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Synopsis 

Synaptic plasticity is a core feature of neuronal communication. It describes the activity-

dependent change of the strength of synaptic transmission. Dependent on the duration of the 

transmission alteration synaptic plasticity is commonly divided into short-term and long-term 

plasticity. Whereas long-term plasticity is based on molecular changes at the presynaptic and/or 

postsynaptic site, factors influencing short-term plasticity are predominantly located at the 

presynapse. There, basic synaptic transmission and activity-dependent plasticity are governed at 

the active zone. This is a presynaptic plasma membrane patch with a complex protein network 

where vesicles are docked and primed, meaning that the required release machinery is assembled 

together with the vesicle and voltage-dependent Ca2+-channels. This protein network ensures the 

spatiotemporally highly regulated process of action potential triggered Ca2+-influx and the 

subsequent exocytosis of neurotransmitter filled vesicles.  

In this work we focused on the presynaptic protein RIM1!, a core component of the multiprotein 

complex at the active zone. Dependent on the type of synapse tested, previous studies have 

shown RIM1! to either alter short-term plasticity or to be an essential mediator of presynaptic 

long-term plasticity or both.  

Combining electrophysiological analysis of release properties and synaptic plasticity with two-

photon calcium imaging at the cerebellar granule cell synapse we could show that the loss of the 

single isoform RIM1! already leads to a significant reduction in action potential triggered Ca2+-

influx at axonal boutons. As a consequence the release probability is reduced and short-term 

plasticity is enhanced. In contrast we could not find any difference in the expression of 

presynaptic long-term plasticity. To further test this finding, we mimicked the reduction of Ca2+-

influx found in RIM1! KO mice by reducing the external Ca2+-concentration. The resulting 

lower intracellular Ca2+-concentration does not fall below but comes close to the threshold of 

inducibility of long-term plasticity. Our results argue against an indispensable role of RIM1! in 

the expression of long-term plasticity but indicate a rather universal role of the protein in 

interacting with voltage-dependent Ca2+-channels to enable proper synaptic neurotransmitter 

release.  

In addition, we found a significant difference between the Ca2+-influx in boutons of the 

ascending compared to the parallel fiber segment of granule cell axons, which adds additional 

information to previous studies that showed differential synaptic properties of these two axonal 

segments as well. 
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Zusammenfassung 

 

Synaptische Plastizität beschreibt die aktivitätsabhängige Änderung der Stärke synaptischer 

Transmission und stellt ein Hauptmerkmal neuronaler Kommunikation dar. Abhängig von der 

Dauer der Transmissionsänderungen wird sie in Kurzzeit- und Langzeitplastizität unterteilt. 

Während Langzeitplastizität auf molekularen Änderungen der prä- und/oder postsynaptischen 

Seite basiert, sind die beeinflussenden Faktoren für Kurzzeitplastizität hauptsächlich 

präsynaptisch. Dort werden synaptische Transmission und aktivitätsabhängige Plastizität an der 

aktiven Zone reguliert. Diese Zone ist ein präsynaptischer Abschnitt der Plasmamembran 

welcher mit einem komplexen Proteinnetzwerk versehen ist. Sie dient dem Andocken und der 

Vorbereitung von synaptischen Vesikeln zur Neurotransmitterfreisetzung, welches die 

Zusammenführung der Vesikel mit dem Freisetzungsapparat und dem Ca2+-Kanal beinhaltet. 

Das Proteinnetzwerk stellt dabei den räumlich und zeitlich sehr genau regulierten Prozess des 

durch ein Aktionspotential ausgelösten Ca2+-Einstroms, mit anschließender Exozytose des 

neurotransmittergefüllten Vesikels sicher. 

Der Fokus dieser Arbeit liegt auf dem präsynaptischen Protein RIM1!, welches eine 

Hauptkomponente des Proteinkomplexes der aktiven Zone darstellt. Vorherige Studien konnten 

zeigen, dass RIM1! abhängig von der getesteten Synapse entweder Kurzeitplastizität verändert 

oder präsynaptische Langzeitplastizität vermittelt oder beides. 

Durch die Kombination von elektrophysiologischen Analysen der synaptischen Transmission 

und Freisetzungswahrscheinlichkeit zusammen mit 2-Photonen Ca2+-Messungen an der 

zerebellaren Körnerzellsynapse konnten wir zeigen, dass bereits das Fehlen der Isoform RIM1! 

zu einer signifikanten Reduktion des Ca2+-Einstroms in axonalen Boutons führt. Infolgedessen 

ist die Freisetzungswahrscheinlichkeit reduziert und die Kurzeitplastizität erhöht. Dahingegen 

konnten wir keine Unterschiede in der Expression von präsynaptischer Langzeitplastizität 

feststellen. Zur weiteren Überprüfung der Befunde wurde der reduzierte Ca2+-Einstrom durch 

eine Reduktion der extrazellulären Ca2+-Konzentration nachgeahmt. Die daraus resultierende, 

niedrigerer intrazelluläre Ca2+-Konzentration unterschritt die Grenze der Induzierbarkeit von 

Langzeitplastizität nicht, kam ihr jedoch nahe. Unsere Ergebnisse sprechen gegen eine 

unabdingbare Rolle von RIM1! in der Expression von präsynaptischer Plastizität. Stattdessen 

weisen sie auf eine universellere Rolle des Proteins in der Interaktion mit spannungsabhängigen 

Ca2+-Kanälen hin, welche gewährleistet, dass die synaptische Freisetzung von Neurotransmittern 

exakt erfolgt. 
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Des weiteren wurde ein bedeutender Unterschied im Ca2+-Einstrom in den Boutons zwischen 

dem aufsteigenden Astes und denen des Parallelfasersegments von Körnerzellaxonen festgestellt. 

Dies ist eine zusätzliche Information ergänzend zu vorherigen Studien, welche bereits 

unterschiedliche synaptische Eigenschaften der beiden axonalen Segmente zeigen konnten. 
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1 Introduction 

 

The brain is an organ that enables organisms to 

interact with the environment in a directed fashion. It 

does so by receiving sensory information, performing 

information processing and generating output like 

motor commands (Reichert, 1992). Neurons are 

thought to be the functional modules of this process. 

They are interconnected and integrated in complex 

networks, and differ in morphology and physiology to 

perform a variety of computational tasks (Shepherd, 

2010).   

The first described neuron in the human brain, 

although the term did not exist at that time, was the 

Purkinje cell (PC). It was named after its discoverer 

Jan Evangelista Purkinje in 1837 (Figure 1). A 

systematic description of neurons and their 

organization in the brain started with the contribution 

of Camillo Golgi and his reazione nera (Golgi 

staining) in 1873 (Golgi, 1873). The technique was 

utilized by Santiago Ramón y Cajal and enabled him 

to perform detailed morphological studies of the 

microorganization of almost every region of the 

central nervous system (CNS), e.g. the cerebellum 

(Figure 2). His work and that of others finally led to 

the “Neuron Doctrine” (1889) which proposed that the 

interaction between two (separate) neurons is made up 

by axons contacting dendrites or the soma (Glickstein 

et al., 2009). Cajal suggested that the contact between 

neurons is the point where information flows from one cell to another and he is therefore 

considered the founder of modern neuroscience (DeFelipe, 2002). The theory formed the 

counterpart to the “Reticular Theory” which was supported by Camillo Golgi in the then-current 

/>?@AB' 2C' %@AD>EFB' GBHHI' JAKLE' MN'

%@AD>EFB(' 12%! +*'?%! )%&'()9! .)! /2%!
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9&''(&)E! /2%! :%++(C! 9&49/*),%! I?'*)&+*'!
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debate. Golgi assumed that neuronal networks consist of a continuous reticulum formed in the 

axonal plexus.  

The term “synapse” was first introduced by Sherrington and Michael Foster in the 1897 edition 

of the Text-book of physiology and described these zones of contact (that had been suggested by 

Cajal) between neurons or neuron and effector cell. Their concept was based on findings from 

physiological experiments demonstrating, amongst others, a longer latency of conduction in 

reflex arcs as compared to the conduction velocity in nerve fibers (Burke, 2006). He therefore 

proposed a “nexus between neuron and neuron”, termed synapse, and thereby highlighted one of 

the key structures in the CNS. Since then, neurons and their synaptic connections were one of the 

major targets of neuroscientific research (Ito, 2011).  

 

 

/>?@AB' 8C' 5AKL>E?' OP' QRB' GBABMBHHKA' GOAQBS' OP' K' RBE' MN' !KEQ>K?O' 4KTUE' N' 6KFKH(! U.BB%'%)/! +*:%'9! *'%!
92(C)!I+*4%+.)?!()!/2%!'.?2/!2*)E!9./%L\!/2%!-(+%,&+*'!`()%!IAL[!/2%!?'*)&+*'!+*:%'!IaL!*)E!/2%!bC2./%!-*//%'c!
I3L!I)(/!+*4%+%E!.9!/2%!J&'D.)X%!,%++!+*:%'!4%/C%%)!A!*)E!aL#!P++&9/'*/%E!*'%!B.Y%!E.BB%'%)/!,%++!/:;%9\!J&'D.)X%!
,%++9! IAL[! 9/%++*/%!,%++9! IUL[!V(+?.! ,%++9! IdL[!?'*)&+%!,%++9! IeL!*)E!4*9D%/!,%++!*S()9! I7L#!1*D%)! B'(-!U%d%+.;%[!
0550[! ('.?.)*++:! B'(-!3*X*+[! 7#O#! I"GGGL! ! bH9/'&,/&'*! E%! +(9! ,%)/'(9! )%'Y.(9(9! E%! +*9! *Y%9#fO%Y#! 1'.-!e.9/(+#!
$('-#!J*/(+#!"[!"8"5#!!
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1.1 Neuronal communication 

Neuronal communication describes the transduction of chemical or electrical signals from one 

neuron to another. Three principle mechanisms of fast signaling in the CNS are known so far: 

Electrical coupling, ephaptic coupling and communication via chemical synapses.  

Electrical coupling is mediated by gap junctions. They are composed of six protein subunits, 

connexins, which form a hemichannel. The docking of two hemichannels forms a aqueous 

channel between the cytoplasm of two cells that mediates direct electrical and metabolic 

coupling (Bennett and Goodenough, 1978; Harris et al., 1983; Giaume et al., 2010). Recently, a 

new family of gap junction proteins, called pannexins, has been discovered, which are also 

involved in electrical coupling (Bruzzone et al., 2003). Gap junctions are thought to play a role 

in astroglial networks (Pannasch and Rouach, 2013), fast neuronal communication (Schmitz et 

al., 2001) and network oscillations (Draguhn et al., 1998). Furthermore, they have been shown to 

compensate for sublinear dendritic integration in Golgi cells of the cerebellum by spreading 

excitatory inputs to neighboring interneurons (Vervaeke et al., 2012).   

Ephaptic coupling describes the interaction of two closely spaced neurons. The activity of one 

neurons creates a local electric field by the ion flow through its membrane and thereby 

potentially influences the activity of its neighboring neurons (Jefferys, 1995; Anastassiou et al., 

2011). 

It is worth noting that information transfer in the CNS is not only a neuron-specific performance. 

There is growing evidence that glia cells, especially astrocytes, are capable of regulating 

synaptic transmission and plasticity. They have been shown to sense neuronal activity and 

respond via calcium signaling, so that their function seems to exceed mere metabolic support 

(Oliet et al., 2001; Pannasch et al., 2011). 

However, electrical coupling, ephaptic interaction and astrocytic contribution to neuronal 

communication have been shown to be of significant function in special cases or in an indirect 

fashion. The vast majority of neural communication is attributed to chemical synaptic 

transmission via neurotransmitters.  

  

1.1.1 Chemical synaptic transmission 

Evoked synaptic transmission is preceded by the initiation of an action potential (AP) in the 

soma of a neuron. The temporal and/or spatial summation of depolarizing events eventually 

leads to the opening of sodium channels at the axon initial segment, thereby triggering an AP. 

The AP is then transferred along the axon by active conductances of sodium and potassium 
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channels and finally leads to a depolarization of the presynaptic membrane, which in turn opens 

voltage-dependent Ca2+-channels. The rise in presynaptic calcium triggers - with a certain 

probability - the fusion of a vesicle with the presynaptic membrane and thereby the release of 

neurotransmitter into the synaptic cleft (1.1.3). Neurotransmitter then binds to postsynaptic 

receptors that transduce a receptor-dependent signal to the cytosol (Zucker and Regehr, 2002; 

Shepherd, 2003). 

The impact of neurotransmitter binding to a synaptic receptor depends on the specific receptor 

type. Broadly speaking, they can be divided into ionotropic (ligand-gated ion channels) and 

metabotropic (G-protein coupled) receptors that mediate fast and slow synaptic transmission, 

respectively (Hammond, 2012).  

The process of fast synaptic transmission includes the release of neurotransmitter from the 

presynaptic element and its subsequent binding to postsynaptic receptors. The binding leads to a 

temporally and spatially limited increase in the membrane ionic conductance through the 

opening of ligand-gated ion channels. Dependent on the ion selectivity and the electrochemical 

gradient between the extracellular and intracellular milieu of these ions the conductance change 

leads to a (relative to the intracellular potential), more positive, excitatory postsynaptic potential 

(EPSP), or more negative, inhibitory postsynaptic potential (IPSP) (Shepherd, 2003). In voltage 

clamp experiments, where the intracellular potential is kept constant at a given holding potential 

by current injections, these changes are thus detected as excitatory postsynaptic currents 

(EPSCs) or inhibitory postsynaptic currents (IPSCs). 

At glutamatergic synapses, there are three ionotropic receptors that are classified according to 

their specific agonists: !-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors 

(AMPARs) are composed of four subunits (GluA1-4) forming a tetramer. AMPARs are Na+ and 

K+ permeable and, depending on their subunit composition, also able to conduct Ca2+-ions. Even 

though they can exhibit a wide range of different biophysical properties, AMPARs usually have 

rapid kinetics. N-methyl-D-aspartate receptors (NMDARs) have slower kinetics and their 

channel pore is blocked by Mg2+ at negative membrane potentials. The opening of the receptor 

channel depends on the depolarization of the postsynapse and the subsequent release of the 

Mg2+-block. The conductivity of NMDARs is much higher for Ca2+-ions compared to AMPARs. 

The function of kainate receptors (KARs), compared to AMPA and NMDA receptors, is less 

well understood due to a lack of selective pharmacology until recently but they also play a role 

in synaptic transmission and plasticity. KARs are permeable to Na+ and K+ and possess slower 

kinetics than AMPARs (Castillo et al., 1997b; Vignes and Collingridge, 1997; Bortolotto et al., 

1999; Lerma, 2006; Pinheiro and Mulle, 2008).  
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The kinetic properties of ionotropic glutamate receptors are not only regulated by their subunit 

composition, but also by transmembrane auxiliary subunits that form an integral part of the 

receptor complex. They are able to modulate receptor trafficking, gating and pharmacology and 

are thus crucially involved in the regulation of glutamatergic transmission. Their function has 

been first described for transmembrane AMPAR regulatory proteins (TARPs) but recent studies 

suggest similar interactions for NMDARs and KARs (Chen et al., 1999; Hashimoto et al., 1999; 

Ng et al., 2009; Jackson and Nicoll, 2011; Straub et al., 2011).  

Slow synaptic transmission involves the activation of metabotropic receptors. Their signal 

transduction is mediated by intracellular cascades via guanine nucleotide-binding proteins (G-

proteins), which can activate multiple downstream effectors (Hammond, 2012). In the inactive 

state, G-protein coupled receptors loosely bind a G-protein complex consisting of the !-, "- and 

#-subunit and GDP. After activation by an agonist a transient high-affinity complex is formed, 

GDP is replaced by GTP and the G-protein complex dissociates into !-subunit and a "#-dimer, 

both able to activate several effectors (Pierce et al., 2002). A common example is the presynaptic 

GABAB receptor. Upon activation it decreases calcium influx by modulating voltage-dependent 

calcium channels (VDCCs), reduces cyclic adenosine monophophate (cAMP) levels and 

increases the energy barrier for vesicle fusion (Takahashi et al., 1998; Rost et al., 2011). 

Although synaptic transmission is normally described as a feedforward process from the pre- to 

the postsynapse, other important signaling mechanisms operate at the synapse as well. After the 

release of neurotransmitter and its diffusion into the synaptic cleft, it not only binds to receptors 

on the post- but also on the presynaptic side. These so-called autoreceptors are mostly 

metabotropic and act as a feedback loop in signal transduction by leading either to an increase or 

decrease of the release probability (Thompson and Gähwiler, 1989; Scanziani et al., 1997). 

Synaptic feedback communication can also occur by means of retrograde messengers. A 

prominent example is the release of endogenous cannabinoids triggered by postsynaptic 

depolarization that subsequently suppresses presynaptic transmitter release. The 

endocannabinoid system is thought to act as a feedback loop that regulates presynaptic inputs 

according to postsynaptic firing rates (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; 

Wilson and Nicoll, 2001).  Additionally, release of neurotransmitter has been shown to act in a 

non-synaptic manner. Depending on the spatial separation of synapses by glia cells and the type 

of neurotransmitter uptake mechanism, released neurotransmitter can diffuse out of the synapse 

and activate distant receptors, a process that is called volume transmission (Barbour and 

Häusser, 1997; Oláh et al., 2009). 
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1.1.2 Structure and function of the presynaptic active zone 

Neurotransmitter is released into the synaptic cleft by vesicle exocytosis. The process is 

exclusively restricted to the active zone, a small part of the presynaptic membrane with an 

electron dense appearance in electron micrographs (Figure 3A,B). It is the site of information 

transfer from an electrical signal (action potential) to a chemical signal (vesicular exocytosis of 

chemical messenger).  

The active zone performs several crucial steps in synaptic transmission: (1) It docks and primes 

synaptic vesicles, (2) recruits Ca2+-channels and brings them into close vicinity of the release 

trigger, (3) brings together the pre- and postsynapse opposite to each other and (4) mediates 

long-term and short-term plasticity as a synapse specific characteristic. It thereby ensures 

synaptic transmission with the requisite speed and accuracy (Südhof, 2012).  

A key component of the active zone is a multiprotein core complex that brings together the 

vesicle and its release machinery with the VDCC (Figure 3C). In vertebrates, it associates with 

cell adhesion molecules (CAMs) like neurexin, piccolo and bassoon (Ziv and Garner, 2004), or 

SYD-1 in invertebrates (Owald et al., 2012), to ensure proper positioning of the active zone 

opposite to postsynaptic specializations. The exocytosis itself is mediated by the fusion 

machinery, which is formed by the SNARE (SNAP (soluble NSF attachment protein) receptor) 

proteins SNAP-25, synaptobrevin (v-SNARE) and syntaxin (t-SNARE). The complex, together 

with Munc18, performs the fusion process that is controlled by Ca2+ via synaptotagmin and 

complexin (Südhof and Rizo, 2011). 

