 20.28 | 56.67 195.39 | 11.73 | 334.98 | 148.47 | 175.55 | 392.39 | 502.57
Pair 2 49.00 20.20 | 80.00 155.00 | 18.80 | 175.00 | 178.71 | 142.57 | 53.47 | 171.04
Pair 3 99.00 24.85 | 80.00 176.69 | 19.85 | 147.98 | 252.50 12258'7 789.58 | 536.67
Pair 4 48.00 24.01 36.67 98.69 | 21.09 | 132.00 n/a n/a n/a n/a
Avg 77.50 22.34 | 63.34 156.44 | 17.87 | 197.49 | 193.23 | 515.62 | 411.81 | 403.43
+ + + + + + + + + + +
SEM 17.02 1.22 10.45 2094 | 210 | 46.68 | 30.90 | 356.7 | 212.7 116.6

In Figure 2 sample traces from Pair 1 are shown for frequency facilitation from
0.1 to 1 Hz (Figure 2G), for paired-pulse stimulation with 40 ms interval (Figure 2H),
and for trains of five stimuli at 20 Hz (Figure 2I). The images accompanying the
traces illustrate how visually-guided GC-CA3 pyramidal cell paired recordings were

established in RABV-traced organotypic slice cultures.

After recordings the slices were fixed and processed for confocal imaging.
Confocal data were subsequently analyzed using two different softwares to quantify
the inputs to the starter CA3 pyramidal cell. Images from Pair 1 are shown as

example in Figure 3. One method consisted on setting a threshold detection in z-




projections using an Image J macro (Figure 3C and D). The other method relied on
3D spot measurements by Imaris software (Figure 3E and F). In Table 2, the putative
inputs (GFP-expressing cells) to the starter CA3 pyramidal cell of two slices were

quantified using these two different methods (slice 1 corresponds to Pair 1).

Table 2. Quantification of two slices using two different software-based methods: Imaris 3D
spot measurement and Image J 2D threshold measurement.

DG | CA3 | CA2 | CA1
slice 1 IMARIS 22 | 188 | 10 9
slice 1 IMAGE J 16 | 95 7 7

slice 2 IMARIS 22 | 91 6 4
slice 2 IMAGE J 23 | 61 6 10

Higher CA1 count in slice 2 with Image J (10 cells) as compared to Imaris (4
cells) reflects the putative INs that were manually removed in the latter —i.e. 3D spot
measurement allows to manually select or unselect cells to be included in the
quantification, while Image J is based on a threshold detection. On the other hand,
lower CA3 counts in both slices with Image J are due to lower cellular discrimination
in this z-projection-based method. Moreover, the signal is extremely variable,
depending on the number of neighboring cells, to set a threshold adapted for the
whole CA3 region. Finally, we included CA2 counts based on anatomical location —
although a conclusive quantification would require specific CA2 markers, but we do
not provide the number of INs traced, despite the fact that they are also traced. We
are optimizing the GADG67 immunostaining to be able to include INs in future

quantifications.
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Discussion

RABV-tracing combined with SCE was successfully implemented to establish
visually-guided GC-CA3 pyramidal cell paired recordings in organotypic slice
cultures. SCE is a powerful tool that allows time-efficient transfection of targeted cells
in vitro (Rathenberg et al.,, 2003) and in vivo (Wang et al., 2010). We achieved
successful transfection rates of up to 80 %. However, success rate was still variable,
ranging from 10 to 80 %. Optimizing this step to consistently transfect at high
success rate will be crucial. We showed the advantage of using single-cell
electroporation as compared to the gene gun, which was used in the first report
showing succesful RABV-traced paired recordings (Wickersham et al., 2007a).
Furthermore, SCE is more time efficient than transfection via whole-cell. However,
this other technique could provide interesting information, for instance, on how cell
properties prior to manipulation affect the number of traced inputs from each region,

or on longitudinal changes of the intrinsic properties after SCE and RABYV infection.

Viral infection by the so-called “blotting method” was straight-forward, time

efficient and required a low volume of virus.

