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Abstract

Neuronal communication is a complex process; synapses must be 
formed, neurotransmitter has to be released at precise time points 
and it has to be “sensed” by the receiving end of a synapse with an 
equal accuracy. In this highly coordinated ballet of proteins any 
change may result in disharmony and eventually in pathology. 
Therefore, any new addition during the course of evolution must be 
fulfilling a specific purpose.

A relatively new protein in the evolutionarily highly-conserved 
presynaptic apparatus, since it is vertebrate specific, is Mover. It is 
attached to synaptic vesicles and interacts with Calmodulin and 
Bassoon, another vertebrate-specific active zone protein. Mover’s ex-
pression levels vary throughout the brain, suggesting a modulatory 
function at the operation of the synapses. 

Here, I aimed to elucidate Mover’s role in synaptic transmission 
in the calyx of Held, a central glutamatergic synapse, using a Mover 
knockout (ko) mice. To this end, I recorded spontaneous and evoked 
excitatory postsynaptic currents (epscs) from brainstem slices using 
a whole-cell patch clamp configuration.

In the ko evoked epscs were slightly smaller, and took longer to 
reach the same steady-state levels as the wild-type upon high fre-
quency stimulation. Applying a blind-source separation technique 
termed non-negative tensor factorization allowed me to distinguish 
between different subpools of vesicles. This analysis gave rise to a 
model in which the absence of Mover reduces the release probability 
of a subpool of vesicles, termed “tight-state” vesicles –referring to the 
conformation of the snare complex and its associated proteins. Ad-
ditionally, the size of this pool is significantly increased, indicating a 
compensatory mechanism. In contrast, the loose-state synaptic vesi-
cles, the functional precursors of the tight-state ones, are unaffected 
by the absence of Mover.

These findings suggest that Mover modulates the initial release 
probability, by specifically influencing the subpool of these tight-
state vesicles.





11

Glossary of Symbols and Abbreviations

principal symbols

 A Ampere
 C Celsius
 Hz Herz
 l litre
 M mol
 n number of samples
 O Ohm
 Osm osmol
 p singificance level
 pn release probability of normally primed synaptic vesicles
 pocc probability that a release site will be 

occupied by a synaptic vesicle
 ps release probability of superprimed synaptic vesicles
 psucc probability that a synaptic vesicle occupying 

a release site will be succesfully released
 pts tight-state release probability
 q quantal size of a synaptic vesicle
 t size of the difference relative to the 

variation in the sample data
 V Volt
 τ time constant
	 ∇  gradient operator

Abbreviations

 acsf Artificial Cerebrospinal Fluid
 aicc Akaike’s Information Criteria
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 ampa α-Amino-3-Hydroxy-5-Methyl-4-
Isoxazolepropionic Acid

 ap Action Potential
 bapta 1,2-Bis(O-Aminophenoxy)Ethane-

N,N,N’,N’-Tetraacetic Acid
 ca1 Cornu Ammonis 1
 ca3 Cornu Ammonis 3
 cnqx Cyanquixaline or (6-Cyano-7-

Nitroquinoxaline-2,3-Dione)
 ctz Cyclothiazide 
 epsc Excitatory Post-Synaptic Current
 epsc1 Initial Excitatory Post-Synaptic Current
 epscss Steady State Excitatory Post-Synaptic Current
 fepsp Field Excitatory Post-Synaptic Potential
 gaba Gamma-Aminobutyric Acid
 ipsc Inhibitory Post-Synaptic Current 
 ko Knock Out
 kyn Kynurenic Acid
 ls Loose State
 mntb Medial Nucleus of the Trapezoid Body
 munc13 Mammalian unc13 Homologue
 munc18 Mammalian unc18 Homologue
 nmda N-Methyl-D-Aspartate
 nmf Non-Negative Matrix Factorization
 ntf Non-Negative Tensor Factorization
 ppr Paired-Pulse Ratio
 rrp Readily Releasable Pool
 rs Recruitment State
 shrna Small Hairpin Ribonucleic Acid
 snap-25 Synaptosomal Nerve-Associated Protein 25
 snare Soluble N-Ethylmaleimide Sensitive Factor 

Attachment Protein Receptor
 sv Synaptic Vesicle
 svn Normally Primed Synaptic Vesicle
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 svs Superprimed Synaptic Vesicle
 syt-1 synaptotagmin 1
 ts Tight State
 ttx Tetrodotoxin
 vamp Vesicle-Associated Membrane Protein
 wt Wild Type
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“Εἰδέναι δὲ χρὴ τοὺς ἀνθρώπους, ὃτι ἐξ οὐδενὸς ἡμῖν αἱ ἡδοναὶ 
γίνονται καὶ αἱ εὐφροσύναι καὶ γέλωτες καὶ παιδιαὶ ἤ ἐντεῦθεν, 
καὶ λῦπαι καὶ ἀνίαι καὶ δυσφροσύναι καὶ κλαυθμοί. Καὶ τούτῳ 
φρονεῦμεν μάλιστα καὶ νοεῦμεν καὶ βλέπομεν καὶ ἀκούομεν καὶ 
γιγνώσκομεν τά τε αἰσχρὰ καὶ τὰ καλὰ καὶ τὰ κακὰ καὶ ἀγαθὰ καὶ 
ἡδέα καὶ ἀηδέα.

Τῷ δὲ αὐτῷ τούτῳ καὶ μαινόμεθα καὶ παραφρονέομεν, καὶ 
δείματα καὶ φόβοι παρίστανται ἡμῖν, τὰ μὲν νύκτωρ, τὰ δὲ μεθ’ 
ἡμέρην, καὶ ἐνύπνια καὶ πλάνοι ἄκαιροι, καὶ φροντίδες οὐχ 
ἱκνεύμεναι, καὶ ἀγνωσίη τῶν καθεστεώτων καὶ ἀηθίη καὶ ἀπηρίη.

Κατὰ ταῦτα νομίζω τὸν ἐγκέφαλον δύναμιν πλείστην ἒχειν ἐν 
τῷ ἀνθρώπῳ.

Ιπποκράτης, 4ος αιώνας π.χ.
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“It must be known that from the brain come the pleasures, the joys, 
the laughters and the games; also the sorrows, the pains, the discon-
tents and the wailings. And with this, we think, we understand, we 
see, we hear and we recognize the ugly and the beautiful, the bad and 
the good.

It is again from there that we become mad and delirious, and that 
fears and terrors besiege us, either at night, or after the coming of the 
day, dreams, untimely errancies, worries without motives, ignorance 
of the present, unethicalities, inexperience.

For these reasons I regard the brain as exercising the greatest 
power in man.

Hippocrates, 4th century b.c.
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1 Introduction

Imagine you are at the seaside during sunset. The sky has a fiery or-
ange color that extends all the way to a dark blue. The only sound 
comes from the sea, while gently touching the shoreline. A human 
would most likely find this situation pleasant and relaxing, yet from 
a physics standpoint it’s nothing but a bombardment of numerous 
electromagnetic frequencies and pressure oscillations in the air. Still, 
all these are perceived by the brain in such a way that it produces a 
meaningful result. 

This happens due to the integration of the work of billions of mi-
croscopic calculators, the neurons, which “talk” to each other through 
highly complex and specialized points of communication, the syn-
apses. It is the aim of this study to contribute to the knowledge on 
how synapses operate and to identify how a part of this machinery is 
influencing their function. This part is a protein called Mover.

1.1 the neuron & the synapse

The cells of the nervous system can be broadly divided into neurons 
and glia. Although there are about equal numbers of neuronal and 
glial cells in the adult human brain (von Bartheld et al., 2016), only 
neurons are capable of transmitting electrical signals at long dis-
tances, at least most of them. Glia, on the other hand are responsi-
ble for supporting the function of neurons, by insulating, nurturing 
them and even by repairing damage in the developing brain. While 
glia’s function is equally important in a normally functioning brain, 
this study revolves around synaptic transmission; therefore the focus 
will be on neurons. 

Neurons are cells that are specialized both for intracellular sig-
naling but also for intercellular communication. Intracellularly, they 
transfer electrical signals at long distances. Intercellularly they com-
municate with other cell types, including other neurons, by means of 
synapses. The most obvious feature of their specialization for com-
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munication is their extensive branching, with the dendrites and the 
axon being the most prominent branches. 

The term dendrite comes from the Greek word for “tree”, reflect-
ing their similar branching pattern. Usually, dendrites emanate from 
the cell body and then they elaborately arborize as their typical func-
tion is to receive incoming signals from other neurons. An axon, on 
the other hand, extends to longer distances and conveys an electrical 
signal, the action potential, up to its very end where it can transfer 
information to other cells, through synapses.

The action potential is an all-or-nothing change in the polarity of 
the cell’s membrane potential that actively propagates from its be-
ginning, the axon hillock, until the presynaptic terminals. An action 
potential is initiated by an influx of Na+ ions, which depolarize the 
cell membrane. It is terminated through an efflux of K+ ions that are 
restoring the original charge separation and repolarize the mem-
brane to its resting potential.

An action potential reaching the presynaptic terminal can trigger 
a cascade of events that result in the transfer of information from 
one cell to the other through synaptic transmission. The majority of 
synaptic transmission occurs through chemical synapses, where the 
presynaptic terminal of an axon releases into the extracellular space 
neurotransmitter molecules; the neurotransmitter is then trigger-
ing the flow of electrical current in the postsynaptic neuron through 
receptors on membrane specializations that are usually situated on 
dendrites, or more rarely on a cell’s soma or even on another axon.

1.1.1 Neurotransmitter receptors

The neurotransmitter receptors are proteins embedded in the post-
synaptic density that can bind neurotransmitter molecules. This 
binding triggers a series of conformational changes so that the end 
result is a change in the functioning of this protein. Neurotransmit-
ter receptors are classified into two broad categories: ionotropic and 
metabotropic. They can also be divided into excitatory and inhibi-
tory, reflecting the changes they induce on the postsynaptic cell.

The ionotropic receptors form an ion channel, as they contain a 
membrane-spanning domain. Thus, they create a pore in the cell 
membrane through which they allow ions to pass. They combine 
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molecule-binding and ion-channel functions into one molecular 
unit and usually when a neurotransmitter molecule is not bound on 
them, they are closed. When a neurotransmitter is attached to a spe-
cific site on them, they change their conformation, permitting the 
flow of certain categories of ions, depending on the receptor’s com-
position. 

However, the direction that these ions flow depends on the equi-
librium potential for each ion. If a receptor is permeable to Na+ ions, 
then the net result when this receptor opens will be the depolariza-
tion of the cell because there will be an influx of Na+ ions. If, on the 
other hand, the receptor is allowing Cl- ions to pass through, then the 
cell will be hyperpolarized. This happens because the equilibrium 
potential of Cl- is usually lower than the resting membrane potential, 
thus the opening of these channels cause an influx of chloride.

The major excitatory neurotransmitter in the brain is the amino 
acid l-glutamate and the main broad categories of ionotropic gluta-
mate receptors are ampa, nmda and kainate. ampa and nmda were 
named after their synthetic agonists whereas kainate receptor clon-
ing followed the discovery of its agonist, kainic acid, in a seaweed 
known for its effectiveness at killing intestinal worms. The name 
“kainic” comes from the Japanese word kaininso, meaning “the ghost 
of the sea” (Hammond, 2015).

ampa-gated channels are composed of four subunits arranged 
around a central pore. There are four different types of subunits, 
termed GluA1 to GluA4, and their different combinations confer 
unique attributes to the channel. ampa channels are permeable to 
Na+ and K+ ions, but they are mostly impermeable to Ca2+. Therefore, 
when they are activated at a normal membrane potential, they are 
rapidly depolarizing the membrane because more Na+ is entering the 
cell than the K+ that is leaving it.

The excitatory postsynaptic current (epsc) produced by an ampa 
receptor usually is larger than that produced by an nmda receptor. 
This makes the ampa receptors the primary mediators of excitatory 
synaptic transmission in the brain. In contrast, the nmda receptors 
mediate epscs that are longer in duration.

nmda channels are also comprised from 4 subunits. There are five 
different types of subunits that are divided into two groups; the first 
group has the single GluN1 subunit and the second group the four 
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GluN2A-D subunits. Each receptor is composed by two GluN1 sub-
units and two of the GluN2 subunits.

One of the most special properties of the nmda receptors is the 
fact that they allow the entry of Ca2+ into the cell, along with Na+ and 
K+. This allows the buildup of intracellular Ca2+ which then acts as a 
second messenger for numerous signaling pathways. Another major 
difference is that in order to be activated they require a depolarized 
membrane potential. This is because at resting membrane poten-
tials (around -65 mV) the channel’s pore is blocked by Mg2+. So even 
if glutamate binds to the receptor, the entry of Ca2+ and Na+ is still 
blocked. When the membrane is depolarized, usually through the 
activation of ampa receptors, then the Mg2+ ion is expelled through 
electrostatic repulsion and Ca2+, K+ and Na+ can flow freely. Due to 
this double prerequisite, the presence of glutamate and a depolarized 
cell, the nmda receptor acts as a “coincidence detector”, detecting the 
joint activation of the presynaptic and the postsynaptic cell.

Kainate receptors share many properties with ampa receptors, 
as they are made up from different combinations of five subunits: 
GluK1-5. Their physiological role is much less investigated; some-
times they are found in the presynaptic terminals serving as a feed-
back mechanism and sometimes they are situated postsynaptically. 
The epsc they produce has a fast rise time, it is usually not reaching 
the amplitude levels of an ampa epsc and it has a much slower decay 
time. 

Metabotropic excitatory receptors do not have an ion channel 
as part of their structure; instead, they are relying on the activa-
tion of intermediary proteins, called G-proteins, to affect ion chan-
nels. Upon binding of a neurotransmitter on the extracellular part 
of the receptor, a G-protein is released from the intracellular side; 
this G-protein is then activating effector proteins, such as enzymes, 
which are producing intracellular messenger molecules that in turn 
activate ion channels. 

Thus, the ionotropic receptors are geared towards a faster response 
to the release of neurotransmitter whereas the metabotropic recep-
tors are acting more slowly, at the scale of less than a millisecond up 
to minutes, hours or even days. The combined action of these two 
types of receptors can amplify a presynaptic signal many times over 
and they are essential for inducing long-term changes in the synapse.
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 The two major inhibitory neurotransmitters in the central ner-
vous system are γ-aminobutyric acid (gaba) and glycine. gabaergic 
synapses have two types of postsynaptic receptors: gabaa which are 
ionotropic receptors and gabab which are metabotropic. gabaa recep-
tors are pentamers; they are comprised of five subunits, but the total 
number of different subunits available is 19, allowing these channels 
to exhibit a great variety across neuronal types.

gabaa channels are permeated by anions, meaning that when they 
are activated they allow Cl- to flow through them. Due to the fact 
that the reversal potential for Cl- is slightly more negative (–70 mV) 
than the typical resting membrane potential (–65 mV), when these 
receptors open the influx of Cl- causes the postsynaptic cell to be 
hyperpolarized.

The metabotropic gabab receptors exert their action through a 
second-messenger pathway that ultimately often activates a K+ chan-
nel. Due to the fact that the reversal potential for K+ is at -80 mV, the 
opening of this channel causes a hyperpolarization of the membrane. 
gabab inhibitory postsynaptic currents (ipscs) turn on more slowly 
but persist for a longer time than the ipscs induced by gabaa recep-
tors.

Glycine receptors are also ionotropic inhibitory channels, consist-
ing of five subunits; four types of α and one type of β subunit. Glycine 
channels are also permeated by Cl-, with a slightly greater conduc-
tance (46 pS) than the gabaa receptors (30 pS).

1.1.2 The presynapse

Neurotransmitters

The life cycle of a chemical neurotransmitter can be divided into four 
steps, which begin with its synthesis and storage, its release into the 
synaptic cleft, continue with the interaction of the transmitter with 
postsynaptic receptors and end with its removal from the synaptic 
cleft by means of uptake and recycling by the presynaptic terminal. 
We have already discussed the third step which involves the postsyn-
apse. In this section, I will focus on the three other steps which occur 
at the presynaptic terminal.
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First, it needs to be defined what is considered as a neurotrans-
mitter. As a general rule, a neurotransmitter is a substance that is 
released by a neuron in order to transfer information to a specific 
target. Information transfer is defined as the induction of specific 
changes to the target, which can be another neuron or an organ, 
such as a muscle.

A more specific definition of a neurotransmitter would be the fol-
lowing four criteria: (1) a neurotransmitter must be synthesized in 
the presynaptic neuron. (2) It must be present in the presynaptic ter-
minal and its release must induce changes in the postsynaptic target. 
(3) It must induce the same changes in the postsynaptic targets even 
when it is administered exogenously. (4) It must be actively removed 
from the synaptic cleft.

In the nervous system, there are two types of neurotransmitters; 
small-molecule transmitters, which tend to mediate rapid post-
synaptic actions and neuroactive peptides which usually modulate 
slower functions. 

Small-molecule transmitters are usually synthesized locally in the 
presynaptic terminal. The precursor molecules for their synthesis 
are usually taken into the terminal by specific transporter proteins 
found on the plasma membrane of the terminal. Then, specific en-
zymes found in the terminal are synthesizing the neurotransmitters, 
which are subsequently loaded inside synaptic vesicles (svs). 

Glutamate, the most frequently used excitatory neurotransmitter 
in the central nervous system, is synthesized from α-ketoglutarate, 
which is in turn produced during the tricarboxylic acid (Krebs) cy-
cle. Then, glutamate is loaded into the synaptic vesicles by vesicular 
glutamate transporters (vgluts). After its release into the synaptic 
cleft, glutamate is taken up by both neurons and glia. In astrocytes 
the enzyme glutamine synthase is converting it to glutamine. Then 
it is transported back to neurons where it is hydrolyzed to glutamate 
by the enzyme phosphate-activated glutaminase. 

The amino acid gaba, is the major neurotransmitter used by in-
hibitory neurons and interneurons in the brain. Its precursor mol-
ecule is glutamate and the enzyme glutamic acid decarboxylase is 
catalyzing the reaction along with a co-factor, pyridoxal phosphate.

The other main amino-acid which is used by inhibitory neurons 
is glycine. Its spread among the central nervous system is more re-
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stricted, with half of the inhibitory neurons in the spinal cord using 
it and most other inhibitory synapses using gaba. It is synthesized 
from serine, via the enzyme serine hydroxymethyltransferase. Once 
released into the synaptic cleft, it is removed by glycine transporters 
in the plasma membrane. Both glycine and gaba are packed into syn-
aptic vesicles by a vesicular inhibitory amino-acid transporter (vgat).

Synaptic vesicle cycling

Neurotransmitters do not circulate freely inside the presynaptic ter-
minal; instead they are packed into synaptic vesicles. These svs are 
then docked at the presynaptic membrane, become fusion-capable 
(primed) and then they fuse with the presynaptic membrane, releas-
ing their contents into the synaptic cleft. This fusion of svs causes 
new membrane to be added to the plasma membrane, so this extra 
membrane is quickly removed and used for the production of new 
svs.