The core complex consists of five evolutionary conserved proteins: RIM (Rab3-interacting 

molecule) (Wang et al., 1997), RIM-BP (RIM binding protein), Munc13 (mammalian unc-13), 

!-liprin and ELKS (Figure 3C). In this complex !-liprin and ELKS are the only proteins which 

do not possess multiple, functionally different modules. !-liprin is involved in the active zone 

formation and vesicle recruitment. The function of ELKS in vertebrates is largely unclear but 

experiments in Drosophila have shown that it is part of the fusion protein bruchpilot and 

important for vesicles recruitment (Hallermann et al., 2010).  
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Much more information has been gathered for the functional significance of the three 

multidomain proteins: RIM plays a central role in the organization of the molecular presynaptic 

scaffold. The RIM protein family consists of 7 members of which five are encoded by the 

RIM1/2 genes and two shorter C-terminal isoforms (#-RIMs) by RIM3 and RIM4 respectively 

(Figure 4). There are only two full-length isoforms, RIM1! and 2!, that comprise all RIM 

domains and two "-RIMs that lack either a Rab-3 binding N-terminal part (RIM1") or the whole 

zinc finger domain (RIM2") (Mittelstaedt et al., 2010). Recent studies with RIM1/2 conditional 

KO mice have demonstrated that RIM is involved in a number processes: it assists in the 

recruitment and targeting of VDCCs to the active zone, the coupling of vesicles to VDCCs, the 

priming and establishment of the readily releasable pool (RRP) and it furthermore inhibits the 

homodimerization of Munc13 (Deng et al., 2011; Han et al., 2011; Kaeser et al., 2011). Earlier, it 

has been shown that the binding of RIM1 to VDCCs alters gating properties and vesicle docking 

(Kiyonaka et al., 2007). RIM performs these tasks by interacting with other proteins via its five 

different functional domains (Figure 4): The N-terminal zinc-finger, which is surrounded by !-

helices, binds to Munc13 (Deng et al., 2011) and to the vesicular proteins Rab3 and Rab27 in a 

GTP-dependent manner (Fukuda, 2003). This tripartite complex is thought to be responsible for  

!!

!!

!!
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the priming of vesicles (Dulubova et al., 2005). The PDZ domain can bind to ELKS and P/Q- 

and N-type calcium channels and is thus important for the recruitment of VDCCs to the active 

zone (Han et al., 2011). In contrast, the physiological relevance of the two C2 domains of RIM, 

that interact with !-liprin, synaptotagmin-1 and SNARE proteins, is unclear. In addition to the 

just mentioned proteins, they have been shown to bind to the !1B subunit of N-type Ca2+-

channels and with lower affinities to the !1C subunit of L-type Ca2+-channels (Coppola et al., 

2001). Yet, the functional significance of this is also indistinct. A proline rich region (PxxP) 

between the two C2 domains binds to RIM-BP, which performs additional functions in targeting 

Ca2+-channels to the active zone (see below). Of note is also the phosphorylation site at serine-

413. It was thought to mediate plastic long-term changes but has recently been shown to be 

dispensable for this process (Kaeser et al., 2008a). 

RIM-BP has been shown to possess three Src homology 3 (SH3) domains that bind to PxxP 

motifs in !1-subunits of L-type, P/Q-type and N-type Ca-channels and to RIM (Hibino et al., 

2002). It thereby acts as a linker of VDCCs to RIM and the priming machinery. Experiments in 

Drosophila revealed that RIM-BP mutants have reduced Ca2+-influx and VDCC clustering is 

impaired. As a consequence release probability and evoked neurotransmitter release are reduced 

(Liu et al., 2011).  

The current view of the role of Munc13 (Brose et al., 1995) in synaptic transmission is that it is 

essential for vesicle priming. By an interaction of the MUN domain with the closed form of the 

SNARE protein-complex syntaxin-1/Munc18, it catalysis the transition to the open conformation 
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in a stable SNARE complex (Basu et al., 2005; Gerber et al., 2008; Ma et al., 2011). Recent 

studies revealed that the priming function of Munc13 is regulated. It forms homodimers via the 

binding of the N-terminal C2A domains and is thereby inactivated. After binding of the RIM 

zinc-finger to the C2A domain, the homodimer is disrupted and the priming function is activated 

(Deng et al., 2011; Südhof, 2012). Additionally, Munc13-mediated priming can be altered in an 

activity-dependent manner by the central signaling domain which consists of a calmodulin 

binding sequence and a C1 and C2B domain. The two domains are activated by Ca2+/calmodulin, 

diacylglycerol or phosphatidylinositol phosphate/phosphatidylinositol bisphosphate (Shin et al., 

2010). 

 

1.1.3 The role of calcium in neurotransmitter release 

The signaling of intracellular Ca2+-ions has a multitude of different functions and implications. 

One of the most prominent is the regulation of neurotransmitter release at the active zone of 

nerve terminals. The influence of calcium concentration ([Ca2+]) on neurotransmitter release has 

been described earlier by del Castillo and Katz, 1954a assuming a interaction of Ca2+-ions and a 

reactive site. Later it has been shown directly that increasing [Ca2+] also leads to an increase in 

the postsynaptic potentials and that this enhancement is not due to changes in action potential 

conduction (Katz and Miledi, 1965). Based on these findings Dodge and Rahamimoff, 1967 

developed a first quantitative description of the relationship between the extracellular [Ca2+] and 

neurotransmitter release. For low [Ca2+], they demonstrated a supralinear dependency of  the 

postsynaptic potential on extracellular [Ca2+] that pointed to a cooperative involvement of Ca2+-

ions in the release of a vesicle. For higher extracellular [Ca2+] the relationship becomes sublinear 

which is due to the saturation of Ca2+-influx. This is taken into account when data is plotted 

against the intracellular [Ca2+] and fitted with a power function, which evidently demonstrates 

the supralinear relationship between [Ca2+] and transmitter release (Mintz et al., 1995; Reid et 

al., 1998).        

Extensive research has provided a detailed picture of the many mechanistic steps involved in 

neurotransmitter release. After the steep rise of the presynaptic [Ca2+] by the opening of VDCCs, 

exocytosis of neurotransmitter-filled vesicles is triggered by the Ca2+-sensor synaptotagmin 

(Neher and Sakaba, 2008). The process of Ca2+-influx and neurotransmitter release is highly 

regulated by the active zone scaffold proteins (1.1.2), the release trigger and release machinery, 

VDCC function and fast Ca2+-buffering (Kiyonaka et al., 2007; Neher and Sakaba, 2008; 

Kochubey et al., 2011; Schneggenburger et al., 2012).  
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Stimulus evoked release can be distinguished into fast synchronous release (< 2 ms after the AP) 

and a slower asynchronous release (> 2 ms after the AP). The mechanistic principles underlying 

these differential release kinetics are not completely solved. One possibility is the presence of a 

profoundly different [Ca2+] profile during high frequency stimulation and the resulting [Ca2+] at 

distant sites of vesicle fusion (Neher and Sakaba, 2008). Alternatively, the existence of two 

different Ca2+-sensors with distinct affinities (Sun et al., 2007) or possibly different Ca2+-

cooperativities, leading to differential reactions at different [Ca2+] (Lou et al., 2005), has been 

hypothesized . A combination of all the afore mentioned cases is possible as well (Kochubey et 

al., 2011).   

In vertebrate brains Synaptotagmin 1, 2 and 9 are the mediators of fast synchronous release (Xu 

et al., 2007). The affinity of these Ca2+-sensors is relatively low, they react to a brief (< 1 ms) 

and local (< 100 nm) [Ca2+] signal of tens of $M in amplitude. Thus, Ca2+-triggered release is 

only possibly within a small area in the vicinity of VDCCs, so called nano- or microdomains. 

Earlier modeling studies have shown that the temporal and spatial profile of the [Ca2+] “depends 

on the distance to the VDCC, the single channel Ca2+-current, and the on-rate, concentration and 

mobility of the cellular Ca2+-buffers” (Schneggenburger et al., 2012). Hence, the relatively high 

[Ca2+] at the pore of the VDCC upon opening rapidly decreases by the diffusion into the 

intracellular space and binding to fast Ca2+-buffers. Unfortunately, up to now, it has not been 

possible to measure this process directly. Because of its local restriction, which is below the 

optical resolution limit, it cannot be determined with conventional optical methods. However, 

early modeling studies predict that a single Ca2+-current of a P/Q-type channel with 2 mM 

extracellular [Ca2+] would have a Ca2+-transient of about 20 $M at 10-20 nm distance (Neher, 

1998). In fact, experiments have demonstrated the tight coupling of Ca2+-source and Ca2+-sensor 

that ranges between 10-20 nm in GABAergic basket cells of the hippocampus (Bucurenciu et al., 

2008) and is < 30 nm at the PF – PC synapse in the cerebellum (Schmidt et al., 2012).  

Taken together, it is generally accepted that the release probability of a docked and primed 

vesicle strongly depends on the number of and distance to neighboring VDCCs. However, the 

exact interaction of VDCCs at the active zone to achieve sufficient [Ca2+] for triggering release 

remains elusive. There are two possibilities of VDCCs collocation that would yield a [Ca2+] 

sufficient to trigger release: (1) A more or less equal distribution of several VDCCs at the active 

zone that provide a “pooled” [Ca2+] signal or (2) few VDCCs that are tightly anchored to a 

particular vesicle. The above mentioned studies show that the latter seems to be the more likely 

scenario at cortical synapses (Bucurenciu et al., 2008; Schmidt et al., 2012) but an intermediate 

VDCC grouping has been described in younger animals (Kochubey et al., 2009). 
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Ca2+-influx trough VDCCs at the active zone is normally mediated by different VDCC-subtypes. 

Synaptic transmission is mainly controlled by P/Q- and/or N-type channels but L- and R-type 

channels are also involved. They are classified according to their !1-subunit, which contains the 

voltage sensor, the conduction pore and the gating apparatus. The !1-subunit associates with four 

distinct auxiliary subunits and also contains most of the target sites for channel regulation by 

second messengers, drugs and toxins (Catterall and Few, 2008). VDCCs are regulated, amongst 

others, by G"# (e.g. via mGluRs, adenosine receptors or GABAb), PKC, SNARES, CaMKII and 

nCaS/CaM (Catterall and Few, 2008) or by binding to RIM (Kiyonaka et al., 2007).  

In conclusion, Ca2+-influx and intracellular Ca2+-handling constitutes a main regulatory element 

of presynapse physiology. 
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1.2 The Cerebellum 

To further examine the above mentioned mechanisms of synaptic transmission we chose the 

granule cell – Purkinje cell synapse in the cerebellum. This synapse is very well suited to probe 

synaptic plasticity because of three reasons: (1) The cerebellar structure permits good 

experimental accessibility for electrophysiological as well as fluorometric experiments (2.2). (2) 

It displays a pronounced short-term plasticity and possesses a presynaptic form of long-term 

plasticity (1.3, 1.4). (3) A long history of cerebellar research has yielded an extensive knowledge 

basis of its physiology which will be outlined in the following, and on which one can fall back 

when planning and interpreting experimental results.  

Early descriptions of the cerebellum connected a low number of cerebellar folia with cretinism 

and suggested that it may function as an organ for sexual drive (Combe and Combe, 1838). 

However, experimental evidence for these conclusions was sparse and none of them turned out 

to be true. Pierre Flourens was the first who, in 1824, made the fundamental observation that 

after cerebellar ablation in animals movements are not completely lost but coordination was 

missing. He therefore concluded that the production and the coordination of movement results 

from separate mechanisms (Glickstein et al., 2009). More than a 100 years later cerebellar 

research made great progress on the cellular connectivity with a detailed description of the 

cerebellar circuitry by John Eccles, Masao Ito and Janos Szentägothai (Eccles et al., 1967). It 

finally led to the comprehensive theories of cerebellar function in motor learning and control 

from David Marr (Marr, 1969) and James S. Albus (Albus, 1971). 

 

1.2.1 Function and organization 

The modern view of the cerebellum holds that it acts as a sensorimotor control system where it 

receives a variety of sensory inputs and calculates, according to internal computational rules, an 

adequate motor output (Apps and Garwicz, 2005). It is involved in coordination as well as motor 

learning, reflex adaptation and locomotion conditioning (De Zeeuw et al., 2011). How these 

complex behaviors are produced by the cerebellum is not completely solved but motor 

prediction, which will be explained in the following, seems to be a crucial part of it. The concept 

of motor prediction deals with the problem that the CNS is not capable of determining the exact 

peripheral state during ongoing movement which is due to the time delays in conduction from 

the periphery to the CNS (Miall et al., 2007). An initial idea as to how this might be solved has 

been put forward by Hermann von Helmholtz who suggested an internal signal copy of the 

motor command, termed efference copy. The idea gave rise to several theories of cerebellar 
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function in which motor prediction is implemented in sensorimotor loops to control motor 

coordination (Ito, 1984; Wolpert et al., 1995; Wolpert and Flanagan, 2001) and which could also 

be strengthened experimentally (Miall et al., 2007).  

Recent work suggests that it might also play a role in emotional and cognitive processing and 

autism (Schmahmann, 2010; Timmann et al., 2010; Tsai et al., 2012) but it is unclear if this is a 

general feature of the mammalian cerebellum or specific to humans (Galliano et al., 2013b). A 

theory combining different aspects of information processing interprets the cerebellum as a 

“general-purpose co-processor” (i.e. the expansion of the concept of motor prediction to non-

motor functions) whose action depends on the 

connection of individual modules to specific brain 

regions. It generalizes the concept of the 

cerebellum being a forward controller of the 

motor system to an “anticipatory” processing. The 

latter encompasses the alignment of neural 

activity representing a virtual reality (because of 

the temporal delay of sensory input) and the 

actual sensory stimuli (real world perception) 

(D'Angelo and Casali, 2012).   

Despite the ongoing debate on cerebellar 

function, the concept of the structural 

organization of the cerebellum is less 

controversial. It can be divided anatomically into 

a cortical part and subcortical part (Figure 5). The 

functional organization of the cerebellum consists 

of parasagittal zones or microzones, which consist 

of several PCs having the same somatotopic 

receptive field. They are sagitally oriented and 

synchronously modulated by climbing fibers 

arising from a particular subnucleus of the 

inferior olive (D'Angelo and Casali, 2012). The 

PCs in turn project to particular cerebellar nuclei 

that project back to the same subnucleus of the 

inferior olive and thus represent cerebellar 

microcircuits (De Zeeuw et al., 2011) (Figure 5). 

D’Angelo and Casali Unified cerebellar function

idea of the instantaneity of subjective perception, is far too long
to allow movement and thought to be controlled in a purposeful,
dynamic, and interactive manner. Therefore, the virtual reality
generated by the brain has to be “anticipatory” and to occur
somehow in advance of the elaboration of objective reality based
on cortical processing of sensory signals. This anticipatory process
may be based on the use of previous information and memory on
various time scales, as would occur in a forward controller, which
is exactly what the cerebellum is thought to be. A second issue
is that reality is perceived as continuous, even though computa-
tional cycles during cerebro-cortical cognitive processing actually
last about 25 ms (a !-band cycle) and longer cycles about 100 ms
(a "-band cycle) (Buzsaki, 2006). The cerebellum, by exerting mil-
lisecond control of its output spikes, may help to maintain the fast
continuity required for spatiotemporal integration of conscious
percepts.

Thus, the fact that the cerebellum does not, clinically, appear to
be needed to generate consciousness (Tononi and Edelman, 1998)
does not mean that it is extraneous to the mechanisms controlling
the relationship between objective reality and internal represen-
tation. Indeed, functional activation of the cerebellum has been
revealed in relation to the conscious representation of time in
tasks using internal memories (Addis et al., 2009; Nyberg et al.,
2010; Szpunar, 2010, 2011). It should be noted at this point that
one main theory on the working of the cerebellum is that it acts
as a “comparator of intentionality with execution,” which is pre-
cisely what the whole brain continuously does in order to relate
neuronal activity to the world. On this basis, we conclude that
it can hardly be considered surprising that the cerebellum takes
part in cognition and emotion, that it can influence attention and
intelligence (Cotterill, 2001), and that its dysfunction can affect
“internal coherence” in dissociative diseases.

THE EXTENDED CEREBRO-CEREBELLAR LOOPS
The cerebellar cortex has, from the earliest studies, always been
reported to have a similar structure in all its sections, and its cir-
cuit to show a regular “lattice”-like organization (Eccles et al.,
1967) (Figure 1). The cerebellar circuit can be schematically
described as follows: mossy fibers activate granule and Golgi cells
in the granular layer. Granule cells emit parallel fibers and activate
all the other neurons in the cerebellar cortex. Golgi cells are dou-
bly activated by mossy and parallel fibers providing feedforward
and feedback inhibition to granule cells. The granular layer also
contains other interneurons, namely, Lugaro cells and unipolar
brush cells (only in the flocculo-nodular lobe). In the molecu-
lar layer, parallel fibers activate Purkinje cells and also stellate
and basket cells, which in turn inhibit Purkinje cells. Purkinje
cells are also activated by climbing fibers generated by the inferior
olive. Purkinje cells in turn project to the deep-cerebellar nuclei.
In this context, the modules and the cerebello-thalamo-cerebro-
cortical circuits (CTCCs) can be considered the main structural
elements.