The basal amplitudes we recorded are lower than those from acute slices and
extracellular stimulation. This phenomenon was reported in previous studies using
GC-CA3 paired recordings (Mori et al., 2004). Multiple reasons might account for this
difference including: the maturity of the slice cultures; no selection bias for fibers with
higher release and pronounced plasticity typical of MF-CA3 synapses; an artifact of
RABV-tracing (i.e. cytotoxicity and/or tracing bias) and/or SCE (i.e. changes in
postsynaptic cell membrane potential that lead to a homeostatic reduction of
release). On the other hand, the number of GC and CA3 inputs to a single CA3
pyramidal cell are within the expected range from previous anatomical studies
(Amaral et al., 1990). Nonetheless, differences might be accounted by changes in
slice cultures, which are known to undergo synaptogenesis after plating (Robain et
al., 1994).

Compared to previous approaches to obtain GC-CA3 paired recordings, this
method is advantageous because it enables the quantification of inputs to the CA3
pyramidal cell. Moreover, if biocytin is added to the intracellular solution of the
presynaptic cell (and imaged in a color different than green and red), the physiology

can be compared to the anatomy, revealed by confocal or even electron microscopy.
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To exploit the great potential of the technique reported here further
optimization will be required. As mentioned, the SCE success rate needs to be
faithfully increased, which would reduce transfection time, number of slices and
amount of plasmids needed. Secondly, presynaptic cell(s) could be activated by light
instead of current injection (see Osakada et al., 2011 for RABV variants expressing
rhodopsins). By doing so, only the postsynaptic cell would require whole-cell patch
clamp, thus increasing the chances of successful paired-recordings and allowing
stimulation of different presynaptic cells. However, optogenetic activation is only
possible if traced inputs are sparse and far from the starter cell, otherwise multiple
presynaptic cells or the neurites of the starter cell could be unintentionally activated.
Therefore, CA3 circuits are particularly suitable given the scarce GC-CA3
connectivity. For instance, the GC(s) light activation can be combined with double
patch of a CA3 interneuron and the starter pyramidal cell (to study feedforward
inhibition: GC-CA3In-CA3Pyr); or optogenetic control of EC presynaptic cell(s) with
recordings from a traced GC and the starter CA3 (to study the disynaptic circuit: EC-
GC-CA3Pyr). Conversely, cell activity could be monitored by using a RABV variant
expressing a genetically-encoded calcium indicator (Osakada et al., 2011). Injecting
current into a single presynaptic cell would light up the starter CA3 and all other cells

synapsed by the patched cell.

The possibility to record pairs other than GC-CA3 (i.e. CA3-CA3, IN-CA3, EC-
CA3, etc.) provides a way to control for RABV-tracing effects. Randomly patching
connected GC-CA3 pairs is extremely unlikely. However, random CA3-CA3 paired
recordings can be established with reasonably high probability (see protocol by
Debanne et al., 2008). We are currently working on the comparison between random
and RABV-traced CA3-CA3 paired recordings —including random pairs in which the
postsynaptic CA3 has also undergone SCE of the RABV complementary plasmids).

Using the reported version of the technique, important biological questions
such as the nature of calcium buffers at MFs can be studied by simply patching GCs
with two different EGTA concentrations (ex. 0.1 vs. 10mM), as it has been recently
addressed by patching connected MFbouton-CA3 pairs (Vyleta and Jonas, 2014).
Finally, the simultaneous study of synaptic architecture and physiology is possible in
slices from both wild type and mutant mice with altered neurotransmitter release.
Overall, this method provides great potential in the study of CA3 circuits both in vitro

and in vivo.

12



Acknowledgements
This work was supported by the CNRS to CM and by the University of
Bordeaux and the VU University Amsterdam to BLG. We would like to thank K.K.

Conzelmann for providing plasmid constructs and recombinant rabies virus.

Author contribution

M.C., C.M. and M.V. designed and supervised the study. M.G. and V.L.
processed fixed slices and acquired confocal images, V.L. quantified traced cells.
B.G.L. performed all the electrophysiological recordings. C.B. helped with the
electrophysiological analyses and contributed with discussion. M.V., M.C. and A.F.

contributed to the discussion. B.G.L., and C.M. wrote the manuscript.

