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1. RESEARCH BACKGROUND AND THESIS AIMS

As outlined in chapter 1, previous research shows that tomosyn inhibits vesicle 
secretion by regulation of SNARE complex formation in endocrine cells (Fujita et 
al., 1998; Hatsuzawa et al., 2003; Yizhar et al., 2004; Cheviet et al., 2006; 
Zhang et al., 2006; Gladycheva et al., 2007; Yizhar et al., 2007) and neurons 
(Kraut et al., 2001; Sakisaka et al., 2004; Baba et al., 2005; Dybbs et al., 2005; 
Gracheva et al., 2006; McEwen et al., 2006; Gracheva et al., 2007; Sakisaka 
et al., 2008; Gracheva et al., 2010; Chen et al., 2011; Hu et al., 2012). Such 
restriction of vesicle fusion, both spatially and temporarily, likely controls processes 
such as developmental neurite outgrowth and synaptic plasticity. Most of our 
current knowledge stems from in vitro work and research in invertebrate model 
organisms. Highlighted by the fact that two separate tomosyn genes are encoding 
for seven different isoforms in mice (Groffen et al., 2005), the role of tomosyn in 
SNARE complex formation is likely to be more complex in mammals. Therefore, 
this thesis aimed to understand the function of tomosyn-1 and -2 specifically in 
the mammalian nervous system. We set out to further define tomosyn’s function in 
development and secretion by a multi-level approach in (tomosyn knockout; TomKO/

KO) mice, ranging from in vivo behavioral analysis to in vitro assessment of synaptic 
function, protein localization, interaction partners and cellular morphology.

2. SUMMARY OF THE MAIN FINDINGS

In chapter 2 we showed that the incidence of tomosyn-1 knockout (Tom1KO/KO) 
embryos in interbreedings of Tom1WT/KO mice was low. At embryonic stage E18, a 
significant deviation from Mendelian ratios was observed, without the presence of 
macroscopically abnormal animals. Therefore, tomosyn-1 is likely to be important in 
early stages of development. In hippocampal neurons cultured from surviving E18 
mice, neurite outgrowth, first evoked synaptic transmission and readily releasable 
pool size were not affected. Upon prolonged stimulation however, tomosyn-1 
deficient neurons fell short in synaptic recovery. This phenotype was accompanied 
by reduced (synaptic) Munc18 levels. Thus, tomosyn-1 seems to support sustained 
release and early embryonic development, possibly by regulation of Munc18. 
Chapter 3 describes the generation and validation of tomosyn-2 knockout (Tom2KO/

KO) mice. Embryonic lethality was observed in a subset of these mice, which could 
be correlated with reduced blood clotting and degeneration of the nervous 
system. Surviving Tom2KO/KO mice showed normal body weight development and 
anatomy, but exhibited behavioral abnormalities. Specifically, prepulse inhibition 
of acoustic startle reflex, motor coordination and grip strength were affected 
in adult Tom2KO/KO mice. On a cellular level, neurotransmission and morphology 
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were not disturbed in hippocampal autaptic neurons. In contrast, sustained release 
during high-frequency stimulation was reduced in ex vivo Tom2KO/KO neuromuscular 
junction (NMJ) synapses, similar to the synaptic transmission defects observed in 
Tom1KO/KO cultured neurons (chapter 2). Furthermore, basal acetylcholine (ACh) 
release frequency was enhanced, which may be a cause of the faster depletion of 
releasable vesicles upon repetitive stimulation in Tom2KO/KO NMJ.
Vesicular targeting of tomosyn may be important for its function. For example, 
tomosyn could be directed to sites of release via association with transport vesicles. 
Vesicular tomosyn may additionally induce the capture of vesicles at t-SNARE 
enriched sites and prevent off-site fusion of vesicles. In chapter 4 tomosyn was found 
to co-localize and co-migrate with markers for both synaptic and large dense-
core vesicles in cultured hippocampal neurons. Synaptotagmin-1 was excluded as 
a candidate protein for targeting of tomosyn to secretory vesicles. 
Post-translational modifications may be important to regulate tomosyn’s inhibitory 
strength in space and time. Prolonged stimulation could require tomosyn disinhibition 
in order to release neurotransmitter from a standby pool of vesicles. Chapter 
5 provides mechanistic insight into the post-translational SUMO modification of 
tomosyn that was reported before to reduce inhibitory strength (Williams et al., 
2011). We identified the SUMO E3 ligase PIASγ as a novel tomosyn-1 interactor 
by yeast two-hybrid and immunoprecipitation experiments and demonstrated that 
tomosyn-1 can be modified with the SUMO-2/3 isoform specifically.  

