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The spatial distribution of proteins and their arrangement within the cellular ultras-
tructure regulates the opening of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors in response to glutamate release at the synapse. Fluorescence
microscopy imaging revealed that the postsynaptic density (PSD) and scaffolding pro-
teins in the presynaptic active zone (AZ) align across the synapse to form a trans-synaptic
“nanocolumn,” but the relation to synaptic vesicle release sites is uncertain. Here, we
employ focused-ion beam (FIB) milling and cryoelectron tomography to image synapses
under near-native conditions. Improved image contrast, enabled by FIB milling, allows
simultaneous visualization of supramolecular nanoclusters within the AZ and PSD
and synaptic vesicles. Surprisingly, membrane-proximal synaptic vesicles, which fuse
to release glutamate, are not preferentially aligned with AZ or PSD nanoclusters. These
synaptic vesicles are linked to the membrane by peripheral protein densities, often con-
sistent in size and shape with Munc13, as well as globular densities bridging the synaptic
vesicle and plasma membrane, consistent with prefusion complexes of SNAREs, syn-
aptotagmins, and complexin. Monte Carlo simulations of synaptic transmission events
using biorealistic models guided by our tomograms predict that clustering AMPARs
within PSD nanoclusters increases the variability of the postsynaptic response but not
its average amplitude. Together, our data support a model in which synaptic strength
is tuned at the level of single vesicles by the spatial relationship between scaffolding
nanoclusters and single synaptic vesicle fusion sites.

synapse | cryo-electron tomography | synaptic transmission | nanoscale topography

Neuronal synapses are specialized signaling compartments responsible for information
transfer in the nervous system. Glutamatergic synapses constitute the majority of syn-
apses in the brain (1). During an action potential, presynaptic vesicles fuse with the
plasma membrane, releasing the neurotransmitter glutamate, which diffuses across the
synaptic cleft to bind ionotropic glutamate receptors, including AMPA and NMDA
receptors. AMPA receptors carry most of the postsynaptic current in response to synaptic
vesicle fusion events (2-5). They are present at a high density at the synapse and have
a relatively low affinity for glutamate (6). As a result, fusion of a single synaptic vesicle
does not saturate AMPARs (3, 7). Instead, AMPAR opening probability depends on
the distance from the site of synaptic vesicle fusion, decaying over 50% within 40 nm
(8-11). This dependence of glutamatergic synaptic transmission on AMPAR nanoscale
topography suggests possible mechanisms for regulating synaptic signal transduction
and synaptic plasticity.

The positioning of postsynaptic AMPA receptors and presynaptic vesicle fusion sites
are controlled by the postsynaptic density (PSD), the presynaptic active zone (AZ), and
trans-synaptic cell adhesion complexes in the synaptic cleft. The PSD is a multiprotein,
intracellular scaffolding complex that abuts the postsynaptic plasma membrane (12). The
core scaffold of the PSD, the abundantly expressed protein PSD-95, interacts with AMPAR
auxiliary subunits to anchor AMPARs at the synapse (13, 14). Protein interactions within
the PSD also indirectly link AMPARSs to downstream signaling pathways (13, 15). In the
presynapse, synaptic vesicle fusion is driven by the core fusion machinery consisting of
SNARE proteins, which provide the energy for membrane fusion (16, 17), synaptotag-
mins, which trigger fusion upon Ca* binding (18, 19), and complexins, which regulate
the process (20-24). The AZ acts upstream of the core fusion machinery and, like the
PSD, consists of large, multidomain proteins, notably Munc13 and RIM (25-27). The
AZ complex is precisely localized to the synapse and controls synaptic vesicle maturation
to a fusion-competent state, a process known as priming (25, 28-30). Muncl3 is essential
for synaptic vesicle priming and proper assembly of fusogenic SNARE complexes. It
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requires other AZ proteins, particularly RIM, for proper localiza-
tion and function (26, 31-34). Loss of Muncl3, or disruption of
the AZ, results in a loss of membrane-proximal synaptic vesicles,
suggesting that these vesicles are the morphological correlates of
functionally primed vesicles (29, 30, 33).

The PSD and AZ span several hundred nanometers in diameter
within a single synapse. Superresolution fluorescence microscopy
revealed that both the PSD and the AZ form subsynaptic clusters
spanning tens of nanometers in diameter—i.e., nanoclusters (9,
10, 35-37). Within the PSD, nanoclusters of PSD-95 align with
similar clusters of AMPARYs, consistent with the scaffolding func-
tion of PSD-95 (9, 35). Within the AZ, the number of Muncl3
nanoclusters correlates with functionally defined release sites, and
nanoclusters of RIM spatially correlate with sites of vesicle fusion
events (10, 36). Fusion events also occur in spatial clusters, sug-
gesting AZ nanoclusters are molecular markers of synaptic vesicle
fusion sites (38). Furthermore, AZ and PSD nanoclusters are
preferentially aligned across the synapse in trans-synaptic “nano-
columns” (10, 39). These data led to the model that synapses
maximize the opening probability of AMPARs during synaptic
transmission by precisely aligning vesicle fusion to AMPAR clus-
ters using nanocolumns (8-10, 35). However, these previous flu-
orescence microscopy studies did not reveal the topographical
relationships between AZ and PSD nanoclusters to membrane-
proximal synaptic vesicles since membranes are not visible in these
experiments.

Cryoelectron tomography (cryo-ET) is an imaging method that
enables the three-dimensional (3D) reconstruction of cellular vol-
umes from samples in “near-native” conditions at nanometer res-
olutions, frozen in vitreous ice without exogenous contrast agents
or fixatives (40). Cryo-ET enables imaging of high-resolution 3D
cellular ultrastructure, protein morphology, and, in favorable cases,
near atomic-resolution protein structures in situ by subtomogram
averaging (41-43). Previously, cryo-ET was applied to neuronal
synapses using purified synaptosomes: synapses that have been
sheared away from the cell soma and isolated via centrifugation
(44-47). These studies revealed the presence of protein “tethers”
linking synaptic vesicles to the AZ plasma membrane, as well as
intervesicular linkers connecting synaptic vesicles within the pre-
synaptic terminal (44). Still, the resolution achieved was insuffi-
cient to assign specific proteins to these densities. Therefore,
knock-out mice were used to reveal the molecular identity of these
tethers (45, 47). As an alternative to synaptosomes, synapses
formed by cultured neurons were directly imaged by cryo-ET
using high microscope defocus (-10 to -18 pm) or a Volta
phase-plate to improve image contrast and correlated light and
electron microscopy (CLEM) to identify morphological markers
of excitatory and inhibitory PSDs (48-50). A fundamental limit
to these earlier studies was sample thickness relative to the incident
electron beam. High energy (300 keV) electrons have a mean-free
path for inelastic scattering between 300 and 400 nm (51, 52).
Samples greater than this thickness, even small synapses in the
range of 0.6 to 1 pm in diameter (53, 54), suffer from a loss of
image contrast due to increased inelastic scattering events, con-
tributing to noise and limiting image resolution (55, 56). Samples
of synapses therefore require compression during sample blotting
to achieve acceptable sample thickness for cryo-ET which may
cause artifacts.

