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Abstract

SV2A, an essential transporter-like synaptic vesicle protein, is a major target for antiepileptic
drugs and a receptor for clostridial neurotoxins including Botox. While SV2A is required for
normal levels of evoked neurotransmitter release, the mechanism underlying this role remains
unclear. Here, we introduce a new chemogenetic approach for all-optical monitoring of excitation-
secretion coupling, and we demonstrate its use in characterizing the SV2A KO phenotype in
cultured hippocampal neurons. This method employs the HaloTag system to target a robust small-
molecule Ca?* indicator, JFg45-BAPTA, to the presynaptic compartment. The far-red fluorescence
of this indicator enables multiplexing with the fluorescent glutamate sensor iGIuSnFR for
detection of presynaptic Ca2* influx and glutamate release at the same axonal boutons. Evoked
glutamate release probability was reduced in SV2A KO neurons without a change in presynaptic
Ca?* entry, suggesting that SV2A supports vesicle fusion by increasing the functional availability,
or efficiency, of the Ca2*-regulated membrane fusion machinery.
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Introduction

Results

SV2A, one of the first-cloned synaptic vesicle (SV) proteins (Bajjalieh et al., 1992; Buckley
and Kelly, 1985; Feany et al., 1992), is homologous to transport proteins in the major
facilitator superfamily (Jacobsson et al., 2007). Mice lacking SV2A (SvZ2a KO) fail to

gain weight, develop seizures, and die by ~14 days of age (Crowder et al., 1999; Janz

et al., 1999). Action-potential-dependent neurotransmitter release is attenuated in Sv2a

KO neurons both in culture (Chang and Sudhof, 2009; Custer et al., 2006) and in brain

slice (Crowder et al., 1999), suggesting a mechanism for epileptogenesis, but how SV2A
modulates the release machinery is unknown. While some evidence suggests a role for
SV2A in trafficking the exocytotic Ca2* sensor synaptotagmin-1 (syt1) to nerve terminals
(YYao et al., 2010), the functional importance of this finding is unclear (Nowack et al.,

2010). It is noteworthy that SV2A, along with the closely-related family members SV2B and
SV2C, serve as protein receptors for clostridial neurotoxins (Dong, 2006; Yeh et al., 2010).
Among these, botulinum neurotoxin type A, or Botox, is in widespread medical use for a
growing variety of neurological and cosmetic indications.

Strikingly, SV2A is also a major drug target in the treatment of epilepsy (Ldscher et al.,
2016). The anti-epileptic drugs levetiracetam (Keppra) and brivaracetam (Briviact) bind
SV2A (Klitgaard et al., 2016; Lynch et al., 2004), and it is well-established that this
interaction underlies the antiepileptic action of these drugs (Kaminski et al., 2009, 2008).
However, the antiepileptic mechanism of these drugs is otherwise undefined at the molecular
level. While most antiepileptic drugs directly inhibit the excitatory machinery of neurons

or enhance inhibitory processes (Léscher et al., 2013), several clues indicate an unusual
mechanism of action for racetam antiepileptics. Their profile in rodent epilepsy models is
atypical, and they have only subtle effects on neurotransmission even at high concentrations
(Garcia-Pérez et al., 2015; Ldscher et al., 2016; Yang et al., 2015). The clinical presentation
of levetiracetam overdose is usually benign (Kartal, 2017), suggesting an unconventional
mechanism of action that relies specifically on epileptic processes.

At nerve terminals, Ca?* influx into the cytoplasm triggers neurotransmitter release, but
whether SV2A affects presynaptic CaZ* entry has not been conclusively established. While
one report has suggested role for the related protein SV2B in presynaptic Ca2* signaling

in bipolar neurons of the mouse retina (Wan et al., 2010), other reports have used indirect
methods to suggest that SV2A does (Janz et al., 1999) or does not (Chang and Sudhof, 2009;
Custer et al., 2006) modulate presynaptic CaZ* signaling at small boutons in cultured mouse
neurons. To clarify the relationship between SV2A and presynaptic Ca2*, we developed and
applied an all-optical approach to monitor excitation-secretion coupling. These experiments
revealed that, during evoked neurotransmission in cultured hippocampal neurons, SV2A
supports SV fusion independently of presynaptic CaZ* entry.

