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Summary

Synaptic output depends on the number of vesicle release sites, calcium influx during an
action potential, and the coupling of calcium influx to a docked vesicle. Changes in any one
of these properties could underlie synaptic plasticity. Here, we reveal that the baseline
spatial organization of voltage-gated calcium channels (VGCCs) relative to the release
machinery defines the capacity for presynaptic plasticity at broadly defined glutamate and
GABA small central synapses. At glutamate synapses, VGCCs are evenly distributed to
vesicle release sites and display a single VGCC-release site coupling relationship. By
contrast, at GABA synapses, VGCCs are clustered around a fraction of release sites under
basal conditions and release sites appear to be couple to multiple VGCCs. Challenging the
two synapse types with chemical potentiation results in synaptic strengthening with
different characteristics—a property that is conserved across species. While in both
synapse types, activation of PKA results in an increase in the readily releasable pool of
synaptic vesicles, Only at GABA synapses is this potentiation accompanied by an increase
in release probability, which is reflected by both a dramatic reorganization or VGCCs in the
AZ and physiological change between the coupling distance between calcium source and
release site. Together, our findings identify baseline presynaptic nanoarchitecture as a key
determinant of structural and functional plasticity, uncovering nanoscale VGCC
reorganization as a fundamental mechanism controlling adaptive changes in
neurotransmission.
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Introduction

Synapses are the fundamental units of communication between neurons. While recent
work has emphasized the molecular diversity between synapse types’, the molecules
driving presynaptic processes are generally similar®3. This raises the question of how
synapses achieve such functional diversity despite relying on common molecular
machinery. The specific organization of key molecules in the presynaptic active zone (AZ),
the site of neurotransmitter release, plays a critical role in determining synaptic
transmission characteristics®. The nanoscale organization of AZ molecules, docked
synaptic vesicles (SVs), and voltage-gated calcium channels (VGCCs), the source of
calcium influx, govern neurotransmitter release. Nanoscale imaging techniques, combined
with electrophysiology and modeling, have meticulously described the relationship
between VGCCs and release sites, or nanotopology, of a small, defined number of synapse
types®®. However, it is unclear that nanoscale organization alone dictates synaptic
transmission characteristics, such as release probability. For example, synapses from
hippocampal CA1 neurons to different targets show indistinguishable nanoscale molecular
configuration, but have distinct synaptic transmission properties®. Therefore, questions
remain about the relationship between molecular organization and synaptic function, and
the extent to which these principles can be generalized between synapse types.

Is nanoscale organization of presynaptic VGCCs distinct between broadly defined groups
of synapses? Of all synapses in the CNS, the two most ubiquitous types are glutamate and
GABA. Several characteristics of these broadly categorized small central synapses could
contribute to distinct presynaptic organization of VGCCs and release sites. For instance,
the ultrastructure of glutamate synapses in culture shows a crowded, proteinaceous
environment in the synaptic cleft, while the GABA synaptic cleft contains areas with
putative transsynaptic interactions'™. Consistent with this finding, comparative proteomic
analysis of cleft proteins revealed 3-fold more proteins overall at glutamate versus GABA
synapses'’, and adhesion proteins show significant differential expression in glutamate
and GABA synaptosomes’. Additionally, glutamate and GABA synapses typically occur on
dendritic spine vs shaft, respectively, and the postsynaptic organization at spine and shaft
synapses show many differences in structure, including at the cytoskeletal level'?. Taken
together, these data suggest a strong possibility for stereotypically distinct presynaptic
nanotopology for single AZ glutamate and GABA synapses.

Glutamate and GABA synapses exhibit distinct AZ organizations in the cerebellum.
Glutamate synapses from parallel fibers have low release probability, whereas GABA
stellate cell synapses have high release probability®. These synaptic output characteristics
can be modeled as the result of differential molecular organization. In this case, parallel
fiber synapses display “exclusion zone” organization, where VGCCs are distributed
throughout the AZ, except in regions of putative SV docking, while stellate cell synapses
show a “perimeter” model, where docking sites are proposed to occur adjacent to
specifically clustered VGCCs.
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Is the organization of presynaptic molecules plastic? Re-organization of presynaptic
nanotopography plays a role in the developmental maturation of synaptic transmission at
leminiscal fibers projecting to thalamus' and hippocampal interneuron synapses®. These
changes in presynaptic organization result in different neurotransmitter release site-
calcium source coupling configurations®. However, these studies do not address plasticity
at shorter time scales. Chemical potentiation with forskolin (FSK) treatment is linked to
reorganization of the AZ structure in hippocampal mossy fiber boutons”'*'S, At the
cerebellar parallel fibers, a single AZ glutamate synapse, FSK treatment potentiates release
through an increase in the readily releasable pool (RRP) of SVs'®. Whether this mechanism
involves rearrangement of AZ proteins to accommodate more release sites is unknown.

Here, we compare the intrinsic organization, structural plasticity, and molecular
mechanisms of the AZs from functionally distinct synapses. We demonstrate that
glutamate and GABA synapses from cultured mouse hippocampal neurons show distinct
AZ organization, which correspond to differences in SV-VGCC coupling relationships.
Challenging both synapse types with chemical potentiation increases synaptic strength,
but with divergent effects on synaptic transmission characteristics. The properties are
generalizable and conserved across species, as the same outcomes are observed in
synapses from glutamate and GABA neurons derived from human induced pluripotent
stem cells. Potentiation of glutamate synapses results from an increase in the number of
readily releasable SVs, with little change in the overall SV-VGCC relationship. However,
GABA synapses potentiate by an increase the RRP and a dramatic rearrangement of VGCCs
relative to release sites. This results in a change in short-term synaptic plasticity and a
decrease in the calcium source-SV coupling distance. Finally, we show molecular
interactions in phase condensates may play distinct roles in organizing glutamate and
GABA synapses. Acute disruption of condensates potentiates release in only glutamate
synapses, which is occluded by chemical potentiation. Ultimately, we reveal that distinct
intrinsic organization of presynaptic VGCCs determines both the characteristics of
presynaptic output and the extent of molecular re-organization in potentiated synapses.

Results
Divergent AZ organization in cultured glutamate and GABA synapses

We hypothesize that glutamate and GABA synapses differ in intrinsic organization of key AZ
factors, such as VGCCs (Figure 1A), based on the comparison of cerebellar PF and MLI
synapses®. We tested whether glutamate and GABA autapses have fundamentally different
AZ nanotopologies, by comparing the effect of cadmium (Cd?*) on the pair-pulse ratios
(PPRs) of postsynaptic responses (Scimemi-Diamond Method)". Cd?*, a high affinity open
channel blocker of VGCCs, affects the number of conducting VGCCs, but not the influx
through unblocked channels. If a vesicle fusion site is coupled to a single calcium
channel, then Cd?*block will essentially remove a portion of release sites, while leaving the
release probability from unblocked VGCC-fusion sites unaffected. Therefore, while the
current is reduced after Cd?" treatment, the PPR remains unaffected 7. We investigated
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the effect of Cd?* on paired action potential evoked postsynaptic currents (PSCs) in
excitatory (E) and inhibitory (I) hippocampal autaptic neurons. In glutamate neurons, Cd*
(8 uM) decreased the EPSC amplitude by more than 50% (Figures 1B1-B4). The unchanged
PPR in glutamate synapses (Figure 1B4) suggests a single VGCC-SV coupling, consistent
with work at the hippocampal SC"’. However, in GABA neurons, while the IPSC was also
reduced by half with Cd?, the PPR was increased (Figures 1B1-B4), indicating that at least
some release sites at GABA synapses are coupled to multiple VGCCs. Together, these
results suggest different release site-VGCC relationships at excitatory and inhibitory
synapses; however, the spatial organization of these AZs is unclear.