3. FUNCTIONAL DIFFERENTIATION BETWEEN MAMMALIAN TOMOSYN-1 AND -2

3.1 Phenotypical heterogeneity in knockout mice
Strikingly, both Tom1KO/KO (Chapter 2) and Tom2KO/KO (Chapter 3) mice show 
large phenotypic heterogeneity. Features observed only in a subset of Tom2KO/

KO individuals included elevated SNAP25 levels, disturbance of the reaching 
reflex and impaired grip strength. The most remarkable feature was a high 
degree of sublethality, observed for both Tom1KO/KO and Tom2KO/KO. For tomosyn-2 
mice, lethality was likely to be caused by central nervous system degeneration 
and haemorrhages observed in a subset of these embryos. Importantly, these 
phenotypes were no longer seen upon homozygous interbreeding of the survivors 
and after a few generations of backcrossing. As discussed in more detail in chapter 
3, compensatory mechanisms by epigenetic adaptations or protein redundancy are 
potentially involved. Also, minor differences in for example early developmental 
endocrine (placental) secretion might lead to enhanced differences on long term 
physiology, causing relatively subtle phenotypes in some animals and lethality in 
others. Such high selection pressure may lead to a rapid phenotypical shift within 
a few generations.
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3.2 Tomosyn inhibits secretion of multiple vesicle types
As outlined in chapter 1, tomosyn has been implicated in the fusion of synaptic 
(SV), large dense-core (LDCV) and plasmalemmal precursor vesicles (Kraut et al., 
2001; Sakisaka et al., 2004; Baba et al., 2005; Dybbs et al., 2005; Gracheva 
et al., 2006; McEwen et al., 2006; Gracheva et al., 2007; Sakisaka et al., 2008; 
Gracheva et al., 2010; Chen et al., 2011; Hu et al., 2012), as well as peripheral 
insulin (Cheviet et al., 2006; Zhang et al., 2006) and von Willebrand blood clotting 
factor containing granules (Ye, 2012). For specific and tight release control from 
these various vesicle types it is likely that their fusion is mediated by differential 
composition of the SNARE machinery. Possibly, the seven known tomosyn splice 
variants (Groffen et al., 2005) could contribute to the specificity of release. For 
example, tomosyn-2 might be specifically used in release from cholinergic vesicles in 
the mammalian NMJ (Chapter 3), although mammalian tomosyn-1 has not yet been 
investigated in this context. Tomosyn-1 has been shown to bind syntaxin-1/SNAP25 
(Fujita et al., 1998) as well as syntaxin-4/SNAP23 (Widberg et al., 2003). Other 
syntaxin isoforms do not bind tomosyn-1 (Fujita et al., 1998; Widberg et al., 2003), 
but possibly do interact with tomosyn-2. Ways to mediate interaction specificity 
with other SNARE components could be through isoform-specific post-translational 
modifications and by protein interactions with the tomosyn hyper-variable domain. 
Thus, specificity of fusion for these different types of vesicles might be regulated by 
the formation of tomosyn-containing protein complexes that show a unique, vesicle-
specific protein composition and particular location/timing of constitution.
 
