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Vtila identifies a vesicle pool that preferentially recycles at rest
and maintains spontaneous neurotransmission
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Summary

Recent studies suggest that synaptic vesicles (SVs) giving rise to spontaneous neurotransmission
are distinct from those that carry out evoked release. However, the molecular basis of this
dichotomy remains unclear. Here, we focused on two non-canonical SNARE molecules, Vps10p-
tail-interactor-1a (vtila) and VAMPY7, previously shown to reside on SVs. Using simultaneous
multicolor imaging at individual synapses, we could show that compared to the more abundant
vesicular SNARE synaptobrevin, both vtila and VAMP7 were reluctantly mobilized during
activity. Vtila, but not VAMP7, showed robust trafficking under resting conditions which could
be partly matched by synaptobrevin. Furthermore, loss of vtila function selectively reduced high
frequency spontaneous neurotransmitter release detected postsynaptically. Expression of a
truncated version of vtila augmented spontaneous release more than full-length vtila, suggesting
an autoinhibitory process regulates vtila function. Taken together, these results support the
premise that in its native form vtila selectively maintains spontaneous neurotransmitter release.

Introduction

Spontaneous neurotransmitter release is a salient feature of all presynaptic nerve terminals
(Fatt and Katz, 1952). Recent studies have shown that these action potential (AP)
independent release events are essential regulators of synaptic homeostasis in terms of both
presynaptic release rate and postsynaptic sensitivity (Aoto et al., 2008; Frank et al., 2006;
Lee et al., 2010; Sutton et al., 2006; Sutton et al., 2007). Moreover, there is growing
evidence that postsynaptic receptors and signaling elements that respond to spontaneous
release events diverge from those that respond to evoked release (Atasoy et al., 2008; Sara et
al., 2011; Sutton et al., 2007), suggesting a spatial segregation of the two forms of
neurotransmission (Zenisek, 2008). Furthermore, a number of studies have provided
evidence that presynaptic vesicle populations giving rise to spontaneous release are distinct
from those that carry out AP driven neurotransmission (Chung et al., 2010; Fredj and
Burrone, 2009; Mathew et al., 2008; Sara et al., 2005; Virmani et al., 2005). However, this
notion remains controversial as some studies have provided contradictory results (Groemer
and Klingauf, 2007; Hua et al., 2010; Wilhelm et al., 2010). In the absence of molecular tags
that identify a functionally distinct subpopulation of synaptic vesicles, it is difficult to
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ascertain whether these observations disagree in substance, or are merely due to vagaries of
distinct experimental settings (Chung et al., 2010; Groemer and Klingauf, 2007; Prange and
Murphy, 1999; Sara et al., 2005). Lack of molecular insight into this putative functional
heterogeneity also renders the examination of specific signaling consequences of
spontaneous release independent of other forms of neurotransmission difficult (Kavalali et
al., 2011; Ramirez and Kavalali, 2011).

Synaptobrevin2 (syb2), a key vesicular SNARE essential for all forms of neurotransmission
in the CNS, is widely distributed among all vesicle pools as its absence gives rise to deficits
in evoked and spontaneous neurotransmission (Schoch et al., 2001). However, in contrast to
the nearly complete ablation of Ca?*-dependent evoked release, some spontaneous
neurotransmission as well as other forms of release remain intact after loss of syb2,
suggesting a role of alternative non-canonical vesicular SNARES in the maintenance of
certain forms of neurotransmission (Bhattacharya et al., 2002; Deitcher et al., 1998; Hua et
al., 1998; Schoch et al., 2001). Several other SNARES with a domain structure similar to
that of syb2 are expressed at low levels on SVs, including VAMP4, VAMP7 and vtila
(Antonin et al., 2000b; Muzerelle et al., 2003; Scheuber et al., 2006; Takamori et al., 2006).
Non-canonical SNARES represent an attractive possibility to mediate specific forms of
neurotransmission; indeed, recent studies implicate VAMP7 in the regulation of
asynchronous and spontaneous release at the mossy fiber terminals (Scheuber et al., 2006).
Additionally, the secretagogue o-latrotoxin can augment resting levels of release without
relying on the canonical SNARE machinery components, implying that a separate
complement of molecules may support spontaneous transmission (Deak et al., 2009).

Vtila is a mammalian homolog of the yeast Q-SNARE vtilp, which is involved in transport
between the endosome and the trans-Golgi network (Fischer von Mollard and Stevens,
1998). In neurons, vtila is localized to cell bodies as well as presynaptic terminals, and a
splice variant of this protein is enriched in purified SVs (Antonin et al., 2000b; Takamori et
al., 2006). Although vtila is not present in complex with the other classical SNAREs
mediating SV fusion (syb2, SNAP-25, and syntaxin-1), it was shown to participate as a Qb-
SNARE in complex with VAMPA4, syntaxin-6, and syntaxin-13 (Antonin et al., 2000b;
Kreykenbohm et al., 2002). Vtila has been shown to participate in the recycling of SVs
(Hoopmann et al., 2010), however, little is known of its role in synaptic transmission.

VAMP7, also known as tetanus toxin-insensitive VAMP (T1-VAMP), is a member of the
longin subfamily of R-SNAREs. It is present predominantly in the Golgi apparatus,
endosomes and lysosomes (Advani et al., 1998). In developing neurons, VAMP7 is
localized to growth cones and regulates neurite outgrowth (Martinez-Arca et al., 2000).
VAMPY7 is expressed throughout the adult brain, typically in somatodendritic compartments,
but is found in presynaptic terminals, most notably in hippocampal dentate granule cells
(Muzerelle et al., 2003).

In this study, we focused on vtila and VAMP7 and found that although both SNARES are
refractory to rapid mobilization during evoked stimulation, vtila preferentially traffics under
resting conditions. Further experiments showed that gain- and loss-of-function of vtila
results in up- and down-regulation of spontaneous event frequency, respectively. Our results
support the notion that vtila selectively maintains spontaneous neurotransmitter release in
its native form.
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The distribution and trafficking of pHluorin-tagged VAMP7 and vtila in hippocampal

neurons

The lentiviral constructs encoding pHIuorin-tagged syb2, vtila and VAMP7 used in these
studies are depicted in Figure 1A. Attachment of the pHIuorin moiety at the SNARE C-
terminus allows for visualization of SV trafficking because vesicular exocytosis results in
pHIuorin dequenching upon exposure to extracellular milieu (Miesenbock et al., 1998).
Work from our laboratory has previously demonstrated that attachment of a GFP analog to
the C-terminus of syb2 does not affect its function (Deak et al., 2006).

We confirmed the presynaptic vesicle localization of native vtila and vtila-pHluorin by
immuno-electron microscopy (Figure 1B). The relative distributions of pHIluorin-tagged
vtila and VAMPY on the cell surface and in internal compartments were assessed by
modification of external and internal pH and compared to the distribution of the pHluorin-
tagged version of syb2 (synaptopHIluorin). Figure 1C shows traces from experiments where
we quantified changes in synaptic fluorescence relative to baseline (at pH 7.4) after bath
application of pH 4 external solution and NH4CI. Syb2-pHluorin shows significant
fluorescence at the surface and in internal compartments, consistent with earlier reports
(Wienisch and Klingauf, 2006). Vtila-pHIluorin shows a similar distribution, suggesting this
protein may also engage in synaptic vesicle recycling. VAMP7-pHIluorin was expressed at
lower levels in synaptic boutons compared to the other proteins examined, as evidenced by
~10 fold lower raw fluorescence intensity values after NH4Cl application. VAMP7-pHluorin
is predominantly expressed in internal compartments as shown by a relatively larger
fluorescence change in response to NH,4CI application compared to pH 4 external solution.
Figure 1D depicts average data from multiple experiments.