THE CEREBELLAR MODULAR ORGANIZATION
Macroscopically, the cerebellum consists of a tightly folded layer
of cortex with white matter beneath in which deep nuclei are
embedded. At microscopic level, each part of the cortex consists

FIGURE 1 | Schematic representation of the cerebellar circuit. The
cerebellar circuit consists of cortical and subcortical sections. At subcortical
level, the afferent fibers activate DCN cells (DCN-C) and IO cells (IO-C).
The DCN emits the output and at the same time inhibits the IO. In the
cerebellar cortex, there are different types of neurons including granule
cells (GrC), Golgi cells (GoC), Purkinje cells (PC), stellate and basket cells
(SC, BC), Lugaro cells, and unipolar brush cells (not shown). The two main
inputs are represented by mossy fibers (mf) originating in various brain
stem and spinal cord nuclei, and by climbing fibers (cf) originating from the
IO. Signals conveyed through the mossy fibers diverge to DCN and activate
the granular layer (containing GrC and GoC). The ascending axon of the GrC
bifurcates in the molecular layer (containing PC, SC, and BC) forming
the parallel fibers (pf). The cerebellar cortical circuit is organized as a
feedforward excitatory chain assisted by inhibitory loops: mfs excite GrCs,
which activate all the other cortical elements. In the granular layer, inhibition
is provided by GoC, in the molecular layer by SC and BC. Finally, PC inhibit
DCN. The IO, which is also activated by brain stem and spinal cord nuclei,
controls PC activity though a single powerful synapse. Thus, the whole
system can be seen as a complex mechanism controlling the DCN output.

of the same small set of neuronal elements, laid out according
to a highly stereotyped geometry. At an intermediate level, the
cerebellum and its auxiliary structures can be broken down into
several hundred or thousand microzones or microcompartments,
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1.2.2 The cerebellar cortex  

The cerebellar cortex is a three-layered structure consisting of the molecular layer, Purkinje cell 

layer and granular cell layer (Figure 2). It is part of the cerebellar microcircuit that also 

comprises subcortical sections (Figure 5). The circuit gets external input from mossy fibers and 

climbing fibers (Figure 6). Mossy fibers arise in various regions in the brain stem and spinal cord 

nuclei and diverge to the deep cerebellar nuclei and innervate the granular cell layer. There they 

make contacts with granule cells and Golgi cells. Golgi cells functionally regulate the degree of 

mossy fiber-granule cell divergence. They get excitatory input from mossy fibers and granule 

cell ascending axon and thereby inhibit granule cells in a feedforward and feedback manner 

(Cesana et al., 2013). Each granule cell gives rise to an ascending axon, which bifurcates in the 

molecular layer to form the parallel fibers. They run orthogonally to the dendritic tree of the PC 

through the molecular layer and form about 2000 contacts with individual PCs. Besides 

receiving parallel fiber input, each PC is innervated by one climbing fiber that makes thousands 

of synaptic contacts with the dendritic tree of the PC resulting in a powerful connection. 
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Motor learning
Adaptation of the amplitude 
(gain) and/or timing (phase) of 
movements following a training 
paradigm; typical forms of 
cerebellar motor learning 
paradigms include adaptation 
of the vestibulo-ocular reflex 
and eyeblink conditioning.
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Mossy fibre–granule cell synapses. Mossy fibres are 
derived from various brainstem nuclei29. A single 
mossy fibre can divide across different folia into multi-
ple branches, each of which provides multiple rosettes; 
a single mossy fibre rosette provides excitatory input  
to tens of granule cells within a glomerulus30. In addition to  
short-term plasticity (TABLE!1), the mossy fibre–granule 

cell synapse undergoes both LTP and LTD. Mossy fibre–
granule cell LTP is presynaptic, is dependent on acti-
vation of postsynaptic NMDA receptors (NMDARs) 
and metabotropic glutamate receptors (mGluRs) and 
can be reversed by presynaptic LTD31,32. LTP and LTD 
both depend on persistent presynaptic activity and sub-
sequent Ca2+ influx in the postsynaptic granule cell33 
(FIG.!1). Activation of !7 nicotinic acetylcholine receptors 
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Inhibitory input onto PCs is provided by stellate cells at the dendritic level and by basket cell 

axons that form a “pinceau” structure at the axon initial segment. Together, they are called 

molecular layer interneurons and mediate feedforward inhibition from PFs to PCs. The PC itself 

is GABAergic too and targets neurons in the deep cerebellar nuclei, which are the output of the 

cerebellum (Ito, 2006; Shepherd, 2010). The deep cerebellar nuclei also give rise to inhibitory 

connections that project back to the inferior olive (Figure 5). Recently, it has been shown that 

this olivo-cortico-nuclear network is capable of controlling olivary afferents to PCs, and thus by 

activating this particular set of PCs forming a closed signalling loop (Chaumonta et al., 2013). 

A less well-described type of interneuron is the Lugaro cell that is located in the granular cell 

layer. They make contact with Golgi cells and provide mixed glycinergic/GABAergic input. 

They are silent under normal conditions but discharge at 5 - 15 Hz in the presence of serotonin 

(Dumoulin et al., 2001; Hull and Regehr, 2012). Unipolar brush cells are exclusively present in 

the granular cell layer of the vestibulocerebellum. They are innervated by mossy fibers and 

synapse onto granule cells and other unipolar brush cells. They are thought to amplify mossy 

fiber input (Shepherd, 2010).  

 

1.2.3 Properties of the granule cell – Purkinje cells synapse 

PCs get excitatory input from climbing fibers and from parallel fibers. Interestingly, both types 

of input are exclusively mediated by non-NMDA receptors (Perkel et al., 1990). At the PF – PC 

synapse transmission is mediated by AMPARs whereas at the CF – PC synapse AMPARs and 

kainate receptors are involved (Huang, 2004).  The PF – PC synapse displays a prominent paired 

pulse potentiation (Perkel et al., 1990) and a low release probability (Dittman et al., 2000). 

Ultrastructural analysis revealed that they are ensheathed by astrocytic processes to a greater 

extent (67 %) than e.g. Schaffer collateral - CA1 pyramidal cell synapses (43 %) making them 

less sensitive to synaptic cross-talk (Ventura and Harris, 1999; Xu-Friedman et al., 2001). PF 

synapses possess around eight anatomically docked vesicles per release site and normally one 

release site per synapse (Xu-Friedman et al., 2001). An extensive 2-photon laser scanning Ca2+-

imaging study demonstrated that Ca2+-influx at PF synapses varies considerably between 

boutons (peak volume average Ca2+-transients: 400 – 900 nM) but is highly reliable at single 

boutons. The authors calculated the number of VDCCs to range between 20 – 125 (dependent on 

the single channel conductance) per synapse (Brenowitz and Regehr, 2007). Another group 

performed paired recordings of unitary PF – PC connections together with a multi-probability 

fluctuation analysis and Ca2+-imaging. The data enabled them to model the coupling between the 
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Ca2+-source and the sensor and estimated it to be < 30 nm, thus clearly in the nanodomain range 

(Schmidt et al., 2012).  

It is noteworthy that synaptic properties of granule cell synapses are seemingly not 

homogenously distributed along the axon. Two studies described electrophysiological 

differences between the ascending axon (AA) and the PF segments. They could show that the 

paired-pulse ratio is decreased and release probability is increased in AA compared to PF (Sims 

and Hartell, 2005). Furthermore, it was demonstrated that several forms of long-term plasticity 

are strongly limited in the AA whereas the PF segments exhibits postsynaptic long-term 

depression (LTD) and potentiation (LTP) and presynaptic LTP (Sims and Hartell, 2006). 

Transmitter release from granule cells boutons is regulated, amongst others, by presynaptic G-

protein coupled receptors (e.g. adenosine receptors, metabotropic glutamate receptors and 

cannabinoid receptors), which attenuate AP-triggered Ca2+-influx. The neuromodulatory action 

of these receptors has been shown to be heterogeneous and depends on the bouton size and the 

AP triggered Ca2+-transient amplitude (Zhang and Linden, 2009).      

Under in vivo conditions granule cells exhibit a low spontaneous firing rate of 0.5 Hz and are 

inhibited by tonically activated GABAAR. Upon mossy fiber input they fire in bursts of activity 

around 75 Hz and up to 250 Hz (Chadderton et al., 2004).      
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1.3 Short-term synaptic plasticity 

Synapses are activated at a variety of frequencies ranging from less than once a second to several 

hundred Hertz (Catterall and Few, 2008). However, the synaptic output in dependency of the 

firing frequency varies widely among different types of synapses. This activity-dependent 

change in the strength of synaptic transmission is called 

synaptic plasticity (Figure 7). Short-term plasticity 

comprises activity-dependent changes that range from 

millisecond intervals (short-term potentiation and 

depression), to several seconds (augmentation) or minutes 

(post-tetanic potentiation, PTP). The direction of plasticity, 

i.e. facilitation or depression, is specific for a particular 

synapse and an intrinsic feature of synaptic transmission 

(Abbott and Regehr, 2004). The underlying processes are 

numerous and usually it is not possible to completely 

disentangle all of the ones involved (Zucker and Regehr, 

2002; Fioravante and Regehr, 2011). Except for 

postsynaptic receptor desensitization (Jones and 

Westbrook, 1996), short-term plasticity represents a change 

in presynaptic neurotransmitter release (Catterall and Few, 

2008). It provides synaptic transmission with a powerful 

computational property because it integrates current 

activity with the recent history of synaptic activity 

(Fioravante and Regehr, 2011).  

 

1.3.1 Mechanisms of short-term facilitation  

Several mechanisms have been proposed for short-term facilitation. Initially it had been assumed 

that residual Ca2+, remaining at the synapse after an action potential triggered Ca2+-influx, 

contributes to the increase in release probability during subsequent stimuli (Katz and Miledi, 

1968). This led to the proposal of a high affinity Ca2+-sensor, distinct from synaptotagmin, that 

increases release probability on a slower time course (Atluri and Regehr, 1998). To date, no such 

Ca2+-sensor has been identified (Fioravante and Regehr, 2011). Instead, two recent studies could 

show that (1) the increase of residual Ca2+ is not sufficient to account for the facilitation and that 
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Ca2+-sensitivity does not change (Felmy et al., 2003) and that (2) the wash-out of endogenous 

Ca2+-buffer leads to a decreased paired-pulse facilitation (Blatow et al., 2003). These results 

suggest that stimulus triggered Ca2+-influx leads to a local saturation of fast, endogenous Ca2+-

buffers, like calbindin, so that more Ca2+-ions will reach the nearby release trigger in response to 

a second stimulus (Catterall and Few, 2008; Fioravante and Regehr, 2011). 

Additionally, it became evident that Ca2+-influx can be altered in an activity-dependent manner 

(1.1.3) (Catterall and Few, 2008). Ca2+ binds to neuronal Ca2+-senor proteins (CaS) that 

modulate Ca2+-influx trough Cav2.1 channels (P/Q-type) and thereby increase Ca2+-influx, 

leading to an increase in release probability (Mochida et al., 2008). Taking into account not only 

the local saturation of Ca2+-buffers and modulation of Ca2+-influx, but also the sensitivity of 

transmitter release to [Ca2+] (1.1.3), leads to the fact that already small changes in  [Ca2+] can 

cause significant changes in synaptic output.   

It has been shown that also subthreshold depolarization in the soma or axon can alter 

neurotransmitter release and thereby short-term plasticity. At the hippocampal mossy fiber – 

CA3 pyramidal cell synapse and in cortical layer 5 pyramidal cells it has been shown that 

subthreshold somatic depolarization increases the probability of transmitter release (Alle and 

Geiger, 2006; Shu et al., 2006). In cerebellar molecular layer interneuron pairs it has been shown 

that the electronic spread of subthreshold somatic depolarization facilitates axonal Ca2+-entry 

and thereby release (Christie et al., 2011). Complementary work on CA3 pyramidal cells of 

hippocampal slice cultures has shown that not only somatic subthreshold depolarization but also 

AP width during axonal conduction is modulated by glutamate application and able to increase 

synaptic release (Sasaki et al., 2011). All the aforementioned mechanisms are very well suited to 

contribute to short-term plasticity in the sense that previous activity is capable of altering 

ongoing output.  

Augmentation and PTP are similar forms of facilitation and probably share parts of their 

mechanistic principles. Both are induced by high-frequency stimulation and their duration 

depends on the train length of the stimulation protocol. The accumulation of free presynaptic 

Ca2+ during tetanic stimulation elevates residual [Ca2+] to several hundred nanomolar. Because 

residual [Ca2+] and PTP decay with a similar time courses they seem to be interconnected but 

residual [Ca2+] itself is not sufficient to cause an increase in synaptic transmission (Korogod et 

al., 2007). Among the proposed mediators are PKC, Munc13, CaMKII and synapsin (Fioravante 

and Regehr, 2011) of which the role of PKC is described best. Recent studies demonstrated the 

differential action of the PKC isoforms at different synapses. At the calyx of Held, PKC! and 

especially PKC" are crucial for PTP (Fioravante et al., 2011). At the cerebellar PF – PC synapse 
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the loss of both PKC isoforms is being compensated by other regulatory mechanisms that are 

PKA inhibitor sensitive suggesting a compensatory action of PKA (Fioravante et al., 2012). 

 

1.3.2 Mechanisms of short-term depression 

Repetitive synaptic stimuli do not always lead to a facilitation of transmission. At many 

synapses, transmission is depressed when stimulation paradigms with shorter time intervals are 

used. Also a combination, first facilitation and later depression, is possible during train 

stimulation (Dittman et al., 2000).  

Although the total number of presynaptic vesicles is much higher, the number of release-ready 

vesicles at a given active zone is limited to only a few (Xu-Friedman et al., 2001). The overall 

number of vesicles being released by an AP depends on the number of vesicles in the readily 

releasable pool and their release probability. If an AP triggers the release of a large number of 

vesicles from the readily releasable pool, then a subsequent stimulus will release fewer vesicles 

because of the reduced pool size (Zucker and Regehr, 2002). This model predicts synapses with 

high release probabilities to exhibit short-term depression and low Pr synapses to have short-term 

facilitation which indeed holds true for many synapses in the CNS (Fioravante and Regehr, 

2011). Short-term depression by depletion of the readily releasable pool is likely to occur due to 

multi-vesicular release (MVR) (Zucker and Regehr, 2002), which is the simultaneous release of 

more than one vesicle upon AP-triggered Ca2+-influx. The principle possibility of MVR at 

artificially high release probabilities has been shown earlier (Heuser et al., 1979). On the 

contrary, early physiological and morphological studies led to the “one site – one vesicle” 

hypothesis. It postulates the release of only vesicle per release site and trigger (univesicular 

release) and the existence of a mechanism that prevents the fusion of multiple vesicles at these 

sites (Triller and Korn, 1982; Redman, 1990). Today though, MVR has been shown to be 

regulated in an activity–dependent manner (Bender et al., 2009) and to be present both at high 

and low Pr synapses (Wadiche and Jahr, 2001; Foster et al., 2005).  

Besides the depletion of the readily releasable pool, inactivation of release sites is also thought to 

contribute to synaptic depression. If a vesicle is exocytosed, its membrane and the vesicular 

proteins are fused with the presynaptic membrane and block parts of the active zone. It thereby 

inhibits subsequent fusion events until the vesicular membrane proteins are cleared away 

endocytotically (Hosoi et al., 2009). 

Similar to short-term facilitation, short-term depression seems to be regulated by calcium 

channel modulation as well. It has been shown that Ca2+-influx can induce inactivation of 
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VDCCs. This is due to the fact  that the control of Ca2+-channels by calcium-sensing proteins 

(CaS), like calmodulin, calcium binding protein 1 (CaBP1) and neuronal calcium sensor 1 (NCS-

1), modulates VDCCs in a bidirectional fashion (Catterall and Few, 2008). The particular 

activity pattern that induces Ca2+-channels activation or inactivation varies between different 

types of synapses so that the contribution of Ca2+-influx reduction depends on the experimental 

conditions (Fioravante and Regehr, 2011). 

It is important to mention that both, mechanisms of facilitation and depression, exist in parallel 

and are not mutually exclusive. Their relative contribution depends on the previous activity 

pattern and the particular synapse.  

 

1.3.3 Computational consequences of short-term plasticity 

The aforementioned mechanisms demonstrate that short-term plasticity is a variable but tightly 

regulated process of synaptic transmission. It is therefore thought to represent an essential 

feature of neuronal computation. So far, short-term plasticity has been shown to be of functional 

importance in many processes like e.g. synaptic filtering. It describes the dependency of the 

strength of synaptic transmission on its frequency and is interpreted as a low-, band- or high-pass 

filter that shows high, moderate or low release probability characteristics accordingly. The 

importance of STP has further been demonstrated for burst detection, dynamic input 

compression and sensory adaptation (Abbott and Regehr, 2004).  

Synapses from the same neuron can vary widely in their transmission properties and are 

differentially regulated dependent on their target neuron (Pelkey et al., 2006). They may even 

vary in synaptic properties when targeting the same postsynaptic cell (Sims and Hartell, 2005). 

Furthermore, if the synaptic connection consists of a single release site, then information 

transmission is a digital event that depends on the release probability of the synapse. Because the 

actual output (i.e. the pattern of synaptic transmission at individual synapses) of a cell varies 

profoundly from trial to trial compared to its firing pattern, the pattern of transmitting synapses 

might contain different information than the somatic activity. It is therefore conceivable to 

consider the synapse as the computational unit of information processing rather than the somatic 

action potential (Abbott and Regehr, 2004).  

Although, the notion of synaptic transmission as a probabilistic process was known for quite 

some time (Fatt and Katz, 1952) it was proposed only recently that probabilistic representation 

and computation might be implemented in neuronal circuits as an intrinsic property of synaptic 

coding (Pouget et al., 2013). 
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1.4 Long-term synaptic plasticity 

The discovery of LTP at the perforant path synapse of rabbits in vivo (Bliss and Gardner-

Medwin, 1973; Bliss and Lomo, 1973) formed the experimental and cellular analog to the 

learning and memory theory of Donald Hebb (1949). Hebb proposed a coincidence-detection 

rule in which the simultaneous activity of two connected neurons would lead to the strengthening 

of this specific synaptic connection. The properties of NMDAR-dependent LTP (i.e. 

associativity, with the NMDAR functioning as molecular coincidence detector, input specificity 

and persistence over time) resemble those features formulated by Hebb.  

In the following, further advances led to a set of more specific concepts. It could be shown that 

other features of synaptic plasticity, namely depression and facilitation underlie behavioral 

habituation and sensitization during reflex learning in Aplysia californica and that these changes 

are based on cAMP-dependent protein phosphorylation (Kandel and Schwartz, 1982). For 

vertebrates a neuronal model derived of how LTP could act on a cellular level to form memory 

traces representing information storage. It is based on the connections and functional properties 

of the hippocampus, a brain area known to be crucial for associative memory (McNaughton and 

Morris, 1987). These and other studies shared the idea that synaptic long-term plasticity forms 

the neuronal basis for learning and memory processes occurring at the behavioral level and was 

summarized as the synaptic plasticity memory hypothesis:   

“Activity-dependent synaptic plasticity is induced at appropriate synapses during memory 

formation, and is both necessary and sufficient for the information storage underlying the type of 

memory mediated by the brain area in which that plasticity is observed” (Martin et al., 2000).  

In order to be able to assess the validity of the synaptic plasticity memory hypothesis four 

criteria have been formulated: (1) The detectability of a change of synaptic efficacy (memory 

engram) congruent with a learning event. (2) The artificial induction or mimicry of a memory by 

changing the pattern of synaptic weight. The (3) anterograde and (4) retrograde alteration of 

learning and memory (i.e. the blockade of learning by preventing LTP (anterograde) or deletion 

of an existing memory (retrograde)). Although not all of the above mentioned criteria have been 

undoubtedly met, there is good evidence for every single one. For example detectability and 

mimicry have been shown by the identification of contextual memory engrams in the dentate 

gyrus and subsequent manipulation with optogenetics (Ramirez et al., 2013). Anterograde 

alteration has been shown by the in vivo application of the NMDAR antagonist AP-5, which 

leads to a selective impairment of learning (Morris et al., 1986)). Today, long-term plasticity is 
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considered to be a cellular substrate for learning and memory (Bliss and Collingridge, 1993; 

Martin et al., 2000; Ho et al., 2011; Nicoll and Roche, 2013).  

On the cellular level long-term synaptic plasticity is an activity-depend change in the strength of 

transmission (Bliss and Lomo, 1973). Unlike short-term plasticity it can last for several minutes 

(>30 min), hours or even days and comprises depression as well as potentiation (Malenka and 

Bear, 2004). The most prominent and extensively studied form is the long-term potentiation at 

the Schaffer collateral-CA1 synapse. It could be shown that the activation of NMDARs is 

required for the induction of this form of LTP (Collingridge et al., 1983) and that postsynaptic 

AMPARs mediate the increase in synaptic strength (Nicoll and Malenka, 1995). The Ca2+-influx 

through NMDARs activates CaMKII and finally leads to a translocation and increased number 

of AMPARs in the postsynaptic membrane (Malenka and Bear, 2004; Nicoll and Roche, 2013).  