13



References

Amaral, D. G., N. Ishizuka and B. Claiborne (1990). Neurons, numbers and the
hippocampal network. Prog Brain Res 83: 1-11.

Collins, T. J. (2007). Imaged for microscopy. Biotechniques 43(1 Suppl): 25-30.

Debanne, D., S. Boudkkazi, E. Campanac, R. H. Cudmore, P. Giraud, L. Fronzaroli-
Molinieres, E. Carlier and O. Caillard (2008). Paired-recordings from
synaptically coupled cortical and hippocampal neurons in acute and cultured
brain slices. Nat Protoc 3(10): 1559-1568.

Debanne, D., N. C. Guerineau, B. H. Gahwiler and S. M. Thompson (1995).
Physiology and pharmacology of unitary synaptic connections between pairs of
cells in areas CA3 and CA1 of rat hippocampal slice cultures.

Debanne, D., N. C. Guérineau, B. H. Gahwiler and S. M. Thompson (1996). Paired-
pulse facilitation and depression at unitary synapses in rat hippocampus:
quantal fluctuation affects subsequent release. The Journal of Physiology 491 (
Pt 1): 163-76.

Edelstein, A., N. Amodaj, K. Hoover, R. Vale and N. Stuurman (2010). Computer
control of microscopes using microManager. Curr Protoc Mol Biol Chapter 14:
Unit14 20.

Le Duigou, C., J. Simonnet, M. T. Teleficzuk, D. Fricker and R. Miles (2014).
Recurrent synapses and circuits in the CA3 region of the hippocampus: an
associative network. Front. Cell. Neurosci. 7: 1-13.

MacVicar, B. A. and F. E. Dudek (1980). Local synaptic circuits in rat hippocampus:
interactions between pyramidal cells. Brain Research 184(1): 220-3.

Malinow, R. (1991). Transmission between pairs of hippocampal slice neurons:
quantal levels, oscillations, and LTP. Science 252(5006): 722-4.

Marshel, J. H., T. Mori, K. J. Nielsen and E. M. Callaway (2010). Targeting Single
Neuronal Networks for Gene Expression and Cell Labeling In Vivo. Neuron
67(4): 562-574.

Miles, R. and R. K. Wong (1986). Excitatory synaptic interactions between CA3
neurones in the guinea-pig hippocampus. The Journal of Physiology 373: 397-
418.

Mori, M., M. H. Abegg, B. H. Gahwiler and U. Gerber (2004). A frequency-dependent
switch from inhibition to excitation in a hippocampal unitary circuit. Nature
431(7007): 453-6.

Osakada, F. and E. M. Callaway (2013). Design and generation of recombinant
rabies virus vectors. Nat Protoc 8(8): 1583-1601.

Osakada, F., T. Mori, Ali H. Cetin, James H. Marshel, B. Virgen and Edward M.
Callaway (2011). New Rabies Virus Variants for Monitoring and Manipulating
Activity and Gene Expression in Defined Neural Circuits. Neuron 71(4): 617-
631.

Pavlidis, P. and D. V. Madison (1999). Synaptic Transmission in Pair Recordings
From CA3 Pyramidal Cells in Organotypic Culture. Journal of Neurophysiology
81(6): 2787-2797.

Rancz, E. A., K. M. Franks, M. K. Schwarz, B. Pichler, A. T. Schaefer and T. W.
Margrie (2011). Transfection via whole-cell recording in vivo: bridging single-cell
physiology, genetics and connectomics. Nature Neuroscience: 1-7.

Rathenberg, J., T. Nevian and V. Witzemann (2003). High-efficiency transfection of
individual neurons using modified electrophysiology techniques. J Neurosci
Methods 126(1): 91-8.

14



Robain, O., G. Barbin, T. Billette de Villemeur, L. Jardin, T. Jahchan and Y. Ben-Ari
(1994). Development of mossy fiber synapses in hippocampal slice culture.
Developmental brain research 80(1): 244-250.

Sayer, R. J., M. J. Friedlander and S. J. Redman (1990). The time course and
amplitude of EPSPs evoked at synapses between pairs of CA3/CA1 neurons in
the hippocampal slice. J Neurosci 10(3): 826-36.