We next examined the abilities of pHIuorin-tagged syb2, vtila and VAMP7 to undergo
activity-dependent trafficking. As shown in Figure 1E, 400 APs given at 20 Hz to neurons
expressing syb2-pHluorin elicited a substantial increase in fluorescence coincident with SV
exocytosis. The same stimulation produced little increase in fluorescence in neurons
expressing pHluorin-tagged vtila or VAMP7, suggesting SVs containing these proteins
show limited exocytosis in response to 20 Hz stimulation. In Figure 1F, the rising slopes of
the fluorescence signal during 20 Hz stimulation were quantified from multiple independent
experiments. Figure 1G shows average normalized peak fluorescence data. Approximately
20% of the total syb2-pHIluorin molecules were exocytosed in response to 20 Hz
stimulation, whereas about 5% of vtila- or VAMP7-pHIuorin molecules were exocytosed in
response to the same stimulation. These results suggest that a large fraction of vtila and
VAMPY reside in a resting pool, and that the vesicles containing the small proportion of
vtila and VAMPY that exocytose in response to activity do so with significantly slower
kinetics than syb2-pHluorin. These results agree with a recent study which demonstrated
that a fraction of vtila traffics on SVs as opposed to endosomes (Hoopmann et al., 2010).

The contribution of endocytosis to vtila-pHluorin trafficking during 20 Hz stimulation was
assessed by measuring fluorescence changes in the same synapses before and after treatment
with the vacuolar ATPase inhibitor, folimycin. This compound prevents re-acidification of
endocytosed vesicles (Drose and Altendorf, 1997) and therefore permits continued
visualization of fused vesicles. We found that vtila does not participate in rapid SV
endocytosis during stimulation, because folimycin treatment did not reveal any increase in
vtila-pHIuorin fluorescence compared to the same synapses imaged prior to treatment
(Figure S1).
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Vtila preferentially traffics at rest

Next, we measured trafficking of vesicles containing pHluorin-tagged syb2, vtila, or
VAMP7 during both spontaneous and evoked transmission using folimycin. Treatment with
this compound allows the small cumulative increases in fluorescence due to spontaneous
transmission or mild evoked stimulation to be detected (Atasoy et al., 2008). As shown in
Figure 2A, in 2 mM external Ca2*, syb2- and VAMP7-pHIuorin fluorescence signals
increased minimally at rest, indicating that these proteins show only modest levels of
spontaneous trafficking. These data are consistent with previous work showing syb2
mediates a portion of spontaneous release (Schoch et al., 2001). In contrast to its
insensitivity to folimycin treatment during stimulation, vtila exhibited a substantial
fluorescence increase at rest, suggesting spontaneously released vesicles contain abundant
vtila. After 10 min. of imaging at rest, the neurons were subjected to 300 APs at 1 Hz in the
same external solution. As expected, the rate of syb2 fluorescence change increased
dramatically due to the stimulation-dependent exocytosis of syb2 containing vesicles. In
contrast, the slope of fluorescence increase for vtila decreased slightly during stimulation
compared to the measurements at rest, whereas the slope for VAMP7 increased only
slightly, suggesting little evoked release of vesicles containing vtila and/or VAMP7. The
slope of fluorescence increase at rest for vtila is significantly higher than that of syb2,
whereas the slope during 1Hz stimulation for syb2 is significantly higher than that of vtila
(Figure 2B). These results confirm that little vtila is trafficked during evoked transmission,
and suggest that vtila is preferentially trafficked at rest. While these experiments utilized a
full-length pHIuorin-tagged version of vtila, a longer alternative splice variant of the
protein, designated vtila-p, is reportedly enriched in synaptic terminals (Antonin et al.,
2000b). We confirmed the subcellular localization and trafficking behaviors of vtila-p at
rest and with stimulation and found no differences between vtila-p and full-length vtila
(Figure S2). Spontaneous trafficking of vtila was also observed under similar conditions in
the presence of tetrodotoxin (TTX) to block APs (Figure S3). Only small amounts of
VAMP7 are mobilized during either spontaneous or evoked transmission.

Next, we repeated this experiment in 8 mM external Ca2* to augment the rate of
spontaneous transmission (Atasoy et al., 2008) and investigate possible Ca2* regulation of
vtila-mediated spontaneous transmission. In the presence of elevated extracellular Ca2*,
syb2 trafficking was increased during both spontaneous and evoked transmission. Again,
although the rate of the fluorescence increase for vtila at rest is similar to those of syb2, the
rate for vtila during stimulation is slower than that of syb2 (Figure 2D-F). This result could
indicate Ca2*-sensitivity of vtila trafficking at rest and confirms the relative lack of vtila
trafficking during evoked transmission.

Simultaneous dual color imaging of vesicular SNARE dynamics at individual synaptic

boutons

In order to assess the trafficking behaviors of syb2 and vtila or VAMP7 in the same
boutons, we performed experiments using a dual-color confocal imaging technique. Figure
S4A depicts a diagram of the construct encoding syb2 tagged with a pH-sensitive variant of
dsRed, mOrange (Shaner et al., 2004). Panels S4B-M show images of neurons expressing
both syb2-mOrange and pHluorin-tagged syb2, VAMP7 or vtila after NH4Cl treatment as
well as intensity plots for each image. Syb2-mOrange co-localized in synaptic boutons
(white arrows, Panels S4D, H, and L) with syb2-, VAMP7-, and vtila-pHluorin as indicated
by Pearson correlation values greater than 0.5.

We monitored the simultaneous trafficking of syb2 and vtila or VAMPY in the same
boutons by co-expressing syb2-mOrange and pHIuorin-tagged vtila or VAMP7. The results
of typical experiments are shown in Figure 3A-C. The increased fluorescence of syb2-
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mOrange upon 20 Hz stimulation represents approximately 30% of the total syb2-mOrange
present in the boutons examined. In the same boutons, about 10% of the total vtila-pHIluorin
molecules and 20% of the total VAMP7-pHIuorin molecules exhibited increased
fluorescence upon stimulation. These results are consistent with the previous experiments
(Figure 1D-F) and imply that SVs containing vtila and syb2 are found in the same bouton
but represent separate vesicle pools. Furthermore, these experiments provide additional
evidence that vesicles containing vtila are refractory to stimulation-dependent exocytosis.
Data from multiple experiments are quantified in Figure 3D.