To overcome the limitation in achieving optimal sample thick-
ness, focused-ion beam (FIB) milling can be used to thin cellular
samples into lamellae with thicknesses more amenable to cryo-ET
(~150 to 200 nm) (57-59). To achieve optimal imaging condi-
tions for the study of synapses using cryo-ET, we used FIB milling
of cultured hippocampal neurons, targeting synapses formed along
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dendrites. We could reliably capture synapses in FIB-milled lamel-
lae by targeting dense fasciculated neurites for milling. Tomograms
reconstructed from these lamellae samples showed dramatic
improvements in image contrast and resolution compared to pre-
vious studies of synaptosomes and nonmilled neurons, revealing
detailed synapse ultrastructure under near-native conditions. We
imaged presynaptic protein densities and investigated trans-
synaptic alignment between AZ and PSD nanoclusters and their
relationship to membrane-proximal synaptic vesicles. Using our
tomograms, we then conducted tomogram-guided Monte Carlo
simulations of synaptic transmission to predict the functional
implications of the observed synapse architectures.

Results

Focused lon Beam Milling of Cultured Neurons Can Target
Synapses. To minimally perturb synapses before imaging, we
imaged synapses from primary cultured hippocampal neurons
grown directly onto holey carbon grids within a 35-mm culture
dish. Hippocampal cultures were seeded at an intermediate
density to favor abundant synapse formation while allowing for
the removal of culture media by backside sample blotting during
plunge freezing. Cryo-SEM imaging generally revealed large
cell soma emanating branched arborizations (Fig. 14). Closer
inspection revealed that these branches consisted of bundles of
neurites running mainly in parallel (Fig. 1B.) This phenomenon
may be attributable to the absence of glial cells, which adhered
poorly to the grids, or increased mechanical support provided by
neurite bundling. Nevertheless, glial cells were visible by light
microscopy on the glass layer of the culture dish. Neurite bundles
provided tractable targets for sample thinning by focused ion beam
(FIB) milling since they were larger than isolated synapses.

We targeted neurite bundles for FIB milling, reasoning that
these bundles of axons and dendrites were likely to contain an
abundance of synapses (Fig. 1C). After transfer to TEM, low-
magnification lamellae overviews revealed neurites containing
abundant microtubules, mitochondria, and synapses captured in
cross-section (Fig. 1 D and E). Synapses were identified at low
magnification by the presence of synaptic vesicles with a diameter
of ~45 nm in presynaptic terminals opposed to rounded postsyn-
aptic compartments. These postsynaptic compartments are pre-
sumably dendritic spine heads, as they do not contain microtubules,
which are restricted mainly to the dendritic shaft and axons (54).
Depending on the orientation of the synapse to the plane of the
lamella, the synaptic cleft was often visible as an increased inter-
membrane distance between pre- and postsynaptic compartments
(54). We targeted these putative synapses for tomographic
tilt-series data collection and confirmed the presence of a synapse
in the reconstructed tomogram.

Cryo-ET of FIB-Milled Synapses Reveals High-Contrast Ultra-
structure. Reconstructed synapse tomograms from FIB-milled
samples showed dramatic improvements in image quality and
sample contrast compared to many previous studies (44-49).
This is exemplified by the ability to clearly resolve leaflets of lipid
bilayers and accurately fit contrast-transfer functions across a
range of defocus values (SI Appendix, Fig. S1). The quality of
our tomograms is comparable to that of isolated synaptic vesicle
preparations (61), thus representing the maximum achievable
quality with current cryo-ET technology.

Synapses showed characteristic ultrastructure indicative of glu-
tamatergic chemical synapses (Fig. 2 A and B). The presynaptic
compartment was densely crowded with synaptic vesicles and
numerous small protein densities. The postsynaptic compartment
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Fig. 1. Cryo-FIB milling targeting neuronal synapses. (A) Cryo-SEM overview image of a vitrified culture of primary mouse hippocampal neurons grown on a
holey carbon grid. (B) Cryo-SEM image of bundled neurites arborized from cell bodies. (C) Target selection for FIB milling shown from the SEM perspective. The
Left panel shows a neurite bundle before milling and the Right panel shows the same region after polishing the final lamella. SEM images were acquired at 3 kV,
13 pA. (D) TEM search montage overview of the lamella shown in (C), at a pixel size of 3.83 nm/pixel and processed with the LisC algorithm (60). Colored boxes
indicate the sites of putative synapses. White asterisks: mitochondria; white arrowheads: microtubules. (£) Search images (3.83 nm/pixel) of the boxed regions
from (D). The presence of a synapse is indicated by presynaptic vesicles (Left side) opposite a relatively empty postsynaptic compartment (Right), separated by
a synaptic cleft. Depending on the orientation of the synapse, the cleft is more or less apparent in these projection images.

was in comparison sparser, with abundant branched actin fila-
ments present throughout. The PSD was apparent as a dense ple-
omorphic network decorating the intracellular surface of the
postsynaptic membrane in proximity to the synaptic cleft. This
network is consistent with the “thick” PSDs found in previous
lower-resolution cryo-ET studies of PSD-95 containing excitatory
synapses (49). On one occasion, a “thin” PSD, corresponding to
gephyrin containing inhibitory synapses, was also identified and
excluded from further analysis [(49); ST Appendix, Fig. S2A]. On
the presynaptic side of the synaptic cleft, supramolecular densities
were apparent between membrane-proximal vesicles, reminiscent
of previously described presynaptic dense projections proposed to
be the morphological correlate of the AZ complex (28, 30).
Additionally, we observed large membrane proteins on some ves-
icles consistent with V-ATPases, and other notable features such
as postsynaptic clusters of putative TRiC (TCP-1 ring complex)
and presynaptic clathrin baskets (S Appendix, Fig. S2 B-D).
We quantified synaptic ultrastructure using three-dimensional
reconstructed tomogram segmentation at a binned voxel size of 1.36
nm to assess how well our samples matched existing data on cultured
neurons grown on glass coverslips. Our results are consistent with
previous reports using tomography or serial section reconstructions
of high-pressure frozen samples (33, 53, 54). The synaptic cleft was
on average 24.4 nm in width (Fig. 2C) bordered by an AZ mem-
brane area of 0.1 pm”. Synaptic vesicles had an average diameter of
48.7 nm and there was an average of 94 vesicles in the presynaptic