3.3 Redundancy between tomosyn-1 and -2 in neurotransmitter release
Tomosyn-1 and -2 differ in their tissue and developmental expression patterns 
(Groffen et al., 2005), such that some cells will express both, potentially resulting 
in functional redundancy, while others lack expression of (one of) the isoforms. Such 
redundancy may explain the normal EPSC amplitude in Tom1KO/KO and Tom2KO/KO 
hippocampal autapses (Chapters 2 and 3). The overall function of the isoforms could 
be mainly determined by their expression pattern rather than by a fundamentally 
different molecular function, thus allowing tomosyn-1 and -2 to contribute 
redundantly to synaptic transmission upon co-expression in the same cell. In line 
with this, Tom1KO/KO autaptic hippocampal neurons (Chapter 2) and Tom2KO/KO NMJ 
synapses (Chapter 3) show a similar electrophysiological phenotype. Tomosyn-2 
deficiency affected transmission in the NMJ (Chapter 3), implying that it is a major 
isoform functioning in this synapse. Tomosyn-1 could be expressed mainly in spinal 
cord neurons other than motor neurons (Chapter 3). Thus, by functional redundancy, 
tomosyn-1/2 co-expression may prevent synaptic transmission impairments upon 
deletion of a single isoform. 
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3.4 Timing of tomosyn expression correlates with developmental impairments 
in TomKO/KO embryos
Because of early expression (Groffen et al., 2005), tomosyn-1 may be more 
important than tomosyn-2 in early embryonic development. This is in line with the 
early Mendelian skew observed upon interbreeding of Tom1WT/KO mice (Chapter 2), 
while Mendelian ratios at E18 were normal for Tom2WT/KO interbreedings (Chapter 
3). A subset of Tom2KO/KO embryos did show central nervous system degeneration 
and haemorrhages, indicating that tomosyn-2 is involved in later development. 
Similar to the tomosyn homolog Lgl (Albertson and Doe, 2003), a role for tomosyn-1 
in early development may involve regulation of neuroblast polarity (Chapter 2). 
Developmental mechanisms requiring tomosyn-2 may be found for example in 
vesicular membrane supply for neurite outgrowth, regulation of synaptic activity 
for synaptic pruning or endocrine regulation of fetal development. Thereby, the 
timing of tomosyn expression correlates with its developmental function.

3.5 Tomosyn involvement in neurite outgrowth 
Intracellular localization of tomosyn might be involved in controlling the timing, 
directionality and amount of neurite outgrowth. This is confirmed by tomosyn 
overexpression in rat hippocampal neurons, overexpression or knockdown in 
differentiated NG108 cells (Sakisaka et al., 2004) and overexpression of 
tomosyn’s last two exons in Drosophila third instar larvae (Kraut et al., 2001). In 
vivo studies in Drosophila NMJ (Chen et al., 2011) and C. elegans (Gracheva et al., 
2006; McEwen et al., 2006) did not corroborate this however. Possibly, remaining 
tomosyn expression by partial knockdown, expression of C. elegans short TOM-1B 
isoform or compensatory mechanisms suffice to uphold neurite outgrowth in vivo. 
Similarly, morphology of cultured mouse hippocampal Tom1KO/KO (Chapter 2) and 
Tom2KO/KO (Chapter 3) neurons may be supported by redundant tomosyn isoforms, 
tomosyn-related amisyn or cell polarization mechanisms involving the tomosyn 
homolog Lgl (Wang et al., 2011; Staples and Broadie, 2013). Such compensatory 
mechanisms might not exist in differentiated NG108 cells (Sakisaka et al., 2004). 
Like in rat hippocampal neurons (Sakisaka et al., 2004), tomosyn overexpression 
may have an effect in cultured mouse hippocampal neurons. Furthermore, it would 
be interesting to assess whether tomosyn is targeted to plasmalemmal precursor 
vesicles, as was shown for synaptic (precursor) vesicles and LDCVs (Chapter 4). It 
can be concluded that neither of the tomosyn isoforms is absolutely required and 
redundant genes might be sufficient to sustain neurite outgrowth.
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All in all, specific functionality of the mammalian tomosyn isoforms is probably 
determined by the particular time and place of expression and the amount of co-
expression of the other isoform. Post-translational modifications and splice variation 
could fine-tune their functions and regulate their involvement in different protein 
complexes. Phenotypic heterogeneity in knockout animals may arise by variation 
in compensatory mechanisms, such as increased functionality of the other isoform.

4. REGULATION OF TOMOSYN’S INHIBITORY STRENGTH FOR PRESYNAPTIC 
PLASTICITY

Although initial evoked release is not affected, basal spontaneous release 
frequency is increased in Tom2KO/KO NMJ (Chapter 3). A similar trend is seen in 
cultured Tom1KO/KO neurons (Chapter 2), suggestive of a general tomosyn function. 
Vesicle depletion by increased basal release might be a cause of increased 
depression during repetitive stimulation, observed in both model systems. This 
data thereby demonstrates a beneficial effect of tomosyn-mediated release 
inhibition. Given the relatively modest increase in spontaneous uniquantal release 
frequency compared to the large reduction in multiquantal sustained release, 
another tomosyn-dependent mechanism for vesicle replenishment should exist 
however. Also Tom1KO/KO hippocampal slice electrophysiology revealed decreased 
short-term synaptic recovery (Sakisaka et al., 2008) and enhanced paired-pulse 
depression is reported in tomosyn-deficient Drosophila NMJ (Chen et al., 2011). In 
these studies first evoked release is increased though. In addition, tomosyn homolog 
Sro7p is a known promoter of exocytosis in yeast (Lehman et al., 1999; Wadskog 
et al., 2006; Hattendorf et al., 2007; Rossi and Brennwald, 2011). All together, 
the data implies that tomosyn suppresses synaptic secretion in naive synapses, but 
exerts a positive effect on sustained synaptic release. For this, tomosyn’s inhibitory 
strength could be regulated such that it is reduced during prolonged activity. 
Several conceivable mechanisms involved are discussed below. 