Besides the well described postsynaptic form of LTP long lasting alterations at the presynaptic 

site have been shown as well. Whether presynaptic long-term plasticity contributes to learning 

and memory is under debate. However, recent studies have shown that presynaptic plasticity 

may underlie behavioral adaptation in vivo (Powell et al., 2004; Blundell et al., 2010). 

 

1.4.1 Presynaptic long-term plasticity 

Activity induced long-term plasticity at the presynapse is expressed as an enduring increase 

(LTP) or decrease (LTD) in neurotransmitter release. Currently, presynaptic LTP and LTD has 

been described for many excitatory and inhibitory connections (Castillo, 2012). Several 

mechanisms of induction and expression have been discovered that differ from the initially 

described form of presynaptic plasticity present at mossy fiber – CA3 and PF – PC synapses. But 

also mechanistically similar forms were found in other brain regions, including subiculum 

(Wozny et al., 2008) and amygdala (Fourcaudot et al., 2008) (Figure 8).  

As mentioned, the first description of a form of long-term potentiation that is independent of 

NMDARs was at the hippocampal mossy fiber-CA3 synapse and it could be shown that this 

form of LTP is fundamentally different from the earlier discovered ‘classical’ Schaffer collateral 

-CA1 LTP (Harris and Cotman, 1986).  

Early studies already suggested that this form of LTP is of presynaptic origin because of a 

decrease in PPR, independency of postsynaptic intracellular calcium and the lack of 

cooperativity (Zalutsky and Nicoll, 1990; 1992). The presynaptic expression of mossy fiber LTP 

(mfLTP) could be demonstrated by imaging increased glia glutamate transporter currents due to 

an increase in synaptically released glutamate (Kawamura et al., 2004).  
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The question whether or not mfLTP is independent of postsynaptic Ca2+-influx was under debate 

for some time with arguments for (Castillo et al., 1994; Weisskopf et al., 1994; Tong et al., 1996; 

Mellor and Nicoll, 2001) and against it (Williams and Johnston, 1989; Yeckel et al., 1999). An 

important study demonstrated that mfLTP is intact when synaptic transmission is transiently 

blocked during the induction phase. Furthermore, mfLTP can be induced without the specific 

contribution of L-type, N-type or P/Q-type channels showing that VDCC subtypes can 

compensate for each other but that presynaptic Ca2+-influx is crucial for mfLTP induction 

(Castillo et al., 1994). In parallel it was established that forskolin (i.e. an activator of the 

adenylyl cyclase (Figure 8)) mimics mfLTP and occludes subsequent expression. Furthermore, it 

was confirmed that mfLTP is expressed through an enhancement of transmitter release 

(Weisskopf et al., 1994).  

Despite earlier controversy, cumulative evidence gave rise to the proposal that Ca2+-influx 

triggers a Ca2+/calmodulin dependent activation of the adenylyl cyclase that transiently increases 

cAMP levels and PKA activity and finally leads to a persistent enhancement of evoked 

glutamate release (Figure 8).  

Experiments in the cerebellum revealed that cAMP dependent LTP is not exclusively restricted 

to the mossy fiber synapse but also present at the PF – PC synapse (Salin et al., 1996). Analyses 

of parallel fiber long-term plasticity (pfLTP) led to a more detailed understanding of the 

mechanism. It could be shown that pfLTP is adenylyl cylase 1 and 8 (AC1, AC8) dependent 
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clamped at +30 mV for the entire experiment, which 
would prevent any activation of voltage-dependent 
channels by the tetanus, the reversed synaptic current 
still shows normal LTP55.

Another approach has been to prevent postsynaptic 
depolarization by blocking ionotropic glutamate recep-
tor activation. This experiment has also gener ated 
mixed results. Some studies found that in the absence 
of postsynaptic depolarization during the tetanization 
of mossy fibres in the presence of ionotropic glutamate 
receptor antagonists, LTP was still induced, as demon-
strated by the potentiated responses after washout of 
the antagonists63–65. Other studies concluded that such 
a manipulation blocked LTP62,66. By contrast, there is 
general agreement that tetanization in the absence of 
extracellular Ca2+ prevented LTP59,63,64, as did buffer-
ing presynaptic Ca2+ with the Ca2+ chelator EGTA at 
100 mM !REF. 59". To test for possible release of Ca2+ 
from intracellular stores, several studies have exam-
ined whether mGluRs are involved, because one of 
the effects of activating postsynaptic group 1 mGluRs 
is the release of Ca2+ from intracellular stores: these 
experiments are discussed below.

A crucial test of the proposal that postsynaptic 
Ca2+ has a role in mossy fibre LTP involves loading 
the postsynaptic cell with a Ca2+ chelator, because this 
manipulation will prevent a rise in intracellular Ca2+, 
regardless of the mechanism responsible for the rise. 

The favoured chelator is BAPTA, which is fast and has 
a high affinity for Ca2+, although other buffers have 
been used. The results of this experiment have been 
controversial, with some studies finding no effect of 
buffering postsynaptic Ca2+ on mossy fibre LTP54,58–60,67, 
and others concluding just the opposite62,65,68.

Other approaches have been used to address the role 
of postsynaptic Ca2+ in mossy fibre LTP. In one study, 
Ca2+-permeable AMPARs containing an unedited 
form of GluR2 (GluR2Q) were expressed at mossy 
fibre synapses. Despite this substantial new source of 
Ca2+, the induction of mossy fibre LTP was unaltered69. 
Consistent with these results, uncaging Ca2+ in CA3 
pyramidal cells failed to produce a presynaptic enhan-
cement of transmitter release from mossy fibres70, which 
is a hallmark of mossy fibre LTP (see below). Finally, 
elevating postsynaptic Ca2+ by prolonged depolarization 
actually depressed mossy fibre responses71.

Presynaptic calcium channels. The release of neuro-
transmitter at mossy fibre synapses is mediated by Ca2+ 
entering through both P/Q- and N-type Ca2+ channels64. 
Unexpectedly, selective blockade of either P/Q- or 
N-type Ca2+ channels has no effect on the induction of 
mossy fibre LTP64. This suggests that the Ca2+ supplied 
by either channel is sufficient to trigger mossy fibre LTP 
and/or that there is another source of Ca2+. R-type chan-
nels, a poorly characterized class of voltage-dependent 
Ca2+ channels, have been implicated in the release of 
transmitter at some synapses72. The !1E (Cav2.3) subunit 
is a good candidate for some R-type currents and 
is highly expressed in dentate gyrus granule cells73 
(FIG. 6a). Experiments with relatively selective blockers of 
!1E-containing channels, and with !1E-knockout mice, 
have found that, although !1E channels do not seem to 
have an appreciable role in baseline synaptic transmis-
sion74,75 (but see REF. 76 for an alternative view), they do 
play a part in the induction of mossy fibre LTP (FIG. 6b). 
In particular, they lower the threshold for induction, but 
have little effect on LTP induced with strong tetani74,75. 
This suggests that Ca2+ entry through !1E channels has 
preferential access to adenylyl cyclase (see below), but 
not to the release machinery. With more robust tetani, 
Ca2+ from P/Q- and N-type channels does have access 
to the adenylyl cyclase (FIG. 6c).

In summary, the only contentious issue regarding 
the role of Ca2+ in mossy fibre LTP is that involving 
the postsynaptic buffering of Ca2+. There is reasonable 
agreement that a rise in postsynaptic Ca2+ through 
NMDAR activation, Ca2+-permeable AMPARs, post-
synaptic depolarization or the uncaging of Ca2+ fails 
to mimic mossy fibre LTP. On balance, the evidence 
therefore suggests that a rise in postsynaptic Ca2+ has 
little involvement in mossy fibre LTP. However, con-
siderable evidence supports a role for presynaptic Ca2+ 
channels and, in particular, R-type channels.

Metabotropic glutamate receptors. The other key 
issue concerning the induction of mossy fibre LTP is 
whether glutamate receptors, other than NMDARs, are 
required. mGluRs were one of the first non-NMDARs 

Figure 6 | Mossy fibre long-term potentiation and the role of !1E-containing Ca2+ 
channels. a | In situ hybridization of !1E mRNA distribution in the human hippocampus. 
Note the high expression levels in the dentate gyrus granule cell layer73. b | Mossy fibre long-
term potentiation (LTP) is impaired in !1E-knockout mice74. c | A model of hippocampal mossy 
fibre LTP. LTP at the mossy fibre–pyramidal cell synapse is the subject of considerable debate. 
In particular, opinion is divided on the involvement of postsynaptic Ca2+ in the induction of LTP. 
However, it is universally accepted that this LTP is expressed presynaptically, by an increase in 
neurotransmitter release. AC1, adenylyl cyclase 1; AMPAR, !-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptor; cAMP, cyclic AMP; NMDAR, N-methyl-D-aspartate 
receptor; PKA, protein kinase A. Panel a modified, with permission, from REF. 73 © (1996) 
Elsevier Science. Panel b modified, with permission, from REF. 74 © (2003) National Academy 
of Sciences USA.
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(Storm et al., 1998; Wang et al., 2003) and that presynaptic cAMP-PKA signaling but not 

postsynaptic PKA mediates potentiation (Linden and Ahn, 1999). As a result miniature EPSC 

frequency, release probability and multi vesicular release (MVR) is increased (Chen and Regehr, 

1997; Bender et al., 2009). 

For both synapses (mfLTP and pfLTP) it could be shown that the R-type VDCC is important for 

Ca2+-influx triggering LTP. At mossy fiber terminals loss of R-type channels blocks LTP when 

induced with a mild stimulus protocol but can be rescued with stronger induction trains 

(Breustedt et al., 2003; Dietrich et al., 2003). At the PF – PC synapse R-type Ca2+-channel 

antagonists block pfLTP completely (Myoga and Regehr, 2011). The current interpretation of 

these results is that at the mossy fiber synapse R-type channels contribute to a presynaptic [Ca2+] 

increase and thereby shift the induction threshold to lower levels, whereas at the PF – PC 

synapse R-type channels seem to control LTP induction locally on a microdomain scale. 

 

1.4.2 Expression of presynaptic long-term potentiation 

There is wide agreement that an increase in release probability is causal for enhanced synaptic 

transmission and the expression of presynaptic LTP (Nicoll and Schmitz, 2005). Despite that 

consensus, there are still many open questions as to how the increase in neurotransmitter release 

is maintained on a molecular basis. A most critical element that remains to be determined in 

order to construct a coherent mechanistic description is the presynaptic substrate of the PKA.   

An early study identified the vesicular GTP-binding protein Rab3A as an essential mediator of 

mfLTP. Genetic deletion of the protein led to a complete loss of LTP while short-term plasticity 

was unchanged (Castillo et al., 1997a). Because Rab3A contains no phosphorylation site the 

question of how it interacts with PKA arose. The Rab3-interacting molecule (RIM) was shown 

to be a crucial mediator in this process. RIM1! knockout mice displayed an altered short-term 

plasticity at the Schaffer collateral -CA1 synapse (Schoch et al., 2002) but impaired LTP at the 

mossy fiber-CA3 synapse (Castillo et al., 2002). Of note, in both studies, was the effect of 

forskolin that still elicited normal chemical LTP while tetanically evoked LTP was impaired. 

Detailed work in cerebellar cultured neurons could show that RIM1! is directly phosphorylated 

by PKA at serine 413 and thereby triggers pfLTP (Lonart et al., 2003). It was therefore thought 

that phosphorylation regulates release by altering protein-protein interaction between Rab3A and 

RIM1!. In the following, the findings of the experiments done in cultured neurons were tested 

under in vivo conditions. A knock-in mouse was generated with an amino acid exchange at 

serine 413 to alanine to prevent phosphorylation. Surprisingly, PKA-dependent presynaptic LTP 
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was completely normal in these mice (Kaeser et al., 2008a). The authors conclude that PKA 

targets other than RIM1! participate in the expression of LTP. The results have been confirmed 

by a second group that performed an acute rescue of RIM1! function by viral injection of 

RIM1! wildtype and RIM1! S413A constructs in RIM1! deficient mice (Yang and Calakos, 

2010).  

The latest target of cAMP-dependent PKA phosphorylation is synaptotagmin-12. It has been 

shown that the loss of the protein in KO mice leads to a reduced potentiation in mfLTP but not to 

changes in STP. Mice possessing a single amino acid exchange in synaptotagmin-12 that 

prevents phosphorylation at serine 97 (S97A) show reduced mfLTP as well and accordingly 

potentiation by FSK was also reduced in synaptotagmin-12 KO and S97A mice (Kaeser-Woo et 

al., 2013).  

In conclusion, for mfLTP and pfLTP it has been convincingly shown that induction requires 

presynaptic Ca2+-influx, preferentially through R-type VDCCs, the activation of adenylyl 

cyclases (AC1 and AC8) by Ca2+/calmodulin and a subsequent rise in cAMP levels that activates 

PKA (Figure 8) (Nicoll and Schmitz, 2005). However, the precise downstream target of 

phosphorylation and the molecular mechanism that finally leads to an increased neurotransmitter 

release are still not fully understood yet. RIM1! and synaptotagmin-12 are potential candidates 

but their exact role in presynaptic long-term potentiation has to be further clarified. 
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1.5 Aims of this work 

As outlined above synaptic transmission is a precisely regulated process but its strength is plastic 

and varies in an ever-changing manner dependent on neuronal activity and intrinsic synaptic 

properties (1.3, 1.4). Synaptic plasticity has been shown to be an imperative part of neuronal 

computation that affects behavior. In this work we focus on the presynaptic protein RIM1!, a 

protein that is part of the central protein complex of the active zone.  

Based on its initial descriptions, RIM1! seemed to play a dichotomic role in synapse function: at 

connections where it mediates long-term plasticity it does not affect short-term plasticity, 

whereas at connections lacking presynaptic forms of long-term plasticity it alters short-term 

plasticity (Castillo et al., 2002; Schoch et al., 2002). Although it has been shown later at the 

cortico-amygdala synapse that both forms of plasticity can be affected by the loss of RIM1! 

(Fourcaudot et al., 2008) it remained puzzling how the functional specificity is realized at other 

connections. 

Two recent studies in RIM1/2 double KO mice yielded a detailed description of the functional 

range of RIM proteins (Han et al., 2011; Kaeser et al., 2011). However, their role in long-term 

plasticity could not be tested in these studies. Therefore, important questions remain concerning 

the specific role of RIM1!:  

 

• How does RIM1! affect short-term and long-term plasticity and is there a 

common mechanism? 

• Is there a synapse specific function in short-term and long-term plasticity? 

• Does the RIM1! isoform alone display the same complexity of interactions and 

functions as RIM1/2 proteins or does it serve a more specialized function?  

• What is the role of RIM1! regarding voltage-dependent Ca2+-channel trafficking 

and presynaptic Ca2+-influx?  

• What are the consequences of a lack of RIM1! for the induction and expression 

of presynaptic long-term potentiation? 

 

To tackle these questions experimentally, we focused on the granule cell – Purkinje cell synapse 

because it offers the possibility to perform a detailed analysis of synaptic transmission by 

electrophysiological means and 2-photon laser scanning microscopy Ca2+-measurements at 

single presynaptic boutons. Also, both forms of synaptic potentiation, short- and long-term, are 

robustly expressed at this synapse. 
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2 Methods and Materials 

 

2.1 Animal handling and slice preparation 

All experiments were carried out in accordance to local and national guidelines (Berlin state 

government, T0100/03).  

For all experiment C57BL6/N or RIM1! KO mice and wild type littermates with C57BL6/N 

gentetic background of both sexes at the age of 3 – 6 weeks were used. The animals were 

anesthetized with isoflurane, either by applying it with a syringe or a tissue paper to the cage or 

an evaporator. Afterwards the animals were decapitated, the brain was quickly removed from the 

skull and cooled down in ice-cold preparation solution for 3 minutes. 

For the preparation of sagittal cerebellar slices for Purkinje cell recordings a low [Ca2+] ACSF 

was used (2.7). Prior to slicing a parasagittal cut was made through the right paravermis and the 

brain was glued onto the resulting plane. Vermal slices were cut with a Leica VT1200S 

microtome at 0.05 mm/s speed, 1.00 mm amplitude and 300 $m thicknesses. Most parts of the 

preparation as well as the cutting were performed submerged in ice-cold preparation solution. 

After slicing the tissue was stored in the above solutions for 30 min at 35°C. Subsequently, slices 

were stored in recording solution at room temperature and experiments were started after 30 min 

and no longer than 6 h. The procedure for horizontal slices was the same as for sagittal, except 

that a sucrose-based solution was used (2.7) and the brain was glued on the ventral side without 

prior cutting. 
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2.2 Cutting plane for cerebellar slices 

Experiments were performed in either sagittal or horizontal slices (Figure 9). For 

electrophysiological recordings from Purkinje neurons, sagittal slices were chosen, because their 

large and plain dendritic tree in the sagittal plane it is best preserved in this cutting angle. 

Parallel fiber run orthogonally to the PC dendritic tree and are best preserved in horizontal slices. 

This plane was chosen for Ca2+-imaging experiments and recording of the fiber volley. 

 

2PLSM  

sagittal 
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2.3 Electrophysiology 

Whole-cell recordings of Purkinje cells were done in sagittal slices with a MultiClamp 700B 

amplifier. Signals were filtered at 2 kHz and digitized (National Instruments, BNC-2090) at 5 

kHz. Custom-made software in IGOR Pro was used for signal acquisition (WaveMetrics Inc., 

OR, USA). Experiments were performed in the presence of the GABAA receptor antagonist 

gabazine (1 µM) to block any contribution of fast inhibitory synaptic currents. For recordings, 

borosilicate glass electrodes (2-5 M%) were filled with a potassium-gluconate based intracellular 

solutions dependent on the celltype studied (2.7). Experiments were done in vermal slices 

between the lobules IV to VI. Purkinje cells could be easily identified by their large volume and 

their position between the granular cell layer and the molecular layer. After achieving the whole-

cell patch clamp configuration, the membrane potential of the cell was determined and 

experiments were discarded if the membrane potential was less than -60 mV (without correction 

for liquid junction potential). Recordings were done in voltage clamp mode with a holding 

potential of – 60 mV. Series and input resistance (Rs, Ri) were constantly monitored by applying 

a 4 mV hyperpolarizing voltage step for 50 ms. Experiments were discarded if changes in the Rs 

were > 15%. No series resistance compensation was applied. Recordings were carried out at 

room temperature. 

For extracellular fiber stimulation a low resistance patch pipette was filled with ACSF and 

placed in the molecular layer of the cerebellum, almost perpendicular to the Purkinje cell layer 

and the patched neuron close to the pia mater. Stimulation frequency was 0.05 Hz or is 

mentioned in the text if otherwise.  

Chemical LTP was induced by applying forskolin at a concentration of 50 $M for 3 minutes. 

The tetanic induction protocol for LTP consisted either of a 8 Hz train applied once for 25 

seconds or a 10 Hz train applied for 10 seconds.  

Extracellular recordings of the fiber volley were done in horizontal slices to record from a large 

number of intact parallel fiber bundles. For recording a low resistance patch pipette was filled 

with recording ACSF and placed in the middle third of the molecular layer. The stimulation was 

placed at the same height as the recording electrode and approximately 400 $m apart.    