Fast, synchronous neurotransmitter release is triggered by Ca2+ 
entry into the presynaptic active zone through Cav2 channels (Dun-
lap et al., 1995). These are voltage–gated Ca2+ channels that require 
strong depolarization to be activated and they are the major sources 
of Ca2+ entry into the presynapse. Cav2.1 channels are found in fast 
synapses in the central nervous system, like the calyx of Held, as well 
as in the mammalian neuromuscular junction. The other subtype, 
Cav2.2 channels are predominantly located in the peripheral ner-
vous system (Olivera et al., 1994). A third, less studied subtype are the 
Cav2.3 channels which are thought to contribute to synaptic trans-
mission in the central nervous system (Gasparini et al., 2001). 

When a Ca2+ channel opens, an elevated calcium concentration is 
quickly created and it surrounds the channel inside the cell; this gra-
dient of increased Ca2+ is called a calcium nanodomain. When multi-
ple nearby Ca2+ channels open for a prolonged period of time the in-
dividual nanodomains collapse into a larger calcium microdomain.

Ca2+ entering the presynaptic compartment acts through the 
snare complex (soluble n-ethylmaleimide-sensitive fusion protein), 
a crucial part of the vesicle fusion machinery. The snare-complex 
proteins are universally mediating membrane fusion, from yeast to 
humans. A series of studies on the molecular targets of the bacte-
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rial tetanus and botulinum toxins revealed the essential role of the 
snare complex in synaptic vesicle fusion (Jahn and Niemann, 1994; 
Montecucco and Schiavo, 1993).

One of the snare proteins, synaptobrevin, is attached on the mem-
brane of synaptic vesicles and it forms a complex with the active zone 
snare proteins syntaxin and snap-25. All these proteins can bind to-
gether bringing the synaptic vesicle close to the cell membrane. In es-
sence, the snare motif of synaptobrevin forms a tight complex with 
the snare motifs of syntaxin and snap-25 (snap-25 has two snare 
motifs, whereas the other two proteins have one motif each). This 
results in a progressive zippering of the four-helical snare complex 
that brings the fusing membranes so close together that their hydro-
philic surfaces are destabilized.

Although the membranes of the synaptic vesicle and of the ac-
tive zone are brought close together by the zippering of the snare 
complex, this event is not adequate to promote their fusion. In vi-
tro, the overall time for membrane fusion mediated by snares can 
take tens of miliseconds (Karatekin et al., 2010) up to hours (Weber 
et al., 1998) compared with the sub-millisecond range of synaptic 
vesicle fusion in vivo. An additional protein which comes into play 
is Munc18 (mammalian unc18 homologue), which binds to syntaxin 
during trafficking of these proteins at the active zone. Munc18 is not 
essential for neuronal assembly during development but it’s required 
for the maintenance of synaptic connectivity; when the protein is 
absent, there is no vesicle docking in the active zones and no synaptic 
events are observed. This lack of synaptic activity eventually results 
in neuronal apoptosis and widespread degeneration (Verhage et al., 
2000; Voets et al., 2001).

Similarly, when members of the Unc-13/Munc13 protein family are 
genetically inactivated from central synapses, a complete silencing of 
synaptic transmission ensues (Augustin et al., 1999). Further studies 
revealed that this silencing is due to a total loss of primed synaptic 
vesicles and an inability for sv fusion (Varoqueaux et al., 2002). How-
ever, no reduction in the number of primed vesicles was observed in 
ultrastructural analysis using chemically fixed specimens (Augustin 
et al., 1999).

The term “priming” refers to the assignment of fusion competence 
to synaptic vesicles that are already docked to the active zone. The 
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ways that priming can be achieved will be discussed in detail, in this 
chapter.

Using techniques such as high-pressure freezing and freeze sub-
stitution electron microscopy that are capable of near-instantaneous 
fixation, it was found that the number of svs that are in direct con-
tact with the plasma membrane are significantly reduced in C. ele-
gans (Weimer et al., 2006) and in mice (Siksou et al., 2009). In par-
ticular, there were almost no svs within 2 nm from the active zone 
in Munc13-deficient organotypic hippocampal slice cultures and very 
few within 2–4 nm. In contrast, svs 5–20 nm away from the active 
zone were significantly more numerous (Imig et al., 2014). The loss 
of svs within 2 nm of the active zone indicated an absence of primed 
vesicles. 

Interestingly, when Munc18-1 or Munc13-1 were absent from hip-
pocampal synapses, a “de-priming” effect was observed; svs were 
primed after a high-frequency stimulation, however they would fall 
back to a de-primed state after a few seconds of inactivity. In detail, 
synapses deficient in Munc18-1 or Munc13-1 showed a severely re-
duced basal transmission. However, after a 100-stimuli 40-Hz train 
epscs were strongly potentiated even until 50 s afterwards (He et al., 
2017).

Thus, the essential fusion machinery in the cell is comprised of 
snare, Munc18 and Munc13 homologue proteins. Additional pro-
teins can then modulate it according to the needs of specific fusion 
reactions.

One such modulator is tomosyn. Tomosyn, which was discovered 
in Yoshimi Takai’s lab in 1998 and named “friend of syntaxin” (tomo 
in Japanese), is a binding protein of syntaxin. By blocking snare-com-
plex formation in a Ca2+-dependent manner it inhibits Ca2+-medi-
ated synaptic vesicle fusion (Fujita et al., 1998). Tomosyn can exist in 
two conformational states. In one state, the tail domain binds to the 
wd40 n-terminal repeats and thus the c-terminal vamp-like domain 
can inhibit the snare complex formation (Yamamoto et al., 2009). 
In the other state, the tail domain binds to the c-terminal vamp-like 
domain and subsequently the vamp-like domain’s inhibitory effect 
is diminished. Additionally, tomosyn using its n-terminal wd40 re-
peats can directly bind to synaptotagmin-1, a Ca2+ sensor protein. 
Therefore, synaptotagmin-1 is impaired to act on snare-mediated 
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vesicle fusion and tomosyn can target snares more efficiently, thus 
having an improved inhibitory effect on Ca2+-mediated transmitter 
release (Yamamoto et al., 2010).

A second modulator of the fusion machinery is a small cytoplas-
mic protein called complexin. It has been suggested that complexin 
has at least two independent roles: it prevents membrane fusion by 
clamping the trans-snare complex and thus preventing its full zip-
pering (Giraudo et al., 2006) and it regulates synchronous Ca2+-de-
pendent exocytosis. The snare-binding domain of complexin is re-
quired for both of these functions.

The clamping role of complexin is mediated through its central and 
n-terminal accessory helices (Giraudo et al., 2009). However, when a 
Ca2+ signal arrives, the complexin clamp can be relieved by the bind-
ing of synaptotagmin-1 in complexin’s c-terminal region through 
a competitive or cooperative fashion (Tang et al., 2006). Thus, fast 
Ca2+-induced neurotransmitter release is promoted.

A separate line of evidence indicates that mice lacking both com-
plexins have a dramatically reduced fast synchronous Ca2+-triggered 
release (Maximov et al., 2009; Reim et al., 2001). This function of 
complexin was corroborated in neuronal cultures obtained from 
conditional knockout mice; spontaneous, synchronous, asynchro-
nous as well as delayed synaptic vesicle fusion was attenuated. Ad-
ditionally, no effect was observed on vesicle priming indicating that 
complexins may be dispensable for “fusion clamping” (Lopez-Murcia 
et al., 2019).

The final step in neurotransmitter exocytosis is the transduction 
of the Ca2+ signal to the primed fusion machinery. This is medi-
ated through a family of proteins called synaptotagmins. Synapto-
tagmins are transmembrane proteins that can bind to phosphlipid 
membranes. In addition, they have two C2 cytoplasmic domains that 
can bind Ca2+ and, in the case of synaptotagmin-1, can bind to syn-
taxin-1 and snare complexes. Synaptotagmin-2 is thought to be the 
fastest one, as it is found in sound localization neurons which exhibit 
very fast synaptic responses. Synaptotagmin-1 is the Ca2+-sensor for 
fast and synchronous transmitter release in response to an action 
potential (ap) (Brose et al., 1992). Syt-1 also supports priming of svs, 
upon their docking at the plasma membrane (Wang et al., 2011). In 
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contrast, synaptotagmin-9 is the slowest and it is localized in limbic 
system neurons (Xu et al., 2007). 

One of the most interesting functions of synaptotagmin-1 is its 
ability to synchronize the fusion of svs upon the arrival of an ap. 
In particular, transmitter release in syt-1-deficient synapses is com-
pletely desynchronized (Geppert et al., 1994). However in syt-1-mu-
tant synapses that also display an asynchronous first response, the 
phenotype is rescued when the first ap is closely followed by another 
at 10–50 ms; the second ap is markedly more synchronous and this 
effect is Ca2+-dependent (Chang et al., 2018). Therefore, syt-1 seems 
to be also supporting tight sv-attachment at the plasma membrane. 

An additional modulator of synaptic activity during high-fre-
quency stimulation is the Ca2+-influx-dependent facilitation and in-
hibition of presynaptic Cav2.1 channels. As mentioned earlier, Cav2 
channels are the major sources of Ca2+ entering the presynapse upon 
depolarization. In particular, Ca2+ currents mediated through Cav2.1 
channels are facilitated and then inactivated during high-frequency 
action potentials. This is thought to participate in the observed fa-
cilitation and depression of excitatory postsynaptic responses in the 
calyx of Held (Borst and Sakmann, 1998; Forsythe et al., 1998).

The experimentally observed Ca2+-dependent regulation of Cav2.1 
channels can be explained through the interaction of calmodulin 
with these channels (Lee et al., 1999). Calmodulin is a Ca2+ sensor 
protein with two Ca2+-binding sites; a high-affinity site at the ami-
no-terminal lobe and a low-affinity at the carboxyl-terminal lobe of 
the protein molecule. Mutation of the ef hands at the high-affinity 
c-terminal predominantly prevents Ca2+-dependent facilitation of 
Cav2.1 channels. In contrast, mutation of the ef hands at the low-af-
finity n-terminal primarily prevents Ca2+-dependent inhibition of 
Cav2.1 channels (Lee et al., 1999; Lee et al., 2003). Similarly, the Cav2.1 
channels have two binding sites for calmodulin near the c-terminus 
of the channel: an iq-like motif which is essential for Ca2+-depen-
dent facilitation and a calmodulin-binding domain which is required 
for Ca2+-dependent inhibition (DeMaria et al., 2001).

Based on these observations, a proposed molecular model postu-
lates that when Ca2+ channels open, the initial Ca2+ influx is acti-
vating the high-affinity Ca2+-binding site of calmodulin. Calmodulin 
in turn binds to the iq-like motif of Cav2.1 channels, causing them 
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to facilitate. After a prolonged Ca2+ entry, the Ca2+ concentration is 
starting to increase which causes the low Ca2+-affinity binding site 
of calmodulin to be activated, which in turn then interacts with 
the calmodulin-binding domain of Cav2.1 channels, which become 
inactivated. In the calyx of Held, both Ca2+-dependent facilitation 
and then Ca2+-dependent inhibition become manifested during a 
high-frequency stimulation (Forsythe et al., 1998).

1.2 the function of the sv release machinery in detail

1.2.1 Release Probability

When an action potential arrives at a presynaptic terminal not all 
synaptic vesicles that are ready to release their contents do it. Indeed, 
since the early work pioneered by Katz and colleagues in the 50s, it 
has been established that only a fraction of “units available” would be 
released (Del Castillo and Katz, 1954a, b). By units they were referring 
to the quanta of neurotransmitter released by individual synaptic ves-
icles. More specifically, the strength of synaptic output is dependent 
on four factors: the number of release sites available for accepting a 
synaptic vesicle (N), the probability that such a site will be occupied 
by a vesicle (pocc), the probability that a vesicle will be successfully re-
leased (psucc) and finally the quantal size q of a synaptic vesicle. This 
last measure corresponds to the level of postsynaptic response to the 
release of neurotransmitter from a single synaptic vesicle. The prod-
uct of these four factors is the synaptic output y (Neher, 2017):

y = N × pocc × psucc × q .

1.2.2 Synaptic Vesicle Functional Pools

Synaptic plasticity is largely influenced by calcium. Nanodomains 
with an elevated calcium concentration around presynaptic volt-
age-dependent calcium channels trigger vesicle fusion (Schneggen-
burger and Neher, 2005). As it was mentioned earlier, vesicle fusion 
is triggered through the activation of synaptotagmin by Ca2+. Addi-
tionally, Ca2+ buffers are proteins with rapid Ca2+-binding kinetics, 
like parvalbumin in the calyx of Held, which intercept the ions be-
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fore they reach the sensors and they can be both mobile and fixed 
(Muller et al., 2007). When calcium channels close, the calcium nan-
odomains collapse due to Ca2+ buffers and the diffusion of Ca2+ ions. 
The remaining calcium is then gradually removed from the presyn-
aptic bouton, but meanwhile it can play an important role in short-
term plasticity (Regehr, 2012).

Another important aspect in considering presynaptic short-term 
plasticity is the categorization of synaptic vesicles into functional 
pools. Almost every synapse has a group of synaptic vesicles that are 
release-ready. This class is termed the readily-releasable pool (rrp). 
rrp vesicles are the first to be released during sustained synaptic ac-
tivity. Consequently, they are also the first to be depleted (Alabi and 
Tsien, 2012). In terms of the definition put forward by Neher (2017), as 
described earlier, the rrp size is the product N × pocc. 

In order to quantify the size of the rrp, it is required to have a 
method of depleting it, an assay to measure the presynaptic output 
and a method of estimating the replenishment rate. One of the most 
commonly-used methods of rrp depletion is with a high-frequency 
stimulation of the afferent fibers. This method has the benefit of re-
sembling physiological conditions, since the electrical stimulation 
of the axons produces action potentials which are propagated along 
its length. However, it is spread over time; a typical 50-pulse 100-Hz 
stimulation burst lasts 500 ms. This means that the ongoing recruit-
ment of new vesicles may make it impossible to fully deplete the rrp. 
In consequence, a considerable amount of the measured response 
could be from newly-recruited synaptic vesicles (Neher, 2015). 

If a train is plotted in a cumulative fashion versus the stimulus 
number, then the final data points would form a straight line as the 
rate of depletion would be equal to the rate of replenishment. In con-
sequence, the procedure to estimate the rrp size from such graphs 
is relatively straightforward, according to Schneggenburger et al. 
(1999); a regression line is fitted to the straight portion of the graph 
and then back-extrapolated so that it intercepts the y-axis. The point 
of intersection reports the rrp size, whereas the slope of the regres-
sion line represents the replenishment rate. Although, this method is 
not reporting the actual size of the rrp but only its decrement during 
a train, when the stimulation is strong enough so that the epscs 
during a train depress significantly more than 50% the error can be 
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quite small. For a formal treatment of the limits of this method and 
the corrections that can be applied, the reader is encouraged to read 
E. Neher’s review (2015).

Another way of depleting the rrp is through the brief application 
of a hypertonic solution to the neuronal preparation. Usually this is 
done through the addition of ~500 mOsm/L of sucrose to the extra-
cellular medium (Rosenmund and Stevens, 1996). This method has 
been widely used in hippocampal cultures where the extracellular 
medium can reach the synapses relatively fast.

When the rrp is depleted, release continues from the recycling 
pool which is comprised of the recycled synaptic vesicles during an 
intense or prolonged physiological stimulation (Rizzoli and Betz, 
2005). Typically, the recycling pool size is three times larger than the 
readily-releasable pool. This fraction remains stable independently 
of the recycling pool size, as measured in hippocampal cultures 
(Murthy and Stevens, 1999). 

Finally, the rest of the synaptic vesicles which also constitute the 
majority in a presynaptic terminal (50–85%) belong to the reserve 
pool (Alabi and Tsien, 2012). These vesicles are not released even af-
ter an intense or prolonged stimulation and can be detected through 
their inability to release genetically encoded synaptopHluorin probes 
(Li et al., 2005). A pool that approximates the above definition of a re-
serve pool has been described also for the calyx of Held (de Lange et 
al., 2003).

1.2.3 Short-Term Plasticity

Most synapses when they undergo a period of prolonged activity they 
exhibit a change in presynaptic strength which can last from tens 
of milliseconds to minutes. This change in synaptic weight was ob-
served for the first time more than 70 years ago (Eccles et al., 1941). 
According to the direction of the presynaptic strength this plasticity 
can be a depression, a facilitation or a post-tetanic potentiation 
(Zucker and Regehr, 2002). Usually, a presynaptic depression or facil-
itation is apparent even from the second of two closely spaced stim-
uli and depending on the strength of the stimulation, it can persist 
for minutes. However most of the times, multiple forms of plasticity 
are occurring at the same time in the presynaptic terminal and the 
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interaction of these forms is reflected in the net synaptic strength 
(Dittman et al., 2000).

Many synapses display a decrease in synaptic strength when they 
are intensely activated. The most prominent mechanism of synap-
tic depression lies in a decrease of neurotransmitter release from 
the presynaptic terminal which appears to be due to a depletion of 
synaptic vesicles from the rrp. Additionally, feed-back inhibition 
through modulatory substances from the presynaptic and postsyn-
aptic terminals, can also result in synaptic depression. Finally, de-
sensitization and saturation of the postsynaptic neurotransmitter 
receptors can reduce the effect of the exocytosed neurotransmitter 
to the postsynaptic cell.

The simplest model to explain paired-pulse depression is the de-
pletion model of depression (Zucker and Regehr, 2002). It postulates 
that during the first stimulus an f fraction of the s total vesicles in 
the rrp is released, producing a current i in the postsynaptic cell. 
Then, this current has an epsc amplitude of a1 = fsi. When the sec-
ond stimulus arrives the rrp size is reduced and only s – fs vesicles 
are available. Thus, the second epsc amplitude will be a2 = s(1-f)fi and 
the paired pulse ratio will be a2 ⁄ a1 = 1 – f. 

It is important to note that this model makes the following three 
assumptions; the rrp fraction that is released with the first stimulus 
is large, there is no replenishment of synaptic vesicles between the 
first and the second pulse and the release probability is the same at 
both stimulations.

The depletion model predicts that the paired-pulse depression is 
proportionate to the initial probability of release; the larger the prob-
ability of release, the more synaptic vesicles are being released with 
the first stimulus and less vesicles are available for the second one, 
thus the stronger the paired-pulse depression. This negative cor-
relation between the amplitudes of the first and the second epsc has 
been shown for a plethora of synapses, including the calyx of Held 
(Scheuss et al., 2002). In some synapses however, like the hippocam-
pal synapses in cultures, the depletion model cannot fully explain 
the observed paired-pulse depression (Chen et al., 2004).

When a synapse undergoes a prolonged high-frequency activity 
then the subsequent depression can last much longer, up to tens of 
seconds. This is thought to be occurring due to depletion of the re-
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cycling pool. In hippocampal autapses, which are cultured neurons 
that grow in isolated “islands” so that they can make synaptic con-
tacts only with themselves, a 9-Hz 1000-stimuli train was required 
to observe a depletion of the recycling pool (Stevens and Wesseling, 
1999).

Lastly, the role of reduced Ca2+ entry in synaptic depression should 
not be understated. In presynaptic recordings from the calyx of Held 
it was found that a reduction of p-type Ca2+ current contributes to 
posttetanic (100 Hz for 10 s) depression of excitatory transmission 
(Forsythe et al., 1998). Additionally, a Ca2+-current reduction can ac-
count for the paired-pulse depression seen at inter-stimulus intervals 
longer than 100 ms and for the short-term depression after a low fre-
quency (≤30 Hz) stimulation (Xu and Wu, 2005).