Next, we imaged neurons expressing syb2-mQOrange and vtila-pHluorin in external solution
containing 2 or 8 mM CacCl, and folimycin at rest and during a 90 mM KCI stimulation. The
results of typical experiments are shown in Figures 4A (2 mM CaCl,) and 4D (8 mM
CacCly). Similar to previous experiments (Figure 2), vesicles containing both syb2 and vtila
exhibited substantial fusion at rest. Further increases in syb2 fluorescence were seen during
the 90 mM KClI treatment, indicative of evoked release, but were minimal in the case of
vtila at the same synapses. These results are quantified in the presence of 2 mM CaCl, and
8 mM CaCl, (Figure 4B, E). The inset depicts a sample graph indicating where the slope
values were calculated. The differences between syb2 and vtila slope values during
chemical stimulation are significant in both 2 mM and 8 mM extracellular Ca%*. Figures 4C
and 4F depict the cumulative data as a percent of total internal fluorescence after NH4CI
application. The inset depicts a sample graph indicating how the changes in fluorescence
were calculated. The percentage of vtila residing in internal compartments released during
90 mM K™ stimulation is significantly less than that of syb2 in both 2 mM and 8 mM CaCls.
The percentage of vtila molecules that are trafficked at rest is significantly more than syb2
in the presence of 2 mM extracellular Ca2*, but the spontaneous trafficking of syb2 and
vtila are approximately equal in the presence of elevated extracellular Ca2*, corroborating
earlier results (Figure 2). These results show that the majority of vtila trafficking occurs at
rest, and even with strong elevated K* stimulation, vtila containing vesicles are released at a
lower rate compared to those containing syb2. Furthermore, the simultaneous visualization
of syb2 and vtila trafficking during the 90 mM K* stimulation strongly suggests these
proteins largely reside in different vesicular pools. We next assessed the simultaneous
trafficking of VAMP7-pHIuorin and syb2-mOrange. In experiments like those described for
vtila, syb2-mOrange was expressed in the same neurons as VAMP7-pHIuorin and their
spontaneous and evoked trafficking was measured simultaneously. Syb2-mOrange trafficked
robustly both at rest and with 90 mM K* stimulation, but significantly less VAMP7
trafficking was observed under either condition (Figure S5). These results are comparable to
earlier findings (Figure 2). While we did not observe robust mobilization of VAMP7-
pHIuorin either at rest or with stimulation, in contrast to Hua and colleagues (Hua et al.,
2011), this is likely a result of the autoinhibitory actions of the longin domain, which was
present in our full-length VAMP7 construct. Still, a measurable amount of VAMP7-
pHIuorin trafficking was seen in the same synapses as syb2-mOrange, which agrees well
with the basic finding of their report that VAMPY7 is targeted to a subpool of SVs.

In light of recent work showing a role of endosomal sorting in SV recycling (Hoopmann et
al., 2010), we evaluated the overlap between the trafficking behaviors of vtila and two bona
fide endosomal markers, transferrin receptor (TfR) (Kennedy et al., 2010) and syntaxin-6
(Rizzoli et al., 2006) (Figure S6). TfR and syntaxin-6 showed limited spontaneous
trafficking in synapses compared to vtila. Thus, although vtila resides in endosomes
(Antonin et al., 2000a; Bethani et al., 2009; Kunwar et al., 2011) in addition to its presence
on SVs (Antonin et al., 2000b; Takamori et al., 2006), endosomal fusion seems unlikely to
contribute to the fluorescence increases seen at rest with vtila-pHIluorin or -mOrange,
supporting the notion that vtila functions in the spontaneous release of bona fide SVs.
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Endogenous levels of vtila correlate with the degree of spontaneous vesicle recycling
detected at individual presynaptic terminals

To visualize spontaneously recycling SVs, we labeled live neurons with anti-
synaptotagmin-1 (sytl) lumenal domain antibodies in the presence of TTX then
immunostained for endogenous vtila (Figure 4G). Representative images and an intensity
plot are shown in Figures 4H-K. In the merged image, many vtila-positive puncta
colocalized with lumenal sytl staining as shown by the white arrows. We found a strong
positive correlation between the intensity of sytl staining and native vtila staining (mean
Pearson correlation = 0.66 + 0.02 from 14 images). This finding confirms that native vtila is
localized to spontaneously recycling SVs, as indicated by our previous experiments utilizing
vtila-pHIuorin. Furthermore, we were able to visualize both the native and pHIuorin-tagged
versions of vtila at the ultrastructural level within presynaptic terminals, in a pattern
consistent with a vesicular localization (Figures 1, S7). Both endogenous vtila and vtila-
pHIluorin were associated with vesicular structures with an average diameter of 35-40 nm,
consistent with the reported diameter of synaptic vesicles (Harris and Sultan, 1995).
Together, these immunostaining data confirm the presence of vtila on SVs (Antonin et al.,
2000b; Takamori et al., 2006), establish the validity of studying trafficking behaviors of the
pHIluorin-tagged version of vtila, and further support the notion that vtila traffics at rest.

Knockdown of vtila selectively impairs spontaneous neurotransmission

The experiments presented so far describe the novel trafficking behaviors of vtila, in which
vesicles containing this protein are specifically mobilized at rest, presumably during
spontaneous neurotransmission, but only reluctantly during a variety of evoked stimulation
paradigms. As a first step to validate this premise, miniature (mIPSCs) and evoked
inhibitory postsynaptic currents were recorded from neurons in which the expression of
vtila was knocked down. Figure 5A depicts a schematic of the short hairpin RNA (shRNA)
construct used to knock down vtila. A representative immunoblot of neuronal protein
samples harvested from cells expressing shRNAs directed against vtila (vtila-1 KD and
vtila-3 KD) is shown in Figure 5B. Both shRNAs effect a substantial knockdown of vtila
protein levels. Reduced levels of vtila do not cause compensatory changes in expression of
the closely related protein, vtilb. Evoked inhibitory responses were measured from neurons
expressing vtila-1 KD, vtila-3 KD, and L307. Figure 5C depicts representative traces from
a stimulation train consisting of 50 APs given at 10 Hz. Average amplitudes for each
response in the train are shown in Figure 5D. The inset shows paired-pulse ratios from the
same recordings. No differences were seen in the peak amplitudes or paired-pulse ratios
among neurons expressing L307, vtila-1 KD, or vtila-3 KD, showing that vtila does not
affect evoked inhibitory release. Next, mIPSCs were recorded from neurons expressing
vtila-1 KD, vtila-3 KD, and L307. Representative mIPSC traces are shown in Figure 5E.
Cumulative probability histograms of mIPSC inter-event intervals are shown in Figure 5F.
Vtila knockdown selectively impairs high-frequency spontaneous transmission at low inter-
event intervals, as shown by lower cumulative probabilities in recordings from neurons
infected with vtila-1 KD and vtila-3 KD compared to L307-infected neurons. The decrease
in mIPSC frequency detected after vtila knockdown can be completely rescued by co-
expression of vtila-pHIluorin (Figure S8). Finally, mEPSCs were recorded from neurons
expressing vtila-1 KD, vtila-3 KD and L307 (Figure 5G). Similar to the results seen in
measurements of spontaneous inhibitory transmission, a reduction in the cumulative
probability of high-frequency spontaneous excitatory events is observed in neurons in which
vtila expression is reduced (Figure 5H). Neither mIPSC nor mEPSC amplitudes recorded
from neurons expressing vtila-1 KD or vtila-3 KD were significantly different from L307-
infected neurons (MIPSC: L307=29.9 + 3.5 pA, vtila-1 KD=38.2 + 2.8 pA, p=0.07, vtila-3
KD=21.8 + 2.5 pA, p=0.08; mEPSC L307=32.9 £ 3.7 pA, vtila-1 KD=26.8 + 2.5 pA,
p=0.21, vtila-3 KD= 26.7 + 5 pA, p=0.38). Collectively, these results reveal a specific role
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for vtila in spontaneous transmission, corroborating the optical imaging results described
above.