Because it is unclear at what step SV2A acts in exocytosis, we sought to establish whether
this SV protein modulates presynaptic Ca2* dynamics. The poor development of Sv2a/~
mice (Crowder et al., 1999) makes brain slice studies impractical and potentially confounded
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by a global failure to thrive. Neuronal cultures from neonatal mouse hippocampus thus
provide an ideal model to study the role of SV2A in synaptic transmission. However,

the irregular morphology, long processes, and absence of tissue organization in neuronal
cultures present obstacles to measuring presynaptic Ca2* fluxes using Ca2*indicators loaded
either by bath application or by whole-cell dialysis. Published approaches have involved
combining bath-loaded Ca?* indicators with presynaptic markers (Hoppa et al., 2012) or
targeting genetically-encoded Ca2* sensors to the nerve terminal (de Juan-Sanz et al., 2017),
but these techniques suffer from poor rejection of non-presynaptic Ca2* signals or limited
temporal resolution of CaZ* signals, respectively.

We thus took advantage of the HaloTag system (Los et al., 2008) along with recent advances
in synthetic Ca2* indicators (Deo et al., 2019) to target a sensitive, small-molecule Ca2*
sensor to nerve terminals using the synaptic vesicle protein synaptophysin (syp) (Fig.

1). The indicator used here, JFg46-BAPTA, offers several advantages over existing Ca*
indicators. In particular, this far-red indicator undergoes substantial brightness increases
when bound to the HaloTag protein via a chloroalkane linker, enabling spatially-resolved
measurements of Ca2* depending on the subcellular targeting of the HaloTag protein

(Deo et al., 2019). In neurons expressing a synaptophysin-HaloTag fusion protein (Fig.

1A), incubation with the acetoxymethy! ester of JFg45-BAPTA-HaloTag ligand generated a
presynaptic Ca2* sensor with the punctate presynaptic localization of synaptophysin (Fig.
1B) along with the speed and sensitivity of small-molecule Ca?* ligands (Fig. 1C). While
JFea6-BAPTA is a high-affinity Ca2* indicator (Kp ~ 150 nM) (Deo et al., 2019) and thus
tracks Ca2* fluxes slightly less faithfully than lower-affinity dyes (Sabatini and Regehr,
1998), this approach provided a substantial improvement in kinetic fidelity over a similarly
targeted Syp-GCaMPG6f construct (Fig. 1C). Calibration of the sensor using a dye-saturating
stimulus (Fig. 1D) and the known properties of the dye (de Juan-Sanz et al., 2017; Deo

et al., 2019; Maravall et al., 2000) enabled determination of absolute [Ca2*]; in individual
boutons (Fig. 1E), which were readily identified in an automated manner using the resting
fluorescence of the indicator (see Methods).

Co-expression of the fluorescent glutamate sensor iGIuSnFR (Marvin et al., 2018), which is
spectrally well-separated from JFg46-BAPTA, permitted paired measurements of glutamate
release from the same fields of view as used for the Ca?* measurements. In this all-optical
approach to measuring excitation-secretion coupling, cultured hippocampal neurons were
transduced with lentiviruses to express both the synaptophysin-Halotag fusion protein and
iGIluSnFR (Fig. 2A-E). We applied this method to hippocampal neurons cultured from
Sv2aWT and KO mouse pups (Fig. 2C-F, n= 3 cultures per genotype). Given the
excellent presynaptic selectivity of the Ca?*-sensing construct (Fig. 1) and the need to
repeatedly image multiple fields of view per coverslip, these experiments were conducted
at lower resolution, and the resulting sequences were analyzed as full fields of view rather
than bouton-by-bouton. All experiments were conducted on an Sv267/~ background for
consistency with previous reports (Chang and Sudhof, 2009; Custer et al., 2006), one of
which found that neurons lacking SV2B do not have obvious deficits in neurotransmitter
release (Custer et al., 2006). Resting [Ca?*]; was unchanged between Sv2a WT and KO
(i.e., SV2b KO and Sv2a/b DKO) neurons (Fig. 2B), consistent with the absence of a change
in spontaneous synaptic current frequency in Sv2a KO neurons in slice (Crowder et al.,
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1999) and in culture (Chang and Sudhof, 2009; Custer et al., 2006). When single action
potentials were evoked by electrical field stimulation, Syp-HaloTag-JFg46-BAPTA reported
peak [Ca?*]; values that increased linearly with [Ca2*]. under all conditions studied here,
and Ca?* entry was unchanged between WT and KO (Fig. 2F). By contrast, glutamate
release was attenuated in the S1.2a KO at every [Ca%*], studied, in accordance with previous
reports (Chang and Sudhof, 2009; Custer et al., 2006) (Fig. 2G). For both genotypes, the
relationship between iGIuSnFR dF/Fq and [Ca2*], (Fig. 2G) was well-fitted by a cooperative
binding model with a Hill parameter of ~2.3 (WT: 2.2, 95% CI 1.7-2.9; KO: 2.5, 95% ClI
1.9-3.0). Plotting the paired data for iGIUSNFR versus peak [Ca2*]; in each field of view
(Fig. 2H) yielded a similar relationship, which was noisier but converged on values closer to
4 (WT: 4.8, 95% CI 3.2-6.9; KO: 4.0, 95% CI 2.5-5.9). These results are comparable