terminal (Fig. 2C and SI Appendix, Fig. S1D). The number of
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synaptic vesicles is likely underestimated since the entire presynaptic
terminal was not captured in the 3D field of view of every tomo-
gram. We analyzed the distribution of distances between synaptic
vesicles and the AZ membrane, normalized by membrane area and
calculated as the number of synaptic vesicles per 0.1 pm’*—the
average AZ membrane area. Histograms with a bin-width of 10 nm
showed a prominent peak in the 0-10 nm bin with a dip in the
distribution in subsequent bins ranging from 10 to 50 nm (Fig. 2D).
Using a smaller bin-width of 5 nm, the membrane-proximal bin
(distance <10 nm) was split between synaptic vesicles 0 to 5 nm
and 5 to 10 nm from the AZ membrane (Fig. 2 D, Inset). Previous
serial section EM reconstructions of hippocampal neurons either
cultured on glass coverslips or from tissue sections indicated a total
AZ area of ~0.15 pm” and ~12 docked synaptic vesicles per synapse
(53, 54). Thus, our synapse tomograms from lamellae capture on
average ~66% of the area of the synapse, assuming the
membrane-proximal <10 nm vesicles (~8 vesicles/synapse; Fig. 2D)
correspond to “docked” or “primed” vesicles.

AZ and PSD Scaffolding Complexes Form Nanoclusters Detected
by Cryo-ET. Superresolution microscopy of fluorescently labeled
proteins revealed nanoclusters of PSD and AZ proteins aligned
trans-synaptically into nanocolumns (9, 10, 35, 36). However,
using fluorescence microscopy alone is limited since only labeled
proteins are localized, while membranes and the positions of
membrane-proximal vesicles are not observable. Cryo-ET can
overcome this limitation of fluorescence microscopy since it
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Fig. 2. Ultrastructure analysis of FIB-milled synapse tomograms. (4) A single XY section through a tomogram of a synapse, reconstructed at bin 8 (1.36 nm/pixel)
and denoised with cryoCARE (62). Cyan arrowhead: presynaptic protein density; Magenta arrowheads: PSD protein density; Green arrowheads: actin filaments.
(B) Segmentation of the tomogram in (A). Gray: plasma membranes; Orange: synaptic vesicles; Cyan: presynaptic protein density; Magenta: PSD protein density;
Green: actin filaments. (C) Quantification of 3D synapse ultrastructure, including cleft dimensions, AZ membrane area, synaptic vesicle number, and synaptic
vesicle diameter (averaged per synapse, see S/ Appendix, Fig. S1D for per vesicle diameters). Lines show mean + SD (N = 14 synapses). (D) Histograms of the
distance distribution of vesicles to the AZ membrane, normalized by AZ membrane area (N = 14 synapses). The main panel shows bins of 10 nm from 0 to 500

nm. The Upper Right Inset shows bins of 5 nm from 0 to 50 nm.

offers cellular context and molecular resolution. However, labeling
and identifying specific proteins remains difficult, especially
in crowded cellular environments. Thus, while we could not
establish the precise localization of specific proteins, we reasoned
that subsynaptic nanoclusters within the PSD and AZ could be
apparent in our tomograms since these clusters line the synaptic
plasma membrane, are tens of nanometers in diameter, and
contain tens of copies of their respective constituent proteins with
an approximate molecular mass in the megadalton range (9, 36).

We first adopted a masked autocorrelation approach to assess
spatial clustering in specific synapse areas and to quantify the
nanocluster dimensions. A volume band starting from the post-
synaptic membrane and extending 100 nm into the postsynaptic
compartment was used to encompass the PSD region (S Appendix,
Fig. S3A). A similar volume band extending 100 nm into the
presynaptic terminal, excluding membrane-proximal synaptic
vesicles, defined the AZ region. We used these volume bands as
masks and quantified the normalized spatial autocorrelation
within each mask based on voxel intensity values of Wiener-filtered
tomograms. In the PSD region, autocorrelation values were above
the expected random value [random normalized G(r) = 1] out to
~90 nm (SI Appendix, Fig. S3B). The AZ region showed similar
autocorrelations to ~70 nm. These values are consistent with esti-
mates of synaptic nanocluster dimensions ~80 nm (10, 35). To
test that this type of analysis can measure the dimensions of sub-
synaptic features, we also performed autocorrelation analysis using
the PSD region mask, but shifted into the synaptic vesicle cloud.

https://doi.org/10.1073/pnas.2403136121

The synaptic vesicle region showed peaks at ~40 and ~60 nm,
consistent with the diameter of, and approximate spacing between,
synaptic vesicles (Fig. 2C and SI Appendix, Figs. S3B and S4E).
To visualize scaffold nanoclusters directly, we applied a
segmentation-based local density analysis. Voxels with intensity
values 1.5 SDs above the mean of each region were segmented as
protein voxels, and the local density was measured in a ~30 nm
diameter window within each region. This analysis revealed non-
uniform protein density peaks within the PSD and AZ regions,
which visually corresponded to scaffolding complexes (Fig. 3 A-C).
Maximum intensity projections onto the plane of the membrane
showed a coarse correspondence between peaks in local density
in the AZ and PSD (Fig. 3C). Peaks in local density maps were
used as seed points for gradient-based segmentation of individual
nanoclusters, thereby partitioning each local density map into
discrete nanocluster volumes (S/ Appendix, Fig. S3C). Nanoclusters
identified in this manner likely represent large supramolecular
clusters of proteins. AZ nanoclusters were on average 23,739 nm’
which could accommodate tens of copies of large proteins such
as the Muncl13. We quantified the number of nanoclusters per
synapse and found an average of 5.23 PSD nanoclusters and 4.69
AZ nanoclusters, with higher variability in the number of AZ
nanoclusters (PSD: SD = 1.05; AZ: SD = 1.98) (Fig. 3D). We
then plotted the number of membrane-proximal vesicles versus
either PSD or AZ cluster number for each synapse. There was a
significant correlation between the number of membrane-proximal
synaptic vesicles and the number of AZ nanoclusters per synapse
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Fig. 3. Nanoscale clustering of AZ and PSD scaffolding complexes. (A) Example XY slices of Wiener-deconvolved (63) tomograms used for segmentation-based
local density analysis. (B) The same slices are shown in (C) with overlaid local density maps at 30% opacity. (C) Maximum intensity projections of local density
maps corresponding to the example synapses shown in (A and B). Projections show the AZ on Top and the PSD on the Bottom, projected from the presynaptic
perspective. (D) Quantification of the number of PSD and AZ protein nanoclusters within each synapse (N = 13 synapses). (E) Correlation between the number
of membrane-proximal (<10 nm) vesicles and the number of PSD (magenta; Spearman rank correlation = 0.27, P-value 0.368) and AZ (cyan; Spearman rank
correlation = 0.72, **P-value 0.006) protein nanoclusters (N = 13 synapses). Linear fits to each point set are shown in dashed lines. Spearman rank coefficients
(p) and associated p-values are listed at the Bottom Right corner. Significance was determined by permutation testing.