Expression of a truncated version of vtila augments spontaneous release

To investigate whether vtila could exert a gain-of-function effect on spontaneous release
rate detected postsynaptically, we next assessed the effect of expression of vtila-pHluorin
and a pHIluorin-tagged mutant protein lacking the N-terminal region before the SNARE
motif, AN vtila, on spontaneous transmission. We chose to study this mutant vtila due to
this protein’s domain homology to VAMP7 and other longins, whose N-termini are known
to negatively regulate SNARE complex formation (Pryor et al., 2008; Tochio et al., 2001). A
schematic diagram of the AN vtila-pHIuorin protein structure is shown in Figure 6A. As
with full-length vtila-pHluorin (Figures S4J-M), AN vtila-pHIluorin colocalizes with syb2-
mOrange in punctate structures reminiscent of synaptic terminals (Figures 6B—6E). We
characterized the subcellular localization and trafficking behaviors of the AN vtila-pHIuorin
mutant using bath application of acidified and NH4Cl-containing extracellular solution as in
Figure 1B (Figure 6F, G). Deletion of the N-terminal portion of vtila shifts the distribution
of the mutant protein towards the surface. AN vtila-pHIuorin exhibits trafficking behavior
during spontaneous and evoked transmission similar to that of full-length vtila (Figures 6H
and 61, see also 2A and 2B). An increase in AN vtila-pHIluorin fluorescence was seen at rest
in the presence of 2 mM CaCl, and folimycin, but no further increase was seen upon 1 Hz
stimulation. A small increase in fluorescence was seen after NH4Cl treatment, representative
of AN vtila-pHluorin residing in internal compartments. We next recorded mIPSCs from
uninfected neurons or neurons expressing full-length vtila- or AN vtila-pHluorin.
Representative traces are shown in Figure 6J and cumulative probability histograms of the
inter-event intervals are shown in Figure 6K. Significant increases were seen in mIPSC
frequency in neurons expressing either wild-type or AN vtila-pHluorin, and this difference
was greatest at low inter-event intervals, consistent with the results of the vtila knockdown
studies (Figure 5E-H). The effect of AN vtila-pHIuorin expression was greater than that of
the wild-type protein, consistent with the notion of an autoinhibitory function of the N-
terminal portion of vtila. No significant differences were seen in average mIPSC amplitude
between wild-type neurons and those expressing vtila- or AN vtila-pHIuorin (wild-type =
37.8 £ 5.3 pA, vtila=40.1 £ 3.3 pA, p=0.72, AN vtila= 38 + 3.8 pA, p=0.98). Similar
results were seen with spontaneous excitatory transmission. Sample traces of recordings
from uninfected neurons or neurons expressing full-length vtila- or AN vtila-pHluorin are
shown in Figure 6L. Cumulative probability histograms of the inter-event intervals are
shown in Figure 6M. Although expression of full-length vtila has little effect on mEPSC
frequency, expression of AN vtila-pHIluorin robustly increases the probability of high-
frequency spontaneous events. Differences seen in average mEPSC amplitudes between
wild-type neurons and those expressing vtila- or AN vtila-pHIuorin were significant (wild-
type = 25.6 £ 1.4 pA, vtila=20.2 £ 0.9 pA, p=0.005, AN vtila= 35.06 £ 3.9 pA, p=0.03)
suggesting a potential postsynaptic effect of vtila or a possible consequence of alterations in
spontaneous glutamate release. These data complement the loss-of-function studies
described above and support a specific role for vtila in meditating spontaneous
transmission. Additionally, the data suggest an autoinhibitory function for the N-terminus of
vtila.

Spontaneous trafficking of vtila persists in the absence of syb2

Our current data suggest a specific role for vtila in spontaneous neurotransmission, as well
as the presence of this SNARE on a pool of vesicles distinct from those containing syb2. To
address whether vtila traffics independently of syb2, we monitored the spontaneous
trafficking of vtila-pHIluorin in syb2 knockout (KO) neurons. As a control, syb2-pHluorin
trafficking was monitored in separate cultures of syb2 KO neurons. An averaged time course
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from multiple experiments is shown in Figure 7A. No differences were found between syb2-
and vtila-pHluorin trafficking in the average slope values of the increase in fluorescence at
rest (Figure 7B) or the percent of total fluorescence generated during spontaneous activity
normalized to the total protein levels visualized after NH4ClI treatment (Figure 7C). These
findings strongly argue that vtila is localized to a pool of vesicles distinct from those
containing syb2, which is mobilized at rest. Next, we measured mIPSCs in uninfected syb2
KO neurons or those expressing full-length or AN vtila-pHluorin together with wild-type
littermate control cultures. Sample traces are shown in Figure 7D, and frequency data from
multiple recording are quantified in Figure 7E. As previously reported, syb2 KO neurons
exhibit significantly decreased mIPSC frequency compared to littermate controls (Schoch et
al., 2001). Vtila-pHIuorin expression has no effect on mIPSC frequency in syb2 KO
neurons, whereas AN vtila-pHIluorin expression dramatically increases mIPSC frequency,
similar to the results shown for wild-type neurons (Figures 6J, 6K). Next, we assessed the
effect of vtila knockdown in the absence of syb2. In Figure 7F, sample mIPSC traces of
uninfected syb2 KO neurons or those infected with vtila-1 KD or vtila-3 KD are depicted.
Although syb2 KO neurons exhibit reduced mIPSC frequency compared to wild-type
neurons (see panel E), knockdown of vtila essentially abolished the remaining spontaneous
neurotransmission seen in these neurons. Cumulative histogram data from multiple
recordings are presented in Figure 7G and show significantly decreased mIPSC frequency in
syb2 KO/vtila knockdown neurons compared to uninfected syb2 KO neurons. Vtila
knockdown did not affect average mIPSC amplitudes in the absence of syb2 (syb2 KO =
15.84 £ 1.57 pA, syb2 KO/vtila-1 KD = 12.55 + 0.99 pA, and syb2 KO/vtila-3 KD = 16.22
+ 2.31 pA). While knockout of syb2 impairs most evoked synaptic vesicle trafficking
(Schoch et al., 2001), we show that the functional impact of vtila (as judged by fluorescence
imaging as well as electrophysiology) is identical to its properties seen in wild-type
synapses. These findings argue for a direct executive function of vtila in spontaneous
release that is independent of syb2.