to those obtained in young cultured hippocampal neurons using flash photolysis and
measurement of Ca2* in dendrites (Burgalossi et al., 2010), which estimate this parameter
to be approximately 3. As with the Hill parameter, values for [Ca%*]; at half-maximal
glutamate release were nearly identical between Sv2a WT and KO neurons (WT: 337 nM,
95% CI 295-523 nM; KO: 341 nM, 95% CI 294-531 nM), indicating that the reduction

in glutamate release in the Sv2a KO can be well-approximated by linearly scaling down

the Ca2*-glutamate release curves observed for WT neurons (Fig. 2G-H). Our results thus
demonstrate that SV2A does not change the Ca?* dependence of glutamate release, in
accordance with prior studies (Chang and Sudhof, 2009; Custer et al., 2006).

Application of 10-Hz stimulus trains (Fig. 21) demonstrated that the reduced glutamate
release resulted from a reduction in initial release probability (Fig. 2J-M), as supported

by an increase in the paired-pulse ratio in Sv2a KO neurons (Fig. 2K) as well as a
normalization of evoked glutamate release over the course of the stimulus train (Fig.

21, L-M). Our results are in accordance with previous electrophysiological studies of
glutamatergic and GABAergic transmission in Sv2a KO neurons (Chang and Sudhof, 2009;
Custer et al., 2006). Together, these results strongly suggest that SV2A does not modulate
Ca2* influx or the direct action of Ca2* ions, but instead controls the efficacy of Ca2*
effector molecules in a dynamic manner influenced by ongoing activity.

Discussion

While SV2A is well-known to support neurotransmitter release (Chang and Sudhof, 2009;
Custer et al., 2006), the mechanism underlying this role has remained enigmatic. The
ubiquity and physiologic importance of this putative SV transporter, which does not appear
to transport canonical neurotransmitters, suggests important aspects of SV biology are yet
to be defined. Because it is already a major drug target (Dong, 2006; Kaminski et al., 2008;
Ldscher et al., 2016; Lynch et al., 2004), defining a molecular function for SV2A at the
synapse would likewise have important clinical ramifications.

A role for SV2 proteins as Ca* regulators has been suggested by some studies (Janz

et al., 1999; Wan et al., 2010) but not others (Chang and Sudhof, 2009; Custer et al.,
2006). None of these studies, however, directly assessed Ca2* dynamics in small nerve
terminals lacking SV2A. The chemogenetic Ca%*-sensing construct described here (Fig. 1)
represents a useful tool for probing presynaptic Ca2*, with a favorable compromise among
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speed, spatial resolution, and temporal resolution versus existing techniques (Fig. 1). Future
studies that capitalize on the spatial resolution of Syp-Halo-JFg4g-BAPTA, particularly using
confocal imaging techniques, may expand the use of this tool for monitoring heterogeneity
of synaptic Ca2* transients among nerve terminals in genetically specified populations of
neurons.