One of the first models trying to explain presynaptic facilitation 
was the residual calcium hypothesis (Katz and Miledi, 1968). It pre-
dicts that the Ca2+ that is entering in a cell during a presynaptic depo-
larization is not fully removed before a second closely-spaced stimu-
lus arrives; thus, the Ca2+ that enters the presynaptic terminal during 
the second stimulus is added up to the residual Ca2+ from the first 
stimulus. This results in facilitation, provided that the residual Ca2+ 
is significantly high. However, a formal treatment of this hypothe-
sis along with experimental data for the local Ca2+ concentration at 
the calyx of Held, suggest that this model cannot adequately explain 
paired-pulse facilitation, since residual Ca2+ would provoke only a 4% 
enhancement (Regehr, 2012).

Nevertheless, the residual Ca2+ could indeed promote facilitation 
by acting on a Ca2+ sensor, different than synaptotagmin-1 (Atluri and 
Regehr, 1996). In particular, this sensor would need to be high-affin-
ity and slow-acting so that it would be able to sense the low concen-
trations of residual Ca2+ and promote facilitation in the long run. In 
contrast, synaptotagmin-1 is low-affinity and fast-acting.

In addition, a high-affinity Ca2+ buffer in the presynaptic terminal, 
not unlike bapta, can help facilitation. This kind of buffer would as-
sociate with calcium entering the terminal during the first stimulus 
and the free buffer’s concentration would be smaller during the sec-
ond stimulus. Thus, there would be a higher local calcium elevation 
during the second pulse and a paired-pulse facilitation would appear 
(Neher, 1998).
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Finally, a use-dependent modulation of voltage-gated Ca2+ chan-
nels through Ca2+ sensor proteins and slow transmitter systems 
would also enhance facilitation (Takahashi, 2005). At synapses be-
tween cultured superior cervical ganglion neurons blocking the fa-
cilitation of p/q type Ca2+ currents that is dependent on Ca2+/ Ca2+ 
sensor proteins, also markedly reduced the facilitation of synaptic 
transmission (Mochida et al., 2008).

1.2.4 Multiple SV Priming States 

So far, the synaptic vesicle release processes have been described as 
stable and static states; a synaptic vesicle is docked and primed at one 
of the active zone release sites and then, when an action potential 
(ap) arrives, the intracellular calcium concentration is increased and 
the synaptic vesicle fuses with the active zone membrane with a cer-
tain release probability. However, different subsets of synaptic vesi-
cles (svs) that mediate transmission have been reported for a plethora 
of synapses, including the calyx of Held, cerebellar mossy fibers to 
granule cells, hippocampal neurons and parallel fibers to molecu-
lar-layer interneuron synapses. 

In particular, electrical stimulation of the calyx of Held revealed 
two components of the fast-release pool with different release proba-
bilities and replenishment rates. The fast pool was described as hav-
ing a high release probability and a slow replenishment rate whereas 
the slow pool seemed to be replenished quickly but having a much 
lower release probability (Taschenberger et al., 2016). In another 
study, the refilling of the fast pool occurred at the expense of the 
slower one (Lee et al., 2012), pointing to a linear “maturation” of the 
svs where the fast svs have to go through the slow stage first. 

In the cerebellar mossy fiber to granule cell synapses, a comparable 
two-step priming process has been described, where the slow com-
ponent was recovering with a time constant of a few seconds (Hall-
ermann et al., 2010). In hippocampal neurons a subgroup of synaptic 
vesicles that are more likely to be released in the first few aps of a 
stimulus train was described with the term “superprimed”. The su-
perprimed svs had a higher release probability and slower replenish-
ment rate than their normally-primed counterparts (Schluter et al., 
2006).
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At individual synapses between presynaptic parallel fibers and 
postsynaptic molecular-layer interneurons an sv renewal process 
that was dependent on previous release events was described; release 
events during the first ap of a stimulus train were mediated through 
a well synchronized, fast component. However, during subsequent 
aps at 200 Hz a slow, desynchronized component was gradually de-
veloping. In addition, the speed of transition from the slow to the 
fast pool of svs was increased during the ap train, possibly due to 
enhanced Ca2+ entry and an augmented intracellular calcium con-
centration transient (Miki et al., 2018). This transition was hindered 
by the actin polymerization inhibitor latrunculin B (Miki et al., 2016; 
Miki et al., 2018). In contrast to the previous models, here a sequential 
model was sufficient to explain the observed data; svs were recruited 
from a recycling pool, and went through a “replacement site” before 
maturing to a “docking site” where they could be released. Thus, only 
one release probability was assigned to svs.

All of the aforementioned studies had to postulate at least two 
states of primed svs in order to explain their experimental obser-
vations. Most were suggesting that sv release can occur from both 
states; both the slowly-primed and the fast svs were release capable, 
while the number of the sv docking sites was unchanged (Haller-
mann et al., 2010; Schluter et al., 2006; Taschenberger et al., 2016). 

Newer studies, however, are suggesting a dynamic equilibrium in 
docked and primed synaptic vesicles. As mentioned before, Syt-1 mu-
tants with no ability to bind to anionic lipids or the snare complex 
failed to bring svs in close proximity to the active zone. After a sin-
gle ap, though, svs were rapidly recruited to the membrane, a step 
which was Ca2+-dependent and almost completely reversed after 100 
ms (Chang et al., 2018). Similarly, non-functional Munc18-1 caused a 
significantly reduced basal transmission but high-frequency stimu-
lation greatly facilitated the epscs. Again, this facilitation was rap-
idly falling back to the rested-state levels shortly after the end of the 
stimulus train, also in Munc13-1 deficient synapses (He et al., 2017).

This separation of vesicles into two populations that may also be 
in a dynamic balance, gave rise to the question of what is the mech-
anism that distinguishes these populations. The positional priming 
theory posits that the state of a sv depends on its proximity to the 
Ca2+ source. Vesicles that are positioned close by a Ca2+ channel have 
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a high release probability. On the other hand, svs that are further 
away, although they are also release competent, cannot “sense” the 
increased calcium concentration because the increase is restricted to 
the nanodomains around the channels during a short influx episode. 
These vesicles undergo a positional change which brings them closer 
to the calcium sources, and thus they are rendered release-capable 
(Meinrenken et al., 2002). This step is strongly dependent on Ca2+ 
(Neher and Sakaba, 2008).

If the sole defining difference between a slow and a fast vesicle was 
its distance from the Ca2+ source and not its intrinsic calcium sensi-
tivity, then if the intracellular [Ca2+] was uniformly elevated through-
out the terminal at once only a single component would be observed. 
However this was not the case when presynaptic Ca2+-uncaging mea-
surements were made at the calyx of Held. Deconvolution analysis of 
the resulting time course of transmitter release revealed a fast and 
a slow component over a wide range of Ca2+ concentrations; this in-
dicated that the difference should be due to a property of the fusion 
machinery itself (Wolfel et al., 2007). 

Subsequent research reconciled these two theories, through a 
mechanism where synaptic vesicles first move to the active zone and 
become part of the fast releasing pool and then they attain a high 
Ca2+ sensitivity for fusion. The first part seemed to be regulated by 
actin- and plc-dependent mechanisms, while the second was regu-
lated by plc-mediated mechanisms (Lee et al., 2013). Thus, the svs 
with a high Ca2+ sensitivity have a high probability of release and they 
are termed “superprimed”, whereas the rest of the svs have a lower 
release probability (Schluter et al., 2006; Taschenberger et al., 2016). 

A more elegant explanation comes by Neher and Brose (2018) with 
the help of the multifaceted snare complex and its associated pro-
teins. Their model manages to incorporate the recent data on stim-
ulation-dependent priming and subsequent “de-priming” that were 
previously described, while successfully predicting the behavior of an 
entire range of synapses: from those with high initial release proba-
bility, like the calyx of Held, to the ones with low initial probability 
of release like the hippocampal mossy fibers.

The authors propose that the fast reloading of the primed sv pools 
during high-frequency synaptic activity is due to Ca2+-dependent 
rapid transitioning of the snare complex from a loose state (ls) to a 
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tight docking state (ts) which enables the vesicles to be released. This 
tight state requires snares along with Munc13-1 and Munc18-1 and 
additionally Syt-1. When any of these proteins are absent then the svs 
fall back into a precursor “loose” state, where the snare complex is 
partially unzippered. Additionally, a high intracellular Ca2+ concen-
tration stabilizes the svs into the tight state.

In summary, the model postulates that as the synapse is at rest 
there are three populations of svs; the ts vesicles, the ls vesicles and 
the synaptic vesicles that are in the replacement pool. Naturally, the 
ts and ls svs are docked into a fixed number of release sites. It is im-
portant to note that not all release sites are occupied with ts vesicles. 
The probability that a release site is occupied by a ts vesicle is <1 for 
typical depressing synapses like the calyx of Held and could be as 
low as <0.2 for a facilitating synapse like the cerebellar granule cell 
to Purkinje cell synapse. Therefore, svs exist in a dynamic balance 
between a loose and a tight state.

When the first action potential of a high-frequency stimulation 
train arrives, the first svs to be released with a certain release prob-
ability (pts) are the ones who are in the ts state. As the second ap 
arrives, there are now two sv populations in the ts state that will get 
released: the ts svs that did not get released during the first ap and 
newly-formed ts vesicles that transitioned from the ls state due to 
the concomitant increase in intracellular Ca2+. Additionally, an in-
crease in pts cannot be ruled out, due to intracellular Ca2+ buildup 
(Neher, 2017).

Loose Docking (LS)

Tight Docking (TS)

Synaptic Vesicle

pTS

figure 1: The three synaptic vesicle states predicted by the loose-tight state 
model. An sv is recruited to the active zone, then transitions from a loose to a 
tight state and is fused with the presynaptic membrane with a certain release 
probability.
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During the next few aps of the high-frequency train the following 
events occur; the ts vesicles (that is, the svs that were in the tight 
state before the beginning of the train) will get gradually depleted as 
they fuse with each ap; the fusing vesicles that were in the loose state 
in the beginning of the train will see their numbers rise as the ls-
to-ts transition rate will be enhanced due to increased Ca2+, but then 
this population will decline as the ls pool will get depleted. Gradu-
ally, a third component will take over; it will be comprised of svs that 
are newly recruited (rs) during the stimulation train and they will go 
through the loose and then the tight state before they fuse.

1.3 the calyx of held

The calyx of Held is a giant axosomatic synapse in the auditory path-
way; the postsynaptic neuron provides inhibition in most nuclei of 
the auditory brainstem. Due to the synapse’s size, which permits di-
rect presynaptic patch–clamp recordings, it has become a popular 
model among neuroscientists for the study of mechanisms of trans-
mitter release.

Its name is owed to the German anatomist Hans Held from the 
university of Leipzig, who used the Golgi technique to stain and 
study the central auditory pathway in cats (Held, 1893). A few years 
later Ramón y Cajal, the Spanish histologist, further studied these 
synapses, producing the first detailed images of the calyx (Ramón 
y Cajal, 1909). Immunohistochemical studies showed terminal-like 
elements immunoreactive to a glutamate antibody, covering the per-
ikarya of the postsynaptic neurons: the medial nucleus of the trape-
zoid body principal neurons (Grandes and Streit, 1989). 

Electrophysiological recordings confirmed the glutamatergic na-
ture of the calyx; they showed a complete block of calyceal epsps after 
using the ampa/kainate receptor antagonist cnqx (Banks and Smith, 
1992). It was also found that the epscs can be split into two compo-
nents: a fast time-course ampa-mediated component and a slower 
nmda-receptor mediated component (Forsythe and Barnes-Davies, 
1993). Since then, the accessibility of the calyx of Held in both in vivo 
and in vitro brain slice preparations has been used to study gluta-
mate release, presynaptic ion channels, Ca2+ influx and short-term 
plasticity. 
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Axons originating mainly from the globular bushy cells of the 
anteroventral cochlear nucleus project to the medial nucleus of the 
trapezoid body (mntb), which is part of the superior olivary com-
plex, forming calyces. Each axon forms a single giant axosomatic ca-
lyx on a principal mntb cell (Morest, 1968), although in ~20% of the 
cases they can form two calyces on separate mntb neurons (Rodri-
guez-Contreras et al., 2006). Interestingly, the mntb principal neu-
rons receive somatic inhibitory synapses the origin and function of 
which remain unknown (Awatramani et al., 2004). The number of 
mntb cells ranges from 3,000 to 7,000 in most mammals (Kulesza et 
al., 2002) and they project to other superior olivary complex nuclei, 
including the lateral superior olive, forming inhibitory glycinergic 
synapses (Tollin, 2003).

The morphology of the active zones of the calyx of Held is similar 
to that found in an ordinary synapse; they have a surface area which 
is similar to hippocampal excitatory synapses and they contain two 
to three docked synaptic vesicles (Satzler et al., 2002; Taschenberger 
et al., 2002). Where the calyx differs however, is in the number of 
active zones per synapse; typical terminals in the brain usually have 
one active zone per synapse, whereas the calyx of Held has about 
300–700 active zones until postnatal day 14 (Taschenberger et al., 
2002). In this way, the arrangement of the active zones of the calyx of 
Held can be considered having a “parallel” arrangement, which can 
be driven by a single presynaptic action potential (Schneggenburger 
and Forsythe, 2006).

The calyx of Held undergoes several developmental changes un-
til it reaches a fully functional state, at the time of the hearing on-
set in the animal. Most studies in this synapse have been done in 
rodents, especially rats, before hearing onset as it becomes progres-
sively harder to access the calyx for presynaptic recordings after that 
age, due to increased myelination.

Ca2+ entry in the calyx terminal is mediated by voltage-dependent 
n-, r- and p/q-type Ca2+ channels; however, p/q-type channels are 
more efficient in coupling Ca2+, suggesting their placement in the ac-
tive zones. Moreover, paired-pulse facilitation is greatly diminished 
when p/q-type channels are knocked out (Inchauspe et al., 2004). 
When intraterminal Ca2+ is increased, neuronal Ca2+ sensor 1 (Tsu-
jimoto et al., 2002) and calmodulin (Nakamura et al., 2008) can me-
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diate an activation of p/q-type Ca2+ channels (Inchauspe et al., 2004); 
this activation can, in turn, facilitate the Ca2+ current entering the 
terminal during a subsequent action potential (Cuttle et al., 1998).

Transmitter release is controlled by Ca2+ ions. The relation, how-
ever, between intracellular calcium concentration and transmitter 
release is supralinear; from 0.3 to 1 mM of extracellular Ca2+ con-
centration, transmitter release scales with the second power of the 
calcium concentration (Barnes-Davies and Forsythe, 1995). At in-
tracellular Ca2+ concentrations of 2–5 µM, achieved with flash pho-
tolysis, the relation is scaled to the fourth or fifth power (Schneg-
genburger and Neher, 2000). This highly non-linear relationship 
between calcium concentration and transmitter release can also be 
seen in the fact that whereas at 2 mM of extracellular Ca2+ about 210 
quanta are released, at one eighth of that concentration there is not 
a single quantum detected during most action potentials (Borst and 
Sakmann, 1996).

As detailed earlier, the term quantal size refers to the amplitude 
of the postsynaptic response to the neurotransmitter released by the 
presynaptic fusion of one vesicle. At the calyx of Held, it has been 
measured from spontaneous epscs at around 30–35 pA, at room tem-
perature and a holding potential of -70 mV (Chuhma and Ohmori, 
1998; Sahara and Takahashi, 2001).

Upon the arrival of an action potential at the presynaptic termi-
nal, the ensuing epsc recorded at the postsynaptic neuron is in the 
range of 4–8 nA, sometimes reaching up to 15 nA (Schneggenburger 
and Forsythe, 2006). Many attempts have been made to estimate 
the quantal content of a single epsc; in some cases it has been esti-
mated by dividing the epsc amplitude by the quantal size (Borst and 
Sakmann, 1996; Schneggenburger et al., 1999). In other cases, vari-
ance-mean analysis was employed in order to bypass the potential 
pitfall of glutamate spilling over to neighboring synapses and thus 
adding up quanta non-linearly (Meyer et al., 2001; Taschenberger 
et al., 2005). Both approaches yielded the same estimate of 150–200 
quanta released during a single action potential of 4–8 nA. 

The immature calyx under repetitive stimulation undergoes a 
strong synaptic depression of its epscs, when being under standard 
brain slice recording conditions. These conditions, typically include 
2 mM of calcium in the extracellular solution. The observed depres-
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sion is mainly due to depletion of synaptic vesicles from the rrp (Wu 
and Borst, 1999). Using the back-extrapolation method developed by 
Schneggenburger, Meyer and Neher, detailed in chapter 1.2.2, synap-
tic vesicles belonging in the rrp were estimated at 600–800 (Boll-
mann et al., 2000; Schneggenburger et al., 1999). However, when 
directly stimulating the presynaptic terminal using a prolonged 
depolarization, deconvolution revealed an rrp estimate of ~2,400 
svs (Sakaba and Neher, 2001). Similarly, presynaptic capacitance re-
cordings which measure the increase in the presynaptic capacitance 
induced by the fusion of svs, produced an rrp estimate of ~4,000 
svs (Sun and Wu, 2001; Wolfel and Schneggenburger, 2003). Finally, 
Ca2+-uncaging-evoked release assigned about 3,600 svs in the calyx’s 
rrp (Wolfel et al., 2007). Thus, it can be a safe assumption that the 
calyx of Held has a readily-releasable pool size of ~3,000 synaptic 
vesicles.

Synaptic depression is not the only expression of short-term plas-
ticity in the calyx of Held; facilitation of the second epsc during a 
high-frequency stimulation train is also common in a subset of syn-
apses (Taschenberger et al., 2016). This facilitation, however, is not 
dependent on an altered intracellular Ca2+ sensitivity of transmitter 
release (Felmy et al., 2003). In addition, following a prolonged train 
of presynaptic action potentials transmitter release can be enhanced 
for several minutes afterwards. This post-tetanic potentiation is 
dependent on residual Ca2+ (Habets and Borst, 2005) that builds up 
gradually during the stimulation train and originates from mito-
chondria (Lee et al., 2008). No longer-lasting forms of plasticity have 
been described at the calyx of Held.

1.4 mover

Among the evolutionarily conserved proteins of the presynaptic ma-
chinery, lie a handful which were introduced quite late in the neu-
rotransmitter release apparatus and thus they are vertebrate specific. 
One of them, which will also be the focus of this study, is Mover.

Mover is a 266 amino acid presynaptic protein, homologues 
of which exist only in vertebrates. It interacts with the also verte-
brate-specific protein Bassoon, in the yeast-2-hybrid assay (Kremer et 
al., 2007). Additionally, in the endbulbs of Held, the first central syn-
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apses of the auditory system, Mover is downregulated in excitatory 
presynaptic terminals when functional Bassoon is absent from the 
synapse (Mendoza Schulz et al., 2014).