4.1 Dead-end or intermediate complex formation by tomosyn and SNARE 
proteins
It is debated whether tomosyn bound to syntaxin/SNAP25 constitutes a dead-
end complex, incapable of producing trans-SNARE complexes between vesicle and 
plasma membrane, or whether it can be released and substituted by synaptobrevin 
without NSF-mediated disassembly of the tomosyn-SNARE complex (Pobbati et al., 
2004; Yamamoto et al., 2010a). In order for tomosyn to function as a negative 
regulator of release that can be quickly discharged upon increased demand, as our 
research suggests (Chapter 2 and 3), the latter would be most effective. Recently, 
synaptobrevin is shown to replace SNARE protein-bound tomosyn fragments in 
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liposome fusion assays. This could be regulated by intramolecular tail binding 
(Yamamoto et al., 2010a). Yeast tomosyn homolog Sro7p is a positive regulator of 
secretion in which C-terminal coiled coil layers -7 to -2 are not conserved (Pobbati 
et al., 2004). Lack of these layers may facilitate replacement of SNARE protein-
bound Sro7p by a synaptobrevin homolog, similar to what occurs in the presence of 
an N-terminal tomosyn fragment lacking a putative tail-binding motif (Yamamoto 
et al., 2010a) and a syntaxin/SNAP25 acceptor complex stabilizing C-terminal 
synaptobrevin fragment (Pobbati et al., 2006). Such a mechanism, in which 
tomosyn functions to stabilize t-SNARE complexes and its t-SNARE binding mode 
is regulated by tomosyn’s tail domain, could mediate its positive function during 
repetitive stimulation (Figure 1). The physiological relevance of this mechanism 
needs to be validated in a cellular environment, in which additional regulators are 
present and vesicle fusion is more tightly controlled. 

4.2 Involvement of Munc18 regulation by tomosyn in sustained release
Munc18 protein levels are rate-limiting for sustained release (Toonen et al., 2006). 
Reduced Munc18 levels in Tom1KO/KO neurons are therefore likely to contribute to 
the increased depression upon high frequency stimulation (Chapter 2). A functional 
competition between tomosyn and Munc18 has been reported (Fujita et al., 1998; 
Gladycheva et al., 2007; Gracheva et al., 2010). These two proteins could thus 
function together to regulate synaptic plasticity (Figure 1). Tomosyn levels are 
enhanced by retrograde neurexin/neuroligin signaling in C. elegans NMJ (Hu et 
al., 2012). Therefore, this cascade of events might eventually enhance presynaptic 
Munc18 levels and affect synaptic plasticity. Since this signaling pathway involves 
the transcription factor MEF-2, this is likely to be a slow pathway involved in long-
term plasticity that cannot account for the tomosyn-dependent enhancement of 
synaptic strength that was observed within seconds. It would be interesting to see 
whether Munc18 levels are indeed regulated in an activity-dependent manner. 
Reduced (active) Munc18 protein may contribute to the short-term synaptic recovery 
phenotype of tomosyn-1 deficient neurons, whereas the neurexin/neuroligin 
pathway may enhance Munc18 levels on a slower timescale.

4.3 Activity-dependent post-translational modifications
Post-translational SUMOylation and phosphorylation may regulate tomosyn’s 
inhibitory activity and thereby contribute to synaptic plasticity (Figure 1). Protein 
kinase A phosphorylates tomosyn at S724, which reduces its interaction with 
syntaxin and increases RRP size in superior cervical ganglion neurons (Baba et al., 
2005). Indeed, activity-induced synaptic plasticity involves PKA activation (Nguyen 
and Woo, 2003) and forskolin-induced enhancement of synaptic release depends 



141

G
EN

ER
A

L 
D

IS
C

U
SS

IO
N

Figure 1. Working model for SNARE complex formation and maturation initiating vesicle fusion. In this 

model, based on models proposed by de Wit et al. (2009) and Meijer et al. (2012), Munc18 (light 

blue) stabilizes both monomeric syntaxin (purple) and syntaxin/SNAP25 (teal) dimers. Syntaxin/