To investigate whether the observed differences in physiological VGCC-SV coupling reflect
AZ organization, we used super-resolution imaging to assay the molecular organization of
these synapses at the nanoscale. Using 3D-STORM, we localized CaV2.1 channels and the
priming factor, Munc13-1, at glutamate (Homer1 positive) or GABA (Gephyrin1 positive)
cultured hippocampal synapses (Figure 1C1-C2). The nearest neighbor distances (NNDs)
of CaV2.1 to Munc13-1 single particles were not different between glutamate and GABA
synapses (Figure 1C3); however, the distribution between NNDs for Munc13-1 to CaV2.1
was significantly broader for GABA than glutamate synapses (Figure 1C4). This suggests
some release machinery may reside distal to the Ca?* source in GABA synapses. Cluster
analysis (see STAR Methods) of CaV2.1 particles revealed significant differences between
glutamate and GABA synapses (Figure 1D1-D3). GABA synapses displayed fewer, but larger,
clusters, which contained on average more particles than glutamate synapses; which may
reflect that release from glutamate synapses in hippocampus is reportedly drive by both
CaV2.1 and CaV2.2 VGCCs'". The average Munc13-1 clusters per synapse were not
different in number or size between the two synapse types (Figure 1E1-E2). The average
particle count in GABA Munc13-1 clusters was significantly lower (Figure 1E3); however, is
should be noted that the Munc13-1 homologue, Munc13-2, is present at this synapse
type'®. Our data indicate that VGCCs in glutamate synapses are more dispersed, while
VGCCS in GABA synapses are more clustered, suggesting fundamental differences in
presynaptic organization between the two cell types.

AZ organization of glutamate and GABA synapses dictate potentiation characteristics

Potentiation of synaptic strength represents a paradigm by which we can challenge the
different AZ organizations and compare the outcomes. Forskolin (FSK) activates adenylate
cyclase and increases in cAMP activates PKA. FSK potentiates presynaptic
neurotransmitter release, but shows divergent, synaptic-specific effects on short-term
plasticity'®'%2°, We predict this arises from differences in Ca?*-release site coupling. We
compared PSCs in autaptic hippocampal glutamate and GABA neurons with FSK treatment
(Figure 2). We found that FSK treatment (50 uM; 15-minute pre-treatment) significantly
increased the amplitude of PSCs from both glutamate and GABA neurons (Figure 2A1-A2,
B1-B2). However, the PPR was only decreased in the case of GABA neurons (Figure 2A3,
B3). In neither case was the potentiation due to postsynaptic mechanisms, as the
amplitude of spontaneous miniature PSCs was unaffected in either neuron type
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(Supplemental Figure S1). Frequencies of both mEPSCs and mIPSCs were significantly
increased with FSK treatment (Supplemental Figure S1). These results support our
prediction that different nanotopology is linked to differences in physiological output after
chemical potentiation.

To extend our observation of divergent effects of FSK on PPR to a more intact system, we
performed chemical potentiation experiments in acute hippocampal brain slice from mice.
Again, we saw that FSK potentiated glutamate, Schaffer collateral synapses onto CA1
pyramidal neurons without changing PPR (Figure S2A-C), while FSK both potentiated the
amplitude and decreased the PPR of extracellularly stimulated GABA interneuron synapses
onto CA1 pyramidal neurons (Figure S2D-F). Consistent with the literature, this experiment
reveals that activation of adenylate cyclase at different synapse types yields diverse
physiological outcomes.

To determine whether the effect of chemical potentiation at synapses with different
organizations is a conserved mechanism we recorded from glutamate and GABA neurons
derived from human induced pluripotent stem cells (iGluNs and iGABANSs, respectively). In
autaptic cultures of iGlu?"*2 and iGABA? neurons, we found that FSK pre-treatment
significantly potentiated the postsynaptic responses (2C1-C2, D1-D2). As observed in
mouse primary culture, the PPR was not changed with FSK treatment in iGluNs (Figure
2C3), but was significantly decreased in potentiated iGABANSs (Figure 2D3). Taken together,
these results reveal that synapse-type-specific effects of presynaptic potentiation on
release probability is a conserved mechanism across species and could be linked to
intrinsic differences in presynaptic molecular organization.

RRP increase potentiates synaptic strength at glutamate and GABA synapses

The FSK-induced potentiation at glutamate synapses in our synapses cultures is not
mediated by an increase in quantal size (Supplemental Figure S1) or release probability
(Figure 2A3, C3). Therefore, we tested whether glutamate synapses are strengthened by an
increase in the readily-releasable pool (RRP) of synaptic vesicles, as has been previously
shown in cerebellar glutamate synapses’® and hippocampal mossy fiber boutons’'®. We
compared the charge of the postsynaptic current evoked by a 5 s application of hypertonic
sucrose solution? in glutamate autapses under control conditions to those treated with
FSK. We found that FSK treatment showed a strong trend towards larger RRP size (~63%
increase from control; p = 0.067) in glutamate autapses (Figure 2E1-E2). We next asked
whether RRP was increased in GABA autapses with FSK treatment. Again, we found that
sucrose evoked RRP was increased by a strong trend (Figure 2F1-F2; ~28% increase from
control; p = 0.062). The vesicular release probability, calculated as the charge of the action
potential-evoked PSC divided by the charge of the RRP, was not different on average in
either synapse type with FSK treatment (Figure 2E3, F3).

Because the magnitude of RRP increase with FSK in glutamate and GABA primary autapses
was similar, we tested whether expansion of the RRP was a conserved mechanism to



213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

increase synaptic strength. We compared the RRP size in human iGLUN autapses and
found an even stronger trend in increased size with FSK treatment that that observed in
mouse glutamate autapses (Figure 2E1-E2, G1-G2; ~51% increase from control; p = 0.059).
In iGABAN autapses, we found a significant increase in the RRP size in the FSK-treated
group versus control conditions (Figure 2H1-H2; ~2-fold increase from control; p = 0.012).
As in mouse neurons, the Pvr was not increased in either induced neuron type (Figure G3,
H3). Taken together, these findings suggest that FSK treatment potentiates synaptic
strength at least in part through increasing the number of synaptic vesicles in the RRP.

RRP is increased at the single synapse level

Sucrose evoked RRP measurements cannot distinguish between increases of RRP at
individual synapses or unmasking of silent synapses. Therefore, to determine the
mechanism of RRP expansion with FSK treatment at we performed ultrastructural analysis.
We performed electron microscopy on high-pressure frozen primary mouse hippocampal
cultures under control conditions or with FSK pre-treatment (10 minutes; 50 uM; Figure
3A1). The number of docked vesicles and the length of the active zone were determined for
individual synaptic profiles (41 profiles control, 40 profiles FSK). The number of docked
vesicles per synapse increased by 44% with FSK treatment (Figure 3A2; p = 0.055), similar
to the increase observed in sucrose-evoked RRP (Figure 2). Surprisingly, the size of the
presynaptic AZ also increased significantly with FSK treatment (Figure 3A3). These results
suggest that FSK treatment increases the RRP by increasing the number of docked SV per
synapse.

To confirm our RRP increase at individual glutamate and GABA synapses from another
angle, we employed cell-type specific expression of synaptophysin-pHluorin (SypHy) using
cultures from the VGAT-cre mouse line?®. The SypHy signal generated by 40 stimuli at 20 Hz,
proposed to represent fusion of the RRP?6, was significantly larger in both glutamate and
GABA synapses, indicating a significant potentiation of the RRP by FSK (Figure 3B-C),
independent of a readout by postsynaptic receptors. However, the significantly higher
magnitude of potentiation by FSK at the GABA synapses (Figure 3C3) hints at a more
dramatic increase in the RRP at this synapse type that may be underestimated in RRP
readouts mediated by postsynaptic receptors (Figure 2F2)

RRP increase enhances neurotransmitter release at the single synapse level

Does the increase in the physiologically and morphologically defined RRP result in an
enhanced neurotransmitter release per action potential? To investigate this, we measured
relative cleft neurotransmitter concentrations by inhibition of the postsynaptic current with
a low-affinity, competitive neurotransmitter receptor antagonist?’:?%, In glutamate autapses
under control conditions or with FSK treatment, we compared the magnitude of inhibition
of the postsynaptic AMPA receptor-mediated EPSC by subsaturating concentrations of the
high-affinity antagonist, NBQX (60 nM; HAA) and the low-affinity, competitive antagonist,
kynurenic acid (KYN; 200 uM; LAA). We found that while NBQX inhibited the EPSC to the
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same extent in both conditions, the inhibition by KYN was significantly decreased in the
FSK-treated neurons (Figure 4A1-A2). This suggests that FSK potentiation results in an
increase of glutamate in the synaptic cleft, likely caused by an increase in multivesicular
release (MVR) as previously reported’®. Additionally, it should be noted that the difference
between KYN inhibition in control and FSK mirrors the difference in KYN inhibition between
1mM and 2 mM extracellular Ca?* (Supplemental Figure S3), conditions known to alter the
amount of multivesicular release in a release probability dependent manner?-2°,

We next used TPMPA, a low affinity, competitive antagonist for GABAa receptors, to
investigate whether FSK treatment also increases cleft neurotransmitter in inhibitory
synapses. In GABA autaptic neurons, the high affinity GABAareceptor antagonist, gabazine
(GZ; 150 nM) inhibited the IPSC to the same extent in control or FSK treated groups (Figure
4B1-4B2). However, the IPSC inhibition by TPMPA (300 uM) was significantly decreased in
the FSK treated neurons (Figure 4B1-B2). This suggests that presynaptic potentiation by
FSK increases cleft neurotransmitter concentration, likely through an increase in MVR, at
both excitatory and inhibitory synapses in primary culture.