Stoppini, L., P. A. Buchs and D. Muller (1991). A simple method for organotypic
cultures of nervous tissue. J Neurosci Methods 37(2): 173-82.

Velez-Fort, M., C. V. Rousseau, C. J. Niedworok, |. R. Wickersham, E. A. Rancz, A.
P. Brown, M. Strom and T. W. Margrie (2014). The stimulus selectivity and
connectivity of layer six principal cells reveals cortical microcircuits underlying
visual processing. Neuron 83(6): 1431-43.

Vyleta, N. P. and P. Jonas (2014). Loose coupling between Ca2+ channels and
release sensors at a plastic hippocampal synapse. Science 343(6171): 665-70.

Wang, M., O. Orwar, J. Olofsson and S. G. Weber (2010). Single-cell electroporation.
Anal Bioanal Chem 397(8): 3235-3248.

Wickersham, |I. R.,, D. C. Lyon, R. J. O. Barnard, T. Mori, S. Finke, K.-K.
Conzelmann, J. A. T. Young and E. M. Callaway (2007a). Monosynaptic
restriction of transsynaptic tracing from single, genetically targeted neurons.
Neuron 53(5): 639-47.

Wickersham, I. R., S. Finke, K.-K. Conzelmann and E. M. Callaway (2007b).
Retrograde neuronal tracing with a deletion-mutant rabies virus. Nat Meth 4(1):
47-49.

15



Figures and Legends

CA1l
A. HIPPOCAMPAL ORGANOTYPIC SLICES P5-P7
Interface organotypic hippocampal DISSECTION
slices (C57BL/6 mice}
B. CA3 SINGLE-CELL ELECTROPORATION sc . '7'-111;{: """""
one CA3 pyramidal cell per slice with: PP ——— Starter CA3
) tdTOMATO_TVA (-f) &c
O Rables Glycoproteln " DG MF
.......................................... CAi T
C. RETROGRADE VIRAL TRACING 811 DIV
INFECTION

Mono-trans-synaptic RABV infection:
RABV AG — EGFP(EnvA)

_EnvA EnvA h Pag ¥
fomme o~ Bt (-MJ
PP . i Starter CA3

(Wickersham et al., 2007a) | PresynapticGC | \/

/p tic GA3
Tracing visible 3-4 days after infection DG Q/ resynaptic

12-15 DIV
RECORDINGS

D.GC-CA3 PAIRED RECORDINGS
Established in traced slices

APs triggered In -

Presynaptic GC

(C-Clamped) pp ——— L
—_— 7

EPSCs evoked in % Presynaptic GC .
Starter CA3
(V-Clamped @ -70mV) 15 mv

Starter CA3 ; o

Voltage
clamp

E. QUANTIFICATION OF INPUTS
TO STARTER CA3 pc| casl| caz| ea1 POST-RECORDING
. FIXATION
Two sqftware-based methods: IMARIS 3D 22188 10 | @ IMMUNO-STAINING
- Imaris 3D spot measurement IMAGE J 2D 6 85 | 7 7 | CONFOCAL IMAGING
- Image ] 2D threshold measurement QUANTIFICATION

Figure 1. Timeline of RABV-traced GC-CA3 paired recordings and quantification of inputs to
starter CA3 pyramidal cell.

From top to bottom: we used mouse hippocampal organotypic slice cultures from P5-P7 pups. At 7-10
DIV, we transfected by single-cell electroporation (SCE) a single CA3 pyramidal cell per slice with the
plasmids encoding: a fluorescent reporter (tdTomato) and TVA (the EnvA cognate surface receptor,
which has no homologue in mammalian cells), and the RABV envelope glycoprotein (RG). The slices
were subsequently infected with EnvA pseudotyped RABV AG. After 3-4 days, the RABV mono-trans-
synaptic tracing revealed the presynaptic inputs of that single neuron. Then, we were able to establish
paired recordings between connected GC-CA3 cells, as well as to quantify the presynaptic partners of
the starter CA3 pyramidal cell.
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Figure 2. Example of GC-CA3 paired recording after RABV mono-trans-synaptic retrograde
tracing.