Analysis of current and voltage traces was done offline after the experiment using the Igor 

plugin NeuroMatics.  
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2.3.1 Variance-mean analysis 

The strength of synaptic transmission can be quantitatively described by the synaptic parameters:  

probability of release (Pr), quantal content (Q) and number of independent release sites (N) (del 

Castillo and Katz, 1954b). Thus, a signal that is recorded for several trials under stable 

conditions shows a certain fluctuation with a characteristic variance and mean amplitude 

dependent on the parameters. If recorded under several release probability conditions the 

variance-mean ratios can be plotted and utilized to calculate the synaptic parameters. 

To construct the variance-mean plot EPSCs were recorded at five different release probabilities 

by altering Ca2+/Mg2+ ratio.  The reliability of this method critically depends on the number of 

events per epoch and stable recording conditions. Because non-physiological mechanisms can 

cause an overestimation of the variance precautions were taken (Clements and Silver, 2000). (1) 

For every condition epochs of at least 30 sweeps were chosen and (2) controlled by a Spearman 

rank correlation test to fit stability criterion. After subtraction of baseline noise variance a simple 

parabola (equation (1)) was fitted to the resulting variance-mean plot, which in all cases passed 

through a maximum. For fitting, the least squares (ordinary) fit was used (using GraphPad, 

Prism). Experiments were excluded if the goodness of fit was R2 < 0.7. Weighted basal synaptic 

parameters (Pr, Qav) were determined (Reid and Clements, 1999; Clements and Silver, 2000) 

according to the following equation: 

! ! ! ! ! ! ! ! !!     (1) 

with 

    !!" ! !! !!! !!"!!          (2)
 
 

and 

     !!! ! !! ! !!! !!! ! !! !!"!     (3) 

 

 = variance;  = mean amplitude; CV (Coefficient of variation of EPSCs at individual release 

sites) = 0.3; 

The plot also allows for calculating the minimal number of independent release sites with 

 

!!"# ! !! !!      (4) 

 

Because the number of release sites depends on the amount of activated fibers which is in turn 

set by the stimulation strength and position N reflects a primarily artificial measure and was 

therefore not analyzed. 

y x

Nmin
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2.4 Calcium imaging with two photon laser scanning microscopy (2PLSM)  

Calcium dynamics are a key regulator of physiological processes in neurons, which vary widely 

across subcellular compartments. 2PLSM is ideally suited to measure the properties of calcium 

influx at single presynaptic boutons because of its high spatiotemporal resolution. Because of the 

nonlinearity of the 2-photon effect it also offers the possibility to record from structures deep in 

the tissue without causing significant photodamage like phototoxicity and photobleaching 

(Svoboda and Yasuda, 2006).      

2-photon Ca2+-imaging was done in horizontal cerebellar slices at physiological temperature 

(34°C). Granule cells were patched with thick-walled borosilicate glass electrodes (6-10 M%) 

filled with granule cell intracellular solution (2.7) which was complemented with 30 µM Alexa-

594 for neuronal tracing and 200 µM Fluo-4FF as intracellular Ca2+-indicator. Pairs of action 

potentials for opening of VDCCs were evoked through current injection (250-600 pA) for 1 ms 

with an inter-stimulus interval of 20 ms. Experiments were started after 20 min of loading the 

cell with Alexa-594 and Fluo4FF to ensure a proper diffusion of the dyes and stable 

concentrations at the site of interest (Brenowitz and Regehr, 2007). Fluometric Ca2+ 

measurements were performed with a two photon laser-scanning system (Femto2D; Femtonics, 

Hungary) equipped with a femtosecond laser tuned to 805 or 810 nm. Epifluorescence was 

collected with an Olympus LUMPlanFL N (60x/1.0 NA) water-immersion objective and for 

transfluorescence an Olympus oil-immersion condenser (1.4 NA) was used. Fluorescence was 

divided by a dichroic mirror at ~590-600 nm and green and red signal was filtered using 525/50 

and 650/50 bandpass filters, respectively. A diagram of the light path is shown in Figure 10 

(adapted from Chiovini et al., 2010). Measurement control, data acquisition, and analysis were 

performed using the Matlab-based MES program package (Femtonics). Line scans for fluometric 

measurements were done with 500 Hz. In order to calculate &[Ca2+] from the corresponding G/R 

values, (G/R)min and (G/R)max was determined under conditions of 0 [Ca2+] and saturating [Ca2+] 

by adding 2 mM EGTA or 2 mM CaCl2 to the pipette. (G/R)max values under physiological 

conditions were validated by application of a 500 Hz train of APs for 1 s at the end of some 

experiments and similar (G/R)max ratios could be obtained (Figure 20). The procedure was 

repeated for all calcium-indicator stocks and wavelengths used. Because the expected [Ca2+] was 

assumed to be in the linear regime of the Ca2+-indicator ([Ca2+] << Kd) it could be calculated 

according to the following equation with a Kd = 8.1 $M  (Grynkiewicz et al., 1985; Yasuda et al., 

2004) :  



Methods and Materials 

 42 

  (5) 

[Ca2+] = calcium concentration;   = ratio of the intensities of the green and the red signal; 

 = dissociation constant;  
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2.5 Statistics 

Statistical data analysis was performed using GraphPad Prism 5 (Graph Pad Software, La Jolla, 

USA). Results were considered significant if p< 0.05 (* , ** for p< 0.01 and *** for p< 0.001) 

using an unpaired t-test for two unmatched groups and paired t-test for two matched groups 

assuming Gaussian distribution. One-way ANOVA (Friedman test) was used for the comparison 

of more than two groups and the appropriate post-hoc test (Dunn’s multiple comparison) 

according to non-Gaussian data distribution. All numerical values are given as mean ± SEM. 
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2.6 Technical Equipment 

 

Preparation 

Microtome     VT1200S, Leica, Wetzlar, Germany 

Glue      UHU dent Sekundenkleber, Germany 

Electrophysiology 

Microscope     BX51WI, Olympus  

Objectives 4x UPlanFL N, Olympus 

 10 x UMPLFLN water immersion, Olympus  

60x LUMPLFLN water immersion, Olympus 

Contrast microscopy    775 nm IR-DIC, WI-DICT-2 prism, Olympus 

Camera     Olympus XM10 

Shifting table     380 FM, Luigs & Neumann, Ratingen, Germany 

Micromanipulators    Mini 25, Luigs & Neumann, Ratingen, Germany  

Controller      SM 7/SM-5, Luigs & Neumann, Ratingen, Germany  

Pulse generator    Master 9, A.M.P.I., Jerusalem, Israel  

Stimulation unit    A.M.P.I. Iso Flex, Jerusalem, Israel 

Amplifier  Multi Clamp 700B, Axon Instruments, Union City, 

CA, USA 

A/D-Board     National Instruments BNC-2090A, Germany 

Data acquisition    National Instruments PCI-6036I, Germany 

Oscilloscope     Hameg HM507, Mainhausen, Germany 

Manometer     Greisinger electronic GDH 12 AN, Germany 

Perfusion pump     Gilson Minipulse 3, Middleton, USA 

Glass pipettes  GC150F-10 (granule cells), GC150TF-10 (Purkinje 

cells), Harvard Apparatus, Kent, UK 

Glass pipette puller    DMZ universal puller, Zeitz Instruments, Germany 

Bath and pipette Ag/AgCl electrodes Science Products, Hofheim, Germany 
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2-photon laser scanning microscopy (additional to electrophysiological equipment) 

Microscope  Femto2D, Femtonics, Hungary based on BX61, 

Olympus  

Laser      Ti:Sapphire Laser, Chameleon, Coherent 

Water bath     JB Aqua 2 Plus, Grant, Shepreth, UK 

 

Software 

Optical acquisition BX51WI   CellSense Dimension, Olympus  

Data acquisition    Igor Pro 6.2.1, Wavemetrics, Custom procedures  

Data analysis     NeuroMatics software package with Igor Pro 

      neuromatic.thinkrandom.com/ 

2PLSM control, acquisition, analysis MES, Femtonics, Hungary  

Data storage     Excel 2011 for Mac, Microsoft 

Statistics     Prism 5, GraphPad, La Jolla, USA 
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2.7 Solutions and drugs 

 

Extracellular solutions (ACSF – artificial cerebrospinal fluid) 

 

Low Ca2+-ACSF for preparation of sagittal 

slices for electrophysiology 

119 mM  NaCl  

26 mM  NaHCO3  

10 mM  glucose  

2.5 mM  KCl  

1.0 mM  NaH2PO4  

0.5 mM  CaCl2 

1.3 mM MgCl2

 

Sucrose-based ACSF for preparation of 

horizontal slices for 2PLSM Ca2+-imaging 

87 mM  NaCl  

26 mM  NaHCO3  

50 mM  sucrose 

10 mM  glucose  

2.5 mM  KCl  

1.25 mM  NaH2PO4  

0.5 mM  CaCl2  

3.0 mM  MgCl

 

Recording ACSF 

119 mM  NaCl  

26 mM  NaHCO3  

10 mM  glucose 

 2.5 mM  KCl  

1 mM   NaH2PO4  

2.5 mM  CaCl2 

1.3 mM  MgCl2 

 

All extracellular solutions were constantly oxygenated with 5 % O2/ 95 % CO2. 
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Intracellular solutions  

 

Purkinje cells 

 

135 mM K-Gluconate  

20 mM KCl 

2.0 mM MgATP  

0.5 mM EGTA  

5 mM phosphocreatine 

10 mM HEPES   

 

Granule cells 

 

114 mM KMeSO4  

10 mM HEPES  

4.0 mM MgATP  

0.4 mM NaGTP 

14 mM phosphocreatin  

 

 

 

All salts and compounds were purchased from Roth (Karlsruhe, Germany). 

Intracellular solutions were adjusted to pH 7.2 – 7.4 with KOH and osmolarity was controlled 

to be 300 ± 10 mosm.  
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Drugs 

Name Chemical name Biological activity 

SR 95531 

hydrobromide 

(Gabzine) 

6-Imino-3-(4-methoxyphenyl)-1(6H)-

pyridazinebutanoic acid hydrobromide 

Selective GABAA receptor 

antagonist  

#DGG #-D-glutamylglycine Low affinity, competitive 

AMPA receptor antagonist 

Forskolin [3R-3!,4a",5",6",6a!,10!,10a",10b!)]-5-

(Acetyloxy)-3-ethenyldodecahydro-6,10,10b-

trihydroxy-3,4a,7,7,10a-pentamethyl-1H-

naphtho[2,1-b]pyran-1-one 

Adenylyl cyclase activator 

NBQX 2,3-Dioxo-6-nitro-1,2,3,4-

tetrahydrobenzo[f]quinoxaline-7- sulfonamide 

Selective AMPA receptor 

antagonist 

 

All drugs were purchased from Tocris/Biozol (Eching, Germany). Aliquots were made 

according to technical data sheets and stored at -20°C. (Chemical names according to 

tocris.com)   

 

Dyes 

Alexa-594  Alexa Fluor® Hydrazide, Sodium Salt  

Fluo4FF  Fluo-4FF, Pentapotassium Salt  

 

Dyes were ordered from Invitrogen/Life Technologies (Darmstadt, Germany). Aliquots of the 

dyes were stored at -20°C and used within one month. 
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3 Results 

 

To study the role of RIM1! in synaptic transmission and its impact on short- and long-term 

plasticity as well as calcium influx at the presynaptic bouton we chose the granule cell – 

Purkinje cell synapse. The preparation is perfectly suited for a careful analysis of synapse 

function because of its good accessibility of the pre- and postsynaptic neuron. It enabled us to 

perform electrophysiological recordings and 2PLSM calcium imaging experiments in order to 

get a better understanding of presynapse physiology. 

Electrophysiological experiments were done in order to probe properties of synaptic 

transmission at the PF – PC synapse. Synaptic transmission was triggered by extracellular 

stimulation of granule cell axons in the molecular layer and signals were recorded as EPSCs 

in Purkinje cells or extracellularly as field potentials (2.3, 3.1, 3.2 and 3.4). 

To probe Ca2+-transients in ascending axon and parallel fiber boutons granule cells were 

patched and filled with a Ca2+-indicator as mentioned before (2.4). AP induced Ca2+-influx 

was monitored as fluorescence intensity changes with a 2-photon laser-scanning microscope 

(3.3). 

 

3.1 Short-term plasticity 

In a first set of experiments we chose to investigate the short-term plasticity of RIM1! KO 

mice and wildtype littermates. We therefore applied a paired-pulse protocol in which two 

stimulation pulses are applied with several distinct inter-stimulus intervals (ISIs) (Figure 11). 

Paired-pulse ratios were analyzed as the response size of the second pulse relative to the first 

one for an ISI of 50, 71, 100 and 125 ms in wt and KO. We found a significant enhancement 

of the paired-pulse ratio in RIM1! deletion mice for the ISIs 50 ms and 71 ms (Figure 11B, 

PPR for 50 ms ISI, WT: 1.76 ± 0.05, n =14 cells, 4 mice vs. KO 1.92 ± 0.05, n = 16 cells; 6 

mice; p = 0.036; 71 ms ISI, WT: 1.63 ± 0.04, n = 10 cells, 4 mice vs. KO 1.80 ± 0.06, n = 12 

cells, 3 mice; p = 0.033; 100 ms ISI, WT: 1.52 ± 0.04, n = 11, 6 mice vs. KO 1.61 ± 0.08, n = 

11 cells, 4 mice, p = 0.291; 125 ms ISI, WT: 1.60 ± 0.08, 11 cells, 5 mice vs. KO 1.65 ± 

0.054, 13 cells, 5 mice, p = 0.542; unpaired Student’s t-test).  
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The differences in PPR hint to alterations in short-term plasticity in RIM1! KO animals. 

However, genotypic differences are only significant for shorter paired-pulse intervals whereas 

longer ISIs did not lead to significantly different PPRs. In order to receive a more robust 

readout of STP we applied a second stimulation protocol. In previous studies describing the 

function of RIM1! in the hippocampal CA1 region it has been shown that changes in the 

short-term behavior are more pronounced in response to a train of stimuli (Schoch et al., 

2002). We therefore applied the same protocol consisting of 25 pulses delivered at 14 Hz 

(Figure 12).  

 

When normalized to the first amplitude of the train we saw a constantly greater facilitation in 

the knockout mice during the complete time course of the train (Figure 12A-C). A statistical 

comparison of the average of the last five pulses revealed a significant difference in the 

potentiation of RIM1! KO mice (Figure 12D; WT: 1.4 ± 0.09, n = 10 cells, 4 mice vs. KO: 

1.9 ± 0.1, n = 11 cells, 3 mice; p = 0.002). 

Taken together the results of the paired-pulse experiments and train stimulation indicate 

differences in short-term plasticity. Among the factors influencing short-term plasticity many 

reside in the presynaptic element, such as Ca2+-influx and buffering, or defects in the release 

machinery and other proteins of the active zone respectively (1.3) (Zucker and Regehr, 2002).  
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3.2 Release probability 

Next we wanted to test if changes in release probability underlie the increased short-term 

plasticity in RIM1! KO mice or if also postsynaptic mechanisms play an additional role. For 

the Schaffer collateral – CA1 synapse it has already been shown that RIM1! is essential for 

maintaining a normal probability of neurotransmitter release (Schoch et al., 2002) but STP at 

the PF – PC synapse has been reported to remain unchanged (Castillo et al., 2002). To further 

investigate this we performed additional sets of experiments to probe basic properties of 

synaptic transmission.      

 

3.2.1 #DGG  

In a first series we used the low affinity, competitive AMPAR antagonist #DGG. Its impact on 

synaptic transmission depends on the concentration of glutamate in the synaptic cleft 

(Clements et al., 1992). High glutamate concentrations are more efficient in displacing #DGG 

from a receptor, whereas low glutamate concentrations lead to a higher number of receptors 

being occupied by #DGG. The reduction of the amplitude by #DGG is thus inversely 

proportional to the amount of glutamate in the synaptic cleft. The latter also reflects the 

amount of released vesicles and is therefore sensitive to Pr and can be used to compare 

relative release probabilities between genotypes. 

To control if the impact of #DGG depends on the glutamate concentration under our 

experimental conditions, we compared its impact with NBQX, a competitive and high affinity 

AMPAR antagonist, on paired-pulse stimulation. At the cerebellar parallel fiber synapse the 

release probability and thereby the glutamate release is enhanced on the second pulse (Atluri 

and Regehr, 1996). Consequently, the reduction by #DGG should be more efficient on the 

first pulse than on the second whereas NBQX should have the same impact on both pulses.  

To test this, we recorded synaptic transmission with a paired-pulse protocol (ISI 50 ms) for 10 

minutes each under conditions of normal recording solution (control), supplemented with 1 

mM #DGG, washout with recording solution (wash) and 200 nM NBQX (Figure 13). The 

concentrations of the antagonists where chosen to reduce synaptic transmission approximately 

to the same amount. By analyzing the PPR we could detect a significant increase for 1 mM 

#DGG, which was not the case with 200 nM NBQX (Figure 13C, PPR: control 1.95 ± 0.10, 

#DGG 2.74 ± 0.13, wash 2.07 ± 0.06, NBQX 2.24 ± 0.09; control vs. #DGG; p < 0.001, wash 
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vs. NBQX p > 0.05, Friedman test with Dunn’s multiple comparison test, n = 5). As expected, 

the experiment demonstrates that #DGG and NBQX have a differential impact on synaptic 

transmission at the PF – PC synapse and that reduction by #DGG seems to be sensitive to the 

glutamate concentration in the synaptic cleft. 
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With respect to the univesicular release hypothesis, there are two likely mechanisms, amongst 

others, by which glutamate concentrations in the synaptic cleft are increased: (1) multi-

vesicular release (MVR) and (2) glutamate polling and spillover from neighboring synapses 

(Carter and Regehr, 2000). The latter case is less likely to occur because the granule cell – PC 

synapse is to a great extend isolated from its neighboring synapses by glia enscheatment and 

virtually all synapses consist of only one release site (for more details see Xu-Friedman et al., 

2001).  
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To test if MVR does occur in our preparation, we repeated the experiments under conditions 

that promote univesicular release. To this end the same concentration of #DGG is applied but 

extracellular [Ca2+] is reduced to 1 mM to substantially lower release probability (Figure 14). 