Integration of Syp-Halo-JFg46-BAPTA with iGIuSnFR enabled the monitoring of excitation-
secretion with a convenient all-optical approach, which revealed that presynaptic Ca2* entry
is unaltered by the loss of SV2A (Fig. 2). The unchanged concentration dependence of
glutamate release on extracellular [Ca2*] is consistent with this finding, as a reduction in
Ca?* entry per action potential would cause a shift in this curve (Fig. 2G-H) to the right if
the function of the release machinery were otherwise preserved. Our results are consistent
with previous studies in cultured hippocampal neurons (Chang and Sudhof, 2009; Custer

et al., 2006), which likewise demonstrate an unchanged extracellular [Ca2*] dependence of
glutamate (Custer et al., 2006) or GABA (Chang and Sudhof, 2009) release. Rather than
change Ca2* dynamics, SV2A appears to influence the release machinery itself. However,
we interpret these data in favor of an indirect mechanism of action of SV2A rather than a
direct allosteric effect on the Ca2*-secretion coupling process per se. The loss of a direct
modulator is more likely to change the Ca2* dependence of exocytosis, exemplified by the
phenotype observed in neurons lacking the syt1-SNARE-binding protein complexin (Reim
et al., 2001), synaptotagmin-1 (Burgalossi et al., 2010), or synaptotagmin-2 (Kochubey

and Schneggenburger, 2011). In any case, these results establish unambiguously that SV2
modulates excitation-secretion coupling independently of CaZ* entry. Our results differ from
those obtained from synaptic terminals of retinal bipolar neurons from SV2B knockout
mice (Wan et al., 2010), though it is difficult to draw meaningful comparisons across SV2
isoforms and synapse types.

While our results help to define the physiologic role of SV2A, a well-defined molecular
function remains elusive. The normalization of synaptic deficits during sustained activity
(Fig. 21-M) suggests that ongoing action potential firing, Ca2* entry, and vesicular recycling
may help compensate for the absence of SV2A. One explanation for this could involve

arole for SV2A in SV protein trafficking during periods of rest or development (Custer

et al., 2006), and changes in abundance or localized trafficking of proteins such as sytl
(Kaempf et al., 2015; Yao et al., 2010; Zhang et al., 2015) may play a role in the Sv2a

KO phenotype. Because SV2A co-immunoprecipitates with sytl (Schivell et al., 1996), and
because presynaptic sytl is less abundant at synapses lacking SV2A (Yao et al., 2010),
altered trafficking of sytl provides an attractive candidate mechanism for SV2A’s role in
exocytosis. However, certain point mutants suggest that presynaptic sytl abundance does not
correlate with SV2A’s function (Nowack et al., 2010). Finally, it is important to reaffirm
that the amino acid sequence of SV2A strongly suggests some type of recognition and/or
transport function for ions or small molecules (Madeo et al., 2014; Wibowo et al., 2014;

Yao and Bajjalieh, 2008). Indeed, SV2A may carry out multiple important functions, such as
both molecular transport and protein trafficking, and it is possible that only a subset of these
functions directly supports synaptic transmission.
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Methods

Ethical Approval

All procedures were carried out in accordance with protocols approved by the University of
Wisconsin Institutional Animal Care and Use Committee (protocol M00586).

Cell culture and lentiviral transduction

P0-P2 newborn mouse pups of either sex from SV2B™~, SV2A*/~ breeders on a 129P2/
OlaHsd background partially backcrossed to C57B6/J (Jackson Labs) were used. Pups
were genotyped prior to dissection. Hippocampal formations from SV2A*"* and SV2A™-
pups were obtained by microdissection and kept in Hibernate-A until the completion of
dissection, at which point they were incubated with trypsin-EDTA (Corning, 0.25%) for 30
minutes at 37 °C with periodic agitation. Trypsin was then replaced with plating medium
(DMEM +10% FBS) and tissue was triturated 10-20 times with a 1 ml pipette before
plating at ~100,000 cells/cm? (two pups per 12-well plate) onto poly-D-lysine coated glass
coverslips. Plating medium was replaced with complete growth medium (Neurobasal-A
medium supplemented with B-27 (1X, Gibco) and Glutamax (1X, Gibco) after 1 hour.
Lentivirus encoding iGluSnFR A184V (Marvin et al., 2018), GAP43-jRGECO1a P2A
synaptophysin-HaloTag, or synaptophysin-GCaMP6f were added on 5DIV. The bicistronic
GAP43-JRGECO1a P2A synaptophysin-HaloTag construct was originally designed for the
concurrent measurement of axonal [Ca2*]; transients using the axonally-targeted GAP43-
jJrGECO1a construct (Broussard et al., 2018). Even though the experiments shown here did
not make use of the GAP43-jrGECO1a sensor, this construct was used because we observed
more widespread and physiologic expression of Syp-HaloTag after the P2A sequence than
with similar viral vectors encoding synaptophysin-HaloTag as the sole cistron under the
synapsin promoter. Expression of GAP43-jRGECO1a did not affect Syp-JFgsg-BAPTA
responses or the single-stimulus glutamate release phenotype of Sv2a KO neurons (Fig.