Discussion

At central synapses, syb2 is the predominant vesicular SNARE that ensures rapid execution
and fidelity of fusion reactions (Schoch et al., 2001). However, loss-of-function studies of
syb2 as well as other key SNARES involved in fusion suggest a parallel pathway, possibly
involving non-canonical SNARES typically implicated in constitutive vesicle trafficking,
may mediate fusion and recycling of a subset of vesicles (Bronk et al., 2007; Deak et al.,
2004; Schoch et al., 2001; Washbourne et al., 2002). Recent observations that vesicles
giving rise to evoked and spontaneous neurotransmitter release may originate from distinct
pools (Chung et al., 2010; Fredj and Burrone, 2009; Sara et al., 2005), taken together with
the finding that this distinction is largely lost in syb2 deficient synapses (Sara et al., 2005),
prompted us to survey non-canonical SNARES shown to be resident on SVs (Takamori et
al., 2006) that may selectively sustain spontaneous release.

Fluorescence imaging experiments revealed that both vtila and VAMP7 were capable of
trafficking at rest. Vtila, however, possessed a more prominent intracellular pool and more
robust trafficking at rest compared to VAMP7. These results are consistent with the
subcellular localizations of syb2-, vtila-, and VAMP7-pHIluorin revealed by manipulation of
intracellular and extracellular pH values (Figure 1) insofar as significant amounts of
spontaneous vesicle trafficking are expected to drive the surface exposure of a larger
fraction of synaptic vesicle proteins. Vesicles containing vtila or VAMP7 showed relatively
reluctant responses to AP evoked stimulation compared to swift mobilization of syb2-
containing vesicles during evoked neurotransmission. These differences were more
pronounced during elevated K+ induced depolarization, a strong stimulation paradigm that
typically mobilizes all recycling pool vesicles in central synapses (Harata et al., 2001). A
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key advantage of our fluorescence imaging approach was the use of dual color imaging,
which enabled us to compare mobilization kinetics of vtila and VAMP7 to the canonical
trafficking of syb2 at individual synapses. Kinetic differences detected between syb2 and
these non-canonical SNAREs are hard to reconcile with a single pool model and support the
notion that these molecules largely reside in distinct populations of vesicles. Our findings
are consistent with a recent report identifying the specific targeting of VAMP?7 to the resting
vesicular pool (Hua et al., 2011).

The trafficking properties of vtila correspond well with several key features of the putative
spontaneously recycling SV pool described in earlier studies (Sara et al., 2005). Vesicles
containing vtila robustly fuse in the absence of AP stimulation, but remain largely
refractory to low frequency AP activity. However, these vesicles can be partly, albeit
reluctantly, mobilized during higher frequency stimulation as well as elevated K*
stimulation. Therefore, the molecularly specific analysis we present here suggests that
spontaneously recycling SVs are not unresponsive to activity per se, but require higher
intensities of stimulation and Ca2* influx to trigger measurable synaptic responses. The
properties of vesicle trafficking mediated by vtila, therefore, also highly resemble the type
of synaptic activity that can be detected in nascent synaptic terminals connecting immature
neuronal populations (Mozhayeva et al., 2002).

At the cellular level, spontaneous release can be detected at a wide frequency spectrum. This
broad range may reflect the higher spontaneous release probability of some synapses due to
heterogeneities in spontaneous release machineries as well as fluctuations in intraterminal
Ca?* levels (Abenavoli et al., 2002; Llano et al., 2000; Xu et al., 2009). In our experiments,
the decrease in vtila levels via ShRNA- mediated knock down had a strong impact on the
high frequency, short inter-event interval component of release, which is consistent with the
robust spontaneous trafficking of vtila. Moreover, the impact of vtiala on
neurotransmission was detectable in both excitatory and inhibitory synapses.

Negative regulation of SNARE complex formation by intramolecular binding of the longin
domain with the SNARE motif has been shown for the longin Ykt6 (Tochio et al., 2001),
and suggested for VAMP7 (Pryor et al., 2008). In our experiments, expression of truncated
vtila triggered a prominent augmentation of baseline levels of spontaneous release detected
electrophysiologically, suggesting the existence of a mechanism that may circumvent
potential autoinhibition of vtila, akin to earlier proposals of VAMP7 as well as syntaxinl
function (Dulubova et al., 1999; Pryor et al., 2008). Indeed, VAMP7-pHluorin lacking the
longin domain has an increased rate of spontaneous exocytosis compared to full-length
VAMP7 (Hua et al., 2011).

In earlier studies, individual knockouts of vtila and vtilb did not reveal significant
phenotypes, whereas the double knockout of these proteins triggered severe abnormalities in
neuronal development (Atlashkin et al., 2003; Kunwar et al., 2011). Well-characterized roles
of these proteins in constitutive endosomal trafficking may complicate the evaluation of
their loss-of-function phenotypes with respect to their specific role in synaptic transmission.
Nevertheless, the sShRNA-based loss-of-function experiments showed a specific reduction in
spontaneous release, indicating that ShRNA-based knockdown of vtila can provide insight
into synaptic role(s) of vtila without compromising neuronal survival. Typically, incomplete
reductions in SNARE proteins do not result in discernable phenotypes as these proteins are
present in excess quantities beyond minimum requirements (Bethani et al., 2009), therefore
it is noteworthy that in our hands knockdown of vtila gave rise to a distinct synaptic
phenotype. This finding suggests that the amount of vtila present on vesicles may encode a
rate limiting step regulating levels of spontaneous release. At the level of the whole
organism, a selective deficit in spontaneous neurotransmitter release may not give rise to an
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overt phenotype. For instance, mice that lack double C2 domain 2b (doc2b) show a specific
deficit in Ca2*-dependent regulation of spontaneous release without overt alterations in
behavior (Groffen et al., 2010; Pang et al., 2011). However, spontaneous release deficits in
doc2b knockouts and those potentially associated with vtila or vtilb single knockouts may
lead to subtle changes in behavior which would require closer examination. Indeed,
spontaneous neurotransmission has recently been shown to mediate the fast acting
antidepressant action of NMDA receptor blockers on mouse behavior (Autry et al., 2011).

A growing number of studies suggest that spontaneous neurotransmitter release can be
regulated independently of evoked neurotransmission (Ramirez and Kavalali, 2011).
Identification of a distinct pool marked by vtila should be taken as one factor contributing to
a larger context of other observations, which together can explain why spontaneous and
evoked SV trafficking processes are functionally segregated. The functional properties of
key vesicular SNARE molecules we described here may provide an attractive substrate for
signal transduction pathways triggering the differential regulation of spontaneous and
evoked release. The differences in regulation of the two forms of release, therefore, may not
only arise from their distinct Ca?* dependence (Groffen et al., 2010; Xu et al., 2009) but also
stem from their reliance on distinct release machineries nucleated by different vesicular
SNAREs. Overall, the co-existence of molecularly distinct SV populations with different
fusion properties may allow certain regulatory pathways to impact a particular type of
neurotransmission selectively, thereby triggering a specific cellular response. Such
relationships may be seen in cases where the nature of presynaptic activity can determine the
impact of downstream signaling events (Atasoy et al., 2008; Kavalali et al., 2011; Sutton et
al., 2007).