While an increased concentration of neurotransmitter in the synaptic cleft can reflect
multi-quantal release at individual synapses, it could also be affected by spillover of
neurotransmitter between synapses®. Therefore, we investigated neurotransmitter release
after FSK treatment at individual synapses using fluorescent neurotransmitter sensors.
With iGluSnFR3*' expressed in primary hippocampal culture, we found that the average
fluorescent signal generated by single extracellular stimuli (10 stimuli, 0.5 Hz) at specific
sites (Figure 4C1-C3) was increased after a five-minute incubation in FSK (50 uM). A similar
increase in the average fluorescent signal from iGABASNnFR2%* in response to single stimuli
was also increased with FSK treatment (Figure 4D1-D3). These results suggest that FSK
treatment leads to an increase in MVR at both glutamate and GABA synapses in culture.

AZ rearrangement leads to increase in release probability in GABA synapses

Expansion of the RRP with FSK treatment occurs in both glutamate and GABA synapses
(Figures 2,3); however, only GABA synapses show an accompanying change in short-term
plasticity (Figure 2). To investigate the mechanism responsible for divergence in the short-
term plasticity outcome with FSK treatment, we first explored whether activation of
andenylyl cyclase with FSK leads to potentiation of glutamate and GABA synapses through
similar signaling pathways (Supplemental Figure S4). Using iGlUSnFR3 or iGABASnFR2, we
found that inhibiting the PKA signaling pathway with H-89 (10 uM; 10 min incubation)
caused a decrease in release from baseline of both glutamate and GABA, and additionally
blocked the potentiation induced by FSK treatment (50 uM; 5 min incubation;
Supplemental Figure S3). We next ruled out differential alteration in Ca?" influx, as the
average syn-GCaMP6f signalin response to 1, 2, or 3 stimuli before and after FSK treatment
was not changed in glutamate or GABA synapses (Supplemental Figure S4; see STAR
Methods), suggesting the PPR decrease in GABA synapses is not due to an increase in Ca?
influx.
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One remaining explanation for the different effect of chemical potentiation on short-term
plasticity in glutamate versus GABA synapses is the divergence in baseline presynaptic
VGCC organization. We compared the distance between CaV2.1 and Munc13-1 particles in
glutamate and GABA synapses, as previously described, under control or FSK-treated
conditions (Figure 5). In glutamate synapses, the nearest neighbor distribution for CaV2.1
to Munc13-1 particles shifted towards closer distances, suggesting FSK treatment causes a
slightly, but significantly, closer coupling of VGCCs and release sites (Figure 5A1-A2). The
NND distribution for Munc13-1 to CaV2.1 particles was not significantly affected by FSK
treatment in glutamate synapses (Figure 5A1,A3). In GABA synapses, however, FSK
treatment had no effect on the CaV2.1 to Munc13-1 particle NND distribution, but
dramatically altered the Munc13-1 to CaV2.1 particle NND relationship (Figure 5B1-B3).

To further investigate the nature of the presynaptic rearrangement at glutamate and GABA
synapses with FSK treatment, we performed cluster analysis on our 3D STORM images. We
found Munc13-1 clusters in glutamate synapses were not changed by FSK treatment
(Figure 5C1-C3), while in GABA synapses the number of Munc13-1 clusters was reduced
and the mean cluster diameter was increased (Figure 5D1-D3). For CaV2.1 clusters, in
glutamate synapses we saw no change in cluster number or particle per cluster, with a
small, but significant, increase in mean cluster diameter (Figure 5E1-E3). This finding could
potentially account for the decrease in Munc13-1 to CaV2.1 nearest neighbor in this
synapse type. CaV2.1 clusters in GABA synapses, nearly doubled (78% increase from
control) with FSK treatment. There was no change in the diameter of the calcium channel
clusters, but a significant decrease in the number of particles identified per cluster (Figure
5F1-F3). Taken together, these data suggest that activation of adenylate cyclase causes
calcium channel clusters to dissociate, leading to more equal distribution of VGCCs to
release sites in GABA synapses.

Molecular rearrangement predicts physiological changes in VGCC-release coupling

A predicted outcome of the AZ rearrangement observed in Figure 5 is a change in the
relationship between calcium channels and the release sites. Therefore, to assess the
physiological impact of AZ reorganization on VGCC to release site distance, we
investigated the sensitivity of synapses to the slow calcium chelator, EGTA*®. In glutamate
autapses, in the presence of 3 uM Cd?* and 2 mM Ca?', pre-incubation with EGTA-AM?33
resulted in a decrease of the EPSC of 68 £ 15% (Figure 6A1-A3). Pre-incubation with FSK (50
MM, at least 15 minutes), increased the average amplitude, as expected with potentiation,
but had no significant effect on the average decrease in potentiated EPSC by pre-
incubation with EGTA-AM (54 £ 10% of FSK baseline amplitude; Figure 6A1-A3). In GABA
autapses, on the other hand, pre-incubation with EGTA-AM under control conditions
resulted in an average IPSC that was 37 £ 8 % of control, while FSK pre-incubation
dramatically decreased the effect of EGTA-AM to 67 + 13% of FSK baseline (Figure 6B1-B3).
This data reflects the changes in Munc13-1 to CaV2.1 particle distributions observed in 3D
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STORM experiments and further show the capacity and physiological impact for molecular
organization governing functional diversity of synapses.

Mesoscale molecular interactions underlie distinct baseline AZ organizations of synapses

The most distinct difference between the nanotopology in the AZ of glutamate and GABA
synapses in our experiments is the organization of VGCCs under baseline conditions. We
hypothesized that glutamate’s more dispersed vs GABA’s clustered VGCC organization
could result from different molecular interactions between VGCCs and the AZ scaffolding
proteins. As a major putative mechanism for AZ organization is weak interactions of
proteins resulting in condensates through liquid-liquid phase separation® (LLPS), we
investigated the sensitivity of glutamate and GABA synaptic transmission properties to
phase condensate disruption®. We performed fluorescent neurotransmitter sensor
imaging experiments and assessed the acute effects of condensate disruption using fast-
flow application of hexanediol. We found that application of 3% 2,5-hexanediol potentiated
the iGlUSNFR signal overall (Figure 7A1-A2) and by approximately 60% per synapse (Figure
7A3), while the iGABASNnFR was significantly decreased by the same treatment (Figure 7B1-
B3).

To investigate whether the hexanediol-mediated potentiation occurs through similar
pathways as the FSK-induced potentiation, we performed occlusion experiments. Acute
application of 2,5-hexanediol no longer potentiated iGluSnFR signals in synapses that were
pre-incubated in FSK (50 uM, 15 minutes; Figure 7A1-A3). In fact, the application of 2,5-
hexanediol caused a decrease in the signal similar to the decrease caused in iGABASnFR
signal in synapses pre-incubated with FSK (Figure 7B1-B3). Taken together, these data
indicate a differential sensitivity to disturbing LLPS in glutamate and GABA synapses under
baseline conditions, while hinting at the possibility that this mechanism underlies
differences in capacity and mechanisms of presynaptic potentiation.