Furthermore it is associated with synaptic vesicles as a periph-
eral membrane protein, since it lacks a transmembrane domain. 
This sv association requires that Mover is phosphorylated, as glob-
ally dephosphorylating synaptic proteins dissociates Mover from svs 
(Ahmed et al., 2013). An additional requirement for Mover’s presyn-
aptic sv targeting is the homomeric interaction it undergoes (Ahmed 
et al., 2013) possibly through its hSac2 domain (Hsu et al., 2015). 

A surprising characteristic of Mover is its heterogeneous distri-
bution throughout the brain, considering the relatively unchanged 
components of the presynapse across different synapses. In particu-
lar, Mover seems to be upregulated in the septal nuclei, ventral pal-
lidum and amygdala, while it is in quite low concentrations in the 
granular layer of the cerebellum, primary somatosensory cortex and 
medial habenula (Wallrafen and Dresbach, 2018). In the hippocam-
pus, Mover has an increased presence in the stratum radiatum and 
stratum oriens of the ca1 region and also in the stratum radiatum 
and stratum lucidum of ca3; both regions are rich in synaptic con-
tacts. More specifically, it seems to be present only in excitatory syn-
apses in the ca3 region, while absent from the inhibitory terminals. 
Additionally, Mover is downregulated at the pyramidal layers of the 
hippocampus, where the cell bodies of pyramidal neurons lie (Kremer 
et al., 2007; Wallrafen and Dresbach, 2018).

In the auditory pathway Mover is found in both excitatory and in-
hibitory terminals at the endbulbs of Held (Mendoza Schulz et al., 
2014). Accordingly, in the calyx of Held Mover is present in the pre-
synaptic terminal and absent from the soma of the postsynaptic cell 
(Korber et al., 2015; Kremer et al., 2007). 

In terms of function, little is known about Mover’s effect on synap-
tic transmission. In a knock-down model of Mover in the rat calyx of 
Held, epsc amplitudes were increased, paired-pulse ratio decreased 
and short-term depression was faster and more complete. In addi-
tion, Ca2+-uncaging experiments showed slightly higher evoked epsc 
amplitudes in one of the low-calcium conditions. Based on these 
findings, the authors proposed an increased release probability upon 
Mover’s disruption in this synapse (Korber et al., 2015).
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1.5 Aim of this study

Recent results on the function of Mover in a knock-down rat model, 
indicated an increase in Ca2+ sensitivity of release (Korber et al., 2015). 
In this light, I seek out to elucidate the function of Mover in neuro-
transmission using a Mover ko mouse line and a central glutama-
tergic synapse as a paradigm, the calyx of Held. This synapse has 
been established as a model for studying presynaptic mechanisms 
of neurotransmitter release. To perform this study, I used electro-
physiology in auditory brainstem slices; in particular I will be electri-
cally stimulating the afferent axons reaching the medial nucleus of 
the trapezoid body while simultaneously patch-clamping a principal 
neuron of this nucleus. Thus, this study will examine Mover’s influ-
ence on basic synaptic transmission and short-term plasticity trying 
taking into consideration the recent advances in our understanding 
of synaptic vesicle priming. In a more general view, it will be further 
clarified whether Mover acts as an essential part or as a modulator, if 
at all, in the evolutionarily highly conserved presynaptic machinery.
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2 Materials and Methods

2.1. animals

For this study, juvenile (p12 – p13) mice (Mus musculus) of either sex 
were used and they were wild-type (wt) and Mover knockout (ko) lit-
termates. The animals were bred and maintained at the main animal 
facility of the University Medical Center of Goettingen. The gener-
ation of the mouse line is described in the thesis of Dr. Friederike 
Wetzel (Wetzel et al.), and it was maintained through heterozygous 
breeding. Mice were genotyped before an experiment and regeno-
typed afterwards, as detailed in the thesis of Dr. Julio Viotti (Viotti, 
2018). Genotyping was performed by Irmgard Weiss.

All experiments complied with the guidelines of the University of 
Göttingen and the state of Lower Saxony (Landesamt für Verbrauch-
erschutz, Braunschweig, Germany).

2.2. slice preparation

Slices were prepared in artificial cerebrospinal fluid (acsf) contain-
ing (in mM) 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 10 glu-
cose, 0.4 ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, 3 MgCl2 and 
0.1 CaCl2. The acsf solution was freshly prepared before the experi-
ment using the following stock solutions: a solution which contained 
NaCl, KCl and NaH2PO4(H2O) in a tenfold concentration and stored 
at 4° C and a separate stock solution which contained ascorbic acid, 
myo-inositol and Na-pyruvate in a hundredfold concentration and 
stored at -20° C. Glucose and NaHCO3 were added separately. After-
wards, the solution was gassed with carbogen (95% O2, 5% CO2) for 
15 minutes and MgCl2 and CaCl2 were added from separate stock 
solutions of 1 M of MgCl2(6H2O) and CaCl2(2H2O) respectively, 
stored at 4 °C. 

The animal was decapitated rostral to the first cervical vertebra. 
Using a standard scissors a cut through the scalp and the cutane-
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ous muscle was made, starting from the occipital bone and running 
rostrally to the nasal bone. Attention was given to fully expose the 
cranial sutures on the dorsal surface of the skull.

Afterwards, the skull was cut through using small scissors. The 
cutting edge of the lower blade of the scissors was placed inside the 
superior region of the foramen magnum. Next, keeping the lower 
blade firmly against the inner surface of the occipital plate a cut 
was made through the midline suture of the parietal bone and then 
through the frontal bone. Two more cuts were made at the sutures 
between the parietal and the frontal bone, starting from the midline 
and proceeding laterally at both sides.

The occipital and parietal bones were then separated from the 
scull using forceps. This exposed the dorsal surface of the brain. Us-
ing microscissors (cat. no.: 15003-08; Fine Science Tools, Canada), the 
brain was extracted. Specifically, the microscissors were inserted be-
tween the anteroventral surface of the brain and the skull plates and 
pushed the brain away from the skull in order to expose the intact 
cranial nerves. Then, these nerves were cut using the microscissors, 
starting from the anterior ones and proceeding posteriorly until the 
brain freely fell inside a petri dish with Ca2+-free ascf at 5° C which 
was continuously gassed with carbogen. Care was taken in order not 
to pull the brain away from the skull at any point, as this would dam-
age the brainstem. 

The whole process, from decapitation until the immersion of the 
brain in ascf lasted less than 60 seconds. Longer lasting extractions 
can inadvertently impact in a negative way slice health (Bischofberger 
et al., 2006).

The meninges surrounding the brain stem were subsequently re-
moved. The petri dish with the whole brain was transferred under 
a low-magnification stereomicroscope (Stemi dv4; Zeiss, Germany). 
Two fine forceps (cat. no.: 11251-35; Fine Science Tools, Canada) were 
employed to remove the meninges while the ventral surface of the 
brain was facing upwards; one forceps was used to pin down the 
brain at the cerebrum and keep it steady; with the other forceps the 
edge of the meninges were taken hold of at the anterodorsal brain 
stem and pulled towards the ventral part of the structure. This step 
was essential to ensure proper slicing afterwards.
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Then, the cerebrum was cut in half to provide a flat surface to 
glue the brain on the microtome chuck. The brain was turned again 
so that the dorsal surface was facing upwards and a lateral cut was 
made in the middle of the medial line using a scalpel with a No. 22 
blade. The anterior part of the brain was facing leftwards and the 
angle of the cut was at 45°, when tilting the upper part of the blade 
to the right. It was crucial to cut at this angle because that ensured 
that the afferent axon connections to the mntb principal cells that 
were close to the surface of the slice – and thus accessible to patching 
– would not be severed. These axons were the ones that later would 
be electrically stimulated.

The next step was the gluing of the brain on the microtome chuck 
and preparing it for slicing. A drop of super glue (Ultra Gel; Pattex, 
Germany) was placed on the microtome plate and then spread around 
using a piece of tissue paper. The brain was then placed in the middle 
of the chuck and a few drops of Ca2+-free ascf were dropped on top 
of it. This step was essential so that the rest of the glue that was on 
the chuck would not creep around the brain when filling the cutting 
dish with acsf. Afterwards the chuck was placed inside the buffer 
tray and it was slowly filled with carbogen-gassed Ca2+-free ascf un-
til the entire brain was covered by it. The buffer tray along with its 
cooling element and 5–7 ml of Ca2+-free ascf in it were previously 
frozen at -20° C. During slicing, the temperature of the acsf in the 
buffer tray was continuously monitored and kept within 4–6° C, by 
placing the measuring tip of an electronic thermometer (gth1170; 
Greisinger, Germany) in the acsf next to the glued brain piece. 

For slicing, a vibrating microtome (Microm hm 650v; Thermo Sci-
entific, usa) was used as it minimizes damage to the upper and lower 
surfaces of the slice where the cells that are going to be patched are 
situated. Slices of 275 µm thickness were prepared, using a vibrating 
frequency of 100 Hz and a cutting speed of 0.8 mm/s. Since the ante-
rior side of the brain was glued on the chuck, the inferior part of the 
brainstem was facing upwards. Thus, while slicing the appearance 
of the 7th (facial) nerve on the newly cut surface was the visual cue 
to collect this and the next 2–3 slices. The 7th nerve appeared as two 
white diagonal lines starting near the 4th ventricle and extending 
laterally until the edge of the brainstem. These slices were the ones 
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that contained the trapezoid body where the mntb principal cells are 
situated.

The slices were collected using a Pasteur glass pipette and put 
into a holding chamber where they were bathed in Ca2+-containing 
ascf at 35 °C for 30–45 minutes and at room temperature (22.5 ± 1 °C) 
thereafter. The Ca2+-containing ascf was different from the Ca2+-free 
ascf only in the following (in mM): 1 MgCl2 and 2 CaCl2. It was also 
freshly prepared before each experiment, as previously described. 
Additionally, the osmolality was adjusted at 308–312 mOsm/kg (3320; 
Advanced Instruments, usa) by either adding H2O to lower the os-
molality or by adding glucose to increase it. If the starting osmolality 
was less than 303 mOsm/kg or more than 316 mOsm/kg then the 
acsf was discarded and a new one was prepared.

2.3 electrophysiology

Slices were placed in a submerged-type chamber where they were 
continuously perfused at 1–1.5 ml/min with carbogen-saturated 
acsf. Samples were kept at 25 °C by using an inline acsf heater and a 
chamber heater (tc-20-w1; npi, Germany). The cells were visualized 
using a bx51wi upright microscope (Olympus, Japan) with a 40x wa-
ter immersion objective. 

For stimulating the bushy-cell axons innervating the medial nu-
cleus of the trapezoid body principal cells, a parallel bipolar electrode 
(cat. no.: pbsa0275; fhc, usa) was placed close to midline and was 
used to deliver electrical pulses through an isolated current stimula-
tor (Model ds3; Digitimer, uk).

Postsynaptic recordings were performed using pipettes made out 
of thick-walled borosilicate glass (cat. no.: gb150f-8p; Science Prod-
ucts, Germany) with an open tip resistance of 1.6–2.6 MΩ. They were 
pulled always on the day of the experiment using a p-1000 Pipette 
Puller (Sutter Instruments, usa). The pipette solution contained (in 
mM): 10 KCl, 130 K-gluconate, 10 hepes, 10 tea-Cl, 5 Na2-phospho-
creatine, 5 egta, 4 Mg-atp, 0.3 Na2-gtp. The pH was adjusted to 7.2 
with the addition of KOH. The osmolality was at 300–303 mOsm/kg. 

Cells were clamped at -70 mV throughout the experiment and se-
ries resistance ranged from 3 to 6.5 MΩ which was compensated for 
as much as it was possible without the clamp becoming unstable. 
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Spontaneous post-synaptic currents were recorded without series 
compensation. Current leak was below -50 pA. Postsynaptic currents 
were recorded using an epc-10 usb amplifier (heka, Germany) and 
digitized using the data acquisition program PatchMaster (heka, 
Germany). Every postsynaptic response for a particular stimulation 
protocol was sampled 3–4 times and then averaged.

For recordings using cyclothiazide (ctz) and kynurenic acid (kyn), 
the slices were perfused at least 3 min. before the recording. When 
a cell was patched and evoked epscs could be elicited, the perfu-
sion with the aforementioned drugs would start. Then, the ampli-
tude of an evoked epsc was measured every 20 seconds and when it 
was roughly the same for at least 3 consecutive epscs, usually about 
4 minutes into the drug perfusion, the experiment could proceed. 
Spontaneous post-synaptic currents were recorded without applica-
tion of these drugs.

2.4 data analysis and statistics

Evoked and spontaneous electrophysiological data were analyzed us-
ing custom procedures in igor Pro (Wavemetrics, usa). 

Statistical analysis was performed using spss Statistics (ibm, usa) 
and Prism (GraphPad Software, usa). Statistical significance was de-
termined using independent-samples t test except where otherwise 
noted. Data are presented as mean and standard error of mean (sem).

The non-negative tensor factorization analysis was performed in 
igor Pro using custom routines written by Prof. Dr. Dr. h.c. Erwin 
Neher.

2.5 resource list

Reagent or Resource Source Identifier

 Chemicals

NaCl BioFroxx 1394
KCl Sigma-Aldrich P9541
NaHCO3 Roth 6885.2
NaH2PO4 Applichem A1373.0500
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Glucose Applichem CAS# 77938-63-7
Ascorbic acid Sigma-Aldrich A4544
Myo-inositol Sigma-Aldrich I5125
Na-pyruvate Sigma-Aldrich P2256
MgCl2 Honeywell M0250
CaCl2 Sigma-Aldrich C3306
K-Gluconate Sigma-Aldrich G4500
Hepes Sigma-Aldrich H4034
TEA-Cl Sigma-Aldrich T2265
Na2-Phosphocreatine Sigma-Aldrich p7936
EGTA Applichem A0878.0025
Mg-ATP Sigma-Aldrich A9187
Na2-GTP Sigma-Aldrich G8877
ctz Sigma-Aldrich C9847
Kynurenic acid Abcam Ab120256

 Software

IgorPro Wavemetrics Version 6.37
SPSS Statistics IBM Version 21
Prism GraphPad Version 7.04
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3 Results

The first step in investigating Mover’s role in synaptic transmission, 
was to establish the method of recording spontaneous and evoked 
excitatory postsynaptic currents (epscs) from mntb principal cells in 
brainstem slices. mtnb cell bodies are the postsynaptic partners of 
the Calyx of Held and are ideal for patch-clamping them due to their 
relatively big size.

The voltage clamping of the postsynaptic neuron enables us to es-
timate the amount of neurotransmitter release via the measurement 
of the current flowing through the postsynaptic ampa receptors. It 
is therefore an indirect method for studying the presynaptic mecha-
nisms since the presynaptic currents can be shaped from the kinetics 
of the postsynaptic ampa receptors.

Of particular interest are two properties of the ampa receptors: 
saturation and desensitization. Receptor saturation refers to the 
binding at the postsynaptic receptors of the maximum amount of 
neurotransmitter molecules. When all the binding sites are occupied, 
any extra neurotransmitter that is being released has no effect at the 
postsynaptic side and therefore cannot be detected by measuring the 
postsynaptic current (Jonas et al., 1993). 

Desensitization is a kinetic property of the receptors, since they 
enter into a closed state rapidly and recover more slowly. When the 
neurotransmitter is present at the synapse for a longer time than the 
time course of the desensitization, then the receptors will be desensi-
tized (Trussell et al., 1993). At the calyx of Held, glutamate is binding 
to each of the four subunits of the ampa receptor. Then, a confor-
mational change is induced where the dimers formed between the 
four extracellular glutamate binding domains are rearranged and 
the channel opens. Desensitization is manifested as an additional re-
arrangement of these dimer interfaces such that the channel gate is 
decoupled from the domain closure. Therefore, although glutamate 
is bound to the dimmers, the channel is closed (Sun et al., 2002). 
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ampa receptor desensitization can be relieved, albeit incompletely, 
by the use of the compound cyclothiazide (ctz) which stabilizes the 
receptor into a closed nondesensitized state, thereby preventing it 
into entering a desensitized conformation (Partin et al., 1996). How-
ever, ctz has also nonspecific presynaptic effects which render diffi-
cult the interpretation of physiological experiments. The most char-
acteristic effect is the slowing of the decay time of the epsc, which 
can result in some ampa receptors not deactivating during the inter-
stimulus interval (Meyer et al., 2001). Thus, temporal summation is 
more likely to occur and produce an apparent facilitation (Wong et 
al., 2003).

The first electrophysiological characterization of Mover was done 
in the Calyx of Held synapse of rats by Korber et al. (2015) using 
shrna-mediated knockdown of Mover in bushy cells. Since there was 
no prior work done in the brainstem of knockout mice, I started the 
experiments by replicating as closely as possible the experimental 
conditions of Korber et al. so that my results could be directly com-
parable with the rat knockdown they used. For this reason, I used no 
pharmacological agents to reduce the desensitization and saturation 
of the postsynaptic ampa receptors in the first set of experiments that 
I did. Nevertheless, it eventually became apparent that there were 
clear signs of ampa-receptor desensitization.

In order to prevent ampar saturation and desensitization I pro-
ceeded with applying 1 mM kynurenic acid (kyn) and 100 µM cy-
clothiazide (ctz). This reduced saturation and desensitization of 
ampars, but did not prevent it entirely. Simultaneously, the applica-
tion of ctz had the well-documented effect of lengthening the ampar 
opening time (Fucile et al., 2006). Thus the half-width of the epscs 
was increased. What was unexpected though, was that the opening 
times were being continuously increased throughout the course of 
cell recording. 

To avoid this effect of ctz, I resorted to using only kyn and in 
order to reduce to a minimum the ampar saturation and desensiti-
zation I doubled kyn’s concentration to 2 mM. This setting proved 
to work well, as no signs of desensitization were visible anymore and 
the epscs continued to be well above the noise levels, even the steady-
state level epscs of high-frequency stimulus trains. 
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kyn is a low-affinity antagonist of glutamate that sequesters the 
majority of ampa receptors into a blocked state; thus, the released 
ligand only has a small pool of receptors that can bind to and con-
sequently deactivate, since the transition to the deactivated state re-
quires binding of glutamate (Otis et al., 1996). During the time be-
tween two subsequent epscs, the fast kinetics of kyn allow a rapid 
re-equilibration between the blocked and unblocked receptors. 
Therefore, each glutamate event is detected by a different subset of 
ampa receptors.

Others have successfully used kyn (1–2 mM) to minimize receptor 
saturation in the calyx of Held during maximal glutamate release 
and have confirmed that transmission is not saturated since epsc 
amplitude can be increased with greater extracellular calcium con-
centrations (Neher and Sakaba, 2001; Wong et al., 2003).

So, unless explicitly stated otherwise, all subsequent experiments 
have been done in the presence of 2 mM kyn.

Additionally, like Korber et al., the mice I used were 12–13 postna-
tal days old, at the period of hearing onset.

3.1 mover ko does not affect basic synaptic transmission

I first started looking at Mover’s role in synaptic transmission, by 
investigating basic synaptic transmission. By recording the sponta-
neous synaptic activity insights can be gained on the quantal size, 
the presynaptic release machinery and postsynaptic ampar kinetics. 
All recordings of spontaneous release have been done in the absence 
of kyn and ctz, and only in slices where none of these drugs had 
been applied before.