SNAP25 complexes allow vesicle docking by synaptotagmin-1 (yellow). Subsequent formation of 

a partially zippered syntaxin/SNAP25/VAMP2 (magenta) complex allows further coiled coil 

zippering and calcium-induced vesicle fusion upon demand. In an alternative route, (A) tomosyn 

(orange) competes with Munc18 for syntaxin binding, thereby competing for vesicle docking (Fujita 

et al., 1998; Gladycheva et al., 2007; Gracheva et al., 2010; Chapter 2). (B) Subsequent induction 

of tomosyn binding to synaptotagmin-1 (Yamamoto et al., 2010b) may facilitate docking. Since 

synaptotagmin-1 is not required for vesicular targeting of tomosyn (Chapter 4), other proteins could 

be involved (Protein X; green). Also, such an intermediate docking state might not occur at all. (C) 

An (activity-induced; Chapter 2 and 3) shift in tomosyn intramolecular tail binding mode, possibly 

mediated by phosphorylation (Baba et al., 2005) and/or SUMOylation events (Chapter 5), reduces 

N-terminal tomosyn coil binding (Yamamoto et al., 2009; Yamamoto et al., 2010a), (D) triggering 

N-terminal VAMP2 incorporation (Pobbati et al., 2006; Yamamoto et al., 2010a). (E) Competition 

with Munc18 allows further maturation and zippering of the SNARE complex, leading to vesicle fusion. 

Since tomosyn binding to synaptotagmin-1 is enhanced by calcium (Yamamoto et al., 2010b), this 

interaction may also be involved in downstream events. Furthermore, the intramolecular tail binding 

shift may additionally induce SNARE complex oligomerization and thereby further increase fusion 

probability. In the proposed model, tomosyn functions to constrain basal release probability and 

ensure the availability of spare vesicles that can be readily primed upon high demand using Munc18, 

guaranteeing reliable sustained release and fast synaptic recovery (Chapter 2 and 3).
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on tomosyn (Chen et al., 2011). Furthermore, tomosyn is subject to SUMO-2/3 
attachment and interacts with the E3 ligase PIASγ (Chapter 5). This SUMOylation 
event occurs a few amino acids downstream of PKA phosphorylation (K730) 
and alleviates tomosyn inhibition in PC12 cells independent of syntaxin binding 
(Williams et al., 2011). Therefore, tomosyn phosphorylation and SUMOylation 
may have additive effects on tomosyn activity. It is not yet known whether these 
post-translational modifications are influenced by each other, but given their close 
proximity it is conceivable that one facilitates the other. Furthermore, activity-
dependent phosphorylation of Munc18 via the PKC pathway elevates sustained 
release by decreased syntaxin binding affinity (de Vries et al., 2000; Barclay et 
al., 2003; Wierda et al., 2007). Possibly, a concerted PKC-induced reduction in 
Munc18 syntaxin binding affinity and PKA-induced reduction in tomosyn/syntaxin 
interaction during extended activity may facilitate Munc13-mediated progression of 
SNARE complex formation, tomosyn replacement by synaptobrevin and subsequent 
vesicle fusion. Reduced syntaxin binding by PKA-phosphorylated tomosyn could 
also increase the number of Munc18/closed syntaxin complexes and enhance 
vesicular tethering. All together, balanced activities of Munc18 and tomosyn by 
post-translational modifications could result in efficient synaptic recovery.