Experimental Procedures

Cell Culture

Dissociated hippocampal cultures from postnatal day 0-3 Sprague-Dawley rats or
embryonic day 18 syb2-2 KO mice with their littermate controls were prepared as
previously described (Kavalali et al., 1999; Schoch et al., 2001). All experiments were
performed on 14-21 DIV cultures. (see Supplementary Materials for further details)

Lentiviral Preparation

We generated lentiviral expression constructs encoding the mouse versions of vtila, an N-
terminal truncation mutant of vtila designated AN vtila, and VAMP7 tagged at their C-
termini by removing the syb2 coding sequence from a plasmid encoding synaptopHIluorin
(Miesenbock et al., 1998) and subcloning the desired coding sequences for these proteins in
frame with the pHIuorin sequence into the pFUGW vector (Lois et al., 2002). (see
Supplementary Materials for further details)

Single Color Imaging

Neurons expressing pHIuorin-tagged syb2, vtila, AN vtila, or VAMP7 were imaged on a
Nikon TE2000-U inverted microscope using a Cascade 512 cooled CCD camera (Roper
Scientific) and Metafluor 7.6 software (Molecular Dynamics). Experiments were performed
in a modified Tyrode’s solution containing (in mM): 150 NaCl, 4 KCI, 2 MgCl,, 2 CaCly,
10 glucose, 10 HEPES, pH 7.4. The Tyrode’s solution also contained the glutamate receptor
blockers AP-5 (50 uM) and CNQX (10 uM) to prevent excitotoxicity. In all imaging
experiments, 50 mM NH4CI treatment was used at the end of the experiment to estimate
total protein expression. (see Supplementary Materials for further details)

Neuron. Author manuscript; available in PMC 2013 January 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramirez et al. Page 11

Dual Color Imaging

Neurons co-expressing syb2-mOrange and either syb2-, vtila-, or VAMP7-pHIluorin were
imaged in Tyrode’s solution on a Zeiss LSM510 confocal microscope using LSM 5
software. (see Supplementary Materials for further details)

Immunocytochemistry

Neurons were incubated for 15 min. at room temperature with rabbit polyclonal antibodies
against the lumenal epitope of syt1 (1:100 dilution, Synaptic Systems) in Tyrode’s solution
containing 1 uM TTX. The neurons were then processed for vtila immunocytochemistry
(using an anti-vtila mouse monoclonal antibody, 1:200, BD Biosciences) as described
(Ramirez et al., 2008). (see Supplementary Materials for further details)

Electrophysiology

Whole-cell patch-clamp recordings were performed on hippocampal pyramidal neurons as
described (Nosyreva and Kavalali, 2010). (see Supplementary Materials for further details)

Western Blotting

Western blots to assess vtila knockdown were performed as described in (Nosyreva et al
2010). The primary antibodies were: anti-vtila mouse monoclonal at 1:500 dilution (BD
Biosciences), anti-vtilb rabbit polyclonals at 1:500 dilution (Synaptic systems, Goettingen,
Germany), and anti-Rab-GDI mouse monoclonal at 1:15000 dilution (gift of Dr. T. Stidhof).
Using vtila-1 KD, the mean knockdown efficiency of vitla was 94 + 2.5% compared to
L307-infected neurons. Using vtila-3 KD, the mean knockdown efficiency of vtila was 77.9
+ 4.7% compared to L307-infected neurons.

Immuno-electron Microscopy

Wild-type neurons or those infected with vtila-pHIuorin or vtila-1 KD lentiviruses were
fixed in 0.1% glutaraldehyde, 4% paraformaldehyde in PBS (pH 7.4), and examined by
immunoelectron microscopy using a rabbit antibody to GFP or a mouse monoclonal
antibody against vtila (BD Biosciences) essentially as described (Virmani et al., 2003).
Electron microscopy experiments were performed by the Molecular and Cellular Imaging
Facility at UT Southwestern Medical Center. (see Supplementary Materials for further
details)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Subcellular localization and trafficking behavior of pHIluorin-tagged syb2, vtila, and
VAMP7

(A) Diagram of pHIuorin-SNARE fusion proteins used in these experiments.

(B) Representative electron micrographs of neurons immunostained with anti-vtila
antibodies to detect endogenous vtila or anti-GFP antibodies to detect vtila-pHIluorin. Both
native vtila and vtila-pHluorin are localized to presynaptic vesicles. Scale bar = 200 nm,
applies to both images.

(C) Bath application of acidified (pH 4) and NH,4Cl-containing external solutions onto
neurons expressing the indicated pHIuorin-tagged constructs to assess surface versus
intracellular pools of vtila, VAMP7 and syb2. Averaged time courses from representative
experiments are shown.

(D) Average fluorescence signal localized to the surface or internal compartments for each
protein from multiple experiments (n=575 boutons from 10 coverslips for syb2, 468 boutons
from 9 coverslips for vtila, and 112 boutons from 8 coverslips for VAMP7). Error bars in
this and in all other figures indicate SEM. Only fluorescent puncta associated with
presynaptic boutons were included in the analyses. Syb2 is equally distributed between the
surface and internal compartments. Vtila has a similar distribution, whereas VAMP7 is
predominantly localized to internal acidic compartments.

(E) Stimulation at 20 Hz for 20 s produces robust increases in syb2-pHIluorin fluorescence
due to SV exocytosis, followed by a slow decrease after stimulation due to SV recycling and
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re-acidification. Vtila- and VAMP7-pHIuorin show little fluorescence increase during
stimulation. Representative time course data from single experiments are shown.

(F) Comprehensive analysis from multiple experiments (n=1417 boutons from 21 coverslips
for syb2, 1214 boutons from 21 coverslips for vtila, and 488 boutons from 10 coverslips for
VAMPY) of the rates of the fluorescence increase during 20 Hz stimulation. The inset
depicts where the slope values were taken. The differences between syb2 and VAMP7 or
vtila average rising slopes are significant (p<0.00006).

(G) Comprehensive analysis from the same experiments as in (E) of peak fluorescence
generated during 20 Hz stimulation normalized to the peak fluorescence generated after
NH4CI treatment. The differences between syb2 and VAMP7 or vtila average peak values
are significant (p<0.00001).
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Figure 2. Vtila is specifically trafficked at rest

(A) Neurons expressing syb2-, vtila-, or VAMP7-pHIuorin were imaged in the presence of
2 mM CaCl, and 80 nM folimycin at rest for 10 min., followed by field stimulation at 1 Hz
for 5 min. Vtila-pHIuorin shows a marked increase in fluorescence at rest over time,
whereas syb2 and VAMP7 fluorescence increase only minimally. Only syb2 fluorescence
increases at a fast rate upon stimulation, whereas vtila fluorescence did not increase further
with stimulation, suggesting this protein may be specifically involved in spontaneous
release. The rate of VAMP7-pHIuorin fluorescence increase was slightly faster during 1 Hz
stimulation than at rest. Representative time course data from single experiments are shown.
(B) Average data from multiple experiments (n=342 boutons from 6 coverslips for syb2, 265
boutons from 5 coverslips for vtila, and 128 boutons from 3 coverslips for VAMP7) in
which the slope of the fluorescence increase was measured at rest and during stimulation.
The inset illustrates where the slope values were taken. The slope value for vtila
fluorescence increase at rest is significantly different than that of syb2 (p=0.01). The slope
values for vtila- and VAMP7-pHIuorin during 1 Hz stimulation are significantly different
than that of syb2 (p=0.008 and 0.03, respectively).