If release is triggered by presynaptic action potentials then spon-
taneous epscs could be multiquantal. Nevertheless, when 1 µM ttx 
was applied in the calyx of Held in order to block presynaptic aps, 
neither the amplitude nor the frequency of spontaneous epscs are af-
fected (Ishikawa et al., 2002). Thus, spontaneous epscs in the calyx of 
Held, recorded without ttx, can also be considered true mini epscs 
(Schneggenburger and Forsythe, 2006).

No significant differences were found between wt and ko syn-
apses in all of the properties measured (fig. 2). The amplitude of the 
spontaneous events can reflect the amount of glutamate per syn-
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aptic vesicle, the number of postsynaptic ampars as well as the sin-
gle-channel conductance, and it was unchanged in the ko (wild type: 
-30.41 ± 3.5 nA, n = 5; knock out: -34.97 ± 2.73 nA, n = 6; indepen-
dent-samples t-test; t(9) = 1.042; p = 0.325).

On the other hand, the frequency of the events can point to synap-
tic-vesicle release probability dependent on active-zone numbers and 
the number of docked svs per active zone. No differences were found 
between wt and ko in the frequency of spepscs (wild type: 3.12 ± 0.62 
Hz, n = 4; knock out: 2.58 ± 0.38 Hz, n = 6; independent-samples t-test; 
t(8) = 0.792; p = 0.451).

Finally, the spepsc kinetics, such as half width, rise time and time 
constants of decay can indicate changes in the postsynaptic sin-
gle-channel kinetics, but they were the same between wt and ko 
(half width; wild type: 493.05 ± 13.37 ns, n = 5; knock out: 506 ± 31.72 
ns, n = 6; independent-samples t-test; t(6.67) = -0.375; p = 0.719; rise 
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time; wild type: 133.6 ± 2.97 µs, n = 5; knock out: 132.65 ± 7.35 µs, n = 6; 
independent-samples t-test; t(6.547) = 0.12; p = 0.908; charge; wild type: 
27.11 ± 4.34 fC, n = 5; knock out: 35 ± 1.37 fC, n = 6; independent-sam-
ples t-test; t(9) = -1.878; p = 0.093; fast decay time constant; wild type: 
335.41 ± 10.44 µs, n = 5; knock out: 329.63 ± 18.66 µs, n = 6; indepen-
dent-samples t-test; t(7.68) = 0.255; p = 0.794; slow decay time constant; 
wild type: 2.2 ± 0.14 ms, n = 5; knock out: 1.88 ± 0.25 ms, n = 6; inde-
pendent-samples t-test; t(4.239) = 2.225; p = 0.086).

Since the spontaneous sv release properties are similar between 
wt and ko, we can assume that the basic release machinery, the 
number of active zones and the postsynaptic ampar kinetics are not 
affected by Mover.

3.2 mover ko does not affect evoked release

To investigate Mover’s effect on phasic Ca2+-induced release, the af-
ferent fibers were electrically stimulated; thereby single presynaptic 
action potentials were elicited and the resulting epscs were recorded 
from the postsynaptic principal cell. Every cell was stimulated 10 
times, once every 10 seconds and the resulting epscs were first offset 
corrected, then aligned based on their half-rise levels and finally av-
eraged in order to measure the epsc properties described below.

Although there was a trend for smaller epsc amplitudes in the 
ko, mainly due to the absence of high-initial-amplitude synapses, 
there was not a statistically significant difference (fig. 3) (wild type: 
-0.96 ± 0.098 nA, n = 17; knock out: -0.83 ± 0.058 nA, n = 19; indepen-
dent-samples t-test; t(34) = 1.2; p = 0.238).

A measure of the synchronicity of the synaptic-vesicle fusion 
with the presynaptic membrane upon the arrival of an action po-
tential is the rise time of the epsc. In both wt and ko rise time was 
at the same levels (wild type: 179.92 ± 4.122 µs, n = 13; knock out: 
184.56 ± 2.756 µs, n = 9; independent-samples t-test; t(20) = -0.85; 
p = 0.407). The rest of the epsc kinetics such as the half width, total 
charge and decay time constants were also unchanged (half width; 
wild type: 701.09 ± 42.053 µs, n = 13; knock out: 750.64 ± 25.822 µs, 
n = 9; independent-samples t-test; t(20) = -0.9; p = 0.380; charge; wild 
type: 1.32 ± 0.185 pC, n = 13; knock out: 1.44 ± 0.116 µs, n = 9; indepen-
dent-samples t-test; t(18.88) = -0.53; p = 0.601; fast decay time constant; 
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wild type: 456.52 ± 24.261 µs, n = 13; knock out: 488.79 ± 16.39 µs, n = 9; 
independent-samples t-test; t(20) = 1; p = 0.33; slow decay time con-
stant; wild type: 3.77 ± 0.256 ms, n = 13; knock out: 3.95 ± 0.258 ms, 
n = 9; independent-samples t-test; t(20) = 0.47; p = 0.645).

3.3 initial release probability is decreased in the mover ko

3.3.1 Paired-pulse ratio is increased in the ko synapses

Changes in the initial release probability can be reflected in a simple 
measurement called paired-pulse ratio. It is produced by two close-
ly-timed stimuli, which result in two epscs; the ratio of the second 
epsc over the first is the paired-pulse ratio. As outlined in the in-
troduction, the basic depletion model (Zucker and Regehr, 2002) can 
interpret the paired-pulse depression observed in the calyx of Held 
synapse (Scheuss et al., 2002). As such, a low initial release probabil-
ity results in a high paired-pulse ratio (ppr).

In order to have a basic assessment of changes of the initial release 
probability, I tested wt and ko synapses in a variety of paired-pulse 
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intervals, ranging from 5 ms to 200 ms. The ko had a consistently 
higher ppr than the wt as indicated by a linear mixed-model anal-
ysis of the two groups (fig. 4) (wild type: 0.797 ± 0.022; knock out; 
0.912 ± 0.02; f(1, 138) = 15.172, p < 0.000). 

Post-hoc tests revealed statistically significant differences at 
5- and 10-ms inter-pulse intervals (5 ms; wild type: 0.989 ± 0.041, 
n = 17; knock out; 1.124 ± 0.039, n = 19; p = 0.019; 10 ms; wild type: 
0.901 ± 0.044, n = 15; knock out; 1.041 ± 0.044, n = 15; p = 0.027). Thus, 
we can conclude that in Mover’s absence from the Calyx of Held syn-
apse there is a trend towards a reduction of the initial release proba-
bility.
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figure 4: ko synapses have a consistently higher paired-pulse ratio. A: Represen-
tative traces from wt and ko calyces. B: pprs in various inter-pulse intervals. The 
PPR in 5- and 10-ms inter-pulse intervals was significantly higher in ko animals.
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3.3.2 High-frequency stimulation-train time constant 
but not extent of depression is increased in the ko 

Based on the previous findings, this research was continued in the 
direction of release probability. For that reason, I stimulated the ax-
ons with 50-pulse trains of various frequencies, starting from 5 Hz 
and reaching up to 100 Hz. Then the epsc amplitudes were plotted 
versus the stimulus number and these data points were fitted with 
a mono-exponential curve. In the low-strength frequencies of 5, 10 
and 20 Hz, there was no difference in the decay constant (tau – τ) be-
tween wt and ko animals for each frequency. Akaike’s Information 
Criteria were used to select the model that was most likely to have 
generated the data (20-Hz trains; common τ = 3.06 ± 0.46, wild type 
n = 7, knock out n = 8; 10-Hz trains; common τ = 2.49 ± 0.38, wild 
type n = 13, knock out n = 13; 5-Hz trains; common τ = 2.12 ± 0.38, wild 
type n = 5, knock out n = 7; all datasets were fit from the 2nd until the 
50th pulse).

However at the frequencies of 50 and 100 Hz the time course of 
the ko synapses was significantly slower, as seen in figure 5 (50-Hz 
trains; wild type; τ = 2.78 ± 0.38, n = 14; knock out; τ = 3.47 ± 0.46, 
n = 13; 100-Hz trains; wild type; τ = 3.38 ± 0.33, n = 15; knock out; 
τ = 4.24 ± 0.41, n = 15; all datasets were fit from the 2nd until the 50th 
pulse). 

Short-term depression at the calyx of Held synapse in frequencies 
up to 30 Hz is thought to be mediated mostly through a Ca2+-induced 
inhibition of presynaptic calcium channels whereas depression from 
100 Hz and higher is mainly due to depletion; at intermediate fre-
quencies, both mechanisms are contributing (Xu and Wu, 2005). 
Based on that, the present results which show a statistically signif-
icant slower time course of the ko synapses only at 50 and 100 Hz, 
could indicate a reduced release probability in the ko calyxes that is 
mostly due to depletion and not due to a decrease in the presynaptic 
calcium current.

Additionally, the steady-state levels, as determined by the ampli-
tudes of the last 20 epscs of each train, were not significantly dif-
ferent (fig. 5 B). For a formal comparison between steady states of 
wt and ko calyces, a two-way mixed anova was employed (10 Hz; 
wild type: 0.21 ± 0.03 nA, n = 13; knock out: 0.27 ± 0.03 nA, n = 13; 
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f(1, 25) = 2.319; p = 0.14; 50 Hz; wild type: 0.16 ± 0.02 nA, n = 14; knock 
out: 0.21 ± 0.02 nA, n = 13; f(1, 26) = 2.014; p = 0.168; 100 Hz; wild type: 
0.12 ± 0.02 nA, n = 15; knock out: 0.17 ± 0.02 nA, n = 15; f(1, 29) = 3.573; 
p = 0.069).

Since the steady state is thought to be supported entirely by new-
ly-recruited svs, the unaffected amplitude of the steady-state epscs 
suggests that in both wt and ko synapses there is the same number 
of svs being recruited during the train.

3.3.3 Readily-releasable pool size

An estimation of the size of the readily-releasable pool and its replen-
ishment rate can be acquired by fitting a straight line at the linear 
part of a cumulative epsc vs. stimulus number graph, induced by a 
100-Hz train; The y-axis intersection of this straight line is the rrp 
and its slope is the replenishment rate of the rrp (fig. 6 A) (Schneg-
genburger et al., 1999). Both of these factors were unchanged in the 
ko calyces (fig. 6 B) (rrp; wild type: 3.55 ± 0.33 nA, n = 15; knock out: 
3.93 ± 0.34 nA, n = 15; t(28) = -0.806; p = 0.427; replenishment rate; 
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wild type: 12.2 ± 1.7 nA/s , n = 15; knock out: 16.2 ± 1.6 nA/s, n = 15; 
t(28) = -1.727; p = 0.095).

Since the size of the rrp is known, the initial release probabil-
ity can be calculated by dividing the epsc1 amplitude over the rrp 
size. Release probability at the ko synapses was significantly lower 
than at the wt (fig. 6 B) (wild type: 0.266 ± 0.018, n = 15; knock out: 
0.218 ± 0.015, n = 15; t(28) = 2.048; p = 0.05). The lower release probabil-
ity of the ko svs was due to the combination of two factors: slightly 
smaller epsc1 amplitudes as seen in fig. 3 and a marginally bigger rrp 
size. The quotient of these two measurements, although they did not 
differ significantly when compared individually, produced a third 
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measurement, the release probability, that was statistically different 
between wt and ko synapses.

3.4 recovery from synaptic depression is unaffected

To further probe whether the replenishment rate was affected by the 
absence of Mover, the recovery from depression was measured. More 
specifically synaptic depression was induced in the calyx of Held by 
20 stimuli at 100 Hz. Then, at various intervals after the end of the 
stimulation train a single epsc was elicited (fig. 7 A). The ratio of its 
amplitude compared with the amplitude of the first epsc of the train 
is plotted in figure 7 B. 
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An exponential reaching a plateau was fit to the data and their 
growth constant k was compared, according to Akaike’s information 
criteria (aicc). No differences were found between wt and ko syn-
apses (wild type; n = 12; knock out; n = 11; common k: 0.23 ± 0.03; 
r2: 0.997). This indicates that the reloading of the rrp after synaptic 
depression is unchanged.

3.5 the superprimed sv pool is affected in mover ko

So far, the data provide multiple indications of a reduced released 
probability in the ko synapses. The traditional models of calculating 
the release probability regard the rrp as a homogeneous population 
of vesicles, ready to fuse with the presynaptic membrane at the ar-
rival of an action potential. 

However, as detailed in the introduction, there are strong indi-
cations that the population of primed synaptic vesicles is heteroge-
neous and a model that takes into account these indications is the 
one proposed by Taschenberger et al. (2016). There, the authors are 
describing two states of primed vesicles; a quickly-replenished and 
low release-probability state (normally-primed svs), and a slowly-re-
plenished state but with a high release probability upon the arrival of 
an action potential (superprimed svs).

The calyx of Held synapses show a well-documented heterogene-
ity in their synaptic strength when they are at rest. However, this 
variance disappears during repetitive high-frequency stimulation in 
wt cells. In fig. 8 A there is an example of two wt cells: one with a 
high initial epsc amplitude (epsc1) and one with a low epsc1. Both 
converge to the same steady-state epsc (epscss) levels after approxi-
mately 10 stimulations at 200 Hz. The model postulates that this ini-
tial heterogeneity results from different levels of superprimed svs in 
the synapses and since this group of vesicles is rapidly depleted and 
not sufficiently replenished during a high-frequency train, the low- 
but steady-amplitude epscs observed at the late stages of a stimulus 
train are contributed mostly by normally-primed svs. Consequently, 
the steady-state levels of a high-frequency train are independent of 
the initial epsc levels. However, in less intense frequencies such as 
50 or 10 Hz, there is a stronger correlation between the initial epsc 
and the steady-state levels. According to the model, this happens be-
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cause between two stimuli there is more time for superpriming of 
new synaptic vesicles, the rate of which varies between cells.

If we plot every wt cell’s initial epsc versus the steady-state epsc 
for the 200-Hz trains (purple dashed line in fig. 8 C), we see that 
they are almost parallel to the x axis, reflecting the similar steady-
state levels they reach in such a strong stimulation. Conversely, if we 
plot the same wt cells when stimulated at 10 Hz (blue dashed line in 
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fig. 8 C) we see that the correlation between epsc1 and epscss is much 
stronger, mirroring to a high degree the differences in epsc1. Accord-
ingly, the higher the train frequency, the weaker the correlation, as 
seen in the rest of the dashed lines in fig. 8 C. In this graph, every 
open data point corresponds to a wt cell at a specific stimulation 
frequency, and the dashed lines represent a linear regression fit to 
the wt cells.

The slope (∆y/∆x) of the regression lines depends only on the su-
perprimed svs, thus the slope of a given frequency mainly reports the 
depression that the superprimed component undergoes throughout 
the train.

Performing the same kind of analysis on the ko synapses, we see a 
marked difference; the correlation between epsc1 and epscss is stron-
ger in every frequency, and is even present at 200-Hz trains. In fig. 8 
B two representative ko cells can be seen, one with a high and one 
with a low epsc1. Even after 20 pulses at 200 Hz, they still maintain a 
small degree of their initial differences in epsc amplitude. The same 
holds true, to a greater extent than the wt, for lower frequencies like 
10 Hz. If we plot the ko cells the same way as the wt cells before, 
we can observe that the slopes of the line fits for the ko synapses 
are consistently higher than the respective ones for the wt synapses 
(fig. 8 C). This indicates a smaller short-term depression of the super-
primed component in ko calyces.

All the line fits, both for wt and ko calyces, converge at the same 
point in the x axis, around -0.25 nA. The model assumes that an 
epsc is the contribution of normally-primed and superprimed svs 
and that only the superprimed component varies from synapse to 

figure 9 (opposite page): Mover is increasing the release probability of the su-
perprimed svs only. A: Isolation of the superprimed component of the calyces of 
Held. The time constant of an exponential fit to the data points is larger for the 
ko synapses, indicating a lower superprimed sv release probability for that group. 
Similarly, the y-axis intersection of a straight line fit to the last data points of the 
cumulative plot, indicates also a lower release probability for the superprimed svs 
of the ko cells. The small bump in the cumulative plot between stimulus numbers 
5 and 15 is an indication of postsynaptic receptor desensitization, mostly at the 
high epsc1 synapses. B: Four representative examples of epsc trains predepleted 
by a low-frequency train. 
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synapse. Thus, we can conclude that the contribution of the normal-
ly-primed svs in every calyx is -0.25 nA. The rest of the current for 
every synapse’s epsc1 comes from superprimed svs; the more they 
contribute, the higher this cell’s data point moves along the line fit.

The next step was to try to isolate the superprimed sv contribu-
tion during a stimulus train. As was mentioned before, the model 
assumes that the normally-primed component is relatively invariant 
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among synapses, whereas the superprimed component varies. Con-
sequently there can be synapses with a small superprimed compo-
nent and others with a large one, but all of them will have a nor-
mally-primed component of the same size. The second assumption 
is that the normally-primed component stays stable throughout a 
stimulus train, while the superprimed component is rapidly depleted 
during a high-frequency train. Based on that, if we find the group of 
cells with the lowest epsc1 amongst the total pool of cells recorded, 
then we have a group of synapses with a very small superprimed 
component. If we consequently subtract these low epsc1 cells from 
another group of synapses with the highest epsc1 – and thus with 
the biggest superprimed component – then we are essentially remov-
ing from the high-epsc1 cells only the normally-primed component, 
leaving almost intact the superprimed one.

However, one could argue that the normally-primed component 
may not be entirely uniform among synapses and small variations 
could exist. The authors propose a simple but well-designed solution 
to compensate for this variance; since the slope of the regression line 
of fig. 8 C reports the depression of the superprimed component, 
then the normalized average steady state of the small epsc1 group of 
cells should have the same amount of depression. In the case of wt 
calyces, the slope of the 200-Hz line was 0.0174 which meant that the 
cells with a small epsc1 were multiplied by a factor of 1.365 to achieve 
the same depression at steady state (small-epsc1 cells; n = 3; large-epsc1 
cells; n = 4). Accordingly, the ko small epsc1 calyces were multiplied 
by 0.89 to achieve a depression of 0.05075, calculated from the ko 
200-Hz regression line of fig. 8 C (small-epsc1 cells; n = 3; large-epsc1 
cells; n = 5). The resulting graphs are plotted in fig. 9 A.

Since these traces are formed by subtraction of one group of cells 
from another, they cannot provide estimates about the absolute 
superprimed pool sizes of individual synapses. Thus, they are nor-
malized. However, it is possible to estimate the superprimed release 
probability (ps) by using the back-extrapolation method used previ-
ously as well, by dividing the initial epsc value of 1 with the y-axis in-
tersection of a straight line fitted to the last 10 epscs of a cumulative 
plot (fig. 9 A). For the wt calyces the ps is 0.47 ± 0.008, and for the 
ko calyces is 0.35 ± 0.004, indicating a significantly reduced release 
probability for the superprimed synaptic vesicles in the ko synapses 
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(aics indicated that the Y intercept was 99.99% probable to be differ-
ent for each data set).

 All synapses converge at the same steady-state levels, inde-
pendently of whether they are wt or ko, or having a high-amplitude 
epsc1 or a low-amplitude one.