A-F, Images of RABV-traced hippocampal organotypic slice as visualized under the epifluorescence
microscope of the electrophysiology setup using a dual LED, multi-band filter and 4x objective. A,
DIC/red overlay showing starter CA3 pyramidal cell (red soma inside circle). Areas delineated by
dotted lines correspond to principal layers. B, DIC/green overlay showing traced presynaptic partners
(green). C, DIC/red/green overlay. D, Starter CA3 pyramidal cell (red soma inside circle). E, Traced
presynaptic partners (green). F, Red/green overlay .G-I, Traces of GC-CA3 paired recording. Green
traces on top correspond to sample APs triggered in presynaptic GC, while red traces at the bottom
are EPSCs recorded at the starter CA3 (darker red trace shows average). Scale bar applies to all
traces. G, Frequency facilitation (from 0.1 to 1 Hz), H, Paired pulse facilitation (40ms inter-stimulus
interval), and I, facilitation induced by a train of 5 stimuli at 20 Hz. J-N, Patch pipettes arrangement
during GC-CA3 paired recording. Boxes over patched cells in K are shown at 40x magnification in J
and L-N for GC and CA3, respectively. DG: dentate gyrus, and CA1/CA3: Cornus ammonis 1 and 3.
For 4x images (A-F, and K) scale bar=150um. J, Green/DIC overlay of the presynaptic GC patched
(pipette from right). L-N, DIC images of the starter CA3 pyramidal cell patched in red (L), green (M),
and red/green overlay (N) (pipette from left). For 40x images (J and L-N) scale bar=5um.
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Figure 3. Confocal images of fixed slice after GC-CA3 paired recording and comparison of two
methods to quantify RABV-traced presynaptic partners.

A, Example of 4x epifluorescent image of hippocampal organotypic slice as visualized under the
microscope of the electrophysiology setup using a dual LED and multi-band filter, scale bar=150um.
B, Red/green overlay of confocal acquisition at 40x of the CAS3 starter cell (red channel) and nearby
presynaptic partners (green channel) scale bar=5um. C-D, Example of Image J-based method to
quantify cells connected to the starter cell. C, Z projection of confocal acquisition at 20x and D,
counting mask. E-F, Example of Imaris-based method to quantify cells connected to the starter cell. D,
3D view of confocal acquisition at 20x and F, spot volume counting. For confocal images at 20x (C-F)
scale bar=150um.



Conclusions
&

Perspectives



Conclusions & Perspectives

Conclusions & Perspectives
Phenotyping Hippocampal Mossy Fiber Synapses in VAMP7 KO Mice

Hippocampal mossy fiber synapses from TI-VAMP/VAMP7 KO mice are
indistinguishable from those of WT littermates. Changes in presynaptic protein
expression might underlie mechanisms that compensate for the loss of VAMPY.
Recent reports describe VAMP7-mediated forms of release that are action potential-
independent and get activated by insulin (Burgo et al., 2013) or reelin application (Bal
et al., 2013). Furthermore, nicotine and caffeine-mediated release have also been
reported at MF synapses (Sharma and Vijayaraghavan, 2003; Cheng and Yakel,
2014). A recent study shows that a low dose nicotine challenge can induce increased
social anxiety-like behavior, accompanied of increased MF sprouting, in rats that
display high rate (HR) locomotor reactivity in a novel environment (Aydin et al.,
2014). The same group had previosuly shown increased MF sprouting in HR rats
after a behaviorally-sensitizing nicotine regimen (Bhatti et al., 2007). In a different
study, MF sprouting has also been correlated with anxiety-like behavior in the light-
dark box test (De Oliveira et al., 2008). Thus, we are currently testing
neurotransmission after application of an a7 nAChR agonist (PNU-282987) in
VAMP7 KO and WT slices. As already pointed out, it might be necessary to select
only ventral hippocampal slices. In the future, it would be interesting to test anxiety in
VAMP7 KO mice after in vivo a7 nAChR agonist treatment, having previously

classified mice according to locomotor reactivity rate in a novel environment.

Moreover, future studies should address the possible role of VAMP7 in MF
filopodial plasticity and the physiological impact of VAMP7-mediated ATP release

from astrocytes (Verderio et al., 2012).