(Spearman rank correlation = 0.72, **P-value 0.006) but not the
number of PSD nanoclusters (Spearman rank correlation = 0.27,

P-value 0.368) (Fig. 3E).

Trans-Synaptic Alignment of Scaffolding Nanoclusters Does Not
Extend to Synaptic Vesicles. We next sought to quantitatively
assess the alignment between AZ and PSD nanoclusters and
membrane-proximal synaptic vesicles to test for the presence of
nanocolumns and alignment with potential synaptic vesicle fusion
sites. We developed an approach to measure the lateral offsets
between clusters using the center of mass of each nanocluster
volume projected onto the closest point on the postsynaptic
membrane (SI Appendix, Fig. S3 C-F). We also projected the
center of mass of each membrane proximal synaptic vesicle. For
each nanocluster of a given type (i.e., PSD or AZ) the nearest
neighbor distance between that cluster and a cluster of the opposite
type was quantified. As a control, we randomly placed the same
number of nanoclusters in the same area, repeating each simulated
placement 1,000 times for each synapse.

Comparing the distribution of nearest-neighbor distances
(NND) between PSD clusters and AZ clusters revealed significantly
shorter distances in the observed data than a randomized placement
(observed median = 43 nm, simulated median = 55 nm) (Fig. 4A).
Similarly, the distance between AZ and PSD clusters was shorter
than that of randomized controls (observed median = 36 nm, sim-
ulated median = 47 nm) (Fig. 4B). These results are consistent with
previous reports of trans-synaptic nanocolumns of AZ and PSD
protein nanoclusters (10). Next, we measured the alignment
between membrane proximal synaptic vesicles and AZ/PSD

PNAS 2024 Vol.121 No.27 2403136121

nanoclusters. Surprisingly, we found no difference from randomized
synaptic vesicle placement in the distance between vesicles to AZ
nanoclusters (observed median = 51 nm, simulated median = 54
nm) or to PSD nanoclusters (observed median = 45 nm, simulated
median = 49 nm) (Fig. 4 C and D). Nearest neighbor distances
between clusters of the same type and between synaptic vesicles
were no different from random (S7 Appendix, Fig. S4 C-E). We
also examined a subset of AZ nanoclusters which formed
trans-synaptic nanocolumns. Nanocolumns were defined as AZ
and PSD nanoclusters that were each other’s nearest neighbor and
were within 100 nm of one another. There was no preferential
alignment of synaptic vesicles to these nanocolumns (87 Appendix,
Fig. S5F). Together, we observe preferential alignment between
nanoclusters of AZ and PSD scaffolding proteins and random
placement of membrane-proximal synaptic vesicles with respect to
AZ and PSD nanoclusters.

Pleomorphic Protein Densities Tether Membrane Proximal
Synaptic Vesicles. Nanoclusters of AZ proteins, including
Muncl3 and RIM, are correlated to functionally defined
release site number and position (10, 36). These correlations
are based on functional experiments where action potentials
evoke single vesicle fusion events. On the other hand, our cryo-
ET experiments analyzed all membrane-proximal vesicles within
10 nm of the plasma membrane. We therefore asked whether
additional morphological features could be used to identify
subsets of synaptic vesicles in different states. To examine each
synaptic vesicle more closely, we extracted denoised subtomograms
of membrane-proximal vesicles. We processed them by Wiener

https://doi.org/10.1073/pnas.2403136121
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Fig. 4. Quantification of trans-synaptic alignment of scaffold nanoclusters and membrane proximal synaptic vesicles. (A) Cumulative frequency (Left) and
frequency (Right) histograms of the lateral distance between PSD clusters and their nearest neighbor AZ cluster (NND). The distribution of the observed distance
data is shown in magenta compared to simulation means in black. The 95% simulation envelope of 1,000 simulated random PSD cluster positions is shown in
gray (N = 68 PSD clusters, 13 synapses). (B) Cumulative frequency (Left) and frequency (Right) histograms of the lateral distance between AZ clusters and their
nearest neighbor PSD cluster. Observed distance data are shown in cyan, and simulations in black/gray as in (A) (N = 61 AZ clusters, 13 synapses). (C) Cumulative
frequency (Left) and frequency (Right) histograms of the lateral distance between synaptic vesicle centers and their nearest neighbor AZ cluster. Observed distance
data are shown in orange, and simulations in black/gray (N = 85 vesicles, 12 synapses). (D) Cumulative frequency (Left) and frequency (Right) histograms of the
lateral distance between vesicle centers and their nearest neighbor PSD cluster. Observed distance data are shown in orange, and simulations in black/gray as
in (A) (N = 85 vesicles, 12 synapses). *P < 0.05; **P < 0.01 determined by MAD tests.

filtering to alleviate contrast transfer function artifacts and reduce
high-frequency noise (62, 63) (Fig. 5). Previous cryo-ET studies
of synaptosomes revealed tethers linking membrane-proximal
synaptic vesicles to the AZ membrane (44—47). In agreement
with this previous work, all membrane-proximal synaptic vesicles
were connected to the membrane by proteinaceous densities
in our tomograms. However, these densities were highly
variable, and we could not detect stereotyped architecture. In
some cases, synaptic vesicles appeared to make direct contact
with AZ nanoclusters (Fig. 54). Other synaptic vesicles were
more distal from nanoclusters and were tethered to the plasma
membrane by elongated densities at the periphery of the vesicle.
These elongated tethers were roughly consistent in size and
shape with isolated copies of the priming protein Munc13 and
could accommodate Muncl3 in different conformations of the
C1-C2B hinge region (64) (Fig. 5 B and C). Synaptic vesicles
closer to the membrane had globular densities near the point of
closest membrane approach, either with or without additional
clongated densities (Fig. 5 C-E). These globular densities
between the synaptic vesicle and the plasma membrane are
consistent in volume and shape with models of the complex of
the C2B domain of synaptotagmin-1 and the SNARE complex
interacting via the primary interface and complexin (65); PDB
ID 5W5C). This supports the notion that the final stage of
synaptic vesicle maturation involves tight docking to the plasma
membrane and the formation of a stably primed trans-SNARE
complex (33, 65, 66). However, there was no correlation between
synaptic vesicle distance to the plasma membrane and proximity
to AZ nanoclusters (Fig. 5F). Thus, AZ nanoclusters have no
clear spatial relationship with membrane-proximal synaptic
vesicles in different putative priming states.