According to the authors’ model there is another way to calculate 
the ps from the superprimed component’s decay course. The inverse 
of the time constant of an exponential fit is equal to the sum of the ps 
and the priming rate constant. However, the priming rate of super-
primed svs at 200 Hz is close to zero. Therefore the inverse of the time 
constant can be considered almost equal to ps. For the wt cells the 
ps amounted to 0.55 ± 0.02 whereas at the ko cells it was 0.41 ± 0.02. 
Thus, the ko calyces are again found to have a significantly smaller 
ps (AICs indicated that the decay constant was 99.99% probable to be 
different when comparing the two data sets). The slightly increased 
ps values that the exponential-fit method reported could be due to 
facilitation during the stimulus train; the exponential fit is largely 
influenced by the steady-state levels, whereas the cumulative fit is 
mostly affected by epsc1. 

svss become depressed even during a 10-Hz train, as evidenced 
from figure 8 C, leaving less than 20% of the superprimed pool in-
tact (Taschenberger et al., 2016). Furthermore, the time course of the 
superprimed component shown in fig. 9 A shows that the svs pool 
rapidly depletes during a stimulation train. Based on this, the time 
course and the properties of the normally-primed pool can be stud-
ied without interference from superprimed vesicles.

If a 10-stimuli 10-Hz train is used before a 100-Hz stimulus train, 
then we expect to have a greatly depleted superprimed pool at the 
beginning of the 100-Hz train. Then, the short-term dynamics of 
the normally-primed sv pool are going to dominate the pre-depleted 
high-frequency train. Indeed, fig. 9 B shows two such examples, for 
each animal group, wt and ko. It is apparent that the time course 
of the epscs is similar irrespective of whether the cell had a low or 
a high epsc1; after a few stimulations the epscs converge. The same 
holds true for the ko synapses as well. From the graph is also appar-
ent that the short-term depression normally exhibited by naïve syn-
apses is now converted into a pronounced initial facilitation followed 
by depression. 
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As detailed earlier, the inverse of the time constant of an expo-
nential fit to the data equals with the sum of the normally-primed 
release probability and the priming rate constant. In contrast with 
the svs component, the priming rate of the svn component is not 
negligible and must be taken into account. Hence, only a range of pn 
can be reported. Both wt and ko normally-primed synaptic vesicles 
lie in the same range of release probabilities (pn < 0.15, aics indicated 
that the decay constant was 59.6% probable to be the same for both 
data sets).

Therefore, Mover is increasing the release probability only of a spe-
cific subset of docked and primed synaptic vesicles: the ones which 
are ready to be released first upon the arrival of an ap at a rested 
synapse. 

3.6 lower release probability of the ko tight-state component

3.6.1 Non-negative tensor factorization theory

As described in the introduction, there is increasing evidence point-
ing away from a uniform pool of release-competent svs. Indeed, most 
studies point to the existence of functionally-different svs that dock 
to a static number of release sites. More specifically, the proposed 
model by Neher & Brose (2018) suggests the existence of two different 
sv docking states; a loose state (ls) and a tight state (ts). The exocy-
tosis of sv contents occurs predominantly from the tightly-docked 
pool and the transition from ls to ts is strongly dependent on the 
intracellular local Ca2+ concentration.

Therefore, an epsc train in a synapse that shows strong depression, 
like the calyx of Held, can be analyzed into three different overlap-
ping components: a ts component, an ls component and a newly-re-
cruited (rs) component, the later one being comprised of svs that are 
docked, primed and released during the stimulation train. Ordinary 
methods for estimating the size of the synaptic vesicle pools do not 
distinguish between the loose- and the tight-state sv pools (Neher, 
2015), since the transition from one state to the other is hypothesized 
to occur at the ms scale. Thus, the problem arises on how to separate 
a mixed signal, the epsc train, into its constitutive components with-
out being able to directly observe them separately. 
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This problem can be paraphrased using a real-world example. 
There is a group of three people engaged in a heated discussion. They 
frequently interrupt each other and at many instances they are all 
talking at the same time. The only record we have from this discus-
sion is from a microphone placed somewhere in the room. The ques-
tion is how we can separate this mixed recording into three separate 
recordings, one for every person.

One effective method to decompose a signal into its components 
is by using a technique called blind source separation. It works by 
separating a mixed signal into its source signals by only using, if at 
all, some inferred knowledge like statistical independence. 

In our case, the source signals are non-negative because they rep-
resent currents flowing into one direction; this is a small but import-
ant bit of information as it can greatly restrict the possible solutions 
of the algorithm. Another important information that we can use to 
decompose the mixed signal is the predetermined dimensionality of 
the recordings; we have a fixed number of stimuli per train, a specific 
combination of trains and the same stimulation routine run through 
every cell of the dataset. 

Although we cannot directly observe the separate components, we 
can experimentally remove a big fraction of the ts component from 
an epsc train. As detailed in section 3.5, a protocol that includes some 
conditioning pulses at a lower frequency can effectively deplete the 
superprimed, or in this model, the ts pool. Here, I have used a mod-
est predepletion protocol comprising of 2 pulses at 10 Hz just before 
the normal high-frequency train. Therefore, for a given frequency I 
stimulated each cell both with a “straight” train and with a train pre-
ceded by the conditioning pulses.

It can be assumed that the recorded epsc at cell x, using the prede-
pletion protocol s (with either 0 or 2 predepletion pulses), at the stim-
ulus number y is the sum of the three components: ts, ls and rs 
component. The impact of a component c is proportional to its pool 
size α at cell x, its base function s at stimulus number y and its atten-
uation factor q at the predepleted protocol s. It can be summarized 
with the equation

3
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By amplitude I refer to the total amount of svs dedicated to each 
component over the course of a train; the base function refers to 
time course of the component; the attenuation factor quantifies the 
weakening of each component when using a predepleted stimulation 
protocol.

If acx, scy and qcs are regarded as matrices and exys as a three-dimen-
sional tensor then the above equation can be written as

where every one of the resulting matrices can provide valuable infor-
mation. Since all three of them are unknown, the non-negative ten-
sor factorization (ntf) method can be employed to estimate them.

Tensors can be considered as multi-dimensional matrices. The 
order of the tensor is the number of dimensions – in our case it is 
three. A zero-order tensor is a scalar, a first-order tensor is a vector, a 
second-order tensor is a matrix, and third- and higher-order tensors 
are simply called higher-order tensors. A three-dimensional tensor is 
shown in figure 10.

  In order to describe how the ntf works, one step back will be 
taken in order to simplify the problem. Consider that instead of a 
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figure 10: A third-order tensor with a highlighted element y.
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three-dimensional tensor, we have a non-negative matrix v and we 
need to calculate non-negative matrix factors w and h, such that:

V ≈ WH

This means that the product of matrices w and h must be approx-
imately equal to matrix v. Matrix v is consisting of n columns which 
are multivariate data vectors, like the epscs of a stimulation train, 
and m rows which can be different observations, like different syn-
apses. This matrix can be then approximately factorized into an n×r 
matrix w and an r × m matrix h. Factor r in our case is the ts, ls and 
recruited components of the epsc.

In matrix multiplication the dimensions of the factor matrices can 
be significantly smaller than the dimensions of the product matrix; 
this is the property that nmf and ntf take advantage of. By trying 
to keep factor r smaller than n and m, the resulting matrices w and h 
are smaller than v. Thus the calculated matrices w and h represent a 
simplified version of the observed matrix v and can be highly infor-
mative as they can uncover hidden structures in the original data.

Gradient descent

The next step in the method is to determine the quality of the ap-
proximation. In essence, the following question must be answered: 
how well the factorization represents the original data? To answer, 
the quality of the approximation needs to be quantified. This can be 
done by a so-called cost function. A cost function is a one-dimen-
sional error measure between the input matrix v and the output 
product wh. 

The whole point of the ntf method is to minimize the cost func-
tion, thus to decrease as much as possible the error between the mea-
sured data and the inferred quantities. We can visualize this process 
as a landscape where we are situated at the top of a hill; our task is 
to get to the valley below with as few steps as possible, while blind-
folded. Naturally, we will take our first step towards the direction 
where the slope is the biggest. Then we will decide the direction of 
our next step again based on the steepest slope. When we are closer 
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to the valley, the differences in the slope will be smaller so we have to 
take small steps towards the steepest slope. 

In the previous analogy, the altitude can be translated as the error 
of the cost function. The goal is to find the smallest value in the cost 
function and for this the unknown parameter of the model must be 
tweaked. For the sake of simplification, we will consider that the cost 
function has only one parameter. The problem is how can we know 
towards which direction this model parameter must be changed? 

w

Er
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r

1

2

Big learning rate Small learning rate

A

B

figure 11: Cost functions and direction of the update rules. A: The derivative of a 
function with respect to one model parameter results in its slope. B: The impor-
tance of the correct learning rate. Left: a big learning rate can result in missing 
the valley. Right: a small learning rate can take forever to reach the local minima.
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The solution comes from calculus; the derivative of a function with 
respect to one value is its slope. So, the derivative always points to the 
direction of the lowest value. 

In figure 11 A, a cost function against one model parameter is plot-
ted. The cost function can be called C(w), where we collectively de-
note as “model parameter” w the independent variables of the cost 
function. It is obvious that if the slope for every point (dC ⁄ dw) is 
calculated, then we always get the direction of the local minima or 
of the lowest error value towards which the model parameter must 
be shifted to.

 If, however, the model parameter is shifted too much, there exists 
the risk of passing over the valley and thus lose the minima as seen 
on the left side of figure 11 B. If it is shifted too little it may take too 
long to reach the lowest error as seen on the right of figure 11 B. This 
property is defined by the so-called step size. 

After these parameters have been decided the algorithm needs to 
take a step towards the direction of the steepest descent i.e. its gradi-
ent. This is called an iteration. In every iteration the algorithm moves 
along the independent variables of the cost function so that the error 
becomes smaller.

A general update rule for a gradient descent can be written as:

w(t+1) = wt – η∇C(wt),

where t is the iteration counter, the minus sign refers to the minimi-
zation part of gradient descent, η is the step size and ∇C(wt) indicates 
the cost function gradient

The writing of this rule can be simplified, by removing the itera-
tion indices:
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w ← w – η∇C(w).

However η doesn’t have to be constant; it can obtain different val-
ues for each one of the parameters w. In this case the above rule must 
be rewritten, since the update rules always happen on a weight-by-
weight basis:

 

In our case, the recorded epsc amplitudes are probabilistic in their 
nature; they cannot be precisely predicted since they are subject to 
quantal noise. This means that there is a certain degree of uncer-
tainty about the precise amount of released neurotransmitter with 
each action potential (Yarom and Hounsgaard, 2011). Hence, it can 
be assumed that the amount of neurotransmitter released follows a 
Poisson distribution. Therefore, the calculated matrixes will repre-
sent the maximization of the probability that the originally observed 
data tensor will be measured, presuming a Poisson distribution of 
the data.

The cost function and the update rules used in this study were 
developed by Neher et al. (2009) for decomposing multiply-labeled 
fluorescence images, based on the algorithms published by Lee and 
Seung (1999; 2000). Subsequently, they were implemented for use 
with patch-clamp recordings by Prof. Dr. Dr. h.c. Erwin Neher and 
kindly provided for using them in my dataset.

The above update rules provide nonnegative representations of 
the data but cannot guarantee a unique solution. For three-way ten-
sors without the restriction of nonnegativity, uniqueness is certain 
when the sum of the k-ranks of the component matrices is equal or 
greater than twice the rank of the solution plus 2 (Kruskal, 1977). The 
k-rank of a matrix is the maximum number of its columns that are 
linearly independent. If additional constraints are imposed, such as 
nonnegativity and sparsity, then uniqueness can be attained more 
easily (Bruckstein et al., 2007). The sparsity of a matrix refers to the 
elements of the matrix that are zero. For that reason the starting 
values of the base functions that will be described in the following 
paragraphs either start or end up in zero values.
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Starting values

In order to give the algorithm a head start and to reduce the number 
of iterations needed in order to reach a satisfactory convergence level, 
certain starting values for the different weights of the cost function 
were provided to it: base functions, amplitudes and attenuation fac-
tors for all three components. The first iteration is calculated based 
on these values and then the ntf algorithm proceeds by altering 
them in order to find the smallest error. 

The starting values for the base functions were based on prior 
models for vesicular release in a two-step fashion (Miki et al., 2016; 
Neher and Brose, 2018). In addition, a basic property of the multipli-
cative update rules of the ntf was taken advantage of; the estimates 
of the algorithm cannot cross zero or deviate from it, once they reach 
zero (Lee and Seung, 1999).

The starting values were defined as follows for a factorization to 3 
components: ts, ls and rs.

The base function for the ts component follows a mono-exponen-
tial decay:

where Sts(y) is the base function value of the tight-state component at 
the stimulus number y and τ is the time constant of decay.

For the base function of the ls component a function was chosen 
that starts near zero, is gradually augmented and then exponentially 
decays to zero:

where again Sls(y) is the value of the ls base function at stimulus 
number y and Sls.0 is the value of the ls base function at the first 
stimulation pulse.

Finally, the base function for the newly recruited svs is the follow-
ing:
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which produces the inverse of an exponential decay.
In figure 12 A is plotted an example of the starting values for the 

three base functions.
Next, starting values for the amplitudes a for each component 

were empirically defined. 100 svs for the ts, 200 svs for the ls and 10 
svs for the recruited component were set.

Lastly, attenuation factors q by which the different components are 
reduced were set, depending on the number of conditioning pulses n 
that the protocol has. So for the ts component a factor of 0.6 × n has 
been set, which is interpreted as a 40% loss for the ts component 
with each conditioning pulse, 0.9 × n for the ls component (10% loss 
for each conditioning pulse) and 0.96 × n for the recruited compo-
nent (4% loss).

For reasons that will become clear later on in this chapter, a 
two-component ntf is sometimes appropriate. Therefore, a distinc-
tion is made only between the ts and a combined ls-rs component. 
If such a factorization is running, then the starting values are as fol-
lows:

The base function for the ts component is the same. However the 
base function for the combined ls-rs component is the following:

That produces a curve as seen in fig. 12 B.

BA

figure 12: An example of the initial values for the base functions. A: Base func-
tions for the decomposition of a mixed signal into three different components. B: 
Base functions for a two-component decomposition.
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The starting values for the amplitudes are the same, 100 svs for 
the ts and 200 svs for the ls-rs component.

Also, the attenuation factor starting values are similar: 0.6 for the 
ts and 0.9 for the ls-rs component.

Additional constraints

Until now references were being made to data that corresponded to 
stimulation trains of only one frequency and its predepleted variants. 
So the following question arises: why not inserting a fourth dimen-
sion in the ntf so that it can be included in the analysis stimulation 
trains from different frequencies? This cannot be done because every 
frequency train’s components have different properties. This means 
that the time course of the ls component in a cell that is stimulated 
with a 200-Hz train will be quite different than if it’s stimulated at 
5 Hz. The same holds true for the ts component’s base functions, as 
well as for the amplitude of each component.

To overcome this problem separate runs for every frequency have 
been performed; one ntf analysis for the 200-Hz trains and its pre-
depleted variant, another ntf for the 100-Hz trains and so on. 

This limitation can be used to our advantage, however, by enforc-
ing two additional restrictions during the ntf iterations and there-
fore limiting the possible solutions of the decomposition process. The 
first limitation is imposed on the initial value of the ts component, 
which is equivalent to the release probability during the first stimu-
lus. sv release during the rested state of the synapse occurs mainly 
from the ts synaptic vesicles, since the synapse does not know what 
frequency of stimuli is going to be used after the first ap. Therefore, 
the ts components for every frequency train tested should have the 
same release probability at the first stimulus.

The second restriction occurs in the calculated pool sizes for the 
ts and ls components for a 3-component ntf. For each cell sepa-
rately, the calculated pool size for the ts pool must be as similar as 
possible for every frequency train tested. The same goes for the ls 
pool. The logic behind this rule lies in the assumption that svs that 
are assigned in the ts and ls pools at the beginning of a stimulus 
train are independent of the stimulus train’s frequency. Therefore 
the total number of svs that are going to be released during a stimu-
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lus train, that were initially either in the ts or in the ls pool is going 
to be the same no matter if the stimulation frequency is going to be 
200 Hz or 10 Hz, provided that the stimulation train will be long 
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figure 13: A 3-component factorization with the same starting values for wt (A) 
and ko (b) synapse datasets.A1 & B1: The progression of the base functions for 
the three components. A2 & B2: Magnification of the base functions for the 5 first 
stimuli. A3 & B3: The mean chi-squared values for every iteration of the algorithm.
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enough that both of these pools will get fully depleted. Naturally, for 
a for a 2-component ntf, this limitation applies only on the ts pool.

3.6.2 ntf results

For the ntf analysis, 13 cells in total were used; 6 cells from wt and 
7 from ko animals. Every cell was stimulated with 25-pulse trains 
at 200, 100, 50, 20, 10 and 5 Hz. Additionally, the synapses were also 
stimulated with a 200-Hz train preceded by 2 conditioning pulses at 
10 Hz. The ntf algorithm was run on igor Pro (Wavemetrics, usa). 

Initially, the dataset was factorized into 3 components, as described 
previously: a ts, an ls and an rs component. After a trial-and-error 
process I arrived at a common set of initial values for the wt and ko 
datasets that produced base-function curves that were quite close to 
the ones calculated after 200 iterations (fig. 13 A1 and B1). The mea-
sure of chi-square was similar betweeen wt and ko cells (fig. 13 A3 
and B3 respectively).

A better convergence for the ko dataset was achieved, indicated 
by an 11% lower chi-square, by increasing the time constant of the 
ts initial base function, to 2.4. In the wt dataset the ts time con-
stant remained at 1.5. The chi-square values are plotted against the 
iteration number in fig. 14 A3 and B3. All frequencies reached similar 
convergence levels, except for the 5-Hz stimulation trains at the ko 
synapses.

The resulting normalized base functions, showing the progression 
of the different epsc components are shown in fig. 14 A1 and A2. The 
pts.1 was estimated for the wt (0.48 ± 0.01) and for the ko calyces 
(0.34 ± 0.01) and found to be significantly smaller in the ko calyces 
(fig. 14 C) (independent-samples t-test, t(10) = 8.250, p < .0005).

As mentioned earlier, ntf produces three matrixes. Matrix A is 
comprised of acx and it registers each component’s amplitude for ev-
ery cell, in terms of vesicle numbers. This means that an estimate 
of the three different pools’ size for every cell in the dataset can be 
obtained. 

For a formal comparison between wt and ko calyces and for test-
ing for interactions between train frequency and group of cell (wt 
or ko) on the component’s amplitude, a two-way mixed anova was 
employed. In every comparison that follows in this chapter there 
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were no outliers, as assessed by examination of studentized residu-
als for values greater than ±3. The amplitude was normally distrib-
uted, as assessed by Normal q-q Plot. There was homogeneity of 
variances, as assessed by Levene’s test of homogeneity of variance 
(p > .05). Mauchly’s test of sphericity indicated that the assumption 
of sphericity was violated for the two-way interaction, therefore the 
Greenhouse-Geisser estimates were used in all the subsequent com-
parisons. 