Discussion

Our findings use the fundamental differences in VGCC organization between the two most
abundant synapse types in the CNS—small central glutamate and GABA synapses—to
explore the mechanisms and capacity of presynaptic plasticity. By challenging these
synapses with chemical potentiation, we show that functional aspects of the presynaptic
organization are generalizable and conserved across species. Our investigation of
molecular organization of the AZ after potentiation reveals that presynaptic VGCC
nanotopology is not static, but rather susceptible to modification by signaling cascades,
resulting in plasticity characteristics determined by baseline organization. We show that
the molecular re-arrangement of AZ is consistent with physiological outcomes, and, finally,
we hint at the role of LLPS in defining the diversity of baseline nanotopology at different
synapse types.
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In both synapse types, we observed an increase in the RRP and nanoscale rearrangement
of presynaptic molecules with chemical potentiation (Figure 7C). We propose that the
divergent effects of FSK treatment on short-term plasticity reflects capacity for disruption
of each synapse type’s intrinsic organization. In the glutamate synapse configuration
(Figure 7C1), VGCCs and Munc13-1 are relatively dispersed, reminiscent of an “exclusion
zone” nanotopology model®; therefore, disrupting the organization with potentiation has a
lower impact on the release site-VGCC relationship. The CaV2.1 to Munc13-1 nearest
neighbor distance decreases, which could reflect increased exclusion of VGCCs from
regions around newly docked SVs or disruption of the mechanism determining specific
VGCC-release site coupling distances. We see no significant difference in the sensitivity of
the EPSC to the slow calcium chelator, EGTA, under control or potentiated conditions.
However, because we use the AM version of the chelator and perform the experiments
between cells, it is possible that we are not within the range of sensitivity to detect the
more subtle changes in Munc13-1 to CaV2.1 particle distances observed by 3D STORM.

In GABA synapses (Figure 7C2), however, potentiation disrupts non-random, clustered
VGCCs, shifting VGCCs to a more random organization. Because Munc13-1 clusters are
relatively dispersed, upon potentiation we see a dramatic shift in the nearest neighbor
distances between Munc13-1 to CaV2.1, which is also reflected in a significant decrease in
the sensitivity of the IPSC to EGTA. We speculate that the access of distal Munc13-1 sites
to CaV2.1 after potentiation accounts for the modulation of short-term plasticity, while the
RRP increase plays a major role in the synaptic strengthening. We propose that release
probability increase with chemical potentiation is a property of disrupting specific AZ
organization involving clustered VGCCs, rather an inherent trait of GABA synapses. For
instance, the large multi-AZ glutamate synapse, calyx of Held, shows an increase in RRP
and release probability with FSK treatment?°, more consistent with the behavior of our
GABA synapses. Indeed, AZs at the calyx also are proposed to have clustered VGCC
organization with proposed perimeter coupling of SVs®¢; however, extrapolating from our
results may suggest SV docking sites distal from the VGCC clusters that gain VGCC access
after FSK treatment.

What mechanism determines the characteristics of presynaptic organization at small
glutamate and GABA central synapses? Glutamate synapses, which are generally made
onto postsynaptic spines'?, display a dense, proteinaceous environment'®*-%_The
postsynaptic target structure and transsynaptic interactions could play a major role in
determining the baseline nanotopology*’. Transsynaptic proteins and adhesion molecules
make up a major category of proteins differentially expressed between glutamate and
GABA synapses'. We hypothesize that the dense, proteinaceous environment of the single
AZ synapses onto spines leads to smaller, more distributed clusters of VGCCs and
exclusion zone organization, while larger VGCC clusters are possible in the less packed
shaft boutons. Alternatively, differences in specific isoforms or stoichiometries of
organizing molecules could provide the driving force for divergent presynaptic
configurations. For instance, CaV2.1 splice variants display different mobility and
clustering properties®'.
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The distinct baseline configurations in glutamate and GABA synapses are likely influenced
by the weak interactions of proteins in each presynaptic environment through the
mechanism of phase condensation. We show a differential effect of phase condensate
disruption treatment on glutamate and GABA release (Figure 7). This could be explained by
configurations in GABA AZs: stronger protein-protein interactions, lack of LLPS-mediated
organization, or exclusion of VGCCs in condensates. However, regardless of the underlying
mechanism, the acute potentiation of glutamate, but not GABA, synapses with 2,5-
hexanediol indicates a distinct role for weak interactions in intrinsic presynaptic function
and diversity. Future experiments will investigate the specific molecular interactions
governing these findings.

Our broadly defined small glutamate and GABA synapses show distinct VGCC
arrangement. The rearrangement of these organizations upon chemical potentiation
reveals the capacity of synapses to change—and demonstrates the nature of these
inherent interactions to be disrupted by biological signaling pathways. We speculate that
under physiological conditions, active regulation of these interactions leads to both
heterogeneity within a synapse type and divergence in characteristics of presynaptic
plasticity. Adenylate cyclase activation can be bidirectionally regulated with presynaptic G-
protein coupled receptor signaling*?, which could lead to a divergence or convergence of
presynaptic organization across synapse types. Additionally, presynaptic homeostatic
plasticity (PHP), recently described in small central synapses, shows strikingly similar
output phenotypes to our observations—PHP at glutamate synapses is governed by
expansion of RRP, with little change in Pr, while increase of both RRP and Pr occurs in GABA
synapses**#4, Therefore, it is tempting to speculate that these phenomena use a
convergent mechanism. Future work will explore the molecular and signaling interactions
determining presynaptic organization in baseline and potentiated states.
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Figure 1. Glutamate and GABA synapses have divergent nanotopologies in cultured
hippocampal neurons. A1) Schemes for glutamate (glu) and GABA (GABA) presynaptic
organization hypothesized from previous models®. B1-B4) Example traces of postsynaptic
currents (PSC) from hippocampal autaptic neurons in control conditions and with 3 uM
Cd?*" with natural scale (B1) and normalized to the first of two pulses (50 ms ISI; B3). Bar
graphs show averages of indicated parameters over n cells. C1-C2) Example synapses
imaged by 3D STORM with labeling of CaV2.1 and Munc13. Glutamate and GABA synapses
were indicated by Homer1 or Gephyrin labeling, respectively. C3-C4) Frequency
distributions of nearest neighbor distances (NND) of particles from 3D STORM imaging
comparing CaVvV2.1-Munc13-1 (C3) or Munc13.1-CaV2.1 (C4) relationships in both cell
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types. Cluster analysis comparing average cluster count, mean cluster diameter, and
particles per cluster for Munc13-1 (D1-D3) and CaV2.1 (E1-E3). Bar graphs represent mean
+ sem. See Table S1 for details.
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Figure 2. Presynaptic plasticity characteristics are conserved between species in
glutamate and GABA synapses. A1) Traces of EPSCs (50 ms interstimulus interval) in
glutamate mouse hippocampal autapses in control or forskolin (FSK)-preincubated
conditions. A2-A3) Quantification of parameters recorded in indicated groups over n
neurons. B1-D3) Same as A1-A3 recorded in GABA mouse hippocampal autapses (B1-B3),
glutamate autapses induced from human pluripotent stem cells (iGLUNs; C1-C3) or GABA
autapses induced from human pluripotent stem cells (iGABANs; D1-D3). E1) Sucrose-
evoked current traces in glutamate mouse hippocampal autapses in control or FSK
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conditions. E2-E3) Quantification of the charge in the transient sucrose evoked current
(RRP size) and the calculated vesicular release probability (Pvr) in glutamate autapses. F1-
H3) Same as E1-E3 recorded in GABA mouse hippocampal autapses (F1-F3), human
iGLUNSs (G1-G3) or human iGABANs (H1-H3). Bar graphs represent mean = sem. See Table
S2 for details.
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680  Figure 3. Chemical potentiation results in expansion of the morphological and functional
681 RRP A1) Electron micrographs of synapses from mouse hippocampal culture in control and
682  FSKconditions. A2-A3) Quantification of number of docked synaptic vesicles and active
683  zone size per synapse. B,C) Functional RRP measured as the fluorescence signal of

684  Synaptoptophysin-coupled pHluorin (SypHy) generated by 40 stimuli at 20 Hz. SypHy was
685 expressed in putative glutamate (B) or GABA (C) synapses using cultures from the VGAT cre
686 mouse line and specific cre negative or cre positive expression vectors, respectively