https://doi.org/10.1073/pnas.2403136121

Random Alignment of Vesicle Fusion to PSD Nanoclusters
Increases Synaptic Response Variability. The observed lack of
preferential alignment between membrane-proximal synaptic
vesicles and AZ or PSD nanoclusters was surprising, considering
the potential importance of such alignment for AMPAR activation
during synaptic transmission. To understand possible functional
consequences of our findings, we performed Monte Carlo sim-
ulations of synaptic vesicle fusion events and subsequent AMPA
receptor activation (opening) within a simulated synaptic cleft. We
used our tomogram segmentations to generate biorealistic models
incorporating the measured positions of synaptic vesicles, pre- and
postsynaptic membranes, as well as AZ and PSD nanoclusters (Fig. 6
Aand B). AMPA receptors were placed into the PSD membrane in
two alternative topographies—random or clustered—at an overall
density of 1,500 receptors/pm’. In the random configuration,
receptors were distributed throughout the PSD membrane with
no regional preference (Fig. 6C). In the clustered configuration,
75% of receptors were seeded into membrane patches aligned with
PSD nanoclusters as observed in a particular tomogram, and the
remaining 25% were placed randomly throughout the remaining
PSD membrane [(67); Fig. 6D]. Fusion events were simulated for
each membrane proximal synaptic vesicle in a synapse to compare
the number of AMPA receptors activated in the clustered versus
random configuration (Fig. 6E).

Comparing all synaptic vesicles, there was no difference in the
mean number of open receptors between conditions (Fig. 6F).
The simulated data from individual synaptic vesicles revealed that
while some synaptic vesicle responses were strongly potentiated
by clustered AMPA receptor topographies, other vesicle responses
were reduced. When we examined the intervesicle variability in
response amplitude, we found that the coeflicient of variation
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Fig. 5. Protein densities surrounding membrane proximal synaptic vesicles. (A) Example of a synaptic vesicle in apparent contact with an AZ supramolecular
nanocluster. The volume is shown as a 3D surface rendering (Left) and a single XY tomogram slice 1.36 nm thick (Right). The distance between the vesicle and
plasma membrane and the lateral distance between the vesicle and AZ nanocluster center-of-mass are listed below. (B) Example of a comparably simple
interface with an apparent tether. The atomic model of the C;-C,B-MUN-C,C fragment in the upright conformation is shown in red [(64); PDB 7T7X]. (C) Example
of an interface with both tether and intermembrane globular densities. Atomic models: red = C,-C,B-MUN-C,C fragment in the lateral conformation [(64); PDB
7T7V]; SNARE/Syt1-C,B primary interface [(65); PDB 5W5C], red = syntaxin, green = SNAP25, blue = synaptobrevin, yellow = complexin, gold = Syt1-C,B. (D and
E) Examples of interfaces with intermembrane globular density but no apparent tether. Atomic models: SNARE/C,B primary interface [(65); PDB 5W5C]. (F)
Relationship between vesicle-to-plasma membrane distance and vesicle-to-AZ nanocluster distance for all vesicles in the dataset (N = 85 vesicles, 12 synapses;

Spearman rank correlation = -0.19, P-value 0.0706). All scale bars are 10 nm.

(C.V,, the ratio of the SD to the mean) within a synapse is
increased by placing AMPARs in a clustered topography (Fig. 6G).
We measured the impact of clustering by calculating an enhance-
ment index for each synaptic vesicle as the ratio of the peak
response amplitude in the clustered versus the random configu-
ration. A value above one indicates a potentiation of the response
due to AMPAR clustering, whereas a value below one indicates a
reduction. As expected, there was a negative correlation between
the enhancement index and vesicle distance to the nearest PSD
nanocluster (Fig. 6H). In contrast, there was no such relationship
between the enhancement index and distance to the nearest AZ
nanocluster (Fig. 6/). There was a significant correlation between
the enhancement index and vesicle distance to a nanocolumn
(SI Appendix, Fig. S5G). However, simulating fusion events for
only nanocolumn-associated synaptic vesicles - those with nearest-
neighbor AZ nanoclusters that were part of a nanocolumn - gave
similar results, with no increase in simulated response amplitude
in the clustered versus random AMPAR configuration and an
increase in response amplitude C.V. in the clustered configuration
(SI Appendix, Fig. SSH).

Synaptic vesicles can be released both synchronously and asyn-
chronously in response to action potentials (68). Release sites for
synchronous and asynchronous release are proposed to be spatially
segregated, with asynchronous fusion preferentially occurring at
the center of the synapse and synchronous fusion occurring
peripherally (69, 70). Additionally miniature release in the absence
of action potentials is thought to occur at distinct release sites
(71). We therefore examined whether the position of synaptic

PNAS 2024 Vol.121 No.27 2403136121

vesicles within the synapse correlated with their alignment to AZ
or PSD nanoclusters. Both AZ and PSD nanoclusters were ran-
domly localized relative to the synapse center (S/ Appendix, Fig. S5
A and C). There was no correlation between the distance of a
synaptic vesicle to the synapse center and its distance to the nearest
AZ nanocluster (S Appendix, Fig. S5B). There was a slight but
significant positive correlation (Spearman rank correlation = 0.26)
between vesicle distance to the synapse center and alignment to
PSD nanoclusters (S/ Appendix, Fig. S5D). However, our simula-
tions suggest that there is no correlation between release amplitude
enhancement index and synaptic vesicle distance to the synapse
center (SI Appendix, Fig. S5E). Our tomogram-guided simulations
demonstrate a surprising consequence of protein clustering at the
synapse when contextualized within the cellular ultrastructure. If
AMPARs adopt a clustered topography that is random relative to
the placement of synaptic vesicles, even within a single synapse,
some synaptic vesicles are predicted to have greater postsynaptic

weight than others (Fig. 4 Cand D; Fig. 6 E-H).