The rs component’s pool size for every cell can be seen in fig. 14 A2 
and B2. There was no statistically significant interaction between fre-
quency and group of cell (wt or ko), f(2.395, 26.341) = 1.179, p = .330, partial 
η2 = .097. This means that the rs pool size at every frequency did not 
depend on whether it was a ko or a wt cell. Also, the rs components’ 
sizes were similar between wt (170 ± 22.4 svs) and ko (209.9 ± 20.7 
svs) synapses, f(1, 11) = 1.715, p = .217, partial η2 = .135, although slightly 
higher in the ko dataset. This trend towards a higher rs pool in the 
ko cells that was calculated by the ntf analysis, is also reflected in 
the slightly elevated replenishment-rate estimation in the ko calyces 
by using the Schneggenburger et al. (1999) method, as described in 
chapter 3.3.3.

There was, however, a statistically significant difference between 
the pool sizes of the rs component at the different frequency trains 
f(2.395, 26.341) = 23.193, p < .0005, partial η2 = .678. Post-hoc tests showed 
that the rs component’s pool size at the 200-Hz trains was signifi-
cantly smaller than the pool sizes at all the lower frequencies (p < 
.01). The same was also true for the 100-Hz trains (p < .0005). The rs 
pool sizes at 50-, 20-, 10- and 5-Hz trains did not significantly differ 
between each other. This refers to the recruitment rate of new svs 

figure 14 (opposite page): A 3-component factorization with optimized starting 
values, shows that the initial release probability of the ts component is reduced in 
the ko calyces. A1 & B1: Base function progression during the stimulation trains. 
Each color represents the ntf analysis for a specific stimulation train frequency. 
A2 & B2: the sizes of the different sv pools for every cell. A3 & B3: the mean chi-
squared values for every iteration of the algorithm. C: Estimation of the initial 
release probability of the ts component. D: Quantification of the three different 
sv pools. Each cell’s pool for every stimulation train frequency is represented with 
a circle.
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to the ls state during the course of the stimulation train; according 
to these estimations if the inter-pulse interval is 20 ms or greater, 
then the limiting factor for the rs pool’s size is the recruitment rate. 
If, however, the inter-pulse interval is 10 ms or shorter, then the rs 
pool’s size becomes smaller, since the rate of release of the svs is 
greater than the rate of recruitment of new ones.

The next step was to analyze the ls component’s pool size. In this 
pool are those svs that already exist in the loose state in the begin-
ning of a stimulation train and during its course they release their 
contents. There was no statistically significant interaction between 
train frequency and group of cell (wt or ko) on the ls pool size, 
f(2.039, 22.425) = .042, p = .961, partial η2 = .004. Additionally, the ls com-
ponent’s pool sizes were similar between wt (218.4 ± 26.9 svs) and ko 
(267.6 ± 24.9 svs) synapses, f(1, 11) = 1.803, p = .206, partial η2 = .141. Fi-
nally, there was not a statistically significant effect of the train’s fre-
quency on the ls pool size f(2.039, 22.425) = .629, p = .545, partial η2 = .054, 
which was expected since the pool size restriction was part of the 
ntf algorithm constraints.

Lastly, the pool size of the ts component was examined. The ts 
component is comprised of those svs that are in the ts state in the be-
ginning of a train and are releasing their contents during the course 
of the stimulations. No statistically significant interaction was found 
between train frequency and group of cell (wt or ko) on the ts pool 
size, f(2.514, 27.654) = .180, p = .880, partial η2 = .016. Moreover, the ts pool 
sizes did not statistically differ between wt (108.2 ± 18.8 svs) and ko 
(151.5 ± 17.4 svs) synapses, f(1, 11) = 2.856, p = .119, partial η2 = .206, al-
though the ko pool is 40% larger that the wt one. Finally, there was 
a statistically significant effect of the train’s frequency on the ts pool 
size f(2.514, 27.654) = 3.497, p = .035, partial η2 = .241. However, post-hoc 
tests revealed a statistically significant difference in the ts pool sizes 
only between 100-Hz and 10-Hz trains (p = .023).

One weakness of the ntf algorithm is that the ls component can-
not be properly separated from the rs; once intracellular Ca2+ starts 
to rise svs mature from the ls to the ts state. Simultaneously, new 
svs are recruited to the ls state, until the ls pool is comprised en-
tirely from newly-recruited svs at some point during the stimulation 
train. At this point, all of the “original” svs that existed in the ls pool 
in the beginning of the train have been released.
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However, the precise time course of these two components is dif-
ficult to predict. Therefore, I opted to treat the ls and rs sv pools as 
one, and factorized my recordings on two components: a ts and a 
joint ls-rs component.

In order to achieve a tight fit between the initial base functions 
and the calculated ones, I used the same initial amplitude for the ls 
component (0.03) and a ts time constant of 1.6 for the wt synapses 
and 2.5 for the ko ones. I opted for 200 iterations again. The con-
straint factors were left unchanged: 0.35 amplitude and 0.05 initial 
release probability for both wt and ko groups (fig. 15).

The differences are clearer; the epscts.1 are more closely converging 
to 0.43 ± 0.008 in the wt synapses and to 0.32 ± 0.01 in the ko ones. 
Thus, the ko calyces have a significantly smaller initial release prob-
ability for the ts component, when compared to the wt calyces (fig. 
15 C) (independent-samples t-test, t(10) = 8.135, p < .0005).

Also, the 200-Hz ts calculated base function for the ko calyces 
facilitates in the second pulse, reflecting the paired-pulse facilitation 
that the ko synapses have at this frequency (fig. 15 B1). 

A closer look at the ls-rs component pool size reveals that there 
was no statistically significant interaction between frequency and 
group of cell (wt or ko), f(2.072, 22.788) = .082, p = .927, partial η2 = .007. 
Also, the ls-rs component’s pool sizes were nearly the same between 
wt and ko synapses (fig. 15 D) (wt: 368.1 ± 45 svs, ko: 441.8 ± 41.6 svs), 
f(1, 11) = 1.446, p = .254, partial η2 = .116. The main effect of frequency 
indicated a statistically significant difference between the train fre-
quency and the pool size of the ls-rs component f(2.072, 22.788) = 5.161, 
p = .013, partial η2 = .319, but post-hoc tests did not reveal any statis-
tically significant differences between the specific frequencies of the 
stimulation trains. 

The calyx-mntb synapses are likely organized in a structural and 
functional continuum, where their morphology is correlated with 
their pool size and short-term plasticity they express. In brief, calyx 
terminals with relatively simple morphologies display strong short-
term depression after a high-frequency stimulation train. In con-
trast, calyces with complex morphologies have a larger rrp and ex-
hibit initial facilitation which is followed by short-term depression, 
when stimulated in the same fashion (Grande and Wang, 2011). The 
observed cell-to-cell variations in the ls-rs pool sizes (fig. 15 A2 & 
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B2) can be explained based on the inherent variability of the calyx of 
Held synapses (Taschenberger et al., 2016). 

The estimation of the ts component’s pool size, for the 2-com-
ponent analysis, reveals an almost 50% bigger pool in the ko caly-
ces compared to the wt (fig. 15 D). The ko animals’ ts pool sizes 
(187.2 ± 16.4) were statistically significantly larger compared to the 
wt ones (128.5 ± 17.8 svs), f(1, 11) = 5.908, p = .033, partial η2 = .349. This 
finding points to an altered ls–ts balance; in the ko calyces the tran-
sition rate from ls to ts at rested state could be larger. An alternative 
explanation could be that the backwards rate, from ts to ls, could be 
lower.

The bigger ts pool size in the ko cells can explain the almost iden-
tical epsc1 amplitudes seen previously in fig. 3. It can also help explain 
the slower progression of the train seen in fig. 5 since a bigger pool 
and a lower release probability can result in more svs being available 
later on during a train and thus a bigger epsc amplitude.

In short, the non-negative tensor factorization method provided 
an approximation of the constitutive components of the epsc trains. 
The conclusions reached through this novel method, mainly the re-
duction of the release probability of a subclass of synaptic vesicles in 
the ko synapses, corroborate the results observed with the well-es-
tablished approaches described in the previous chapters. 

figure 15 (opposite page): A 2-component factorization with optimized starting 
values, again shows that the initial release probability of the ts component is re-
duced and additionally that the ts component is bigger in the ko calyces. A1 & 
B1: Base function progression during the stimulation trains. Each color represents 
the ntf analysis for a specific stimulation train frequency. A2 & B2: the sizes of 
the different sv pools for every cell. A3 & B3: the mean chi-squared values for ev-
ery iteration of the algorithm. C: Estimation of the initial release probability of the 
ts component. D: Quantification of the two different sv pools. Each cell’s pool 
for every stimulation train frequency is represented with a circle.
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4 Discussion

4.1 the primary finding: mover is increasing the initial 
release probability of tight-state synaptic vesicles

In this study, I provided evidence that the presynaptic protein Mover 
acts on a specific subset of docked and primed synaptic vesicles, 
which is termed “tight state” (ts) according to the terminology intro-
duced by Neher and Brose (2018). More specifically, in the immature 
calyx of Held of the mouse Mover enhances the initial probability of 
release of ts synaptic vesicles. When Mover is knocked–out the size 
of the ts pool is significantly increased; consequently, the initial epsc 
levels remain unchanged, despite the lower initial release probability 
of the ko ts. In addition, the functional predecessors to tight-state 
svs, the “loose-state” synaptic vesicle pool is unaltered by Mover.

4.2 the premise of the study: reasons 
to study the role of mover

The need to uncover the functional role of Mover, a largely unstud-
ied vertebrate-specific protein, was the driving force behind this 
research project. Unlike the ever-evolving postsynapse (Ryan and 
Grant, 2009), the presynaptic machinery components are mostly 
evolutionarily conserved; some of the main proteins, like snares, 
can be traced back to yeast (Kandel, 2013). Thus, if the presynapse 
was working just fine, what was the purpose of introducing extra 
proteins late in the evolutionary game? For this reason, deciphering 
the functional role of vertebrate-specific proteins like Mover, pres-
ents a special interest.

Previous studies on Mover did not reach a satisfactory common 
ground. Recordings in the calyx of Held of a rat knock-down model 
showed Mover decreasing the probability of release (Korber et al., 
2015). On the other hand, investigating synaptic transmission in 
the hippocampal mossy fibers of the same mouse Mover knock-out 
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model that I used, uncovered an opposite phenotype: higher paired–
pulse ratios and higher short–term facilitation on Mover’s absence 
from the presynapse (Viotti, 2018). Therefore, although the calyx had 
been studied before in the context of this protein, there were indi-
cations that even a change from rat to a mouse model and from a 
Mover knock down to a knock out is enough to produce markedly 
different results. Hence, if one was to proceed in studying Mover’s 
influence on synaptic function in the knock–out mouse, the calyx 
should be the first synapse to be studied. 

4.3 a brief overview of the results of this 
study: deriving the major conclusion

Looking at spontaneous transmission in the calyx of Held, no differ-
ence in the properties of spontaneous epscs was discernible between 
wt and ko animals. epsc amplitude, frequency and shape character-
istics were unchanged between the two groups. Therefore, it can be 
concluded that both the basic release machinery and the postsynap-
tic ampa receptors were not altered by the absence of Mover.

Stimulating the afferent fibers of the calyx of Held, yielded evoked 
epscs that were similar in wt and ko. The shape properties of the 
evoked epsc, like half width, rise time, decay time constants and 
charge were the same. However, the ko mice displayed a trend to-
wards smaller epsc amplitudes. This could indicate a smaller initial 
probability of release in the ko synapses.

Using the paired-pulse paradigm to probe further the release prop-
erties of the calyx, revealed a consistently larger paired-pulse ratio 
(ppr) in the ko synapses, at every interstimulus interval tested. This 
was especially apparent in the interpulse intervals of 5 and 10 ms 
where the paired-pulse depression of the wt synapses turned into 
a paired-pulse facilitation in the ko calyces. An increase in paired-
pulse facilitation is usually associated with a reduced release proba-
bility (Dobrunz and Stevens, 1997; Murthy et al., 1997).

In order to directly calculate the release probability (pr) of the syn-
apse, I employed a widely-used method first described by Schneggen-
burger, Meyer and Neher (1999). In short, the epscs of a 100-Hz stim-
ulus train were cumulatively plotted against the stimulus number. 
The last data points were fitted with a linear regression line which 
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was then back-extrapolated. The point of intersection with the y 
axis indicated the readily-releasable pool size (rrp) and the slope re-
flected the rate of sv replenishment. Since, the pr is the fraction of svs 
released from the rrp, it follows that it can be calculated from the 
quotient of the initial epsc amplitude divided by the calculated rrp 
size. Although the rrp size was not dependent on Mover, the pr was 
smaller in the Mover ko calyces. 

It should be noted that the pr calculated by this method is the quo-
tient of the epsc1 amplitudes over the respective rrp sizes. Although 
neither the rrp sizes nor the epsc1 amplitudes differed statistically 
between wt and ko animals, the pr did differ. This was because the 
rrp and the pr were calculated individually for each synapse. Thus, 
small differences in the numerator (epsc1) and the denominator (rrp) 
added up and produced pr values that statistically differed between 
the two experimental groups. Consequently, the cumulative release 
method offered another indication towards a diminished release 
probability in Mover ko animals.

If Mover indeed acts on synaptic transmission by increasing the 
release probability, how could this finding be integrated with the 
current views on multiple subpopulations of primed synaptic vesi-
cles? To answer this question, I adopted Neher and Brose’s view (2018) 
as detailed in the introductory section of this dissertation. The au-
thors proposed a two-step priming model where a newly-recruited 
synaptic vesicle to the active zone must go through an intermediate 
state before it gets released. This intermediate state is termed “loose 
state” (ls) and the release can only occur from the “tight state” (ts). 
“Loose” and “tight” refer to the conformation of the snare complex. 
At rest, synaptic vesicles are in a balance between ls and ts. How-
ever, during an increased intra-terminal Ca2+ concentration, such as 
during a high–frequency stimulation, the transition rate from ls to 
ts is enhanced. 

The next step was to decompose the epscs from the stimulation 
trains into their constituent components: a ts, an ls and an rs (re-
cruited state). For that purpose a blind decomposition technique was 
employed, termed non-negative matrix factorization (ntf), which 
is commonly used to extract hidden information from convoluted 
datasets (Cichocki, 2009). To run the analysis information was used 
from six different frequency trains and from a pre-depleted high-fre-
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quency train; all these protocols were applied on every cell included 
to this dataset.

ntf analysis revealed that the initial release probability of the ko 
synapses was indeed reduced, but only that of the tight-state com-
ponent. In contrast, the calculated ls component had a negligible 
contribution during the first epsc. Furthermore, the estimation of 
the various component’s pool sizes showed a markedly increased ts 
pool size in the ko animals, while the ls and the rs components 
were unchanged. 

The reduced release probability and the enhanced pool size of the 
ts component at the ko animals, can explain the almost similar ini-
tial epsc amplitude; indeed, the ts release probability is reduced by 
about 38% at the ko, while the ts pool size is augmented by ~30%. 
Thus, through an increase in the number of available ts synaptic 
vesicles there was a compensation for the fact that a lesser fraction of 
them would fuse with the active zone membrane at the arrival of an 
ap at a rested synapse.

However, this sort of compensation could only work for the first 
epsc of a stimulation train; differences started to appear at the sec-
ond epsc, especially when it would arrive between 5–20 ms after the 
first one; the ppr was increased at the ko synapses. Three different 
processes contribute to the ratio between the first and the second 
epsc amplitudes in a stimulus train: depletion of the ts sv pool, 
rapid conversion of ls vesicles to ts during the interval between the 
two pulses and possibly an increase in ts release probability due to 
Ca2+-current facilitation or Ca2+ buildup (Neher and Brose, 2018). Since 
the ts initial release probability was decreased in the ko animals, a 
larger amount of ts svs should be released during the second ap. The 
fact that the paired-pulse depression of the wt calyces turned into 
a paired-pulse facilitation in the ko ones, can be explained by the 
contribution of the ls component which adds up to the neurotrans-
mitter released by the ts svs.

In a similar way, the epsc-amplitude progression of a high-fre-
quency train can be explained; if the ts release probability becomes 
smaller, more aps will be needed in order for the ts vesicle pool to be 
depleted. Indeed the ts components in the ko animals take longer to 
reach zero (fig. 15 B1). This finding corroborates the fact that the epsc 
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100-Hz trains of the ko calyces take longer to reach the same steady-
state levels as the wt (fig. 5).

To further corroborate these findings, I employed the superprim-
ing model as it was applied to the calyx of Held by Taschenberger, 
Woehler and Neher (2016). Its major difference from the tight-ver-
sus-loose-state model is that it assumes neurotransmitter release 
from both the normal and the superprimed state. Also, svs need not 
necessarily mature from the normally-primed to the superprimed 
state, since they can be directly recruited in these states. Employing 
this model in the present study’s data, it was revealed that the ko 
superprimed synaptic vesicles depress less during a stimulus train, 
irrespective of the frequency used. Additionally, the superprimed svs 
had a smaller release probability in the ko calyces, compared to the 
wt ones. On the other hand, the normally-primed vesicles had the 
same narrow range of release probabilities, independently of whether 
Mover was present or not. 

Although the superpriming model is different than the tight-ver-
sus-loose-state model, they both divide the fast releasing pool into “re-
luctant” and “eager-to-be-released” synaptic vesicles. In both models, 
the “eager” vesicles had a lower release probability when Mover was 
absent from the synapse, while the “reluctant” svs were unchanged. 
In this way, the superpriming model provided a useful insight in the 
world of primed synaptic vesicles and it further supported the con-
clusions reached through other paths that were described previously 
in this dissertation. 

4.4 methodological considerations: pool 
estimation and blind-source separation

The calyx of Held is part of the auditory pathway, the third synapse 
the auditory information goes through in the central nervous sys-
tem. The stimulus trains that were used in this research project to 
probe the synapse’s function ranged from 5 to 200 Hz. These stimu-
lation frequencies were well within the range of naturally occurring 
action potential rates in the immature calyx (Kuner, 2009).

The integration method (Schneggenburger et al., 1999) used here 
to provide a rough estimate of the replenishment rate, rrp size and 
consequently release probability has been widely used. It relies on 
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the assumption that the steady state epsc amplitudes observed 
late in a stimulus train are the result of a balance between release 
and recruitment of new synaptic vesicles. It is also based on the 
assumptions that svs are recruited with a stable rate throughout 
the train and that the release probability is also stable during the 
train. Nevertheless, a formal treatment of this method proves that 
its estimate is not identical with the pool of vesicles available for 
release at a rested state; instead it reflects the decrement in sv pool 
content during a train stimulation. This estimation, though, could 
be substantially lower than the actual rrp size. Indeed, this is the 
case when low frequencies are used. However, when the resulting 
depression is more than 60%, the discrepancy between the integration 
method’s estimation and the true rrp size is small (Neher, 2015). In 
the calculations for this research project, 100-Hz stimulation trains 
were used that resulted in steady-state epscs that were depressed by 
about 80% compared to the initial levels. Assuming that the release 
probability did not change during the high-frequency train, the 
release probability estimation provided by the integration method is 
underestimating the true release probability by around 25%. Thus, 
the application of the integration method in this dataset can be 
considered valid within its reasonable limitations.