(C) Average data from multiple experiments as in (B) showing the percent of total
fluorescence changes seen during spontaneous or evoked transmission for syb2-, vtila-, and
VAMP7-pHluorin. The inset depicts how the changes in fluorescence were calculated. The
increased fluorescence seen during evoked stimulation was significantly smaller for vtila
and VAMP7 compared to syb2 (p<0.001). The increased fluorescence due to spontaneous
vesicle trafficking was significantly larger for vtila compared to syb2 (p=0.004).

(D) The experiment shown in Figure 2A was repeated in the presence of 8 mM CaCl,.
Increased rates of spontaneous trafficking are seen with all three constructs relative to 2 mM
CaCly, but 1 Hz stimulation cannot induce fusion of the majority of vesicles containing
vtila- and VAMP7-pHIuorin even in the presence of increased extracellular Ca2*. The rate
of syb2-pHluorin fluorescence increase during stimulation is increased in the presence of 8
mM Ca2* compared to 2 mM Ca2* as expected. Representative time course data from single
experiments are shown.

(E) Average data from multiple experiments (=305 boutons from 4 coverslips for syb2, 125
boutons from 3 coverslips for vtila, and 105 boutons from 3 coverslips for VAMP7) in
which the slope of the fluorescence increase was measured during spontaneous or evoked
transmission. The slope value for vtila fluorescence increase during 1 Hz stimulation shows
a trend towards a statistically significant difference from that of syb2 (p=0.06). The slope
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value for VAMP7-pHluorin during 1 Hz stimulation is significantly different than that of
syb2 (p=0.03).

(F) Average data from multiple experiments as in (D) showing the percent of total
fluorescence changes seen during spontaneous or evoked transmission for syb2-, vtila-, and
VAMP7-pHluorin. The change in fluorescence of vtila at rest shows a trend towards a
statistically significant difference from that of syb2 (p=0.07). The increased fluorescence
seen during evoked stimulation was significantly smaller for vtila and VAMP7 compared to
syb2 (p<0.01).
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Figure 3. Vtila and VAMPY7 are not efficiently trafficked during stimulation, and are present in
the same boutons as syb2

(A) Neurons co-expressing syb2-mQOrange and either vtila- or VAMP7-pHIluorin were
subjected to field stimulation at 20 Hz frequency for 20 s. Both syb2-mOrange and syb2-
pHIluorin show increased fluorescence during stimulation due to SV exocytosis, followed by
a slow decrease after stimulation due to SV recycling and re-acidification. Representative
time course data from single experiments are shown in panels A-C.

(B) Vtila-pHIuorin shows limited fluorescence increase during stimulation, although the
syb2-mOrange signal present in the same boutons exhibits a robust increase.

(C) Similar to vtila-pHIuorin, VAMP7-pHIuorin fluorescence increases little during
stimulation whereas syb2-mOrange present in the same boutons shows a typical response.
Syb2-mQOrange and syb2-, vtila-, and VAMP7-pHIuorin all show increased fluorescence
following NH4CI treatment, indicating these proteins are expressed in presumptive SVs.

(D) Comprehensive analysis from multiple experiments (n=425 boutons from 14 coverslips
for syb2-mOrange, 105 boutons from 4 coverslips for vtila-pHluorin, and 60 boutons from 2
coverslips for VAMP7-pHIuorin) of peak fluorescence generated during 20 Hz stimulation
normalized to the peak fluorescence generated after NH4Cl treatment. Vtila-pHIluorin
exhibits approximately 30% of the fluorescence increase seen with syb2-mOrange, whereas
VAMP7-pHIluorin shows a more robust increase, though modest relative to syb2-mOrange.
The differences between syb2-mOrange and vtila or VAMP7 average peak values are
significant (p=0.000005 for vtila, p=0.02 for VAMP7Y).
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Figure 4. Dual-color imaging confirms selective trafficking of vtila at rest

(A) Neurons co-expressing vtila-pHluorin and syb2-mOrange were imaged in the presence
of 2 mM CacCl, and folimycin at rest, followed by chemical stimulation with 90 mM KCl
and NH4ClI treatment. Both vtila-pHIuorin and syb2-mOrange are trafficked at rest, but only
syb2-mOrange is substantially mobilized during 90 mM KCI stimulation. Representative
time course data from a single experiment is shown.

(B) Comprehensive analysis from multiple experiments (n=40 boutons from 2 coverslips for
syb2-pHluorin and 89 boutons from 3 coverslips for vtila-pHIluorin) of the slope values
calculated for fluorescence increases at rest and during 90 mM KCI stimulation in 2 mM
CaCl,. The inset illustrates where the slope values were taken. Vtila exhibits significantly
less trafficking during stimulation than syb2 (p=0.02).

(C) Comprehensive analysis from the same data presented in (B) of the percent of total
fluorescence changes seen at rest or during 90 mM K+ stimulation for syb2- and vtila-
pHIluorin. The inset depicts how the changes in fluorescence were calculated. The increased
fluorescence seen during 90 mM K+ stimulation was significantly smaller for vtila
compared to syb2 (p=0.05), whereas vtila exhibited a significant increase in fluorescence at
rest relative to syb2 (p=0.003).

(D) As in (A), neurons co-expressing vtila-pHIuorin and syb2-mQOrange were imaged in the
presence of 8 mM CaCl, and folimycin at rest, followed by chemical stimulation with 90
mM KCI and NH,4CI treatment to estimate total protein expression. Both Syb2-mOrange and
vtila-pHIuorin are trafficked spontaneously, but only syb2 exhibits substantial trafficking
during stimulation in the presence of elevated extracellular Ca2*.
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(E) Comprehensive analysis from multiple experiments (n=315 boutons from 6 coverslips
for syb2-pHGFP and 700 boutons from 8 coverslips for vtila-pHIuorin) of the rates of
fluorescence increases at rest and during 90 mM KClI stimulation in the presence of elevated
extracellular Ca%*. The inset illustrates where the slope values were taken. Vtila exhibits
significantly less trafficking during evoked stimulation than syb2 (p<0.02).

(F) Comprehensive analysis from the same data presented in (E) of the percent of total
fluorescence changes seen at rest or during chemical stimulation for syb2- and vtila-
pHIluorin. The inset depicts how the changes in fluorescence were calculated. The increased
fluorescence seen during 90 mM KCI stimulation was significantly smaller for vtila
compared to syb2 (p<0.01).

(G) Experimental strategy designed to localize endogenous vtila and spontaneously
recycling boutons using antibodies against the vtila and the lumenal domain of
synaptotagmin-1 (sytl).

(H-J) Representative confocal images of neurons immunostained with antibodies against
vtila (shown in red) and the lumenal domain of syt1 (shown in green) according to the
experimental strategy shown in (G). Vtila colocalizes with spontaneously recycling vesicles
labeled by uptake of antibodies directed against the lumenal domain of syt1, as shown by
white arrows in the merged image.

(K) Intensity plot of the merged image shown in (J). The mean Pearson correlation of the
cumulative results for colocalization for vtila and sytl from multiple images (n=14 images
from two cultures) is indicated on the panel.
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Figure 5. Knockdown of vtila produces a selective deficit in spontaneous transmission

(A) Schematic diagram of constructs used to produce shRNA directed against vtila.