687 (Herman et al., 2018). B1) Example fluorescence increase (AF) generated in response to the
688 40 stimuli at 20 Hz in control conditions or after 5 min incubation in forskolin (FSK; 50 pM)
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in glutamate synapses expressing SypHy. B2, B3) Average AF/F, of SypHy per field of view
(FOV) with stimulation either over time (B2) or peak measurement (B3). All control and FSK
measurements were performed as paired experiments. C2, C3) Same as described for (B)
panels with SypHy expressed in GABA synapses. Panels in (B1, C1) are set to the same
relative intensity scale (1-1400 a.u.). Scale bar =5 pm. Error bars represent mean = sem.
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Figure 4.
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Figure 4. Expansion of RRP with chemical potentiation ncreases synaptic vesicle fusion at
glutamate and GABA synapses. A1-A2) Traces and quantification of EPSC inhibition in
control or FSK-treated glutamate autapses with NBQX (60 nM) or kynurenate (KYN; 200
uM). B1-B2) Traces and quantification of IPSC inhibition in control or FSK-treated GABA
autapses with gabazine (GZ; 150 nM) or TPMPA (300 uM). C1) Image of average iGluSnFR3
(baseline subtracted; 10 stimuli, 0.5 Hz) before and after FSK treatment in hippocampal
primary culture. Scale bar 5 ym. Same intensity scale. C2) Fluorescent signals of
iGluSnFR3 (single stimuli) before and after FSK treatment. C3) Quantification of average
fluorescent responses per synapse. D1-D3) Same as (C1-C3) with iGABASnFR2. Bar graphs
represent mean £ sem. See Table S4 for details.
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Figure 5. Reorganization of presynaptic hanotopology with chemical potentiation. A1) 3D
STORM images of glutamate synapses in control or FSK conditions. Comparison of NND
frequency distributions between CaV2.1-Munc13-1 particles (A2) or Munc13-CaV2.1 (A3)
relationships in control or FSK treated synapses. B1-B3) Same as in A1-A3 with GABA
synapses. Quantification of cluster analysis for Munc13-1 clusters in glutamate (C1-C3) or
GABA (D1-D3) synapses. Quantification of cluster analysis for CaV2.1 clusters in glutamate
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(E1-E3) or GABA (F1-F3) synapses. Bar graphs represent mean = sem. See Table S5 for
details.
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Figure 6. Reorganization of presynaptic molecular nanotopology is reflected in
physiological measurements of SV-to-calcium source coupling. A1) Average traces from
individual glutamate autapses recorded in control conditions, with (gray) or without (black)
pre-incubation with EGTA-AM (10 uM, 10 min) or with FSK pre-treatments, with (coral) or
without (red) EGTA-AM pre-incubation (10 uM, 10 min). A2) Average amplitudes of EPSCs in
autapses recorded between groups of cells under indicated conditions. A3) Average effect
of EGTA on amplitudes of autapses under control or FSK-treated conditions. EGTA
amplitudes were normalized to the average amplitude of the respective control groups. B1-
B3) Same experimental design and graphical representations as described in (A1-A3) for
IPSCs recorded in hippocampal GABA autapses. Bar graphs represent mean =+ sem. See
Table S6 for details.
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Figure 7. Disruption of LLPS in excitatory, but not inhibitory, synapses mimics chemical
potentiation. A1) Example fluorescence responses of iGlUSNFR3 in response to 10 stimuli
(0.5 Hz) from a single region of interest (ROI; synapse) at baseline (black) orimmediately
following application of 3% 2,5-hexanediol (red) by fast-flow perfusion. Baseline conditions
were control or pre-incubation with forskolin (FSK). A2) Average iGluSnFR3 AF/F, responses
in individual ROls at baseline and immediately following treatment with 3% 2,5-hexanediol.
A3) Average of individual ROI fluorescence in 3% 2,5-hexanediol normalized to baseline in
control (solid) or FSK pre-incubation (striped) conditions. B1-B3) Same as described in (A1-
A3) for iGABASNnFR2 responses. C1, C2) Illustration representing intrinsic organization of
prototypical glutamategic (C1) and GABA (C2) presynaptic terminals and differential
effects of reorganization upon chemical potentiation. Increased release in potentiated
excitatory synapses is more dependent on an increase in RRP, and likely involves disruption



749  of LLPS. Increased release in potentiated inhibitory synapses is mediated by both increase
750 in RRP and release probability, likely as a result in the re-organization of VGCCs.



coONOOOTD~WN-=-

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Supplemental Figure S1.

A B C_
. N 151 *
< z
o oy .
“ II ll 9 o i °
©
é cé)_ 10 -~ .
Q. (0] (]
‘ £ Lo L4
O ?
1% o
—150 p/\a—J W
soms £ T ctl FSK 5 cil FsK
D E_ ns — *kkk
é 801 ~| .:.' im-
il M el & & §8'|
=4 $ % S gl o °
""l"’”"ﬂm"ﬂ ¢ £ 407 s i
° Lt 4- H [ o
& 201 3}
—150pA P a2
500 ms € o % |
g 0-
Ctrl FSK Ctrl FSK

Supplemental Figure S1. Forskolin treatment affects miniature postsynaptic current
(mPSC) frequency, but not amplitude in glutamate and GABA synapses. A) Example traces
of spontaneous miniature excitatory currents (MEPSCs) recorded in hippocampal
glutamate cultured autaptic neurons in control conditions (black) or with forskolin (FSK; 50
pM) treatment for at least 15 minutes (red). B,C) Quantification of the average mEPSC
amplitude and frequency measured from cells recorded in each of the conditions. D)
Example traces of miniature inhibitory postsynaptic currents (mIPSCs) recorded in
hippocampal GABA autaptic neurons in control conditions (black) or with at least 15
minutes of FSK treatment (teal). E, F) Quantification of the average mIPSC amplitude and
frequency measured from cells recorded in each of the conditions. All bar graphs represent
mean *+ sem. Significance was determined by Mann-Whitney test with significance values
as indicated: * p < 0.05; **** p <0.0001.
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Supplemental Figure S2. Differential characteristics of chemical potentiation preserved in
excitatory and inhibitory inputs in acute hippocampal brain slice. A) Example recording of
excitatory postsynaptic current (EPSC) amplitudes in CA1 pyramidal neuron evoked by
extracellular stimulation of stratum radium. Application time of forskolin (50 uM) and NBQX
(5 M) are indicated. B) Average steady-state EPSC amplitudes of example recordings
during different pharmacological conditions, as indicated. C, D) Graph indicating average
EPSC amplitude (C) or paired-pulse ratio (EPSC2/EPSC1; 50 ms ISI; D) during baseline
(ACSF) and potentiation by forskolin. Black points indicate average over all recordings
(mean £ s.e.m.) and gray points indicate average measurements from individual recordings.
E-H) Same as described for (A-D) for inhibitory postsynaptic current (IPSC) inputs into CA1
pyramidal neurons evoked by extracellular stimulation in the stratum oriens. For all graphs
* indicates p <0.05.
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Supplemental Figure S3. Glutamate autaptic neurons show an increase in multivesicular
release with increased extracellular calcium. A) Examples of EPSCs evoked by paired
stimuli (50 ms ISl) in [Ca?'], of 1 mM (black) or 2 mM (green). B) Quantification of average
paired-pulse ratios (EPSC2/EPSC1) in groups of cells recorded in the indicated [Ca?'],.
Black line represents the mean value. Experiments were performed between groups of
cells in order to test the sensitivity of the method to detect changes in release probability
and multivesicular release in different conditions between cells. C) Example traces of
EPSCs in baseline conditions (darkest) or with subsaturating concentrations of the high
affinity AMPA receptor antagonist, NBQX (60 nM; medium) or the low affinity antagonist
kynurenate (KYN; 200 pM; lightest) in [Ca?'], of 1 or 2 mM. D) Quantification of inhibition by
NBQX or KYN in different conditions as indicated. Inhibition by low and high affinity
antagonist was performed within cell, but the average inhibition of the baseline EPSC by
the antagonists (% block) was compared between groups of cells. Bar graphs represent
mean £ sem. Significance was determined by unpaired t test. * p > 0.05.
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Supplemental Figure S4. Forskolin does not potentiate neurotransmitter release in the
presence of protein kinase A (PKA) inhibitor, H-89. A) Example iGluSnFR3 fluorescent
signals from a single region of interest in response to 10 stimuli at 0.5 Hz at baseline (Ctrl),
after incubation with H-89 (10 uM, 10 min), and with the addition of FSK (50 uM; 5 min). H-
89 was maintained in the bath in the FSK condition. B) Average AF/F, at single synapses in
the indicated conditions. C-D) Same as described in (A-B) with iGABASnFR2. B, D) Bars
represent mean £ sem of n =321 regions of interest (ROIs). Significance was determined by
Friedman ANOVA with Dunn’s multiple comparison test. **** p <0.0001. E-H) Average
AF/F, signal for a single field of view of SynGCaMP6f expressed specifically in glutamate (E)
or GABA (G) synapses using cre-positive or -negative driven expression in VGAT-cre cultures
before and after FSK treatment (50 uM; 5 min). F, H) Quantification of average normalized
AF/F, responses (FSK/control) per field of view (FOV) for glutamate (n = 6/2) (F) and GABA (n
=7/2) (H) recordings. Bars represent mean + sem. Significance was determined using a
one-sample t-test (test value = 1).
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Methods

Primary neuron culture preparation

All animal handling and sacrifice was performed in strict accordance with the institutional
and local authorities, as permitted by Landesamt fir Gesundheit und Soziales (LaGeSo)
Berlin under license numbers T0220/09 and G106/20.