4.4 Significance of tomosyn-mediated SNARE complex oligomerization
Intramolecular binding of tomosyn’s tail domain may balance two tomosyn functions 
(Yamamoto et al., 2009; Yamamoto et al., 2010a): C-terminal-mediated inhibition 
of monomeric SNARE complex formation by competition with synaptobrevin (Masuda 
et al., 1998; Pobbati et al., 2004; Yamamoto et al., 2010a) and N-terminal 
WD40-mediated SNARE complex oligomerization (Sakisaka et al., 2008). Instead 
of being inhibitory (Sakisaka et al., 2008), SNARE complex oligomerization may 
positively affect fusion efficiency by increased SNARE complex stoichiometry 
(Mohrmann and Sørensen, 2012; Megighian et al., 2013). This could be important 
for an activity-dependent balance of tomosyn functions in which release inhibition 
by reduced monomeric SNARE complex formation can be relieved by switching to 
tomosyn-induced SNARE complex oligomerization upon higher demand (Chapter 
2 and 3). In line with such a mechanism, release probability from slowly releasing 
vesicles in Calyx of Held was suggested to increase during recovery in a calcium-
dependent manner (Sakaba and Neher, 2001). In order to determine whether 
and how tail domain regulated balance of various tomosyn functions could be 
involved in the establishment of sustained release, further research should indicate 
whether tomosyn-induced SNARE complex oligomerization occurs in vivo and how 
it affects release. Also, the possible activity/calcium-dependence of tomosyn N- or 
C-terminal intramolecular tail binding would have to be elucidated.
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Thus, regulation of tomosyn’s inhibitory strength might be important for presynaptic 
plasticity upon prolonged demand. Tomosyn disinhibition may be established by 
activity-dependent post-translational modifications and by regulation of intra/
intermolecular interactions. This could stimulate synaptic recovery by the release 
from previously inhibited vesicles, increased SNARE complex availability and/or 
enhanced SNARE complex stoichiometry (Figure 1). It is postulated that the number 
of release sites is more limiting than vesicle supply during sustained activity (Neher, 
2010).

5. RELEASE INHIBITION BY TOMOSYN IN VARIOUS MODEL SYSTEMS

5.1 Neuromuscular transmission is mediated by tomosyn in different model 
organisms
Tomosyn is a regulator of secretion in C. elegans (Dybbs et al., 2005; Gracheva 
et al., 2006; McEwen et al., 2006) and Drosophila (Chen et al., 2011) NMJs. Its 
involvement in neuromuscular transmission was found to be conserved in Tom2KO/KO 
mice (Chapter 3). The requirement of mammalian tomosyn-1 for neurotransmitter 
secretion in the NMJ is not yet examined. Tomosyn-1 is involved in synaptic release 
from mouse hippocampal mossy fiber terminals (Sakisaka et al., 2008). Tomosyn 
may thus be particularly important in the regulation of plasticity in strong synapses 
with a large safety margin on EPSP amplitudes, combined with efficient release 
during high-frequency bursts (Wood and Slater, 2001; Bischofberger et al., 2006; 
Mistry et al., 2011). During the course of evolution, such a specialized function in 
vesicle fusion may have evolved as a refinement of the overall positive secretory 
function of Sro7p to a supporting function only under certain conditions.

5.2 Spatial regulation of transmitter release from synaptic vesicles 
Enhanced release by tomosyn deficiency in C. elegans and Drosophila NMJ presents 
as significant prolongation of evoked currents, without (much) increase of EPSC 
amplitudes. Supposedly this is caused by affected release from more distal 
synaptic vesicles, as shown by electron microscopy analysis in C. elegans (Gracheva 
et al., 2006; McEwen et al., 2006; Chen et al., 2011). This could indicate either 
distal localization of tomosyn within the wildtype synapse or an artificial overflow 
of synaptic vesicles in tom-1 mutants because of saturation of the active zone. In 
Tom1KO/KO hippocampal mossy fiber slice electrophysiology, EPSP amplitudes are 
increased rather than prolonged (Sakisaka et al., 2008). Our data showed neither 
an increased amplitude nor prolongation of evoked release in Tom1KO/KO or Tom2KO/

KO hippocampal autaptic neurons or Tom2KO/KO neuromuscular transmission (Chapter 
2 and 3). Thus, intrasynaptic tomosyn localization may not be involved in the spatial 
regulation of vesicle fusion in mammalian neurons. Also differences in active zone 
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length, synapse size and morphology (Zhai and Bellen, 2004) or postsynaptic 
receptor abundance and saturation kinetics (Liu et al., 1999) could contribute to the 
differences in EPSC kinetics upon tomosyn deletion between species. Assessment of 
synaptic vesicle localization by electron microscopy in mammalian tomosyn deficient 
synapses will be informative in this matter. For now, there is no indication that 
spatial regulation of vesicular transmitter release by intrasynaptic distal tomosyn 
localization is a conserved property of mammalian synapses.