Again, the PPR was used to monitor possible differential changes of the first and second 

amplitude. No difference could be detected in the PPR when comparing epochs before and 

after antagonist application (Figure 14, PPR: control 2.36 ± 0.07 vs. #DGG 2.16 ± 0.36, n= 5, 

p = 0.60, paired student’s t-test). Taken together the results corroborate the assumption that in 

recording conditions with 2.5 mM extracellular [Ca2+] MVR does indeed occur. Because 

changes in the glutamate concentration hence depend on the release probability, #DGG is a 

useful tool to test for differences in release probability.  
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Knowing that the reduction by #DGG is sensitive to release probability changes we started to 
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transmission was recorded in 2.5 mM Ca2+ and 1mM #DGG was applied for 10 minutes. For 

the analysis, the reduction of the amplitude of the first and second pulse (EPSC1 and EPSC2) 

was calculated relative to the baseline amplitude. Indeed we found a stronger reduction in KO 

animals when compared to WT (Figure 15C, EPSC1 WT: 0.45 ± 0.02 vs. KO: 0.38 ± 002, p = 

0.008 and EPSC2 WT: 0.59 ± 0.03 vs. KO: 0.46 ±0.021; p = 0.003, student’s t-test, n = 7 cells 

and 3 mice each; parts of the results for WT are also shown in Figure 13). The results support 

the assumption that a loss of RIM1! changes short-term plasticity by reducing release 

probability. As a consequence the glutamate transient in the synaptic cleft is reduced. This is 

reflected by the reduced removal of #DGG from the AMPA receptors indicated by the 

stronger reduction of the EPSC amplitude in presence of the antagonist.  
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Interestingly, differences in #DGG sensitivity between the two genotypes already became 

apparent on the first pulse. This can be taken as evidence that MVR is already present under 

baseline conditions without potentiation by short-interval stimulation (4.2). 

The action of #DGG and other fast dissociating antagonists relies on their low affinity and 

rapid kinetics which enable them to compete with glutamate for the receptor binding sites 

(Clements et al., 1992). It thereby relieves postsynaptic receptors at least partially from 

saturation (Foster et al., 2005). We made use of these qualities to test the extent to which 

AMPA receptor saturation contributes to changes in short-term plasticity in our conditions 

and thereby possibly affects our experimental interpretation .  
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The dataset shown in Figure 15 was re-analyzed in regards to the EPSC decay times (Figure 

16). In normal conditions, receptor saturation prolongs the decay time of the amplitude 

(Clements et al., 1992) whereas in the presence of #DGG  saturation is reduced and the decay 

time thus faster (Foster et al., 2005). By comparing both conditions, one can get an estimate 

of the extent of receptor saturation. However, caution is warranted because decay times also 

depend on rise times, which can be affected by the position of the stimulation electrode and 

by the number of activated fibers. For that reason and to make data comparable between slices 
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and genotypes we decided to plot them as the ratio of the decay time after and before 

application of #DGG for each experiment. A value < 1 indicates fastening of the decay in the 

presents of #DGG. We could detect significant changes in the decay time under #DGG at the 

second EPSC in wild type mice whereas the first EPSC and both EPSCs in the KO were 

unaltered (Figure 16B): (time(37%)#DGG / time(37%)control WT: EPSC1 = 0.95 ± 0.03, p = 

0.23, EPSC2 = 0.88 ±0.03, p = 0.008; KO: EPSC1 = 1.00 ± 0.04, p = 0.96, EPSC2 = 1.00 ± 

0.05, p = 0.92; one-sample t-test). The data hint at moderate receptor saturation on the second 

pulse in WT mice under normal recording conditions. To which extent saturation alters short-

term plasticity at this synapse is unclear but it has been shown that it contributes only partially 

to a decrease in facilitation (Foster et al., 2005). The differences in receptor saturation 

between RIM1! wildtype and KO animals are in line with our previous results that Pr might 

be reduced (4.2). 

 

3.2.2 Variance-mean Analysis 

An additional independent set of experiments was performed to further characterize the 

apparent defect in release probability in RIM1! KO mice by means of a variance-mean 

analysis. To this end, synaptic transmission was recorded under conditions of varying release 

probabilities. Experimentally, this can be achieved by altering the Ca2+/Mg2+ ratio in the 

extracellular solution. More precisely, for every [Ca2+] alteration, the overall concentration of 

divalent ions is being kept constant by altering the Mg2+ concentration accordingly.  

However, fiber excitability may be altered in response to changes in the composition of 

divalent ions. It is thus an important parameter to be controlled for, because the number of 

activated release sites directly depends on the number of activated fibers and their excitability 

(Sabatini and Regehr, 1997). To ensure that only the release probability and not the fiber 

excitability is affected by changed Ca2+/Mg2+ ratios, we analyzed the extracellular presynaptic 

volley amplitude as a measure of the number of activated fibers (Figure 17). The experiment 

was performed in horizontal cerebellar slices to record from a large number of fibers 

simultaneously (1.1) and showed no significant alterations between conditions (Figure 17C: p 

= 0.85, one-way repeated measure ANOVA). 

Next, synaptic transmission was recorded under conditions of (in mM) 1, 2.5, 3.5, 4.5 and 5.5 

Ca2+ (Figure 18). A single stimulus was delivered every 10 seconds and the resulting EPSC 
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was recorded for several minutes and under each calcium condition when synaptic 

transmission was constant after altering the Ca2+/Mg2+ ratio.     
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Stable epochs were identified after the experiment in an offline analysis according to 

described methods (2.3.1). Variance-mean plots were constructed from the resulting data, 

fitted with a parabola function (2.3.1 – Equation 1) and functional synaptic parameters were 

calculated according to described methods (2.3.1 – Equation 2 and 3). The statistical analysis 

revealed significant differences of the release probability in the moderate calcium range 

(Figure 18D, 2.5 mM Ca2+ Pr WT: 0.28 ± 0.03, n = 5 cells/4 mice vs. KO 0.14 ± 0.03, n = 5 

cells/3 mice; p = 0.009 and 4.5 mM Ca2+ WT: 0.66 ± 0.04 vs. KO 0.45 ± 0.05; p = 0.011, 

student’s t-test) whereas at the minimum (1 mM) and maximum end (5.5 mM) of 

concentrations tested no difference in release probability could be detected between the two 

genotypes (Figure 18D, 5.5 mM Ca2+, Pr WT: 0.84 ± 0.05 vs. KO 0.77 ± 0.05; p = 0.36, 

student’s t-test). The calculation of the quantal content (Q) yielded no differences between in 

WT and RIM1! KO mice (Figure 18E, Qav WT: 3.5 ± 0.16 pA vs. KO: 3.9 ± 0.36 pA).  
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The results represent a second set of evidence that the alteration in short-term plasticity can be 

attributed to a release defect in RIM1! KO mice, namely a reduced release probability. The 

fact that no difference in Pr is discernable at higher [Ca2+] of 5.5 mM indicates that the 

reduction of this parameter can be overcome by increasing extracellular calcium. 
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3.3 Calcium imaging 

Defects in neurotransmitter release can be caused by changes in the release machinery and/or 

alterations in VDCC function or number. It has been shown in hippocampal cell cultures and at 

the calyx of held that a loss of all RIM 1 and 2 isoforms leads to a reduced calcium current 

density and a smaller readily releasable pool due to inefficient priming (Han et al., 2011; Kaeser 

et al., 2011). In addition, increased extracellular [Ca2+] seems to ameliorate release defects in 

RIM1! KO mice (3.2.2). An interesting question is whether RIM1! alone is capable of altering 

VDCC function or number. To elucidate the mechanism by which a single isoform, RIM1!, 

reduces release probability we investigated Ca2+-influx in granule cell boutons. 

Cerebellar granule cells were patched and filled with Alexa 594, for tracing the neuronal 

structure, and Fluo-4ff, a low affinity Ca2+-indicator, to monitor Ca2+-influx. By using both a 

Ca2+-insensitive dye and a Ca2+-indicator, data can be expressed as &G/R (2.4) and is therefore 

more stable because it is less sensitive to fluctuations in resting [Ca2+]. The choice of the Ca2+-

indicator is critical and depends on the expected [Ca2+] to be measured. On one hand its affinity 

has to be high enough to achieve a sufficient signal-to-noise ratio, on the other hand it is 

necessary to work in the linear regime of the dynamic range of the Ca2+-indicator (Yasuda et al., 

2004). The experiments were done in horizontal slices to preserve the axonal structure of the 

granule cells (2.2) and under the control of a 2-photon laser-scanning microscope (2.4) to 

achieve a sufficient spatiotemporal resolution and optical penetration depth (Figure 19). Within 

20 minutes at most the axon became visible and could be trace to undoubtedly identify its 

structure with the ascending part and the two bifurcating parallel fiber segments (Figure 19A). 

With higher magnification faint swellings along the axon could be identified as putative ‘en 

passant’ boutons (Figure 19B, upper panel) (Pichitpornchai et al., 1994). 

To probe these structures, two action potentials were elicited by suprathreshold current injection 

at the soma of the granule cell. In parallel, the intensity of the red and green channel was 

monitored by line-scanning the respective bouton (Figure 19B and C). An intensity increase in 

the green channel could be detected time-locked to the action potentials whereas the intensity of 

the red channel stayed unchanged. Hence, the identified boutons represent putative release sites 

of the axon (Brenowitz and Regehr, 2007) and the chosen calcium indicator is suitable to resolve 

single action potential triggered Ca2+-influx with a sufficient signal-to-noise ratio (SNR).  
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Because the fluorescence intensity of a given Ca2+-indicator is proportional to [Ca2+] changes, 

the actual Ca2+-concentration can be calculated according to well-established methods 

(Grynkiewicz et al., 1985; Yasuda et al., 2004); 2.4 – Equation 5. For this purpose Gmin/R and 

Gmax/R were determined in the patch pipette (2.4) and Gmax was validated by recording G/R 

ratios in boutons during a 500 Hz train of APs for 1 second (Figure 20). The train was applied in 

order to repetitively open presynaptic VDCCs for longer periods and to saturate the 

intracellularly applied calcium indicator. The results were similar in both cases (Figure 20D) 

showing that the calibration is valid and can be used to determine Ca2+-influx as &[Ca2+] in $M.  
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3.3.1 RIM1! deficient boutons exhibit reduced Ca2+-influx 

A recent study by Brenowitz and Regehr, 2007 already used 2PLSM to describe Ca2+-transients 

at the cerebellar parallel fiber. They could demonstrate that Ca2+-influx at single boutons is very 

reliable but that the heterogeneity of Ca2+-signals among boutons is substantial. Furthermore, 

earlier studies reported differences in the synaptic properties of the ascending axons and the 

parallel fiber segment (1.2.3) (Sims and Hartell, 2005; 2006).  

Thus, two questions arose for the analysis of Ca2+-transients in granule cell boutons: (1) Is the 

loss of the single isoform RIM1! sufficient to significantly reduce Ca2+-influx and (2) are 

putative differences distributed homogeneously across the granule cell axon or are they segment 

specific? We therefore decided to perform two sets of experiments by investigating Ca2+-influx 

in the ascending axon and the parallel fiber segment separately (Figure 21, Figure 22).  
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The analysis of parallel fiber boutons revealed a considerably smaller calcium influx in RIM1! 

deficient animals compared to their wild type littermates (Figure 21D; WT = 0.31 ±0.02 $M, n = 

38 boutons/3 mice vs. KO = 0.19 ± 0.01 $M, n = 35 boutons/3 mice; p < 0.001).  

We then repeated the very same experiments at the ascending axon and could also detect a 

reduction in Ca2+-influx in RIM1! KO mice (Figure 22D; WT = 0.42 ± 0.03 $M, n = 23 

boutons/8 mice vs. KO = 0.31 ± 0.02 $M, n = 23 boutons/6 mice, p = 0.013, student’s t-test).  

Interestingly, loss of RIM1! impacts Ca2+-influx differentially at the axonal segments. For 

parallel fiber boutons Ca2+-influx in RIM1!-/- is reduced by about 40 % and in the ascending 

axon by 26 % on average.   
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Because release probability is strongly dependent on Ca2+-influx the reduction of the latter one in 

RIM1! KO is a very likely causative factor underlying the reduced release probability and 

altered short-term plasticity. An additional side observation was that not only a difference 

between the two genotypes became apparent but also between the two axonal segments in 

wildtype mice (AA WT = 0.42 ± 0.03 $M vs. PF WT = 0.31 ±0.02 mM, p = 0.002, student’s t-

test). In the light of previous studies (Sims and Hartell, 2005; 2006) it seems that the already 

described synaptic differences are also reflected by differential Ca2+-transients (4.4).
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3.4 Presynaptic long-term potentiation  

The influx of calcium is not only involved in transmitter release and short-term plasticity but 

also impacts long-term plasticity (see also 1.4.1 and Malenka and Bear, 2004). Additionally, 

even though it has been shown that RIM1! is not a direct target of phosphorylation, it is still 

assumed to be a essential mediator of presynaptic LTP (Kaeser et al., 2008a). We were therefore 

interested in whether the loss of RIM1! itself alters the expression of LTP at the parallel fiber – 

Purkinje cell synapse or if the reduction of the influx of calcium is perhaps strong enough to 

prevent LTP induction (Myoga and Regehr, 2011).  

Both ideas could be tested separately. The role of RIM1! in the expression mechanism of LTP 

was probed by direct chemical activation of the intracellular signaling pathway, thus bypassing 

Ca2+-signaling. The full sequence of induction and expression of LTP was tested by a set of 

experiments using different electrical induction protocols and extracellular Ca2+-concentrations 

to determine the induction threshold.  

 

3.4.1 Chemical induction of LTP by forskolin   

To probe the intracellular signaling cascade downstream of presynaptic calcium influx, we 

applied the adenylyl cyclase activator forskolin which leads to a rise in cAMP that stimulates 

PKA activation (Salin et al., 1996) and finally increases presynaptic release probability (1.4.1). It 

has been shown that activation of PKA by AC/cAMP occurs exclusively at the presynaptic site 

(Linden and Ahn, 1999). This means that forskolin does not change the properties of 

postsynaptic transmission. 

Forskolin bath application (3 minutes) led to a substantial increase in the amplitude of both 

genotypes with no discernable difference (Figure 23, WT 162.4 % ± 11.3 %, n = 9 slices, 5 mice 

vs. KO 165.5 % ± 10.6 %, n = 9 slices, 7 mice; p = 0.84, student’s t-test, values taken from 

averages of min 26-30 after induction). The experiment demonstrates that the AC/PKA signaling 

cascade triggers an increase in transmitter release independent of RIM1!. This is in line with 

results from experiments in RIM1! KO mice at the mossy fiber synapse (Castillo et al., 2002) 

but contradictory to results from the lateral amygdala (Fourcaudot et al., 2008) and cultured 

cerebellar granule cells (Lonart et al., 2003).  
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3.4.2 Tetanic induction of LTP   

Next, we tested if the continuous process of induction and expression of long-term potentiation 

is disrupted by the loss of RIM1! when induced by tetanic stimulation. Two different sets of 

experiments were performed with induction protocols that differed in the frequency and number 

of stimuli delivered. 

In a first approach we used a protocol consisting of 200 pulses with a frequency of 8 Hz (Figure 

24). No significant difference in potentiation was detectable between the two genotypes (Figure 

24D, WT 121.7 % ± 7.2 %, n = 8 slices, 4 mice vs. KO 123.7 % ± 4.4 %, n = 7 slices, 3 mice; p 

= 0.72, student’s t-test, values taken from averages of min 26-30 after induction).   
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In a second approach the experiments were repeated with a slightly different induction protocol 

consisting of 100 stimuli delivered at 10 Hz (Figure 25). Again, the level of potentiation did not 

differ between wildtype and knockout animals (Figure 25D, WT 119.2 ± 2.6, n = 7 cells, 5 mice 

vs. KO 118.6 ± 7.5, n = 8 cells, 5 mice, p = 0.94, student’s t-test, values taken from averages of 

min 26-30 after induction). 

Notably, although the level of potentiation remained unchanged, post-tetanic potentiation (PTP) 

is strongly enhanced in RIM1! KO mice in comparison to WT (Figure 28A, 8 Hz 25s (taken 25 s 

after induction train): WT = 123.6 ± 4.0 vs. KO = 183.8 ± 9.6, p < 0.001; Figure 28B, 10 Hz 10s 

(taken 10 s after induction train): WT = 131.3 ± 6.8 vs. KO = 218.2 ± 19.6, p < 0.01). 

Taken together the results show that the loss of RIM1! is dispensable for the induction and 

expression of presynaptic parallel fiber long-term potentiation. Although calcium transients are 

strongly reduced in RIM1! deficient animals, the Ca2+-influx during induction seems to exceed 

the threshold. Furthermore, the successful induction of presynaptic LTP with two different 

induction protocols supports the general validity of the results.    
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3.4.3 Calcium-dependence of induction 

Ca2+-influx into the presynaptic terminal is a crucial step for the induction of presynaptic LTP 

(see 1.4.1, Castillo et al., 1994 and Mellor and Nicoll, 2001) and its threshold is rather sharp. In a 

study by Myoga et al., 2011 normal parallel fiber LTP was inducible with concentrations of 1.5 

mM Ca2+ but not with 1.25 mM extracellular [Ca2+] using an 8 Hz stimulus. We therefore 

wanted to test if the induction threshold in our experimental setting with the 10 Hz/10s protocol 

was similarly sharp under conditions of reduced Ca2+-influx.  

Starting with 1.5 mM Ca2+
, LTP could readily be obtained (Figure 26, C57/Bl6n = 115.6 ± 5.7 

%, n = 5 cells, 3 mice). 
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Surprisingly, a further small reduction of 250 nM to 1.25 mM Ca2+ was effective to block the 

induction of LTP completely (Figure 27, C57/Bl6n = 98.7 ± 5.1 %, n = 4 cells, 3 mice), showing 

that the described threshold holds true for our preparation, too, even though a different induction 

protocol was used. The induction failure with low extracellular [Ca2+] can most likely be 

attributed to a insufficient Ca2+-influx through VDCCs (Myoga and Regehr, 2011).  

!

!""#$%
&"#'(

)!*&+

! " #! #" $! $" %! %" &!

#!!

$!!

%!!

#!'()'*+,'#!-

./01'20/34

5'2
67
4

)!+

)&+

)!+ )&+

! " #! #" $! $" %! %" &!

#!!

#$"

#"!

'()*+,)(-.

/0
12
+,3
.

" #



 

 73 

A summary of the level of potentiation for all LTP experiments with the 10 Hz induction 

protocol is shown in Figure 28D. Of note is the differential distribution of successful potentiation 

and failures between RIM1! WT and KO mice compared to conditions of 1.5 mM and 1.25 mM 

Ca2+ (for discussion see 4.5).  

 

 

 

/>?@AB'8;C'+EI@GGBIIP@H':3%'>EJ@GQ>OE'>E'2(81'T-'6K8c('>1J!.)E&,/.()!.9!9%)9./.Y%!/(!%S/'*,%++&+*'!,*+,.&-!
,(),%)/'*/.()#!>1J!C*9!.)E&,%E!C./2!*!"5!e`!9/.-&+&9!B('!/%)!9%,()E9!I4+*,D!*''(CL!&)E%'!,()E./.()9!(B!"#0<!
-K! %S/'*,%++&+*'! ,*+,.&-! ,(),%)/'*/.()#! ! HS*-;+%! /'*,%9! IAL! *)E! %S;%'.-%)/! IaL! .)! "#0<! -K! w3*0Rx#!
$&-4%'9! .)! 4'*,D%/9! .)E.,*/%! /2%! /.-%! ;(.)/! B('! %S*-;+%! /'*,%9#! I3L! 7&--*':! (B! *++! %S;%'.-%)/9k! HJ73! W!
%S,./*/(':!;(9/9:)*;/.,!,&''%)/#!

 

!