2). No differences were observed in axonal Ca?* transients between WT and KO neurons (17
= 2 litters, data not shown).

Molecular biology and lentiviral preparation

A modified iGIuSnFR A184V bearing endoplasmic reticulum and Golgi export signals
(\Vevea and Chapman, 2020) was subcloned into the FUGW transfer plasmid under

the synapsin promoter. GAP43-jRGECO1a (Broussard et al., 2018; Dana et al., 2016)
P2A synaptophysin-HaloTag was generated by overlap extension PCR. DNA sequences
were subcloned using the In-Fusion cloning system (Takara) into the FUGW lentiviral
transfer plasmid (Addgene plasmid #14883, a gift from Dr. David Baltimore) modified

to include the human synapsin promoter. Lentivirus was generated by CaPO,4-mediated
cotransfection of HEK293-T cells with transfer plasmid and the helper plasmids pCD/NL-
BH*AAA (Addgene plasmid #17531, a gift from Dr. Jakob Reiser) and pLTR-G (Addgene
plasmid #17532, a gift from Dr. Jakob Reiser) followed by concentration of virus-bearing
supernatant by ultracentrifugation as described (Kutner et al., 2009). We reiterate that the
GAP43-jRGECO1a P2A Syp-Halo construct was used because we observed more even and
widespread expression of Syp-HaloTag with this construct than with constructs expressing
Syp-HaloTag alone. Fluorescence from GAP43-JRGECO did not interfere with glutamate

J Physiol. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bradberry and Chapman Page 7

or Ca2* measurements, nor did it affect the well-described SV2 KO phenotype of reduced
glutamate release (Fig. 2).

Glutamate and Ca2* imaging

For the experiments shown in Fig. 2A-H, cultered neurons (15-18DIV) were washed twice
with an artificial cerebrospinal fluid (ACSF) containing (in mM) NaCl 128, KCI 2.5, MgCl
1, CaCl, 1.2, HEPES 25, glucose 30 and incubated for 20 minutes at 37 °C in the same
ACSF containing JFg46-BAPTA-HTL-AM (a gift from Dr. Luke Lavis, Janelia Research
Campus). JFga6-BAPTA-HTL-AM was aliquoted as a 1 mM stock in anhydrous DMSO.

For each experiment, an aliquot was diluted to 100 uM in anhydrous DMSO, and 1 pl of
this diluted solution was added to 550 pl ACSF immediately prior to this incubation. After
incubation with dye, the coverslip was washed (3 x 1 ml) and incubated for 20 more minutes
at 37 °C in dye-free ACSF before being mounted in an imaging chamber with platinum
electrodes (Warner Instruments). Imaging was carried out with a 40X 1.4 NA oil-immersion
objective on an inverted epifluorescence microscope (1X81, Olympus) equipped with CMOS
camera (Orca Flash 4.0 V2, Hamamatsu), motorized stage (Mad City Labs), and a custom
illumination source containing three LEDs (470 nm, 530 nm, 625 nm) (Thorlabs). The
system was controlled using Micro-Manager (Edelstein et al., 2010). Stimulus pulses (100V,
0.5 ms) were delivered with a stimulation box (SD9, Grass) controlled via a HEKA EPC 10
DAQ-amplifier and PatchMaster software, which was also used to synchronize the start of
image sequence acquisition. For iGluSnFR measurements, the 470 nm LED, a standard GFP
filter set (49002, Chroma) and a 10 ms exposure time was used, while JFg46-BAPTA signals
were acquired using the 625 nm LED, custom 3-band pass dichroic mirror (Chroma) and
far-red emission filter with a 20 ms exposure time. Images were collected using binning at
2x2 (0.325 um pixels, Fig. 1) or 4x4 (0.65 um pixel size, Fig. 2). For each coverslip, four
fields of view were selected, and each field of view was imaged sequentially for glutamate
release and presynaptic Ca2* entry, with at least 15 seconds allowed between stimuli. This
was repeated for each field of view for each ACSF solution containing varying CaCl,, and
the motorized stage was used to return to the same 4 fields of view for all external solutions.
At the end of each experiment, each field of view was subjected to a saturating stimulus