To study the role of VAMP7 in MF synapses avoiding developmental
compensatory mechanisms, a conditional KO strategy should be used instead of
constitutive KO mice. Various conditional KO strategies are possible but rather
difficult: VAMP7 loxP mice could be developed, and GC(s) selectively targeted with
a Cre-expressing vector (possibly expressing also a rhodopsin for optogenetic
activation) driven by a GC-specific promoter or transfected by SCE, if a single GC is

targeted and GC-CAS3 paired recordings are subsequently established.
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CA3 Circuits Probed with RABV-Tracing and Paired Recordings

About this second project, more methodological, we showed that it is possible
to establish visually-guided GC-CA3 paired recordings after RABV-tracing in
organotypic slices. However, the technique requires optimization before using it to
answer any research question, as it remains quite arduous in its current form. While
certain drawbacks could be improved, other are intrinsic to this technique and should
be considered when evaluating the suitability of this method for a particular research
question. In order to assess possible RABV-inherent effects, we have planned to
compare RABV-traced CA3-CA3 paired recordings to randomly obtained recordings
—which cannot be obtained for GC-CA3 due to the scarce connectivity. We envision
alternative techniques to attain this objective like: single GC transfection (including
rhodopsin) and patch of CA3 cells near bouton; the previous possibly combined with
bulk loading of calcium indicators (Sasaki et al., 2009), or E-SARE expression
(Kawashima et al., 2013) in CA3 stratum pyramidale; or use of a different viral vector
(i.,e. CAV2, which allows longer cell survival) (Soudais et al., 2001; Soudais et al.,
2004).

This method certainly offers plenty of perspectives. To those already
mentioned —use transfection via whole-cell to provide information on how cell
properties prior to manipulation affect the number of traced inputs from each region;
add biocytin to the intracellular solution of the presynaptic cell to compare physiology
to anatomy (by confocal or electron microscopy); study the nature of calcium buffers
at MFs by simply patching GCs with two different EGTA concentrations (ex. 0.1 vs.
10mM), as it has been recently addressed by patching MFB-CA3 (Vyleta and Jonas,
2014); patch other pairs (i.e. CA3-CA3, IN-CA3, EC-CA3, etc.); study microcircuits
(i.e. GC-IN-CA3 or EC-GC-CAS3); use RABV variants that allow optogenetic activation
or expression of genetically-encoded calcium indicators (Osakada et al., 2011)- we
can add many other such as: change starter cell population (i.e. CA2 pyramidal
cells); improve 3D quantification accuracy by applying clearing method; use cultures
from adult animals or even human samples (see Eugéne et al., 2014); or render
tracing anterograde by expressing a different glycoprotein (i.e. possibly VSV-G) (see
Figure 30), which would allow genetic modification of the presynaptic GC (finally
allowing for conditional KO experiments, for instance in Munc18-1 LoxP mice, like
those performed in the Calyx of Held in Genc et al., 2014). Anterograde tracing would

be more suitable for optogenetic activation as the rhodopsin could be transfected by
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SCE, assuring that the only cell activated by light would be the presynaptic starter
cell. Combined with a RABV variant expressing a genetically encoded calcium
indicator (Osakada et al., 2011), it would allow wireless functional monitoring and
activation of the circuit. Thus, the plasticity of the circuit could be tested in vivo —for
instance, before and after contextual fear conditioning. Overall, this method provides

great potential for the study of CA3 circuits, as well as any other circuit.
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Figure 30 Potential anterograde monosynaptic RABV-tracing by VSV-G or LCMV-G expression
like D for VSV (modified from Tuncdemir and Fishell, 2011)

Out of all the possibilities mentioned, the two projects that | would like to test

using RABV-traced GC-CA3 paired recordings are:

1) Study the nature of calcium buffers at MFs by patching GCs with two
different EGTA concentrations (ex. 0.1 vs. 10mM). Vyleta and Jonas (2014), have
recently reported a mechanism relying on loose-coupling. Paired recordings
established at the GC soma instead of the MF bouton will confirm this finding, since
patching the bouton leads to dialisis that could interfere with physiological calcium

buffers.