5.3 Tomosyn/Sro7p function in exocyst complex recruitment
As discussed in chapter 1, secretion deficits in yeast sro7p/sro77p mutants may 
not be (solely) caused by affected SNARE complex formation. Instead, a functional 
interaction of Sro7p/Sro77p with components of the exocyst complex machinery 
might be involved in its enhancement of vesicular targeting to the plasma membrane 
and secretion (Zhang et al., 2005; Grosshans et al., 2006). Hereby, Sro7p functions 
downstream of vesicular Sec4p Rab GTPase, but upstream/independent of Munc18 
homolog Sec1p. Furthermore, formation of a complex containing active Sec4p, 
Sro7p and SNAP25 homolog Sec9p in vitro suggests that Sro7p may function to 
facilitate exocyst targeting to the SNARE complex (Zhang et al., 2005; Grosshans 
et al., 2006). Interestingly, yeast myosin-V associates with both the exocyst complex 
(Jin et al., 2011) and Sro7p (Rossi and Brennwald, 2011), which could be important 
for targeted transport of secretory vesicles to sites of release.
A mammalian form of the exocyst complex is expressed in both neuronal as well 
as non-neuronal cells and shows conservation of SNARE protein binding (Hsu et 
al., 1996). The exocyst complex is involved in neurite outgrowth in Droshophila 
(Murthy et al., 2003) and rat hippocampal neurons (Dupraz et al., 2009), as well 
as maturation of the mammalian calyx of Held (Schwenger and Kuner, 2010). The 
exocyst complex may additionally be involved in synaptic plasticity by postsynaptic 
insertion of glutamate receptors (Sans et al., 2003; Gerges et al., 2006). Such a 
role for the exocyst complex in synaptic transmission is debated however, since 
disruption of the exocyst complex does not affect synaptic transmission in both 
Drosophila NMJ (Murthy et al., 2003) and rat calyx of Held (Schwenger and Kuner, 
2010). On the other hand, in rat hippocampal slice electrophysiology the exocyst 
complex is involved in glutamatergic synaptic transmission (Gerges et al., 2006). 
Despite dendritic expression of tomosyn in cultured mouse hippocampal neurons 
(Chapter 4), electrophysiological experiments in hippocampal knockout neurons 
did not indicate a postsynaptic function of tomosyn-1 or -2 in glutamatergic 
release from synaptic vesicles (Chapter 2 and 3). Also, the role of tomosyn in fast 
forms of plasticity (Chapter 2 and 3) is not likely explained by relatively slow 
postsynaptic receptor insertion. Importantly also, tomosyn does not co-localize with 
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the Sec6/8 exocyst complex in neuronal growth cones (Sakisaka et al., 2004). To 
further unravel tomosyn’s function in the mammalian nervous system, it would be 
interesting to see whether the exocyst interaction is conserved for tomosyn and 
whether this interaction is required for vesicular targeting of tomosyn (Chapter 4) 
or secretion of plasmalemmal precursor vesicles.

5.4 Involvement of tomosyn/Lgl/Sro7p in cell polarity
The involvement of Lgl/Sro7p in cell polarity could additionally be conserved for 
mammalian tomosyn, not only during embryogenesis (see 3.4), but in neuronal 
morphogenesis as well (Wang et al., 2011; Staples and Broadie, 2013). Similar to 
cell surface delivery of yeast sodium pumping ATPase Ena1p by Sro7p (Wadskog 
et al., 2006), tomosyn might mediate protein sorting at the Golgi and plasma 
membrane targeting of ion channels, receptors or release machinery components. 
These proteins may be clustered into specific organelles (Chapter 5) that could be 
transported by Sro7p/tomosyn interaction with for example Par-1 (Mandelkow 
et al., 2004; Elbert et al., 2005) or type V myosin (Bittins et al., 2010; Rossi and 
Brennwald, 2011). Thereby this could affect assembly of presynaptic release sites 
and postsynaptic receptor integration. 

All in all, several conclusions can be drawn from research in different model systems. 
First, tomosyn is involved in the secretion of vesicles from strong synapses, such 
as ACh release in the neuromuscular junction, in various organisms. Intrasynaptic 
spatial restriction of vesicular neurotransmitter release by tomosyn may not be 
a conserved property in the mammalian nervous system. Last, similar to tomosyn 
homologs Sro7p and Lgl, interaction with the exocyst complex and cellular polarity 
mechanisms may be important for mammalian tomosyn function.