A final note on the methods used will be on the non-negative ten-
sor factorization (ntf) that was employed to decompose the epsc 
trains into their constitutive ts, ls and rs components. The simplest 
form of ntf is the decomposition of a two-dimensional array of data, 
hence the name non-negative matrix factorization (nmf). The first 
implementation of nmf was in image analysis, after Lee and Seung 
described rules for multiplicative iterations that preserved non-neg-
ativity (1999; 2000). Since then, ntf has been used in a wide array 
of applications from face recognition (Wang et al., 2005) and text 
mining (Ding et al., 2006) to biological problems like gene expres-
sion classification (Brunet et al., 2004; Carmona-Saez et al., 2006) 
and fluorescence spectroscopy (Gobinet et al., 2004). The nmf algo-
rithm that was used in the present dataset was first developed for 
use in analysis of multiply-labeled fluorescence images from biolog-
ical samples (Neher et al., 2009). As such, the use of this decomposi-
tion technique on epsc train data, although for the first time, can be 
added to a long list of applications.



91

4.5 mover and bassoon: is their interaction 
involved in the observed phenotype?

One of the few known interaction partners of Mover is the presyn-
aptic protein Bassoon (Kremer et al., 2007). When Bassoon was re-
moved from central excitatory synapses basal synaptic transmission 
remained unchanged. However, in recordings from the endbulbs of 
Held the paired-pulse ratio was reduced, while the synapses exhib-
ited a stronger and faster depression. Additionally, the rrp size was 
reduced and the release probability as measured in the 333-Hz trains, 
was larger (Mendoza Schulz et al., 2014). Similarly, in mossy-fiber 
synapses to cerebellar granule cells short-term depression was en-
hanced in the absence of Bassoon (Hallermann et al., 2010). Another 
effect of Bassoon was in the rate of recovery from depression; both 
studies concluded that the absence of Bassoon decreases the reload-
ing rate of svs to the rrp. What is striking is the fact that the removal 
of Bassoon from central glutamatergic synapses produced an almost 
inverse behavior in terms of synaptic transmission and short-term 
plasticity, compared to Mover ko at calyces of Held. 

Mover and Bassoon not only interact with each other, but also 
Mover is dependent on Bassoon; when Bassoon is knocked-out from 
the endbulbs of Held, Mover’s expression in these synapses is down-
regulated (Mendoza Schulz et al., 2014). Additionally, while Bassoon is 
in every synapse in vertebrates since it prevents synapse degradation 
(Okerlund et al., 2017; Waites et al., 2013), Mover is heterogeneously 
expressed (Kremer et al., 2007; Wallrafen and Dresbach, 2018). As it 
was detailed before, Bassoon is reducing release probability while 
Mover is increasing it. In the absence of Bassoon rrp is decreased, 
while in the absence of Mover the ts sv pool is increased. There-
fore, a model could be assumed where these two vertebrate-specific 
presynaptic proteins are acting in balance, influencing the release 
probability of the synaptic vesicles towards opposite directions. In 
that way, a highly complicated and multifactorial mechanism like 
the release probability of synaptic vesicles, could be easily modulated 
towards higher or lower values depending on the expression of just 
one protein: Mover.
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4.6 mover’s function in other synapses of the brain

The calyx of Held is a classic example of a “phasic synapse” mean-
ing that it is depressing after a high-frequency stimulus train. Some-
times, it may exhibit a slight potentiation before the depression. On 
the other end of the spectrum lie the “phasic synapses” that under 
continuous stimulation they facilitate, reaching tens or even hun-
dreds of times their initial response levels (Atwood and Karunanithi, 
2002).

Typical tonic synapses in the mammalian central nervous system 
are the ones that hippocampal mossy fibers form with pyramidal ca3 
neurons. Under continuous low-frequency stimulation their initially 
low synaptic response can strongly facilitate (Salin et al., 1996). Each 
mossy-fiber terminal forms a presynaptic bouton with 30 active zones 
in average and 600 – 1,200 synaptic vesicles in what was defined as a 
putative rrp (Rollenhagen et al., 2007). 

The facilitation exhibited by tonic synapses, can be explained by 
the loose- and tight-state model as follows; during a rested state, the 
balance between the ls and the ts pool is shifted towards the loose 
state. During the stimulus train, there is a rapid Ca2+-dependent con-
version from the ls to the tightly–assembled state. In other words, 
the probability that an sv is in the tight conformation is greater 
during a continuous stimulation. Provided that the conversion of svs 
into the tight state is greater than the loss of ts vesicles due to exo-
cytosis, the result is frequency facilitation of the synapse (Neher and 
Brose, 2018).

What would have been the results, if – as a thought experiment – 
we were to apply the findings from the calyx of Held Mover ko exper-
iments to a tonic synapse like the hippocampal mossy fibers? Since 
the release probability of the ts vesicles (pts) is lower in the Mover ko 
synapses, but at the same time the ts pool is larger, we would expect 
that the first pulse of a train would have been almost identical to that 
of a wt synapse. 

If a second ap would arrive shortly after, it would find the synapse 
in a state where the transition rate from ls to ts would be increased 
at the same levels for wt and ko terminals. However, the original ts 
pool, comprised of svs that were in the ts state at rest and did not get 
released during the first ap, would be bigger in the ko animals thus 
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contributing more vesicles during the second pulse. Because of that, 
the paired-pulse ratio of the ko mossy fibers would be bigger than 
the wt.

As the train would progress, the large Ca2+ dependency of the ls-
to-ts conversion, would cause the ts pool to fill up at the same rate 
in wt and ko synapses. The different release probabilities would still 
exist, since the pts of the ko vesicles would continue being lower. This 
would cause the ko synaptic responses to get progressively bigger 
than the wt ones, as the number of vesicles converted into the tight 
state would increase. Eventually, a steady state of synaptic responses 
would be reached since the rate of release of ts svs would be equal to 
the rate of vesicle conversion from ls to ts. This steady state in the 
ko synapses would still be bigger than the wt one.

Recordings acquired from the hippocampal mossy fibers of the 
same Mover knock-out mouse model, follow the pattern described 
previously. The relationship between the presynaptic afferent fiber 
activation and the field excitatory postsynaptic potential (fepsp) was 
the same between wt and ko hippocampal slices. This indicated that 
the synaptic strength of the rested synapse did not change. Also, no 
changes were registered in miniature postsynaptic currents between 
the two groups, pointing to an unaltered basal synaptic transmis-
sion. (Viotti, 2018)

The paired-pulse ratio showed a small but significant increase 
in short inter-pulse intervals in the ko animals, suggesting a re-
duced release probability. The greatest differences, however, were in 
short-term plasticity of these synapses. High-frequency stimulation 
showed a 50% larger facilitation in the Mover ko mossy fibers than in 
the wt. Moreover, low-frequency stimulation produced the hallmark 
attribute of hippocampal mossy fibers, the so-called low-frequency 
facilitation (Nicoll and Schmitz, 2005). Mover ko slices facilitated 
about 40% more than the wt (Viotti, 2018). These results corroborate 
the conclusions in the calyx of Held that show that Mover is a pos-
itive regulator of the tight-state synaptic-vesicle release probability.

4.7 knockdown of mover in rat versus knockout in the mouse

The present findings and their interpretation, as they were also ex-
tended to the hippocampal mossy fibers, are in sharp contrast to a 
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study performed on a Mover knock-down (kd) rat model. The au-
thors tested in vitro synaptic transmission and short-term plasticity 
at the calyx of Held at postnatal days 12–13.

While there was no effect on spontaneous release, evoked epsc 
amplitude was higher in the kd calyces and ppr at a 10-ms interpulse 
interval was significantly lower. Accordingly, a 50-pulse 100-Hz train 
showed a faster and fuller depression, while the rrp and the replen-
ishment rate were similar. Presynaptic recordings showed a smaller 
time constant in the increase of the membrane capacitance in re-
sponse to a depolarizing pulse, indicating that it required less Ca2+ 
for the same amount of svs to be released. Based on these results, 
the authors concluded that Mover in the calyx of Held is decreasing 
the release probability of synaptic vesicles through a decreased Ca2+ 
sensitivity of release (Korber et al., 2015).

Although the exact source of the diverging results between that 
study and the present one is difficult to pinpoint, there are some dif-
ferences in the experimental procedure which could be important in 
the present context. A major difference is the approach taken in re-
moving Mover from the synapse; Korber and colleagues chose to in-
ject the globular bushy cells, located in the ventral cochlear nucleus 
of 2-day old rats with an adeno-associated virus expressing a small 
hairpin rna (shrna) against Mover rna. Since the axons of the glob-
ular bushy cells form the calyces of Held, this manipulation resulted 
in a ~75% reduction in Mover immunosignal in calyces expressing 
the kd shrna. In contrast, our lab used a mouse model where there 
was a total and whole-body knockout of Mover. The differences are 
obvious; the kd approach resulted in a targeted but incomplete si-
lencing of the target gene whereas the ko method offered a complete 
removal, but from every cell of the animal.

A targeted silencing means that only the synapses that are stud-
ied have Mover silenced. A system-wide removal of Mover could have 
unpredictable effects since the synapses that drive globular bushy 
cells, which in turn give rise to the calyx of Held, also lack Mover and 
thus may have an altered synaptic activity. This could lead to the ac-
tivation of a compensatory mechanism in the downstream synaptic 
pathway. On the other hand, the incomplete silencing of Mover in 
the knock-down animal model could have undesirable effects also; 
the remaining Mover molecules could still interact with Bassoon, 
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calmodulin or synaptic vesicles, thereby masking or altering the true 
effect of its complete absence from the synapse.

An often overlooked subject is differences between animal species. 
Even species closely related as the mouse and the rat (Gibbs et al., 
2004), can have striking differences at the central nervous system 
level. A characteristic example is the cannabinoid receptor differences 
between these two species. The cannabinoid receptor CBsc is present 
in the hippocampi of Sprague Dawley (sd) rats and cd1 mice but ab-
sent from c57bl ⁄ 6j mice, as determined by the inhibition of synaptic 
glutamate release by the cannabinoid receptor agonist win55.212-2 
(Hoffman et al., 2005). Moreover, the activation or silencing of the 
cannabinoid receptors had opposite effects on the behavior of the 
animals, depending on the species. When using the aforementioned 
agonist in cd1 mice their anxiety levels dropped, whereas the same 
agonist increased anxiety in sd rats. Moreover, the cannabinoid-re-
ceptor cb1 antagonist am-251 increased the anxiety levels of cd1 mice 
but reduced them in rats. The synaptic transmission of hippocampal 
neurons was also markedly different; inhibitory postsynaptic cur-
rents in mice were significantly more sensitive to win-55.212 than in 
rats (Haller et al., 2007).

More recently, the lack of an entire class of synapses in mice, as 
compared to rats, has been shown. Gap junction coupling was absent 
in the mouse neuroendocrine tuberoinfundibular dopamine (tida) 
neurons, while electrical coupling was prominent in the same tida 
cells of the rat. The result was that the rat tida cells displayed robust 
and stereotyped slow oscillations, while the mice showed a great cell-
to-cell variability with faster oscillatory patterns (Stagkourakis et al., 
2018). 

Differences between species have also been observed in the pre-
synaptic machinery. The Ca2+-binding protein calretinin was studied 
in the calyx of Held of rat and mouse. In Wistar rats calretinin-pos-
itive calyces were found to be irregularly intermingled with calre-
tinin-negative synapses throughout the mntb nucleus, whereas in 
c57bl ⁄ 6j mice calretinin-positive calyces were concentrated in the 
lateral mntb. Additionally, calretinin expression levels varied widely 
between species; at p30 75% of rat calyces contained that protein, 
but only 30% of calyces were calretinin-positive in mice (Felmy and 
Schneggenburger, 2004). This divergence in expression levels could 
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affect the Ca2+ sensitivity of the release machinery differently in rats 
and mice.

Additionally, auditory sensitivity has been studied for various spe-
cies and specific differences have arisen. It is well documented that al-
though mouse and rat have the same high-frequency sound sensitiv-
ity, at around 50 kHz, their lower levels vary; in rat the low-frequency 
limit can reach to 500 Hz whereas mice can only hear from 1–2 kHz 
and higher (Heffner and Masterton, 1980; Turner et al., 2005). 

Differences in sound perception between species also arise in 
sound localization. Sound localization refers to an animal’s ability 
to accurately localize a brief sound. The “textbook” versions of the 
mechanisms involved in mammals are the following; the first mech-
anism takes advantage of the fact that sounds not arising directly in 
front or behind the head arrive at different time points at the two 
ears. The second mechanism is exploiting the “shadowing” effect the 
head has on sounds with frequencies roughly equal or smaller than 
its diameter; therefore the sound levels arriving at the two ears are 
different (Grothe et al., 2010). Thus, mammals with a big head size 
should be better at sound localization than others with a smaller 
head. However this is not the reality; humans, having large interau-
ral distances, display a great localization acuity, but horses and cattle 
are poorer localizers than most rodents (Heffner and Heffner, 1984; 
Heffner and Heffner, 1986)

Most strikingly, even in small rodents head size does not pre-
dict sound localization acuity. Although in various species of rats 
and gerbils sound localization threshold closely follows head size, 
in grasshopper mice it doesn’t; whereas their predicted localization 
threshold is 53°, in reality it is far lower, at 19° (Heffner and Heffner, 
1988). The same holds true for house mice (mus musculus) (Ehret and 
Dreyer, 1984). 

The ability of mice to overcome the limitations in sound local-
ization imposed by their relatively small head size, could indicate a 
functional specialization in the auditory pathway. Incidentally, the 
calyx of Held synapse is instrumental in sound localization since the 
mntb principal cells target the neurons of the lateral superior olive. 
Both the lateral and the medial superior olive are considered to be 
the first brain regions where sound localization occurs (Tollin, 2003). 
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Considering the previous facts, species differences between mouse 
and rat should not be ruled out when one is considering the seem-
ingly opposite effects of Mover on neurotransmitter release.

4.8 additional points to ponder: ls-to-ts 
transition versus ts pool size

The results of this dissertation indicate that the ts vesicle pool is 
enlarged in calyces of Held in Mover ko mice. For this enlargement 
to occur, is Mover affecting the ls-to-ts transition rate or the num-
ber of sv fusion sites? Most of the models agree that the number of 
fusion sites remain stable during the time span of a stimulus train 
(Hallermann et al., 2010; Miki et al., 2016; Zucker, 1989). 

If the transition rate from ls to ts was increased then this would 
be manifested in higher time constants for the stimulation trains; 
more ls svs would be converted in ts vesicles in the same amount of 
time. Therefore, the ko synapses would depress slower, since the ts 
pool would be fastly replenished. Indeed, the experimental observa-
tions were on that direction; ko calyces have a larger time constant 
than the wt ones (Fig. 5). Furthermore, the decomposition provided 
by the ntf model shows a statistically similar ls pool size for the two 
experimental groups, with a slight upwards trend for the ko pool (fig. 
14 D).

If, on the other hand, the number of release sites was greater in the 
ko animals, and the transition rate was the same as in the wt ani-
mals, then we should have witnessed a bigger ls and ts pool with no 
apparent change in the epsc-amplitude dynamics of the stimulation 
trains. Summing the ls and ts pools calculated by the 3-component 
decomposition reveals that the ko calyxes have a 28% larger vesicle 
pool, but the difference is non-statistically significant.

 Therefore, it remains an open question whether the larger ts pool 
size in the ko animals is due to an increased transition rate from ls 
to ts or a larger number of vesicle fusion sites, or both.

4.9 future endeavors

The present study produced some answers on the question of Mover’s 
influence on synaptic transmission and its effect on synaptic vesicle 
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subpools; these results could be further explored through various ad-
ditional experiments and techniques. 

Electron microscopy could provide further insights on the distri-
bution of svs based on their distance from the active zone. Loss of 
Munc13-family proteins caused a reduction in the number of vesicles 
within 5 nm of the active zone and an accumulation at 5-20 nm (Imig 
et al., 2014). Similarly, Syt-1 deficient synapses displayed a 35% reduc-
tion in svs closer than 5 nm to the active zone (Chang et al., 2018). 
A synapse without Mover may present the opposite picture; ntf 
analysis showed a ~30% augmentation of the ts vesicle pool in the 
ko animals, which could be manifested as an increase in the num-
ber of synaptic vesicles within 5 nm of the active zone of a resting 
synapse, whereas the vesicle density between 5-20 nm should be the 
same between wt and ko active zones. The difference of closely-lo-
cated svs from the wt animals could become even larger within 5–10 
ms after a single ap stimulation, since the depletion of the ts pool 
will be smaller in the ko synapses. Accordingly, after a few aps at a 
high stimulation frequency there should be no differences in sv dis-
tribution between the two experimental groups, as the release will 
be solely dependent on newly-recruited synaptic vesicles. To observe 
sv distribution at such a precise timescale, optogenetic stimulation 
combined with high-pressure freezing on cultured hippocampal syn-
apses would be necessary to be employed.

Altering the external Ca2+ concentration could also be a potential 
tool which would augment some differences between wt and Mover 
ko synapses. Lowering the extracellular [Ca2+] from 3 to 1.5 mM in 
synapses between presynaptic parallel fibers and postsynaptic mo-
lecular layer interneurons in cerebellar brain slices resulted in a re-
duction of the slow component of the epscs during the course of a 
stimulation train. This was attributed to a decreased Ca2+ entry in 
the presynapse, since the authors modeled the slow component on 
a 2-step release which is Ca2+-dependent. Simultaneously, the fast 
component depressed more slowly during the course of the stimula-
tion train (Miki et al., 2018)

Trying to extend these findings on the calyx of Held, some inter-
esting predictions can arise. If the external [Ca2+] is lowered then the 
loose-state sv contribution should be accordingly lower throughout 
the train, owing to the reduced Ca2+-dependent transition rate from 
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ls to ts. This change should be of similar magnitude between wt 
and ko animals. The behavior of the ts component, though, under 
reduced extracellular [Ca2+] could shine some light on the mechanism 
by which Mover is acting on the release probability. The ts compo-
nent of the wt synapses should depress more slowly than what it did 
under normal external [Ca2+]. If the ts component of the ko calyces, 
which is already depressing more slowly than its wt counterpart un-
der normal external [Ca2+], depresses even more slowly under reduced 
[Ca2+] conditions it could mean that Mover is increasing the pts inde-
pendently of the sv Ca2+ sensor. If however the ko ts component will 
not show a slower depression than its wt counterpart under reduced 
external [Ca2+], it could indicate that Mover increases the pts by act-
ing directly on the Ca2+ sensor.

To further elaborate on the mechanism of release probability re-
duction in the ko animals, it should be investigated whether it occurs 
due to a reduced Ca2+ influx in the presynapse or due to a decreased 
Ca2+ sensitivity. Presynaptic recordings from the calyx of Held can 
enable us to measure the Ca2+ currents during step depolarizations. 
Access to the presynapse can also enable the recording of presynap-
tic action potentials, in order to measure their width in rested and 
in high-frequency stimulation conditions. If both Ca2+ influx and ap 
width are the same in wt and ko synapses, then the observed differ-
ences in release probability could be due to an altered sensitivity of 
the presynaptic machinery to Ca2+ entry.
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