2) Mossy fiber conditional KO experiments in Munc18-1 LoxP mice like those
performed in the Calyx of Held (Genc et al., 2014). Since the beginning of my thesis,
under a joint-PhD supervision, the objective was to combine in vitro slice recordings
routinely performed at Mulle’s Lab in Bordeaux, with KO mice with altered
neurotransmitter release from Verhage’s Lab in Amsterdam. This collaboration would
have confirmed findings obtained in recordings from autaptic cultures of those KO
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mice, as well as dissected the role of the mutated proteins in MF-CA3 synapses.
However, studying presynaptic mechanism synaptic plasticity at hippocampal mossy
fiber synapses was technically limited by the current recording paradigm: in vitro CA3
whole-cell recordings probed with MF(s) extracellular stimulation. While this
technique has widely increase our knowledge about the physiology of MF-CA3
synapses, a single fiber cannot be unequivocally stimulated, nor specifically targeted.
We succeeded in our efforts to develop a technique that allows us to establish
granule cell — CA3 pyramidal cell paired recordings in hippocampal organotypic
slices. However, the technique still requires optimization. Furthermore, the
postsynaptic cell can be genetically manipulated by SCE, but the presynaptic GCs
can only be modified by RABV variants that we have not yet tested. Moreover,
RABV-driven genetic modification will also affect the starter cell and other cells in the
circuit (i.e. interneurons responsible for feedfoward inhibiton), thus making it hard to
interpret eventual findings. In conclusion, we will need to develop an anterograde

tracing technique to be able to study slice physiology in Munc18-1 LoxP mice.
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Rabies is one of the oldest diseases known to humans (WHO FAQs on rabies,
2013). Rabies results from infection by any lyssavirus, (see Figure 1 for a list of the
species in this genus), causing encephalitis of differing severity depending on the
mammal infected —it is almost universally fatal for foxes and humans (Willoughby,
2012). A recent report challenges RABYV intractability, as communities living in a
lyssavirus-endemic region like the Peruvian Amazon, seem to be resistant to rabies

after suffering vampire bat depredation (Gilbert et al., 2012).

This virus is named after ‘rabere’, ‘rage’ in Latin, which in turn roots from the
Sanskrit word ‘rabhas’ meaning ‘to do violence’. This parasite turns its host
aggressive, which increases rabies transfer through biting. The word ‘virus’ is also
derived from Latin for ‘poison’, which was used by Cardanus, a Roman writer, to
describe the saliva of rabid dogs (Baer, 1975). Aristoteles described rabid dogs as
suffering of the madness, ‘lyssal/lytta’ in Greek, which is now used to denominate the
taxonomic genus (Baer, 1975). Strangely, Greeks did not associate human RABV
with canine rabies and called it instead hydrophobia, as a distinctive behavioral
change in the human host after rabies infection is the apparent fear to water —i.e. in
fact a dysfunctional breathing/swallowing caused by viral neuronal apoptosis in the
brain areas controlling these physiological mechanisms, which is responsible,
together with increased saliva production, for the characteristic mouth foaming of
rabid animals. In the 1980s, a study radio-tracking rabid foxes reported disorientation
and increased locomotion as further changes in conduct (Andral et al., 1982). These
parasite-induced phenotypic traits lead to greater viral propagation: a rabid fox
running disorientated gets outside its territory; when it encounters another fox (or any
other animal), the aggressive rabid fox bites the stranger; unable to properly swallow,
the rabid fox mouth is full of saliva containing millions of RABV virion particles, which
gain access through the bite wound into the new host. Nonetheless, the exact
mechanisms underlying RABV synaptic crossing, and RABV-induced disorientation
and aggressiveness, are still under scrutiny. For a review on RABV and the host cell
interactions see Schnell et al., 2010. Altering the host's acts to reach other targets is
a refined strategy common to many parasites (see special issue edited by Adamo
and Webster, 2013). Furthermore, symbiotic bacteria, which account for 90% of the
cells in our body, seem to also be able to modify the host's behavior (Cryan and

Dinan, 2012; Moloney et al., 2014). Interestingly, the gut microbiome composition
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has been recently shown to be influenced by host genetics (Goodrich et al., 2014).
Bacteria are not the only microorganisms beneficial for the host, other parasites —
including viruses- can also increase host survival (Grosman et al., 2008; Bondy-
Denomy and Davidson, 2014; Canestrari et al., 2014). The interaction between
microorganisms and the vertebrate nervous system is a fascinating topic that
deserves a thorough study, which promises to help us unveiling the genomic,
proteomic and neurophysiological mechanisms underlying behavior, and even
gaining insight for biology of disease (i.e. see example for cancer by Pennacchio et
al., 2014).