Hippocampi were dissected from mouse pups (P0-2)of either sexfrom wild type
background (C57/BI6N), VGAT-YFP transgenic background (provided by Imre Vida; Wang et
al., 2009), or VGAT-cre mouse lines, enzymatically digested (papain, 22.5 U/uL; 1 hour), and
mechanically dissociated. Cells were counted and plated at different concentrations on
varying previously-prepared astrocyte feeder layers depending on experiment.
Configurations were as follows: autaptic cultures for electrophysiology, 3.5-4.5 x 10 cells
per 35 mm well, micropatterned feeder layer (ref); live-imaging experiments, 5.0 x 10* cells
per 22.8 mm well, conventional feeder layer; 3D STORM imaging experiments, 5.0 x 10* cells
per 35 mm well, Banker-style feeder layer (ref); EM imaging experiments, 1.5 x 10°cells
per 22.8 mm well, conventional feeder layer on carbon-coated sapphire disks (Watanabe et
al., 2013). Primary culture cells were plated and maintainedin NBA medium (Gibco)
supplemented with B27 (Gibco), Glutamax, and penicillin/streptomycin. Cultures are
maintained under incubation at 37C with injection of 5% CO. until used for experiments.

Acute Hippocampal Brain slice preparation

Mice of either sex were used in accordance with the Institutional Animal Care and Ethics
Committees of the University of Gottingen (T22.20) and in compliance with German animal
welfare regulations. CD1 mice (Charles River; postnatal day 14-21) were used for all
experiments. Animals were deeply anesthetized with isoflurane and decapitated, and the
brain was rapidly removed into ice-cold artificial cerebrospinal fluid (ACSF).
ACSF contained the following (in mM): 119 NaCl, 26 NaHCO;, 1 NaH.PO., 10 glucose, 1.3
sodium ascorbate, 3 sodium pyruvate, 4.2 KCl, 1.5 CaCl,, and 1.3 MgCl,, and was
continuously bubbled with 95% 0./5% CO.. Chemicals were obtained from Carl Roth and
Sigma-Aldrich unless otherwise stated.

The brain was blocked and attached to the slicing stage using cyanoacrylate glue (Loctite),
and coronal slices (270 um) containing hippocampus were cut using a vibratome (VT1200S,
Leica Microsystems). Slices were subsequently incubated in warm ACSF at 35 °C prior to
recordings.

Generation of Human Induced Neurons

Human induced pluripotent stem cells (iPSCs) were derived from the BIHi005-A cell line
provided by the Berlin Institute of Health Stem Cell Core Facility (Germany). iPSCs
were maintained in StemFlex Medium (Thermo Fisher Scientific) under standard conditions
(37°C, 5% CO,). Excitatory and inhibitory induced neurons (iNs) were generated as
described previously™ with minor modifications.
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For induction of inhibitory (GABAergic) neurons, one day before induction, iPSCs were
dissociated with Accutase (Thermo Fisher Scientific), plated on Matrigel-coated
plates (Corning) containing StemFlex Medium supplemented with 2 uM thiazovivin (Tocris),
and infected with lentiviral vectors encoding doxycycline-inducible Ascl1 and DIx2, a
fluorescent reporter, and a puromycin resistance gene (FUW-TetO-
DLX2.P2A.Ascl1.IRES.Puro, FUW-eGFP, and FUW-rtTA, respectively), as described
previously'. Lentiviral particles were produced by the Charité Viral Core Facility?. On day 0,
the medium was changed to DMEM/F12 (Thermo Fisher Scientific) supplemented with N-2
(Thermo Fisher Scientific) and doxycycline (2 pg/ml; Sigma-Aldrich) to induce TetO-
dependent gene expression. On days 1 and 2, the medium was replaced with fresh
DMEM/F12 containing 0.5 mg/l puromycin to select for induced neurons. On day 3, the
medium was changed to DMEM/F12 containing 4 uM cytosine B-D-arabinofuranoside (Ara-
C) to inhibit proliferation of non-neuronal cells. On day 6, induced neurons were replated
onto Matrigel/poly-L-ornithine/laminin-coated plates together with mouse glial cells and
maintained in growth medium consisting of Neurobasal-A (NBA; Thermo Fisher Scientific)
supplemented with B-27, GlutaMAX, doxycycline (2 ug/ml), 5% fetal bovine serum (Pan-
Biotech), penicillin (100 U/ml), and streptomycin (100 pg/ml). On day 9, half of the medium
was replaced and Ara-C was added to prevent glial proliferation. On day 14, half of the
medium was replaced with NBA supplemented with B-27, GlutaMAX, 10 ng/ml BDNF, 2
mg/ml Ara-C, 5% fetal bovine serum (Pan-Biotech), penicillin (100 U/ml), and streptomycin
(100 pg/ml). From day 17 onward, half of the medium was replaced every 5 days with growth
medium containing Ara-C and BDNF. After 70-90 days, GABAergic iNs were washed twice
with PBS (Thermo Fisher Scientific) and dissociated with Accutase for replating onto
astrocyte microislands.

Excitatory neurons were produced via doxycycline-inducible NGN2 expression following
established protocols**. One day prior to induction (day -1), iPSCs at ~90%
confluency were dissociated using Accutase (Thermo Fisher Scientific) and resuspended
in StemFlex Medium supplemented with the ROCK inhibitor thiazovivin (2 uM; Tocris). Cells
were counted, mixed with lentiviral vectors encoding FUW-TetO-NGN2-T2A-Puro, FUW-
rtTA, and FUW-eGFP, and plated onto Matrigel-coated culture vessels at densities
appropriate for 24-well (20-30 x 10° cells/well) or 6-well plates (300 x 10° cells/well).

On day 0, neuronal differentiation was initiated by replacing StemFlex Medium with
DMEM/F12 containing N-2 supplement, non-essential amino acids, BDNF (10 ng/ml), NT3
(10 ng/ml), laminin (0.2 pg/ml), and doxycycline (2 pg/ml). Puromycin (0.5 pg/ml) was added
on days 1 and 2 to select for successfully transduced cells. On day 3, primary mouse glial
cells (=1 month in culture) were detached using Trypsin, washed, and resuspended in
Neurobasal Plus medium supplemented with B27 Plus, 1 pg/mL doxycycline, penicillin (100
U/ml), and streptomycin (100 pyg/ml), growth factors (BDNF, NT-3, GDNF, CNTF, NRTN),
each applied at a concentration of 50 ng/mL . Glia were then added to the differentiating
neurons, replacing the existing medium.Fromday 6 onward, 500 ul of supplemented
Neurobasal-A medium (NBA+) was added to each well, with no medium changes until day
8. Half of the medium was replaced every five days until the cells reached the desired
maturity for experiments.
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After 35-45 days of differentiation, neuronal cultures were rinsed twice with 0.5 MM EDTA in
PBS (Thermo Fisher Scientific) and enzymatically dissociated with Accutase for
approximately 30 min at 37°C. The resulting cells were seeded at a density of 4 x 10° cells per
35-mm well onto astrocyte microislandsto establish autaptic cultures. Preparation of
astrocytic islands followed previously published protocols (Fenske et al., 2019). NGN2-
iN microisland cultures were maintained for an additional 14-21 days under standard
culture conditions before electrophysiological analysis.