!""#$%

&"#'(

)!*&+)!+ )&+

! " #! #" $! $" %! %" &!

#!!

$!!

%!!

'()*+,)(-.

/+,
01
.

! " #! #" $! $" %! %" &!

#!!

#$"

#"!

'()*+,)(-.

/0
12
+,3
.

" #

)!+ )&+



Results 

 74 

 

/>?@AB'8^C' !@TTKAN'VOIQ]QBQKE>G'VOQBEQ>KQ>OE'KEJ' HBWBH'OP' HOE?]QBAT'VOQBEQ>KQ>OE('7&--*':!(B! ;(9/8
/%/*).,! ;(/%)/.*/.()! IJ1JL! B('! /2%! G! e`! /%/*)&9! B('! C.+E! /:;%! *)E! D)(,D(&/! IAL! "5! e`! /%/*)&9! B('! 4(/2!
?%)(/:;%9!IaL!*)E!"5!e`!B('!3<Fha+M!&)E%'!+(C!3*0R!,()E./.()9!I3L#!IUL!7&--*':!?'*;2!(B!;(/%)/.*/.()!0M8
65!-.)! *B/%'! .)E&,/.()!C./2! *! "5!e`! /'*.)! B('! "5! 9%,()E9! B('!r1!*)E!gZ!*)E!&)E%'! '%E&,%E! %S/'*,%++&+*'!
,*+,.&-k!HJ73!W!%S,./*/(':!;(9/9:)*;/.,!,&''%)/#!'!

 

In summary, the experiments demonstrated that neither LTP induction nor expression is altered 

in RIM1! knockout mice (3.4.1 and 3.4.2). However, clear differences in the extent of the post-

tetanic potentiation could be found between the two genotypes (Figure 28). 
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4 Discussion 

 

 

In this work we studied the impact of the loss of the protein RIM1! on synaptic transmission at 

the granule cell – Purkinje cell synapse. For this purpose, synaptic properties were examined by 

electrophysiological and 2PLSM Ca2+-imaging. We could show that RIM1! deficient mice 

exhibit reduced action potential induced Ca2+-influx at presynaptic boutons. Consequently, the 

release probability is decreased and short-term plasticity is altered in these animals.  

We furthermore examined if the loss of RIM1! or the reduced Ca2+-influx has an influence on 

long-term plasticity. However, the characterization of the long-term plasticity behavior did not 

yield any differences in the induction or expression of presynaptic long-term potentiation but an 

increased post-tetanic potentiation in RIM1! knockout mice.  

Additionally, our study revealed a difference in Ca2+-influx between the two axonal segments of 

the granule cell, the ascending axon and the parallel fiber segment, which are also differentially 

affected by the loss of RIM1!. 

In the next paragraphs I will discuss the results in the light of the current literature. I will present 

interpretations of the current work and discuss possible drawbacks and technical limitations. I 

will also identify questions that arise from this work and try to define aims of future research on 

this topic.  
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4.1 Loss of RIM1! reduces Ca2+-influx and release probability 

Different sets of experiments were performed to examine basic synaptic properties at the granule 

cell – Purkinje cell synapse that converged on the same result. We could demonstrate a reduced 

release probability in RIM1! deficient mice. Both, paired-pulse (Figure 11) and train stimulation 

experiments (Figure 12) showed an increased short-term potentiation (3.1) in RIM1! KO 

animals indicating changes of presynaptic properties (Zucker and Regehr, 2002). The use of 

#DGG as a relative measure of neurotransmitter concentration in the synaptic cleft revealed a 

reduced glutamate transient (Figure 15, 3.2.1) and a variance-mean analysis revealed a lower 

release probability in RIM1! KO mice (Figure 18, 3.2.2). Although neither of these results alone 

are sufficiently conclusive, together they constitute a strong piece of evidence arguing for a 

release defect caused by the loss of RIM1!. In search of a mechanistic cause for this release 

defect we identified a reduced Ca2+-influx in boutons lacking the RIM1! protein (Figure 21, 

Figure 22, 3.3.1).  

The influence of RIM1! on short-term plasticity has already been shown for the Schaffer 

collateral – CA1 synapse (Schoch et al., 2002) and at the cortico – lateral amygdala synapse 

where the authors also reported a reduced Pr (Fourcaudot et al., 2008). However, at the 

hippocampal mossy fiber synapse and most importantly at the parallel fiber synapse loss of 

RIM1! seemed to have no effect on STP (Castillo et al., 2002). Recently, two studies could 

show a reduced calcium current density or decreased Ca2+-influx in RIM1/2 knockout animals 

and accordingly reduced Pr (Han et al., 2011; Kaeser et al., 2011) and an influence on calcium 

channel function of RIM (Kiyonaka et al., 2007). Both studies were made in either hippocampal 

cell cultures or at the calyx of held so the authors could not test LTP. Thus, our results are 

generally in line with most of the previous studies. Furthermore, we could show that the loss of 

one isoform, RIM1! - instead of all RIM1/2 isoforms - is already sufficient to cause a detectable 

reduction in Ca2+-influx. The fact that calcium reduction is not as pronounced as in the RIM1/2 

KO studies is presumably due to a partial compensation by the remaining RIM isoforms (see 

below).  Nevertheless there is a discrepancy to the study of Castillo et al., 2002 in which 

experiments have been done at the very same synapse. The reason for this discrepancy remains 

elusive because the same experimental conditions were used in both studies. It is interesting that 

all the other studies detecting differences in short-term plasticity in RIM1! KO mice used 

additional techniques to strengthen their argument (variance-mean analysis in Fourcaudot et al., 

2008 and an experiment using MK801 in Schoch et al., 2002). A possible explanation might be 
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that the PPR is not the most sensitive measure to detect changes in STP or Pr and subtle 

differences might be more prone to be overseen.  

It remains unclear if the reduced Ca2+-influx we find in the absence of RIM1! is due to a reduced 

calcium channel number or function. Furthermore, it is not know if the loss of RIM1! affects 

both P/Q- and N-type calcium channels to the same extent or if Ca2+-influx is more attenuated at 

a certain channel type. However, a reduction of Ca2+-influx of about 26 – 40 % is very likely to 

result in a reduced release probability. Three questions arise from these data: Is the reduced 

Ca2+-influx sufficient to explain the increased short-term plasticity? Second, what can we deduce 

from the reduction caused by the single isoform in comparison to the RIM1/2 double KO? 

Thirdly, is the function of RIM1! the same in all synapses and is it homogenously distributed 

amongst them?      

The first question deals with notion that RIM does not only assist in the recruitment and 

positioning of Ca2+-channels at the active zone but also in priming and establishment of the 

readily releasable pool of vesicles as well as the modulation of the calcium sensitivity of 

neurotransmitter release (Han et al., 2011). Therefore, the observed release defect in RIM1! KO 

mice could in principle also be due to other effect besides a reduction of Ca2+-influx. If one 

compares the Ca2+-imaging data (Figure 21, Figure 22) with the variance-mean analysis (Figure 

18) one can get an estimate of the relative contribution of the reduced Ca2+-influx to the decrease 

in release probability in RIM1! KO mice. Ca2+-imaging data show a 26 - 39 % reduction in the 

Ca2+-transients in the KO animals (Figure 21, Figure 22). Assuming that Ca2+-influx through 

VDCCs is only moderately saturated at our extracellular [Ca2+], we find that a similar reduction 

of Ca2+ (from 3.5 mM to 2.5 mM, 28 %) leads to a 36 % decrease of Pr in wildtype mice 

(estimated again via variance-mean analysis). This value is close to the extent of Pr reduction we 

find in RIM1! KO animals (33 – 49 %, from 2.5 – 4.5 mM Ca2+) suggesting that the reduced 

Ca2+-influx already accounts for a large part of the decreased release probability in RIM1! 

deficient animals. However, recruitment of VDCCs and control of channel function are probably 

not the only functions of RIM1! so that other alterations might also contribute to the release 

defect we see. 

If one compares the impact of the RIM1! KO with the RIM1/2 KO it is not surprising that the 

latter one has a much more pronounced phenotype than the animals deficient in only a single 

isoform. Assuming that #-RIMs do not play a major role in priming and recruitment of VDCCs 

there are three RIM isoforms left in RIM1! deficient mice (one !-RIM and two "-RIMs) that 

could compensate for the loss of the protein (1.1.2).  The absence of all RIM1/2 isoforms leads 

to a Ca2+-current reduction of about 60 % in hippocampal cell cultures (Kaeser et al., 2011) and 
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50 % at the Calyx of Held (Han et al., 2011). Compared with the 26 - 40 % reduction in Ca2+-

influx that we find it seems that the loss of RIM1! already makes up a large part of the overall 

function of RIMs in setting Ca2+-influx. Together with the prior notion that the reduced Ca2+-

influx is a major cause of the release defect in RIM1! KO mice it seems that the function of 

setting Ca2+-influx is not compensated by the other RIM isoforms. This is in contrast with a 

recent study comparing the Ca2+-dependence of neurotransmitter release at inhibitory synapses in 

RIM1, RIM2 or RIM1/2 deficient mice (Kaeser et al., 2012). The authors conclude from their 

data that RIM1 and RIM2 can fully compensate each others function in recruiting Ca2+-channels 

to the active zone. The discrepancy might stem from the fact that Ca2+-influx was not measured 

directly in this study but the dependency of neurotransmitter release on extracellular [Ca2+]. 

Because this measure also includes processes like Ca2+-sensor sensitivity and intracellular Ca2+-

dynamics the results might be difficult to interpret in terms of Ca2+-channel recruitment to active 

zones.  

The question remains if the function of RIM1! is the same at all synapses. It cannot be answered 

by solely looking at our data, but one may speculate based on our Ca2+-imaging experiments at 

ascending axon and parallel fiber boutons. As mentioned before, both segments have been 

shown to posses different synaptic properties (1.2.3) (Sims and Hartell, 2005; 2006). The relative 

reduction in Ca2+-influx is furthermore differentially affected by the loss of RIM1! with the 

ascending axon Ca2+-transients being reduced by 26 % and the parallel fiber Ca2+-transients by 

39 %. A definite cause for the uneven impact of RIM1! deficiency remains elusive but there are 

at least three possible explanations: (1) Although RIM1! is expressed throughout the brain, its 

relative proportion with respect to other members of the RIM family might vary (Schoch et al., 

2006). In this scenario, connections where RIM1! has a lower contribution to synaptic 

transmission under wildtype conditions might also be less affected by the loss of the protein. 

Thus, its function in setting Ca2+-influx might also vary in a subcellular segment-specific 

manner. (2) Ca2+-influx trough VDCCs for triggering vesicle fusion is mainly conducted by P/Q- 

and N-type channels at granule cell – PC synapses (Mintz et al., 1995). However, it is unclear if 

their relative contribution to neurotransmitter release is the same in both axonal segments. Both 

channels compete for the same binding domain at RIM1! so that the protein may preferentially 

recruit one channel type. Thus, if the relative contribution of P/Q- and N-type channels to 

transmitter release is not the same in both axonal segments, then a loss of RIM1! would 

differentially impact Ca2+-transients at the ascending axon and the parallel fiber. (3) Although 

the disruption of the function of RIM1! seems to mainly affect Ca2+-influx the overall function 

of RIM proteins in synapse function is much broader and it is very likely that different isoforms 
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have overlapping functions. Therefore it is conceivable that the function of a single isoform is 

partially compensated by the others. Again, as mentioned before, this process would depend on 

the amount of RIM isoforms still present at a certain synapse and might therefore vary between 

synapses.   

In conclusion, all the above explanations lead to the assumption that not the function of RIM1! 

itself but its relative contribution to Ca2+-influx and priming and accordingly neurotransmitter 

release is affected. Additionally, these explanations are not mutually exclusive and further 

research has to be done to clarify this question.      

Besides RIM, the loss of other proteins of the presynaptic active zone or their mutation has been 

shown to alter release probability and/or short-term plasticity. Amongst them are: complexin, 

which has been shown to control the Ca2+ sensitivity of neurotransmitter release (Reim et al., 

2001; Xue et al., 2008), SV2 assists in the priming of docked vesicles (Custer et al., 2006; Chang 

and Südhof, 2009), Munc13s, which are essential priming factors that also regulate the 

replenishment of the readily releasable pool during high-frequency stimulation (Rosenmund et 

al., 2002; Breustedt et al., 2010; Lipstein et al., 2013), Rab3 is thought to dock vesicles via 

interaction with !-RIMs and Munc13 to the priming machinery (Geppert et al., 1997; Dulubova 

et al., 2005), RIM-binding proteins assist in Ca2+-channel clustering and RIM1! (Schoch et al., 

2002). Although a disruption of either of these proteins eventually leads to a release defect, their 

individual function differs profoundly. Thus, every defect may also reveal an important function 

in the process of docking, priming and release. The role of Rab3a and RIM1! in this process is 

rather peculiar because their function is thought to be synapse specific. At some synapses that 

exhibit presynaptic LTP both proteins have been shown to be essential mediators for long-term 

changes but not to affect STP (Castillo et al., 1997a; 2002) whereas at other connections they do 

alter short-term plasticity (Geppert et al., 1997; Schoch et al., 2002). Our results instead give rise 

to the assumption that RIM1! is universally involved in setting short-term behavior in a non-

synapse specific manner.    
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4.2 Impact of "DGG at the granule cell – Purkinje cell synapse 

To probe for differences in the release probability between wildtype and RIM1! KO animals, we 

used the low affinity, competitive AMPAR antagonist #DGG (/>?@AB'21). Because the impact of 

the drug is inversely proportional to the glutamate concentration in the synaptic cleft we could 

detect a reduced glutamate transient in RIM1! KO mice, from which we concluded a lower 

release probability in these animals. For the cerebellum, similar experiments have been carried 

out before showing that MVR is present at the CF – PC synapse (Wadiche and Jahr, 2001), the 

PF – PC synapse (Foster et al., 2005) and at the PF – molecular layer interneuron synapse 

(Bender et al., 2009). Additionally, the study of (Foster et al., 2005) showed that moderate 

receptor saturation is present at the PF – PC synapse.  

The interpretation of the results of all studies is based on the assumption that an increase of the 

glutamate transient in the synaptic cleft stems mostly, if not completely, from the occurrence of 

multi-vesicular release (MVR). However, there are other possible mechanisms that could 

contribute to the glutamate concentration in the cleft. Glutamate pooling and spillover is one of 

them and has been shown to take place at the PF – molecular layer interneuron synapse during 

train stimulation (Carter and Regehr, 2000). The effect is less likely to occur at the PF – PC 

synapse because the spacing between synapses is wider and every connection is very well 

ensheathed by glia cells (Xu-Friedman et al., 2001). Experiments have shown that there is no 

difference in the impact of #DGG when neighboring synapses are either activated by axonal 

beams (i.e. many axon running in parallel) or disperse synaptic activation by stimulation in the 

granular cell layer, which makes the simultaneous release of glutamate at neighboring synapses 

less likely (Foster et al., 2005). Furthermore, testing spillover at the Schaffer collateral – CA1 

synapse, which is less separated from neighboring synapses by glia (Ventura and Harris, 1999), 

the presence of the glutamate uptake blocker TBOA also did not show any significant 

contribution to peak amplitude (Christie and Jahr, 2006). Taken together, although glutamate 

spillover and pooling cannot be ruled out completely, their contribution to synaptic transmission 

at the PF – PC synapse seems to be of no significance. Another possibility that could affect 

glutamate concentration is either partial or compound fusion of synaptic vesicles. The former is 

less likely to occur because it has been shown that the quantal size does not change during 

paired-pulse facilitation and thus the released vesicular content remains constant independent of 

Pr (Chen et al., 2004). The latter has been tested at the PF – molecular layer interneuron synapse 

before and after LTP induction. Quantal size has been determined by analyzing the amplitude of 

asynchronous release and no difference was found between the two conditions (Bender et al., 
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2009). Both findings suggest that the quantal size/content does not change dynamically during 

synaptic transmission. Systematic or rather phenotypic changes in the quantal content are 

discussed below (4.3). The remaining mechanism for differential glutamate transients in the 

synaptic cleft is multivesicular release. To test this directly, we probed the impact of #DGG 

under conditions of univesicular release (Figure 14). It has been shown earlier that MVR 

covaries with Pr and accordingly is more pronounced on the second pulse in an paired 

stimulation protocol (Foster et al., 2005; Bender et al., 2009). We therefore chose conditions of 

low extracellular calcium (1 mM) which have been shown to mimic mostly univesicular release 

on both pulses. Under these conditions no changes in the PPR during application of #DGG was 

detected (Figure 14). The result was reassuring because under conditions of univesicular release 

the concentration of glutamate in the synaptic cleft should not change and consequently the 

action of #DGG should be the same on both pulses. We concluded from these experiments that 

changes in the extent of inhibition of synaptic transmission by #DGG depends on the amount of 

MVR, which in turn depends on the release probability. This finding is also in line with previous 

studies (Wadiche and Jahr, 2001; Foster et al., 2005; Bender et al., 2009).  

On that basis the increased inhibition of synaptic transmission in RIM1! KO animals can be 

interpreted as a reduced release probability (Figure 15). The difference was found at both pulses 

but more pronounced at the second. The differential impact of #DGG on the first pulse in RIM1! 

wt and KO mice demonstrates that MVR does already happen at the first stimulus (in 2.5 mM 

extracellular [Ca2+] and thus seems to be reduced in RIM1! KOs. This agrees well with a 

previous study showing a significant contribution of MVR starting at 2 mM extracellular [Ca2+] 

(Foster et al., 2005). If the release defect in RIM1! KOs is strong enough to prevent MVR on the 

first pulse then this might already explain the more pronounced difference between wt and KO 

on the second pulse. The effect of #DGG on univesicular release is the strongest because the 

concentration of glutamate is the lowest if only one vesicle is released. Therefore the impact of 

#DGG reaches a “threshold of inhibition”. For the second pulse, MVR is likely to happen in both 

genotypes and so differences in the extent of inhibition fully reflect changes in release 

probability and might therefore be more pronounced under these conditions.  

Because of its fast dissociation kinetics and competitiveness, #DGG also has the ability to relieve 

AMPARs from saturation. This property was utilized to probe for saturation in RIM1! wt and 

KO animals and revealed a significant shortening of the decay time with #DGG on the second 

pulse of RIM1! wt mice (Figure 16). Changes in the decay time in the presence of #DGG hint at 

receptor saturation and confirm the finding of Foster et al., 2005 that demonstrates moderate 

receptor saturation at this synapse. The fact that saturation is not present in RIM1! KO slices is 
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in line with our argument that deletion of RIM1! leads to a reduction of release probability and 

reduced MVR and in turn results in smaller glutamate transients, which are less effective in 

saturating postsynaptic receptors.        
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4.3 Synaptic parameters probed by variance-mean analysis 

The quantal nature of synaptic transmission leads to a certain fluctuation in the amplitude of 

postsynaptic signals. Because this fluctuation depends on the synaptic parameters it can be used 

to determine the properties of synaptic transmission defined as Q, quantal content, Pr, release 

probability and N, number of synapses (2.3.1). We used this approach in our study to distinguish 

differences in the synaptic transmission between wildtype and RIM1! deficient animals. It 

revealed a reduced release probability in RIM1! KO mice but no significant differences in the 

quantal content compared to wildtype mice (Figure 18). The results constitute a further piece of 

evidence that the loss of RIM1! alters transmitter release at presynaptic terminals. 