No data available
B Rabies present
B Rabies absent

[ Only bat rabies
present

v?
IKOV LLEBV

M ot ot

Figure 1 Bat geographical (left) and host phylogenetic (right) Lyssavirus species distribution
(left panel from Schnell et al., 2010, right panel adapted from Banyard et al., 2011, 2014)

RABYV is wide-spread and can infect all warm-blooded animals, dogs being the
most common vector to infect humans (Hemachudha et al., 2013) (see Figure 1b).
Rodents, however, are rarely infected (Tintinalli et al., 2010). Birds and didelphis
virginiana, a mammalian species with low body temperature, are resistant but not
immune to RABV (Shannon et al., 1988; McRuer and Jones, 2009), while cynicitis
penicillata are mammals that can asymptomatically carry it for years (Taylor, 1993).
RABYV is adapted to infect also poikilothermic vertebrates like fish, snakes, turtles,
and lizards, although these animals do not develop the disease (Baer, 1975). The
other 15 species known of the lyssavirus genus are more specific in their hosts and
geographical area —i.e. bats are known to be vectors for all species except the
Mokola and lkoma viruses, which infects terrestrial mammals, like shrews or
domestic cats, in sub-Saharian Africa (WHO Technical Report Series No. 982, 2013),

while RABYV is the only species present in the Americas, but bats are also the main

2
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vector, being responsible for 95% of human RABV in this continent (Banyard et al.,
2014) (see Figure 1b). Nonetheless, evolutionary analyses suggest that lyssaviruses
originated in bats, and it is expected that more species will be discovered (Banyard et
al., 2014). Antartica and New Zealand are the only places on earth considered
lyssavirus-free (Schnell et al., 2010) (see Figure 1a). Current lyssaviruses are
estimated to have evolved within the past 1500 years, and to have spread helped by
European colonialism (Nadin-Davis and Real, 2011). Officially, around 70,000
humans, mainly rural children bitten by dogs in Asia and Africa, die every year due to
this lethal zoonotic disease, and this number is probably an underestimation (WHO
Fact Sheet N°99, 2014). Furthermore, rabies cases are increasing in China, fomer

Soviet republics, and Central and South America (Willoughby, 2012).

A remarkable case of translational research, it was not a doctor but an organic
chemist who developed a successful preventive measure against this disease. In
1881, the French chemist, Louis Pasteur and his colleague Emile Roux started to
research a cure for RABV, paving the way for the fields of microbiology and
immunology (Smith, 2012). Their work yielded two years later a vaccine from the
spinal cord of infected rabbits, which they tested in dogs. In 1885, Joseph Meister
was the first person to be saved by this vaccination after being bitten by a rabid dog
(Pasteur, 1885). Vaccines prevent rabies from infecting the CNS by activating an
immune response, however, no treatment exists to cure rabies after symptoms
develop (Takayama, 2008). Human RABV can lead to either a furious or a paralytic
pathology, with the former patients having a shorter survival due to greater amount of
RABV and lower immune response in the CNS (Hemachudha et al., 2013). There are
few reports of people to have recovered, but most had bat RABV variants (pointing
towards differences in spread between dog and bat variants?). Some did so
spontaneously, while others had followed treatment, particularly the “Milwaukee
protocol” (i.e. ketamine plus midazolam) (Hemachudha et al., 2013). The current
epidemic is neglected, despite the possibility of vaccinating domestic dogs
inexpensively (Knobel et al., 2005). The Global Alliance for Rabies Control has
established the anniversary of Pasteur's death, 28th September, as “World Rabies

Day” to help raise awareness and provide preventive advice.
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