(50 AP @ 50 Hz) while imaging Syp-HaloTag-JFg46-BAPTA to establish a maximum
fluorescence (Fray) for that field of view, which was used to derive [Ca2*]; values (see
below). Given the expected presynaptic localization of Syp-HaloTag-JFg4g-BAPTA, the
fluorogenic properties of the complete HaloTag-bound Ca?* sensor (Deo et al., 2019) the
dense expression of Syp-HaloTag, and the difficulty of obtaining the exact focal plane

for each Ca2* condition, image sequences were analyzed as entire fields of view. For the
experiment shown in Fig. 1, iGIuSnFR was not expressed, and the ACSF contained 2 mM
CacCls, during staining, washing, and imaging. For the data shown in Fig. 2 panels I-M, no
Ca?* sensing constructs were expressed, and coverslips were simply transferred from the
incubator to the microscope and equilibrated at room temperature for at least 5 minutes
before recording. In these experiments, the ACSF contained 2 mM CaCl,. At least 4 minutes
were allowed between stimulus trains.
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Data analysis

iGIuSNFR image sequences were converted to AF/Fg traces after background subtraction
using custom-written scripts in FIJI and R. Syp-Halo-JFg46-BAPTA traces were
background-subtracted, and [Ca2*]; was derived using the reported /n vitro values for

the sensor’s dynamic range and Ca2* affinity after establishing the maximal fluorescence
intensity (Fmax, i-€., the signal resulting from fully-occupied sensor) in each field of view (de
Juan-Sanz et al., 2017; Maravall et al., 2000). The following equation was used:

1
F, 1 n
i~ Vo |
F
1- Fnax

[Cali = Kq

Where Kj is the dissociation constant of the indicator, Fis the average fluorescence across
the field of view in each frame, Fyax is the fluorescence achieved with delivery of a
saturating stimulus, /% is the dynamic range of the indicator, and r7is the Hill coefficient.
For Ky, Rr and n, we used /n vitro measurements (Kp = 140 nM, R¢=5.5, n=1) from Deo
et al. (2019). The maximum fluorescence achieved with a 50-AP, 50 Hz train was defined
as 95% of the true theoretical maximum value (Maravall et al., 2000). To determine the
ROIs as shown in Fig. 1, a script was used in ImageJ to perform the following: average

10 frames prior stimulation, perform 5-pixel radius rolling-ball background subtraction,
manually threshold, select of all above-threshold areas of the image with a minimum
contiguous area of 5 pixels, and separate individual boutons with the watershed function.
A time course for average pixel intensity in each ROl was obtained and the data were
background-subtracted and converted to Ca2* values using a script written in R. Data for
glutamate release versus Ca%* were plotted (Fig. 2) and fitted using a cooperative binding
equation with Hill slope in Prism (GraphPad).

Statistical methods

For pairwise comparisons of datasets (Fig. 2B, Fig. 2J-M), the nonparametric Mann-
Whitney test was used. For comparison of Ca2* entry as a function of extracellular Ca2*,
glutamate release as a function of extracellular Ca2*, and glutamate release as a function of
Ca?* entry (Fig. 2F-H), the Aikike Information Criteria were used to determine whether a
single curve or two separate curves provided the most appropriate fit to the data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points summary

One of the most prescribed antiepileptic medications, levetiracetam, acts by
binding a protein of uncertain molecular function

This transporter-like protein, SV2A, is trafficked to synaptic vesicles and
acts to support neurotransmitter release, but the mechanism underlying this
function has not been determined