Discussion

Our work demonstrates the utility of FIB milling of cultured
neurons, building on work in synaptosomes and nonmilled cul-
tures (44—49). FIB milling dramatically improved image contrast
of our samples by reducing sample thickness to ~150 to 200 nm
(Fig. 2 and SI Appendix, Fig. S1). This allowed us to directly vis-
ualize fine ultrastructural features of the synapse in detail. We
observed supramolecular clusters of AZ and PSD scaffolds on the

https://doi.org/10.1073/pnas.2403136121
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Fig. 6. Tomogram-guided simulations of single vesicle fusion events. (A) 3D rendering of a simulation environment derived from a tomogram segmentation.
Plasma membranes are shown in gray, synaptic vesicles in orange, AZ nanoclusters in cyan, PSD nanoclusters in magenta, and AMPA receptors in dark blue.
(B) The same model as in A, but with the presynaptic plasma membrane and AZ nanoclusters removed. The eye indicates the perspective—looking down from
the vesicle cloud to the postsynaptic membrane—of the images in (C and D). (C) Snapshots of simulation time points at 0 ms (Top) and 1 ms (Bottom) showing
receptors seeded in the random configuration throughout the PSD region of the postsynaptic membrane. For clarity, the synaptic vesicles are omitted except for
the fusing vesicle (shown in the Top panel in C). AMPA receptors that have opened in response to glutamate release are shown in green at the 1 ms time-point.
(D) Snapshots of simulation time points at 0 ms (Top) and 1 ms (Bottom) showing AMPA receptors seeded in the clustered configuration. The same synaptic
vesicle fusion event occurs as in (C), and open AMPA receptors are shown in green at the 1 ms time-point. (E) The number of open AMPA receptors versus time
in the random (Left) and clustered (Right) configurations are plotted for every vesicle of the synapse shown in (A-D). The bold black line marked with ‘# indicates
the vesicle shown in panels (C and D). Traces are color-coded by vesicle. (F) The maximum number of open AMPA receptors in response to single vesicle fusion
events with receptors in random versus clustered configurations. The plot shows values for all membrane-proximal vesicles of all synapses in the dataset with
lines and markers color-coded by synapse. (G) Coefficient of variation (C.V.) values for each synapse, color-coded as in (F). *P < 0.05 as determined by the paired
t test. (H) Relationship between the vesicle-to-PSD nanocluster distance and the enhancement index for each vesicle in the dataset. The enhancement index was
defined as the maximum number of open AMPARs in the clustered configuration normalized to the random configuration, with values greater than one indicating
increased postsynaptic responses due to AMPAR clustering and values less than one indicating decreased responses. Points represent each vesicle, color-coded
by synapse as in (Fand G). The point marked with ‘#’ indicates the vesicle shown in panels (C and D). The Spearman rank coefficient (p) and associated p-value are
listed at the Top Right corner (N = 85 vesicles, 12 synapses; Spearman rank correlation = -0.44, ***P < 0.001, as determined by permutation testing). (/) Relationship
between the vesicle-to-AZ nanocluster distance and the enhancement index for each vesicle in the dataset. The Spearman rank coefficient (p) and associated
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P-value, as determined by permutation tests, are listed at the Top Right corner (N = 85 vesicles, 12 synapses; Spearman rank correlation = =0.02, P-value 0.8616).

scale of tens of nanometers and trans-synaptic alignment of said
nanoclusters (Figs. 3 and 4), consistent with previous studies using
superresolution fluorescence microscopy (9, 10, 35, 36). Beyond
these studies, we surprisingly found that membrane-proximal
synaptic vesicles showed no preferential alignment with AZ or
PSD nanoclusters, nor nanocolumns (Fig. 4 and S/ Appendix,
Fig. S5F). Instead, synaptic vesicles within 10 nm were linked to
the membrane by elongated tether proteins or intermembrane
globular protein densities, going beyond findings in lower-
resolution tomograms of synaptosomes (44-47). These proteina-
ceous densities were not stereotyped and had no apparent
relationship with AZ nanoclusters (Fig. 5). Tomogram-guided
simulations of synaptic transmission suggested that the observed
nanoscale topography drives an increase in synaptic response var-
iability within a synapse, with postsynaptic response amplitude
to single vesicle fusion events weighted by vesicle proximity to
PSD nanoclusters (Fig. 6).

Their relatively small size (~0.5 to 1 pm diameter) and distal
positioning from the soma make synapses “thin enough” for
cryo-ET. Although cryo-ET imaging of nonmilled samples
increases data collection throughput, the thickness of these

https://doi.org/10.1073/pnas.2403136121

samples is substantially larger than the mean free path of inelastic
scattering, reducing tomogram quality and contrast. Synaptosome
preparations, which shear synapses from the cell body, are neces-
sarily harsh. Likewise, imaging nonmilled synapses from cultured
neurons is limited to thin regions isolated over foil holes. These
synapses are likely compressed during blotting and potentially
experience substantial shear force (72). Targeting synapses within
neurite bundles for subsequent FIB milling, therefore, offers nota-
ble advantages for the study of ultrastructure. Our tomograms
indicate that lamella samples capture substantial portions of the
total synaptic volume and show ultrastructure similar to synapses
from cultures grown on glass coverslips. The tradeoff between
cellular content lost during FIB milling and improved image qual-
ity supports FIB-milled samples as the sample of choice for
high-resolution analysis of synapses by cryo-ET.