6. DISEASE ASSOCIATION OF TOMOSYN FUNCTION

Disease associations of genetic variations in tomosyn were discussed in chapter 1. 
For example, tomosyn-1 has been associated with secretion of blood clotting von 
Willebrand factor, which explains the correlation of tomosyn-1 SNPs with bleeding 
symptoms in von Willebrand disease patients, as well as with cardiovascular 
risk (van Loon et al., 2010; Antoni et al., 2011; Smith et al., 2011; van Loon 
et al., 2012; Ye, 2012). The embryonic appearance of Tom2KO/KO mice and 
reduced blood coagulation time in surviving animals (Chapter 3) provide the 
first evidence of a possible role of tomosyn-2 in blood clotting. Additionally in 
Tom2KO/KO mice, behavioral analysis indicated clear muscle weakness and motor 
coordination defects, accompanied by hampered transmission in the NMJ (Chapter 
3). Therefore, tomosyn-2 mutations might contribute to disease in patients suffering 
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from neuromuscular disorders. Furthermore, tomosyn-2 mutations can be expected 
in schizophrenic patients, since disrupted prepulse inhibition was observed in 
Tom2KO/KO mice (Chapter 3) and is a common hallmark of schizophrenia (Braff et 
al., 2001). This thesis has therefore provided valuable new clues to link in particular 
tomosyn-2 with diseased phenotypes, which may help to identify causative disease 
mutations in the future.

7. CONCLUSIONS

Current literature shows that tomosyn is an inhibitor of release from different 
kinds of vesicles in various cell types by regulation of SNARE protein function. 
Little is known about the beneficial effect of such release inhibition. Also, data 
from the mammalian nervous system is scarce. This thesis aimed to clarify the 
function of mammalian tomosyn-1 and -2 specifically during development and 
secretion. Both isoforms were found to be important for embryonic development, 
but dispensable for neurite outgrowth in cultured neurons. Albeit in different 
synapses, tomosyn-1 and tomosyn-2 were both suggested to enhance release upon 
repetitive stimulation. Inhibition of basal release might contribute to this and thus 
serve to support sustained release. Furthermore, tomosyn-mediated inhibition may 
be relieved by activity-dependent post-translational modifications such as PKA-
induced phosphorylation and PIASγ-mediated SUMOylation, thereby enhancing 
release. Concerted modifications of Munc18 could additionally be involved. 
Tomosyn targeting to vesicular organelles may serve to transport the protein to 
sites of release, to inhibit off-site secretion and to capture vesicles at synapses. 
Functional differences between tomosyn-1 and -2 are likely to mainly evolve from 
their expression patterns. In line with neuromuscular transmission in C. elegans and 
Drosophila (Dybbs et al., 2005; Gracheva et al., 2006; McEwen et al., 2006; Chen 
et al., 2011), Tom2KO/KO behavioral and electrophysiological experiments pointed 
to the significance of this isoform for ACh secretion in the NMJ. 

8. FUTURE DIRECTIONS

Additional research is required to address issues of possible redundancy between 
the mammalian isoforms tomosyn-1 and -2, as well as amisyn and mammalian 
Lgl (Mgl), in neurite outgrowth and hippocampal synaptic transmission. Also, the 
role of mammalian tomosyn in exocyst-mediated processes has to be evaluated. 
Moreover, future experiments should elucidate the mechanisms behind tomosyn-
induced enhancement of sustained neurotransmitter release. For this, as discussed 
above, a few key questions need to be resolved. Does the tomosyn-SNARE complex 
function as an intermediate complex in which tomosyn can be rapidly replaced 
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by synaptobrevin, thereby facilitating release? Can tomosyn’s inhibitory strength 
be regulated by post-translational modifications in an activity-dependent manner 
and (how) do they relate to each other? How does tomosyn regulate Munc18 
levels and what are the implications for synaptic plasticity? What is the significance 
of tomosyn-mediated SNARE complex oligomerization and does it compete with 
tomosyn-mediated monomeric SNARE complex assembly by intramolecular tail-
binding interactions? Is tomosyn’s positive function in sustained release related to 
yeast Sro7p function? Another standing issue is whether mammalian intrasynaptic 
tomosyn localization outside of the active zone restricts vesicle fusion spatially, 
as was shown for C. elegans. Furthermore, it would be interesting to examine the 
mechanisms and implications of vesicular tomosyn targeting. How does it tether 
to vesicles? Does it function to efficiently transport tomosyn together with other 
release machinery components? Does it affect the probability and place of (large 
dense-core) vesicle fusion? Does it help in recruitment of vesicles to release sites? 
This knowledge will be instrumental to improve our understanding of secretion 
events in health and disease, not only in synaptic functioning, but also in (neural) 
development and endocrine secretion.