In this study, we sought to establish whether SV2A changes Ca2* signaling
at nerve terminals, which is a key regulatory system for synaptic vesicle
exocytosis

To do so, we adapted new chemogenetic tools to perform all-optical
measurements of presynaptic Ca2* and glutamate release in neurons lacking
SV2A

Our measurements showed that loss of SV2A reduces glutamate release
without reducing Ca2* influx at hippocampal nerve terminals, demonstrating
that SV2A increases the likelihood that Ca?* will trigger a vesicular fusion
event
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Fig. 1. A chemogenetic sensor for presynaptic ca?*.
(A) Ca?* sensor scheme. The HaloTag protein was targeted to nerve terminals by expression

as a synaptophysin fusion construct. JFg45-BAPTA bearing a HaloTag chloroalkane ligand
(Deo et al., 2019) was added to the bath in AM ester form and allowed to undergo
fluorogenic binding to Syp-HaloTag. (B) The reaction yields Syp-HaloTag-JFg45-BAPTA, a
Ca?* sensor with bright resting fluorescence that matches the expected punctate distribution
of synaptophysin labeling and readily reports presynaptic Ca2* fluxes from single action
potentials. Scale bar, 10 um. Numbered ROIs correspond to traces shown in panels (D-E).
(C) Comparison of exemplary single-stimulus, full field-of-view responses between Syp-
HaloTag-JFg46-BAPTA and Syp-GCaMP6f. The chemogenetic HaloTag-based approach
demonstrates a substantial improvement in temporal fidelity. (D) A high-frequency stimulus
train was used to obtain maximal fluorescence values for the sensor, which allows for
calculation of [Ca]; (see Methods). The trace shown depicts the average fluorescence for the
six labeled ROIs in panels (B) and (E). (E) Exemplary single-bouton, single-stimulus [Ca?*];
traces. Among the boutons shown here, the baseline [Ca2*]; was 102 + 62 (s.d.) nM.
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Fig. 2: SV2A supports release probability independently of presynaptic ca?*.
(A) Representative field of view for Syp-HaloTag-JFg46-BAPTA. Shown is the average

fluorescence image for a single image sequence. (B) Resting [Ca2*]; at 2 mM [Ca?*],

did not differ between Sv2aWT and KO neurons (p= 0.53, Mann-Whitney test). (C)
Fluorescence responses from the field of view shown in (A). Single action potentials

were triggered at increasing [Ca2*]e. (D) The same field of view as in (A) was imaged

in the GFP channel, showing the plasma-membrane localized iGIuSnFR construct (left)

and corresponding fluorescence responses from action potentials triggered at increasing
[Ca%*]e (E). (F) Peak [Ca2*]; was plotted for each field of view at each [Ca2*], examined.
No differences were observed between SV2A WT and KO cultures (p = 0.97, Aikike
Information Criteria). (G) iGIUSNFR responses were plotted against [Ca2*], for each field of
view. Lines show the fit using a cooperative binding model with a Hill coefficient of ~2.3.
(H) iGIuSnFR responses were plotted against peak [Ca?*]; for each field of view. Lines show
the fit of a cooperative binding model with Hill coefficient of ~4. In panels (G) and (H), no
difference in the [Ca2*]. (G) and [Ca?*]; (H) at which glutamate release was half-maximal
was observed for the WT and KO. The value of the Hill coefficient likewise did not differ
between WT and KO. Pvalues for panels (F), (G) and (H) are given as the probability that

a single curve adequately fits the data as determined via the Aikike Information Criteria. (I)
Averaged iGluSnFR signals from SV2A WT and KO neurons in response to 10-AP, 10-Hz
stimulus trains. These experiments were carried out at 2 mM [Ca?*].. (J-M) Parameters
describing short-term plasticity calculated from each stimulus train response and plotted.
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The exocytosis deficit in SV2A KO neurons normalized over the course of the stimulus
train, indicating that SV2A acts to support initial release probability. In panels (J-M), values
stated indicate results of Mann-Whitney tests. For panels (A-F), n= 24 fields of view from
3 neuronal cultures per genotype; for panels (I-M), 1= 24 fields of view from 2 neuronal
cultures per genotype.
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