Using cryo-ET to visualize nanoscale clusters of PSD and AZ
scaffolding complexes (Fig. 3) allowed us to analyze their topo-
graphical relationships to synaptic vesicles, providing context to
the model of trans-synaptic alignment of neurotransmitter release
and detection at glutamatergic synapses (9, 10, 35, 36). Fluorescence
microscopy has shown that AZ nanoclusters of Muncl3 contain
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tens of protein copies and are numerically correlated with func-
tionally defined release site number, with an average of 5.7 clusters
per synapse (36). Synaptic vesicle fusion events occur in clusters,
suggesting a higher cluster number of 8.7 per synapse (38). Indeed,
our tomograms support a positive correlation between the number
of AZ nanoclusters and the number of membrane-proximal syn-
aptic vesicles per synapse (Fig. 3E). Surprisingly, AZ nanoclusters
showed no preference for alignment with synaptic vesicles, and
they would likely occlude direct contact between the vesicle and
plasma membranes (Figs. 4 and 5). One possibility is that AZ nano-
clusters act at an upstream step to capture synaptic vesicles and
allow the formation of initial membrane tethering interactions by
Munc13 (73). These vesicles could then laterally disperse from AZ
nanoclusters in contact with Munc13 molecules and proceed along
the molecular priming process. This model would preserve the
numerical correlation between, for example, clusters of Muncl3
and the number of release sites but argue against the notion that
those clusters precisely marked the position of release sites. While
these nuances may only amount to shifts of tens of nanometers,
such distances can potentially impact downstream signal transduc-
tion (8, 74). Alternatively, release sites that preferentially participate
in a specific release modality (i.e., synchronous, asynchronous, or
miniature release) may be preferentially aligned to AZ nanoclusters.
Our data do not allow us to infer vesicular release probability. Still,
even assuming synaptic vesicle distance to AZ nanoclusters corre-
lates to high release probability, our simulations suggest that this
does not reliably translate into an increased AMPAR response
amplitude (Fig. 61). AZ proteins form multiple interactions
observed in vitro, colocalize with one another at the synapse, are
involved in localizing one another, and form dense projections
similar in appearance to the AZ nanoclusters we visualize by
cryo-ET (25, 29, 30, 32, 34). However, it remains possible that
distinct AZ subcomplexes exist and that parsing these could reveal
specific alignments obscured in our current analysis. Currently, we
can only select for nanoclusters that are part of trans-synaptically
aligned nanocolumns. In any case, we did not observe a preferential
alignment of nanocolumns with synaptic vesicles. Moreover, we
did not observe an enhancement of the simulated response by
clustered AMPARs when averaged across all nanocolumn-associated
synaptic vesicles (S Appendix, Fig. S5H).

Subtomogram volumes extracted from our samples show
improved image contrast compared to previous nonmilled sam-
ples, resolving membrane leaflets and complex protein densities
surrounding membrane-proximal synaptic vesicles (S/ Appendix,
Fig. S1 A-C). We observed elongated tether densities consistent
with upright and lateral conformations of the C,-C,B-MUN-C,C
fragment of Munc13 (64) (Fig. 5 Band C). Membrane-proximal
synaptic vesicles were found without putative Muncl3 densities
(SI Appendix, Fig. S5 D and E), associated with one or two (Fig. 5
Band (), or associated with large AZ nanoclusters of sufficient
size to accommodate tens of copies of proteins the size of Muncl3
(Fig. 54). This suggests that large AZ nanoclusters do not correlate
precisely with vesicle position within the synapse. Additionally,
we observed globular densities near the site of closest approach
between the synaptic vesicle and the plasma membrane (Fig. 5
C-E). These globular densities are consistent with complexes of
SNAREs, synaptotagmin, and complexin. These complexes are
sufficiently stable to be visible in our cryo-ET tomograms, sup-
porting the existence of prefusion complexes that guxtapose mem-
branes in an inhibited conformation at resting Ca”™" concentration
(65, 66, 75). However, we did not observe symmetric protein
architecture surrounding the synaptic vesicle. As a result, defini-
tively confirming the molecular identity of these densities via
in situ structure determination will likely require labeling or

PNAS 2024 Vol.121 No.27 2403136121

geneticapproaches (e.g., knock-out) in addition to high-throughput
data collection.

The physiological impact of clustered topographies of scaffolding
proteins and receptors crucially depends on the ultrastructural con-
text. Signaling through AMPA receptors depends on relative posi-
tioning between synaptic vesicle fusion sites and receptor clusters
(4, 8,9, 11, 76). Our tomograms revealed that membrane-proximal
synaptic vesicles are not preferentially aligned with nanocolumns
of AZ and PSD scaffolds (Fig. 4). Our tomogram-guided Monte
Carlo simulations suggest that the functional consequence is
increased postsynaptic response variability within single synapses.
While some vesicles were well aligned to AMPARSs within nano-
clusters and thereby had potentiated postsynaptic responses, others
were effectively sequestered and thereby had their response ampli-
tude inhibited (Fig. 64). This is consistent with previous modeling
work on sources of variability in quantal response amplitude, which
postulated the existence of silent subregions of the synapse (8).
Previous work analyzing AMPAR response amplitude C.V. revealed
values ranging from 0.28 in high calcium solutions to 0.36 and
0.55 when release was stimulated with hypertonic sucrose (3, 77,
78). Our simulation average C.V. was 0.38 for clustered AMPARS
and 0.26 for random AMPAR placement. The C.V. values in the
clustered configuration closely match published data and represent
the variability expected when all membrane-proximal synaptic ves-
icles are allowed to fuse, which closely approximates sucrose stim-
ulation (3, 77). While synaptic vesicles are not preferentially aligned
to AZ nanoclusters, fusion events are known to be predicted by the
local density of the AZ scaffold RIM, which forms nanocolumns
with PSD-95 (10). This suggests a correlation between vesicular
release probability and alignment with PSD nanoclusters, wherein
well-aligned vesicles are most likely to fuse during an action poten-
tial. We speculate that tuning alignment may serve as an axis for
synaptic plasticity or that synaptic vesicles that are “misaligned”
may target alternative receptor types (10, 69).

Methods

Neuronal Culture Preparation. All animal experiments were performed in
accordance with Stanford APLAC institutional guidelines. Primary cultures of
mouse hippocampal neurons were prepared following published protocols (53,
79). Briefly, gold 200 mesh Quantifoil R2/2 or R1/4 grids were glow discharged
(15 mA, 45 s) and then placed in 35 mm glass-bottom dishes in a biosafety
cabinetunder UVillumination for 30 min. Grids were then coated in Matrigel for
1 h at 37 °C before use. Postnatal day 0 (PO) pups of wild-type C57BL6/J mice
were anesthetized on ice before decapitation and bilateral dissection of the
hippocampus. Hippocampi were treated with a papain solution (10 mL Hank's
Balanced Salt Solution (HBSS), 10 uL 0.5 M EDTA pH 8.0, 10 uL 1 M CaCl2,
100 plL papain, 100 uL DNAse 1) for 15 min at 37 °C, prior to gentle trituration
to generate a single cell suspension. Cells were resuspended in 1 mL per pup
of plating medium [Minimum Essential Medium (MEM) with 0.5% glucose,
0.02% NaHCO3, 0.1 mg/mL transferrin, 10% Fetal Select bovine serum, 2 mM
L-glutamine, and 25 mg/mL insulin]. Excess Matrigel solution was removed
from the grids, and cell suspension was bubbled on top of each grid for 45 min,
followed by flooding of the entire dish with growth medium. After 1 d in vitro
(DIV1), medium was exchanged to growth medium composed of MEM with
0.5% glucose, 0.02% NaHCO3, 0.1 mg/mL transferrin, 5% fetal bovine serum,
2% B-27 supplement, and 0.5 mM L-glutamine. At DIV3-5, half the medium
was exchanged to a growth medium supplemented with 4 uM Cytosine b-D-
arabinofuranoside (AraC) to inhibit glial cell division. Cultures were maintained
until DIV14-16 before vitrification to allow synapses to form and reach functional
maturity (79). Grids were frozen using a Leica EMGP plunge freezer set to 25 °C
and 95% humidity. Grids were blotted from the back side-the side opposite the
adherent neuronsfor 5 s, then immediately plunged into liquid ethane. Vitrified
grids were clipped into cryo-FIB autogrids before FIB milling and TEM tilt-series
data collection.