Electrophysiology in Neuronal Culture

Whole-cell patch-clamp recordings were performed on autaptic neurons at room
temperature using a Multiclamp 700B amplifier (Molecular Devices). Series resistance was
compensated by 70% and recordings were included only if the access resistance was <12
MQ. Signals were low-pass filtered at 3 kHz, digitized at 10 kHz using a Digidata 1440A
interface, and acquired with pClamp 10 software (Molecular Devices).

Neurons were continuously perfused with an extracellular solution containing (in mM): 140
NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 2 CaCl,, and 4 MgCL, (pH 7.3-7.4, 300 mOsm). For
paired-pulse ratio (PPR) and amplitude measurements, 3 pM Cd** was included in the
extracellular solution to minimize artifacts arising from postsynaptic receptor saturation.
Patch pipettes (2-4 MQ, borosilicate glass) were filled with an internal solution containing
(in mM): 136 KCl, 17.8 HEPES, 1 EGTA, 4.6 MgCL,, 4 Na,ATP, 0.3 Na,GTP, 12 creatine
phosphate, and 50 U/mL phosphocreatine kinase (pH 7.4, 300 mOsm). For low- and high-
affinity antagonist experiments, the extracellular solution was supplemented with
60 nM NBQX, 200 uM kynurenic acid, 300 uM TPMPA, and 150 uM GABAzine.

For voltage-clamp recordings, neurons were held at —=70 mV. Excitatory or inhibitory
postsynaptic currents (EPSCs/IPSCs) were evoked by a 2 ms somatic depolarization to 0
mV.

For the functional coupling distance assay, autaptic neurons were preincubated with 25 uM
EGTA-AM ) for 15 min, followed by three washes in extracellular solution. Cells were then
incubated for 10-15 min in conditioned Neurobasal A medium (Gibco) to allow complete
hydrolysis of AM ester groups. Recordings were performed within ~1 hour thereafter.

Analysis: Offline analysis was performed in AxoGraph X and GraphPad Prism. Miniature
EPSCs (mEPSCs) and IPSCs (mIPSCs) were detected in AxoGraph X using a scaled template
method (0.5 msrise time, 3ms decay for glutamatergic and 0.5 msrise, 18 ms decay for
GABAergic) with a detection threshold set at 4 times the baseline noise SD. The readily
releasable pool (RRP) was assessed by applying 500 mM hypertonic sucrose for 5 s, and the
transient charge transfer was integrated as described previously (Rosenmund and Stevens,
1996). Paired-pulse ratio (PPR) was determined using interleaved single and paired
stimulations (20 Hz) and calculated as the amplitude ratio of the second to the first EPSC or
IPSC. Vesicle release probability (Pvr) was calculated as the ratio of the charge of a single
evoked EPSC or IPSC recorded 3 s prior to sucrose application (IPSC,uc) to the total RRP
charge. Distribution of data was tested for normality using D’Agnosto and Pearson test. For
experiments between cells, statistical analysis was performed between two groups using
unpaired t test (parametric distribution) or Mann-Whitney test (non-parametric distribution;
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between more than 2 groups with ANOVA with parametric or non-parametric multiple
comparison tests. For within cell experiments, statistical analysis was performed using
non-parametric paired Wilcoxon tests (two groups).

Electrophysiology in Acute Hippocampal Brain Slice

For electrophysiological recordings, slices were transferred to a submerged recording
chamber continuously perfused with ACSF maintained at 32 °C at a flow rate of 2
mL/min. CA1 pyramidal neurons were visually identified for whole cell patch clamp
recordings. For AMPAR measurements, internal solution consisted of (in mM): 128 K-
Gluconate, 10 NaCl, 10 HEPES, 4 MgCL,, 0.1 EGTA, 14 Na-phosphocreatine, 4 Na-ATP, 0.4
Na-GTP, pH 7.3 with KOH, 300 mOsm. Atheta glass stimulating electrode was placed in
stratum radiatum to stimulate (DS2A, Digitimer) glutamatergic Schaffer collateral inputs
onto the CA1 neuron. AMPAR currents were isolated using D-AP5 (50 uM, HelloBio) to block
NMDARs and picrotoxin (50 uM, Abcam) to block GABA.Rs, and NBQX (5pM, HelloBio) was
added at the end of each experiment to block AMPARs. For GABA.R measurements, internal
solution consisted of (in mM): 100 Cs-methanesulfonate, 60 CsCl, 10 HEPES, 0.1 EGTA, 4
Na-ATP, 0.4 Na-GTP,4 MgCl2, 10 Na-phosphocreatine, 0.5 QX-314, pH 7.3 with
CsOH, 300 mOsm. The stimulating electrode was placed in stratum oriens,
and GABA.R were measured with TPMPA present (300 pyM, Tocris), NBQX (5 pM) to block
AMPARs, and D-AP5 (50 uM) to block NMDARSs. Picrotoxin (50 uM) was added at the end of
each experiment to block GABA.Rs.

Currents were measured in voltage clamp holding at -70 mV (Multiclamp 700B, Molecular
Devices), sampled at 10 kHz and filtered at 3 kHz. Drugs were applied to the bath solution
flowing at 2 mL/min (PPS2, Multichannel Systems) at 32-35 °C (TC-20, NPI). Data was
analyzed using IgorPro 8 (Wavemetrics).

3D STORM immunolabeling and imaging

Sample preparation and immunolabeling: Banker cultures of WT cells were washed once
with pre-warmed PBS and fixed for 15 min at room temperature (RT) using 4%
paraformaldehyde (PFA). To minimize aldehyde-induced autofluorescence, residual
aldehydes were quenched with freshly prepared 0.1% sodium borohydride in ddH,O for 7
min at RT, followed by three PBS washes (5 min each).

Cells were permeabilized and blocked for 30 min at RT in blocking buffer containing 10%
normal goat or donkey serum and 0.1% Triton X-100 in PBS. Primary antibodies were diluted
in antibody buffer (5% normal serum and 0.1% Triton X-100 in PBS) and applied for 2 h at RT
with gentle rocking. The following primary antibodies were used: rabbit anti-Munc13
(1:1000, Synaptic Systems, #126103) and mouse anti-Gephyrin (1:500, Synaptic Systems,
#147021). Homer served as a marker for glutamatergic
synapses, whereas Gephyrin identified GABAergic synapses.

After three washes in wash buffer (0.1% Triton X-100 in PBS; 10 min each), cells were
incubated with secondary antibodies for 2h at RT with gentle rocking. The following
secondary antibodies were used: Alexa Fluor 488-conjugated anti-mouse IgG (1:500,
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Jackson ImmunoResearch, #715-545-151), Alexa Fluor 488-conjugated anti-guinea pig I1gG
(1:500, Jackson ImmunoResearch, #706-545-148), and Alexa Fluor 555-conjugated anti-
rabbit IgG (1:500, Jackson ImmunoResearch, #711-295-152).

Samples were then washed three times in wash buffer (10 min each) and post-fixed for 10
min at RT with 4% PFA, followed by three PBS washes (5 min each). After the post-fixation
and washing steps, cells were incubated with Alexa Fluor 647-conjugated Cav2.1 antibody
(1:500, Synaptic Systems, #152203) to label presynaptic voltage-gated calcium channels.
Samples were then washed three times in wash buffer (10 min each) and post-fixed again
for 10 min at RT with 4% PFA, followed by three PBS washes (5 min each).

Image acquisition: Imagesfor 3D-STORMwere recorded with aVutara VXL
(Bruker Nanosurfaces, Inc, Madison, WI) commercial microscope with single molecule
localization  biplane technology®’. Samples were imaged inoxygen scavenging
buffer containing thiols. STORM Buffer: Buffer A (50 mM Tris-HCL (pH 8.0), 10 mM NaCl) +
10% w/v Glucose, glucose oxidase (168 AU), bovine catalyase (1400 AU), 20 mM
cysteamine, beta-mercaptoethanol (1%). Imaging was performed for no more than 2
hours after STORM buffer was mixed for optimal oxygen scavenging. Samples were imaged
with 640 nm excitation power of ~500 mW, 555 nm excitation power of ~1,000 mW, and 488
excitation power of ~300mW. Images were acquiredusing a 60x/1.3 NA Silicon
immersion objective and a Hamamatsu Orca Fusion BT sCMOS camera (Hamamatsu
Photonics, Hamamatsu City, Japan) at 50 Hz. 5000 frames per fluorophore were recorded.
Frames were analyzed by the Vutara SRX software (version 7.0.14; Bruker Nanosurfaces,
Inc, Madison, WI).Imaging frames thatcontained non-blinking fluorophores
were discarded.  Single blinks were identified frame-by-frame  after removing the
background by brightness. Identified blinks were localized by fitting the raw dataina 12x12-
pixel region of interest centered around each blink in each plane with a 3D model function
that was obtained from fluorescent beads prior to the imaging experiment. Localized
particles were filtered by a density based denoising algorithm to remove errant particles.
Localizations were rendered as 25 nm particles.