(B) Western blot showing the effect of two different knockdown constructs, vila-1 KD and
vila-3 KD, on vtila, vtilb, and Rab GDP dissociation inhibitor (GDI) expression. Both
constructs reduce vtila expression substantially compared to neurons infected with the
empty vector, L307. No changes in the related protein vtilb are evident. GDI was used as a
loading control.

(C) Representative traces of the first five IPSC responses in a train of 50 APs given at 10 Hz
to neurons infected with the L307 empty vector, vila-1 KD or vila-3 KD.

(D) Comprehensive analysis of IPSC amplitudes from multiple experiments (n=15 for L307,
21 for vtila-1 KD, and 19 for vtila-3 KD). Inset shows average paired pulse ratios from the
same recordings. No significant differences were seen in IPSC amplitude or paired pulse
ratio between L307- and vila-1 KD- or vila-3 KD-infected neurons.

(E) Representative mIPSC traces from neurons infected with L307, vila-1 KD or vila-3
KD.

(F) Cumulative probability histograms of mIPSC inter-event intervals from multiple
experiments (n=13 for L307, 17 for vtila-1 KD, and 11 for vtila-3 KD). Both vtila-1 KD
and vtila-3 KD significantly decrease high-frequency events compared to L307-infected
neurons (Kolmogorov-Smirnov (K-S) test, vtila-1 KD p=0.0001, vtila-3 KD p=0.0001).
(G) Representative mEPSC traces from neurons infected with L307, vtila-1 KD or vtila-3
KD.

(H) Cumulative probability histograms of mMEPSC inter-event intervals from multiple
experiments (n=3 for L307, 6 for vtila-1 KD, and 3 for vtila-3 KD). Both vtila-1 KD and
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vtila-3 KD significantly decrease high-frequency events compared to L307-infected neurons
(K-S test, vtila-1 KD p=0.0001, vtila-3 KD p=0.0001.).
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Figure 6. Expression of AN vtila-pHluorin in wild-type neurons increases miniature event
frequency

(A) Schematic diagram of AN vtila-pHIuorin.

(B-D) Representative confocal images taken after NH4Cl application of neurons co-
expressing AN vtila-pHluorin with syb2-mOrange.

(E) Intensity plot of the image shown in (D) and the calculated Pearson correlation
coefficient of colocalization for AN vtila-pHluorin and syb2-mOrange.

(F) Bath application of acidified (pH 4) and NH,4Cl-containing external solutions to assess
relative surface expression of AN vtila-pHIluorin. An averaged time course from a
representative experiment is shown.

(G) Average data from multiple experiments are shown (n=160 boutons from 4 coverslips).
AN vtila-pHIluorin is predominantly localized to the neuronal surface.

(H) AN vtila-pHluorin trafficking was measured at rest and during 1 Hz stimulation in the
presence of folimycin and 2 mM CacCls as in Figure 2. Some AN vtila-pHluorin is
mobilized at rest and the rate of this fluorescence increase does not increase during 1 Hz
stimulation, similar to the behavior of full-length vila (Figure 2). Representative time course
data from a single experiment is shown.

(1) Combined data from multiple experiments measuring spontaneous and evoked trafficking
of AN vila-pHluorin are shown (n=85 boutons from 3 coverslips). Results are expressed as
a percentage of total internal fluorescence as judged by NH,4CI treatment. AN vila- and
vila-pHIuorin exhibit similar trafficking behaviors at rest and during 1 Hz stimulation.
Vtila-pHIluorin cumulative data are reproduced from Figure 2.

(J) Representative mIPSC traces from uninfected neurons and neurons expressing full-length
vila-pHIuorin or the truncation mutant AN vtila-pHIluorin.
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(K) Cumulative probability histograms of mIPSC inter-event intervals from multiple
experiments (n=17 for wild-type, 18 for vtila-pHluorin, and 6 for AN vtila-pHIuorin). Both
vtila-pHIuorin and AN vtila-pHluorin significantly increased mIPSC frequency compared
to uninfected neurons (K-S test, vtila-pHluorin p=0.0001, AN vtila-pHluorin p=0.0001).
(L) Representative mEPSC traces from uninfected neurons and neurons expressing full-
length vtila-pHIluorin or the truncation mutant AN vtila-pHluorin.

(M) Cumulative probability histograms of mEPSC inter-event intervals from multiple
experiments (n=8 for wild-type, 8 for vtila-pHluorin, and 7 for AN vtila-pHluorin). Both
vtila-pHIuorin and AN vtila-pHIuorin significantly increased mEPSC frequency compared
to uninfected neurons (K-S test, vtila-pHluorin p=0.0001, AN vtila-pHluorin p=0.0001).
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Figure 7. Spontaneous trafficking of vtila is syb2-independent

(A) Syb2 KO neurons expressing syb2- or vtila-pHluorin were imaged in the presence of 2
mM CaCl, and 80 nM folimycin at rest for 10 min. and fluorescence changes were
monitored. Syb2- and vtila-pHIluorin show similar increases in fluorescence at rest,
indicating that vtila does not require syb2 for its spontaneous trafficking.

(B) Average data from multiple experiments (n=211 boutons from 4 coverslips for syb2 and
323 boutons from 5 coverslips for vtila) in which the slope of the fluorescence increase for
syb2- and vtila-pHIuorin was measured during spontaneous transmission in syb2 KO
neurons. The slope values for syb2 and vtila fluorescence increases at rest are not
significantly different.

(C) Average data from multiple experiments as in (B) showing the percent of total
fluorescence changes seen during spontaneous activity in syb2 KO neurons expressing syb2-
or vtila-pHIuorin. Fluorescence increased at rest for both syb2- and vtila-pHluorin, and
these changes in fluorescence were not significantly different.

(D) Representative mIPSC traces from uninfected wild-type or syb2 KO neurons or syb2
knockout neurons expressing vtila- or AN vtila-pHluorin.

(E) Cumulative probability histograms of mIPSC inter-event intervals from multiple
experiments (n=8 for wild-type, 8 for syb2 KO, 10 for syb2 KO expressing vtila-pHluorin,
and 3 for syb2 KO expressing AN vtila-pHluorin). Vtila-pHIluorin expression did not affect
mIPSC frequency compared to uninfected syb2 KO neurons, whereas AN vtila-pHIuorin
significantly increased mIPSC frequency (K-S test compared to wild-type neurons,
p=0.0001 for syb2 KO, vtila-infected syb2 KO, and AN vtila-infected syb2 KO. K-S test
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compared to syb2 KO neurons, p=1 for vtila-infected syb2 KO, p=0.0001 for AN vtila-
infected syb2 KO).

(F) Representative mIPSC traces from uninfected syb2 KO neurons or syb2 KO neurons
infected with vtila-1 KD or vtila-3 KD.

(G) Cumulative probability histograms of mIPSC inter-event intervals from multiple
experiments (n=5 recordings for syb2 KO, 5 for syb2 KO/vtila-1 KD, and 3 for syb2 KO/
vtila-3 KD). Vtila knockdown in the absence of syb2 using either construct significantly
decreased mIPSC frequency (K-S test compared to uninfected syb2 KO neurons, p=0.0001
for vtila-1 KD and vtila-3 KD).
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