The approach of using a variance-mean analysis to compare RIM1! wildtype and KO animals 

has been used before at the cortico – lateral amygdala synapse and could also show a reduced Pr 

in RIM1! deficient mice (Fourcaudot et al., 2008) which puts our result in line with the former 

study. Q and N however were not calculated in that study. As mentioned before, we too refrained 

from calculating the parameter N, because it mainly reflects the number of activated fibers by the 

stimulation electrode, which cannot be controlled with the required precision for a cross slice / 

cross genotype comparison. Still it is possible that the removal of RIM1! does not only lead to a 

reduced release probability but also to a complete shutdown of release sites and thereby a 

reduction of N.             

The variance-mean analysis could also exclude a significant postsynaptic effect of the loss of 

RIM1! by showing no significant differences in the parameter Q (Figure 18E). It also 

strengthens the argument that the observed receptor saturation we find is only present at the 

second amplitude of paired-pulse stimulation. The variance-mean analysis has been performed 

with single pulses and therefore no differences in receptor saturation were detected. Yet, it 

cannot be excluded that the differences in receptor saturation between the genotypes might be 

more pronounced under in vivo conditions since it has been shown that granule cells tend to fire 

in high-frequency bursts (Chadderton et al., 2004). Thus, the accumulation of glutamate and 

saturation might be more pronounced in wildtype mice. An unexpected finding was the relatively 

low average value of the parameter Q being ~4 pA. This is at the lower end when compared with 

other studies also using a variance-mean analysis and computing Q = 6.3 pA (Sims and Hartell, 

2005) or 8 pA in paired recordings from granule cells and Purkinje neurons (Schmidt et al., 

2012). A possible explanation might be subtle differences in the position of the stimulation 

electrode and accordingly more or less contribution of dendritic filtering. 
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4.4 One axon, two outputs: Ascending axon and parallel fiber segment 

Using 2PLSM Ca2+-imaging we examined Ca2+-influx at individual granule cell boutons (Figure 

21, Figure 22). The results did not only demonstrate reduced Ca2+-transients in RIM1! KO 

animals (4.1) but also a general difference in the amount of Ca2+-influx between boutons from 

the ascending axon and the parallel fiber segment in wildtype mice. It became apparent that 

Ca2+-influx in ascending axon boutons is larger by about 35 % on average than in parallel fiber 

boutons.  

Differences in the synaptic properties of ascending axon and parallel fiber boutons have been 

described earlier (Sims and Hartell, 2005). In good agreement with the current work, the authors 

showed that paired-pulse ratio is decreased and release probability is increased in the ascending 

axon. Our Ca2+-imaging data are complementary to these results in such a way that they provide 

a possible explanation for the differences in Pr. It seems that a higher Ca2+-influx correlates 

directly with the strength of synaptic transmission. It also highlights the ambiguous output mode 

of the granule cell axon also present at the anatomical level. Mossy fibers and climbing fibers 

with similar receptive fields terminate in overlapping microzones (1.2.1) (Garwicz et al., 1998; 

Ekerot and Jörntell, 2008). Additionally, these mossy fibers innervate granule cells that give rise 

to an ascending axon, presumably making many contacts with one above lying PC and, after it 

bifurcated, spanning multiple sagittal zones with its parallel fiber making only 1-2 synapses with 

each of about 2000 PCs (Huang et al., 2006). In summary, it seems that there is an inverse 

relationship between the total number of synapses and their relative contribution to the input of a 

single Purkinje cell. Therefore, it has been suggested that the ascending axon – PC connection 

forms the hard wired input from the cortical sensory circuit, acting as an event detector, whereas 

the parallel fiber connection has a dynamic role in modulating cerebellar processing (Sims and 

Hartell, 2005). Accordingly, it has been shown that long-term synaptic plasticity is restricted to 

the parallel fiber segment (Sims and Hartell, 2006). It is an intriguing thought that the same axon 

making contacts with the same kind of postsynaptic target cell forms two sorts of functionally 

different connections, both in an anatomical and biophysical respect. Our result adds further 

evidence to the concept of differential information processing between the ascending axon and 

the parallel fiber segment.  

Although electrophysiological experiments have been performed before to distinguish between 

synaptic properties of AA and PF (Sims and Hartell, 2005; 2006) (Figure 29) we refrained from 

applying this techniques in our study. Because the extracellular stimulation activates a bundle of 

fibers and AA are bifurcating to PF within the whole molecular layer is difficult to achieve a 

“pure” AA input to PCs. Settings to record inputs exclusively coming from PF are easier to 
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achieve if the stimulation is placed distally to the PC in the granular cell layer (for details see 

Sims and Hartell, 2005; 2006 and Figure 29). In the current study electrophysiological 

recordings have been performed by placing the stimulation electrode at the outer border of the 

molecular layer in sagittal slices (2.2). In this configuration the stimulation is not segment 

specific but likely to activate mainly PF – PC synapses because of the large percentage of PF 

synapses (95 %, (Huang et al., 2006)) in comparison to AA synapses.    
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4.5 RIM1! is dispensable for presynaptic long-term potentiation 

Activity dependent long-term changes in the strength of synaptic transmission (LTP) can be 

divided mechanistically into an induction and a later expression phase. RIM1! has been 

implicated in being essential for the expression of presynaptic LTP (Castillo et al., 2002). We 

tested the induction and expression of presynaptic parallel fiber – Purkinje cell LTP and found 

both to be normal in RIM1! deficient mice (Figure 23, Figure 24 and Figure 25).  Thus, we 

conclude that RIM1! is dispensable for presynaptic LTP. We furthermore tested the threshold of 

extracellular [Ca2+] for the induction of LTP and found it to be the similar to earlier studies 

(Myoga and Regehr, 2011), despite the use of a different induction stimulus.  

The current view holds that RIM1! is an essential mediator of presynaptic LTP (Malenka and 

Bear, 2004; Kaeser and Südhof, 2005; Le Guen and De Zeeuw, 2010; Ho et al., 2011; Castillo, 

2012; Yang and Calakos, 2013). In addition to the initial description (Castillo et al., 2002) other 

studies have tested the role of RIM1! in presynaptic plasticity. These studies have demonstrated 

a loss of presynaptic LTP in the absence of RIM1! and concluded a presynaptic pathway to be 

involved (Fourcaudot et al., 2008; Bocklisch et al., 2013). On the other hand it has been shown 

that direct phosphorylation of RIM1! by PKA is not an essential requirement (Kaeser et al., 

2008a; Yang and Calakos, 2010) and has therefore cast some doubt on the mechanism involving 

RIM1!. The obvious question is where the apparent discrepancy of our data and previous studies 

stems from? To probe the expression of presynaptic LTP independent of induction by Ca2+-

influx we performed experiments with the adenylyl cyclase activator forskolin to bypass the step 

of enhanced Ca2+-influx during the induction stimulus, and both genotypes displayed a robust 

potentiation (Figure 23). The same experiment has been performed before at the mossy fiber 

synapse and showed the same result, namely an intact potentiation (Castillo et al., 2002). It was 

therefore argued that the rise in cAMP levels might increase transmitter release by an additional 

RIM1!-independent pathway. This conclusion was called into question by later work done at the 

cerebellar parallel fiber and at cortico-amygdala synapse showing no potentiation by increasing 

cAMP levels in the absence of RIM1! by either applying a cAMP analog or the adenylyl cyclase 

activator forskolin (Lonart et al., 2003; Fourcaudot et al., 2008). The question whether or not 

RIM1! is an essential mediator of cAMP dependent increase in transmitter release might only be 

answered in a synapse specific way. In our hand, the expression of presynaptic LTP by a 

persistent increase of transmitter release triggered by a transient rise in cAMP levels is 

independent of RIM1!.   
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As the expression of LTP seems to be normal we next wanted to test the complete process of 

induction and expression by inducing LTP by synaptic stimulation. Two different induction 

protocols were tested and both showed normal levels of LTP in RIM1! KO mice (Figure 24, 

Figure 25). This is in direct contrast to the study of (Castillo et al., 2002) where the same 

induction protocol has been used. It has been shown in RIM1/2 KO mice that Ca2+-influx is 

strongly reduced (Han et al., 2011; Kaeser et al., 2011) and also this study presented here 

demonstrates that a substantial fraction of this reduction is also present in RIM1! KO mice. It is 

therefore a reasonable idea that the reduction of Ca2+-influx by the loss of RIM1! brings 

presynaptic LTP near to a threshold of induction. Slight differences in Ca2+-influx or membrane 

potential might therefore be the pivotal parameters controlling whether or not LTP is induced in 

RIM1! KO mice.  

The threshold for inducing presynaptic LTP has been tested earlier and it has been shown that 

LTP can be induced in conditions of reduced calcium (Castillo et al., 1994; Myoga and Regehr, 

2011). For the parallel fiber it was shown that LTP can be induced without the contribution of 

P/Q- or N-type Ca2+-channels but reducing extracellular [Ca2+] to 1.25 mM or blocking R-type 

Ca2+-channels is sufficient to abolish LTP (Myoga and Regehr, 2011). We repeated experiments 

with reduced extracellular [Ca2+] and find the very same threshold using a 10 Hz induction 

protocol (Figure 26, Figure 27, Figure 28D). The expression of LTP at the granule cells axon is 

presumably restricted to the parallel fiber segment (Sims and Hartell, 2006) where we find a 

reduction of Ca2+-influx by about 39 %. Because Ca2+-influx at higher extracellular [Ca2+] is 

partially saturated a reduction from 2.5 mM to 1.25 mM [Ca2+] is close to mimic the reduction of 

Ca2+-influx by 39 %. In this case, the induction of parallel fiber LTP in RIM1! KO mice would 

be at its limit. Another indicator that the loss of RIM1! shifts the threshold of induction is the 

distribution of failures and successes in LTP experiments (Figure 28D). Although the average 

level of potentiation is the same for both genotypes there is a substantial difference in the 

variance between wildtype and KO mice with two examples in KO animals where there is no 

successful induction. The data suggest that there is a rather sharp threshold for the LTP induction 

and that the loss of RIM1! shifts it to the brink of inducibility. A reduction of extracellular 

[Ca2+] affects Ca2+-influx through VDCCs at all channel types to the same fraction. In contrast, 

RIM1! binds to P/Q- and N-type calcium channels and a loss of this protein would therefore 

presumably only impact Ca2+-influx through these channels. Thus it seems that, although LTP is 

readily inducible while separately blocking P/Q- or N-type channels, a reduction of Ca2+-influx 

involving both channel types is sufficient to disturb the intracellular Ca2+-profile in such a way 

that LTP is no longer induced. In summary, we conclude that presynaptic LTP can be induced 
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and expressed despite the loss of RIM1!. An explanation for the discrepancy with other studies 

might be the reduction of Ca2+-influx by the loss of RIM1! and accordingly a shift of the 

threshold of induction.       
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4.6 The role of RIM1! in activity dependent plasticity and behavior 

So far the role of RIM1! in activity-dependent plasticity has only been examined with regard to 

short-term plasticity in paired and train stimulation and long-term plasticity. As mentioned 

before, post-tetanic potentiation is another mechanism capable of controlling synaptic strength in 

an activity-dependent manner (1.3.1). At the granule cell – PC synapse PTP is triggered most 

efficiently by short high-frequency bursts (e.g. 10 pulses with 50 Hz (Fioravante et al., 2012)) 

but can also be seen after LTP induction protocols we used. A comparison of PTP between 

RIM1! wildtype mice and KO littermates revealed a considerable increase in the level of 

potentiation in RIM1! KO animals (Figure 28A and B). The increase in PTP can not be 

attributed to a reduced Pr in KO animals alone because experiments with reduced extracellular 

[Ca2+] in wildtype mice did not resemble the potentiation of PTP in KO animals (Figure 28C). 

Increased PTP at the granule cell – PC synapse has also been shown (although not quantified) in 

the initial description of RIM1! KO mice (Castillo et al., 2002) and in RIM1! knockin mice with 

a single amino acid exchange at serine 413 preventing phosphorylation by PKA (Kaeser et al., 

2008b). In wildtype conditions PTP is mediated by PKC! and " but is compensated by a PKA-

dependent pathway in PKC!/" dKO mice (Fioravante et al., 2012). How these, at first glance, 

contradictory mechanisms might function in synapse physiology has to be clarified in further 

research. But it seems that the loss of RIM1! or a prevention of its phosphorylation is able to 

unmask an otherwise blocked pathway for post-tetanic potentiation.   

Together with the earlier discussed points we can conclude that the loss of RIM1! affects Ca2+-

influx, short-term plasticity, post-tetanic potentiation and shifts the threshold of induction but is 

not an absolute requirement for the expression of long-term plasticity. Having examined the 

synaptic function of this protein an interesting questions is what is the behavioral phenotype in 

RIM1! KO mice and how can it be connected to altered synapse function? Of course, there is no 

exhaustive answer to this question but one can speculate based on the existing results. RIM1! 

KO mice have been found to have deficits in contextual fear and spatial learning and exhibit 

increased locomotor activity but have normal basal motor coordination (Powell et al., 2004). 

Additionally, they display a decreased prepulse inhibition (a paradigm where a startle pulse is 

preceded by a lighter sensory stimulus which leads to an inhibition of the startle response), 

reduced social interaction and they respond better to psychotomimetic drugs (Blundell et al., 

2010). In view of the current study there are two findings of the above mentioned behavioral 

tests that are of special interest:  
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(1) It is remarkable that motor coordination seems to be normal in RIM1! KO mice. As we have 

shown that synaptic transmission is significantly decreased at the granule cell – PC synapse one 

might have expected that a cerebellar dependent motor task like coordination is also affected. 

Instead, a recent study just showed that mice lacking the P/Q-type calcium channel in cerebellar 

granule cells display normal motor performance. The severe synaptic defect by the reduced Ca2+-

influx in these mice, similar to our results, only seems to affect motor behavior during 

consolidation of specific motor tasks (Galliano et al., 2013a). Thus, it seems that granule cell – 

PC synaptic transmission is only of special importance in higher order motor tasks. No such tests 

have been made in RIM1! KO animals so far but it would be interesting to see if the results 

would resemble those of the latter study. (2) Altered prepulse inhibition in RIM1! KO is of 

special interest because the intervals of the sensory stimuli that are applied are in the millisecond 

range and therefore in the same temporal range as short-term plasticity, which has shown to be 

altered. Additionally, prepulse inhibition probes sensorimotor gating which might involve 

cerebellar processing (McAlonan et al., 2002) and could therefore reflect the observed synaptic 

defect.   

On the other hand, the loss of RIM1! certainly affects numerous synaptic connections and 

therefore behavioral changes can hardly be attributed to specific connections. This is especially 

true for deficits in learning tasks and it is hard to tell if the observed changes are due to the 

reduced basal synaptic transmission or perhaps stem from the increased threshold of induction 

for presynaptic LTP. Still, to date the function of presynaptic LTP remains elusive (Le Guen and 

De Zeeuw, 2010) and it has been speculated that it might serve as an appropriate adaptable 

frequency filter (i.e. a filter where certain frequencies are better conducted than others) 

(D'Angelo and Casali, 2012).  

In order to reveal further insights into the function of cerebellar synaptic plasticity, work has to 

focus on one hand on the detailed synaptic mechanisms to be able to discretely manipulate them 

and on the other hand perform specific tests to link these mechanisms to functional motor output.    
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4.7 Conclusion and outlook 

We could show that in the absence of RIM1! synaptic Ca2+-currents are reduced and accordingly 

release probability is decreased and short-term potentiation is enhanced. This is line with other 

studies showing a reduced Pr and altered STP in RIM1! KO animals (Schoch et al., 2002; 

Fourcaudot et al., 2008). In the light of the double RIM1/2 KO studies (Han et al., 2011; Kaeser 

et al., 2011) we conclude that the defect in RIM1! KO mice is mainly caused by reduced Ca2+-

transients - presumably by a disrupted recruitment of P/Q- and N-type VDCCs to the active 

zone. Our work could also show that despite the lack of RIM1! and a reduced Ca2+-influx, 

presynaptic LTP could be readily induced and was expressed normally. Together with the 

finding that direct phosphorylation of RIM1! is not needed for presynaptic LTP (Kaeser et al., 

2008a) but the loss of the protein reduces Ca2+-influx, we argue that RIM1! possibly shifts the 

threshold of induction at some synapses but is not an absolute requirement of cAMP-dependent, 

presynaptic LTP. 

A central question for future research is the target protein of the cAMP - PKA signaling cascade 

triggered in presynaptic long-term potentiation. Synaptotagmin-12 seems to be one target but it 

has been suggested that other proteins might be involved as well (Kaeser-Woo et al., 2013). Still 

it is unknown by which mechanism Synaptotagmin-12 or other proteins increase release after 

phosphorylation but it will be a crucial step in order to determine the molecular mechanism of 

presynaptic LTP and its behavioral relevance.  

Furthermore, our results together with others indicate that RIM1! might play a role in activity-

dependent regulation of transmitter release during post-tetanic potentiation at the granule cell – 

PF connection. It would be interesting to further investigate this finding and possibly reveal a to 

date undescribed function of RIM1! in the regulation of synaptic plasticity.  

Finally, this work could add another interesting feature of the properties of the ascending axon 

and the parallel fiber segment of the granule cell by showing that Ca2+-influx is differentially 

regulated between both. If this is due to lower number of VDCCs or a distinct pattern of calcium 

channel subtypes remains unclear. Therefore, future experiments have to clarify the different 

synaptic characteristics that might reflect differential information processing in the cerebellum. 
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5.2 Abbreviations 

 

[Ca2+]  Ca2+-concentration 

2PLSM 2-photon laser scanning 

microscopy 

#DGG  gamma-D-glutamylglycine 

 

A 

AA    ascending axon 

AMPAR   !-amino-3-hydroxy-5-

methyl-4-isoxazole propionic 

acid receptor 

AP action potential 

 

C 

Ca2+    calcium ions 

cAMP cyclic adenosine 

monophophate 

CNS  central nervous system 

CF    climbing fiber 

E 

EPSC   excitatory postsynaptic 

current 

G 

GDP  guanosine diphosphate 

GTP  Guanosine triphosphate 

K 

KAR  kainate receptor 

KO  (genetic) knockout 

L 

LTD  long-term depression 

LTP   long-term potentiation 

 

 

 

M 

Mg2+  magnesium ions 

 

N 

NMDAR   N-methyl-D-aspartate 

receptors 

 

P 

PC    Purkinje cell 

PF    parallel fiber 

PKA    protein kinase A 

PPR    paired-pulse ratio 

Pr    release probability 

PTP   post-tetanic potentiation 

 

R 

RIM  Rab-interacting molecule 

 

S 

STP    short-term plasticity 

TARP transmembrane AMPAR 

regulatory protein  

 

V 

VDCC voltage-dependent Ca2+-

channel  

 

W 

wt  wildtype 
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