Clustering analysis: Synapses that wereenfaceand in focus were selected for
analysis. Particles from individual synapses were analyzed. Nearest neighbor distances
were taken using knnsearch (MATLAB, Mathworks, California, USA). Particle clustering was
performed using the DBScan cluster algorithm®. Parameters were defined as 5 particles
minimum per cluster and maximum 25 nm inter-particle distance. Cluster size, particle
count per cluster, and cluster counts were processed from the outputs of DBScan. For
measurements of cluster diameter, the root mean square was taken for points of a given
cluster, which approximates the radius of the cluster.

Analysis: Frequency distributions of nearest neighbor distances between particles were
calculated per synapse as frequency of the population per 5 um bins. Average frequencies
per bin were compared between conditions using Multiple Kolmogorov-Smirnov tests with
significance determined by q value. For cluster analysis, measurements were averaged per
synapse and tested for significance using Welch’s t test (two groups). The same set of
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control synapses were used to compare parameters between synapse types (Figure 1) and
treatment effects within synapse type (Figure 4).

High-Pressure Freezing, Freeze Substitution, and Electron Microscopy

High-pressure freezing (HPF) and freeze substitution (FS) were performed essentially
as described previously (Watanabe et al., 2020), with minor modifications. Neuronal
cultures grown for 15 days in vitro (DIV15) on 6 mm carbon-coated sapphire disks were
transferred into extracellular solution containing (in mM): 140 NaCl, 2.4 KCl, 10 HEPES,
2 CaCl,, 4 MgCl,, and 10 glucose (pH 7.4,300 mOsm). Additionally, NBQX (3 mM) and
Bicuculline (30 mM) were added to suppress network activity. For HPF, samples were
assembled into a sandwich consisting of the cultured sapphire disk, a 100 um spacer ring,
a blank sapphire cover disk, and a 400 um spacer ring. Samples were cryofixed using a Leica
EM ICE high-pressure freezer at ~2000 bar and a cooling rate of 10,000-15,000 K/s.

Immediately after freezing, sapphire disks were transferred under liquid nitrogen into
cryovials containing a freeze substitution solution composed of 1% (w/v) osmium tetroxide,
1% (v/v) glutaraldehyde, and 1% ddH,O in anhydrous acetone pre-cooled to -90 °C. Freeze
substitution was carried out in an AFS2 device (Leica Microsystems) following a
programmed temperature ramp: —90 °C (9 h), -90°C to -50°C (8 h; 5°C/h), -50°C to -20°C
(6 h; 5°C/h), -20 °C (12 h), and —20 °C to 20 °C (4 h; 10 °C/h). Samples were then washed
four times (15 min each) with anhydrous acetone, stained for 1 h with 0.1% (w/v) uranyl
acetate in acetone, and washed again four times with anhydrous acetone (all steps
performed at room temperature).

After fixation and staining, samples were infiltrated stepwise with Epon resin in 30%, 70%,
and 90% Epon/acetone (2 h, 2 h, and overnight, respectively). The next day, samples were
embedded in Epon/Araldite resin (26.3% Epon, 18.7% Araldite, 51.9% DDSA, and 2.98%
BDMA; EMS) and polymerized at 60 °C for 48 h.

Ultrathin sections (40 nm) were cut using an Ultracut UCT ultramicrotome (Leica) and
collected on formvar-coated 200-mesh nickel or copper grids. Sections were post-stained
with 2% (w/v) uranyl acetate for 2-3 min followed by Reynold’s lead citrate for 1 min. Images
were acquired with a Tecnai G2 20 transmission electron microscope (FEI) equipped with a
Veleta 2x2K CCD camera (Olympus) operated at 200 kV.

Analysis: Analysis was performed in Imagel). Images were blinded to the experimental
conditions. Active zones were defined and measured as regions juxtaposed to a post-
synaptic density. To quantified docked SVs, a line was drawn at 50 nm (approximately
the diameter of a synaptic vesicle) distance along the AZ. Vesicles located within the 50 nm
band of the active zone were considered docked. Statistical significance
was determined by Mann-Whitney test.

Live-cell imaging experiments

Wild-type hippocampal primary cultures were transduced to express iGluSnFR3-stg or
iGABASNFR2 via infection with adeno-associated viruses (Addgene #178330 and #218874).
For synGCaMP6f experiments, conventional hippocampal cultures prepared from VGAT-
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Cre mice were transduced with synGCaMP6f constructs driven by either a floxed or SWITCH
vector, resulting in expression in Cre-negative or Cre-positive neurons, respectively®.

At DIV14-16, cultures were imaged using an inverted microscope (Olympus) equipped with
a CMOS camera (Andor Neo) controlled by Solis software (Andor). Electrical stimulation was
delivered through a field stimulation chamber under the control of pCLAMP software (Axon
Instruments). Illumination was provided by an LED light source (CoolLED).

For iGlUSNFR3 and iGABASNnFR2 experiments, images were acquired at 20 Hz with an
exposure time of 20 ms (470 nm excitation). During image acquisition, cultures were
stimulated 10 times at 0.5 Hz. Throughout all experiments, cultures were continuously
perfused with extracellular solution containing (in mM): 140 NaCl, 2.4 KCl, 10 HEPES, and
10 glucose (pH 7.3-7.4,300 mOsm). Calcium and magnesium concentrations were
adjusted according to the experiment as follows: iGABASnFR2, 2 mM CaCl,/ 1 mM MgClL,;
iGluSnFR3 (Figure 3), 1 mM CaCl,/ 2 mM MgCl,; iGluSnFR3 (Figure S2), 2 mM CaCl,/ 1
mM MgCL,. To block synaptic transmission, NBQX (3 pM), D-APV (10 pM), and bicuculline
(15 uM) were included in the extracellular solution.

For synGCaMP6 experiments, images were acquired at frame rate of 5 Hz, with an exposure
time of 50 ms. During recording neurons were continuously perfused with an extracellular
solution containing (in mM): 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 2 CaCl,,
and 1 MgClL, (pH 7.3-7.4, 300 mOsm). Antagonists NBQX (3 upM), D-APV (10 pM), and
bicuculline (15 pM) were included in the extracellular solution to block synaptic
transmission.

For pHLluorin experiments, cultures prepared from VGAT-Cre mice were transduced with
lentiviral vectors encoding synaptophysin-pHluorin driven by either a flox or SWITCH vector,
resulting in expression in Cre-negative (glutamatergic) or Cre-positive (GABAergic) neurons,
respectively. Images were acquired at 1 Hz with an exposure time of 100 ms. During image
acquisition, cultures were stimulated with 40 action potentials at 20 Hz. Cultures were
continuously perfused with extracellular solution containing (in mM): 140 NaCl, 2.4 KCl, 10
HEPES, 10 glucose, 2 CaCl,, and 1 MgClL, (pH 7.3-7.4, 300 mOsm).

Analysis: Image analysis was performed in Imagel.
For iGluSnFR and iGABASNFR recordings, after baseline subtraction, responses from 10
stimuli were averaged, and regions of interest (ROIs) were selected based on the averaged
response maps. ForiGluSnFRrecordings, ROIs were chosen from the forskolin
condition, whereas for iGABASnFR recordings, ROIls were selected from the control
condition. For synGCaMP6f recordings, image analysis was performed in Imagel. After
baseline subtraction, ROIs were selected based on the averaged responses to 10 stimuli.
Data distributions were tested by D’Agnosto and Pearson test. Statistical analysis was
performed using Wilcoxon paired test for non-parametric distributions.
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