https://doi.org/10.1073/pnas.2403136121
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Cryo-FIB Milling. Vitrified cultured neurons were loaded into an Aquilos 2 cryo-
FIB-SEM system cooled to —190 °Cin a 45-degree pretilt shuttle. Overview images
of each grid were acquired at a stage tilt of 16° before sputter and GIS coating. This
facilitated the identification of neurite bundles that often have relatively flat profiles,
making them difficult to identify from perspectives perpendicularto the grid plane.
Samples were then sputter coated with platinum for 15 sat 30 mAand 0.10 mBarr
(rough coating), followed by GIS coating for 15 s at an orientation perpendicular
to the grid plane. Regions of interest were identified from overview scans where
bundles of neurites appeared to connect cell soma in neighboring grid squares.
Higher magnification SEM scans were used to identify characteristic features of
neurite bundles, including rough texture with visible varicosities. Lamellae were
manually milled at a 9-degree milling angle using rectangle patterns between
15and 17 um in X width. The milling sequence was the following (all at 30 keV):
rough milling-0.3 nA, 3 pm pattern separation in Y; medium milling-0.1 nA, 1
um pattern separation; fine milling-50 pA, 500 nm pattern separation; polish-
ing-30 pA, 175 nm pattern separation. During polishing, endpoint monitoring
was performed using intermittent SEM scans of the lamella at 3 keV. Once charging
contrastwas lost, or if the GIS layer was milled through, polishing was stopped (58).

Tilt-Series Data Collection and Tomogram Reconstruction. Milled grids were
loaded onto Titan Krios TEM microscopes equipped with a Gatan energy filter and
Gatan K3 direct electron detector. Tilt-series data were collected using SerialEM in
low-dose mode ata physical pixel size of 1.735 A/px. The energy filter slit-width was
set to 20 eV. Tilt series were collected in three-degree increments to =60 degrees,
starting at a 9-degree tilt to offset the tilt of the lamellae. A dose-symmetric tilt
scheme was used with a grouping of two (tilt sign inversions every other step) (80).
The dose per tilt was 3.2 e/AZ, resulting in a total dose of 131.2 /A% over 41 tilts.
Images were collected as dose-fractionated movies with a per-frame dose of 0.21
e/A2. Motion and gain correction was performed in Warp (63), along with initial CTF
estimation. Even and odd motion-corrected half averages of each tilt image were
saved for later use in denoising. Tilt-series stacks were reconstructed in Warp and
used for CTF estimation and fit quality estimates (S Appendix, Fig. S2C). Tilt-series
stacks were aligned in IMOD using surface contamination features as fiducial markers
(81).Aligned stacks were binned by eightto a pixel size of 1.36 nm, and tomograms
were reconstructed in IMOD using weighted backprojection. The full dataset included
13 tomograms and 14 synapses (i.e. one tomogram captured two synapses) with one
additional putative inhibitory synapse tomogram that was excluded from analysis.

Ultrastructure Analysis. For analyzing synapse ultrastructure, tomograms were
first denoised with cryoCARE using identically reconstructed “half-tomograms” (62).
Tomogram segmentations were performed using several different algorithms, as
detailed below, and the results imported into Amira. First, membrane segmentation
was performed in Amira using a combination of the membrane enhancement
filter and manual tracing (82). Synaptic vesicles were automatically segmented
in EMAN2 using a convolutional neural network trained on a subset of manually
annotated vesicle cross-sections (83). Actin filaments were traced using the cylinder
correlation and fiber tracing modules in Amira (84).To define the boundaries of the
synaptic cleft, a distance field from the postsynaptic membrane was calculated for
each tomogram. This assigns each voxel a value of its distance to the membrane.
This distance field was multiplied by the binary segmentation of the presynaptic
membrane to determine the distance of each presynaptic membrane voxel from
the postsynaptic membrane. Presynaptic membrane voxels greater than 10 nm
and less than 40 nm from the postsynaptic membrane were considered part of
the AZ membrane. The mirror of this operation—calculating a distance field for the
presynaptic membrane and assigning postsynaptic voxels distances-was used to
determine the PSD membrane region. The cleft width was measured as the average
distance between the AZ and PSD membrane regions. The PSD region was defined
as the postsynapticintracellular space less than 100 nm from the PSD membrane.
Similarly, the AZ region was defined as the presynaptic intracellular space less
than 100 nm from the AZ membrane, with the volume of any membrane proxi-
mal synaptic vesicles subtracted. Vesicle diameters were calculated using vesicle
segmentations as the equivalent diameter of a sphere of the same volume as each
segmented vesicle. Intervesicle distances were calculated as the nearest neighbor
distance between the center of mass of each vesicle. For visualization in Fig. 2, equiv-
alent diameter spheres were placed at the same center of mass location as each
segmented vesicle. The vesicle distances to the AZ membrane were determined by
multiplying the original binary vesicle segmentations by the AZ distance field and
taking the minimum voxel distance value for each vesicle.

https://doi.org/10.1073/pnas.2403136121

Visualization of Proximal Vesicle Subtomograms and Docking of Munc13-1/
Primed SNARE Complex Structures. To extract membrane-proximal synaptic
vesicles, the coordinates of the closest voxel to the membrane for each vesicle
were taken as the center of the extraction volume for each vesicle less than 10 nm
from the AZ membrane. Subtomograms (60 x 60 x 60 voxels) at 1.36 nm/voxel
were extracted using IMOD (81) from Wiener-filtered tomograms and visualized
in ChimeraX (63, 85). Three atomic models were used for docking into putative
protein densities: the primed SNARE complex with synaptotagmin C2B in the
primary interface and the complexin helix from the tripartite interface [(65); PDB
5W5C], the lateral conformation of the C;-C,B-MUN-C,C fragment of Munc13-1
[(64); PDB 7T7V], and the upright conformation of the C,-C,B-MUN-C,C fragment
of Munc13-1[(64); PDB 7T7X]. Acylindrical mask was used for each protein density
to isolate the protein region from the surrounding membranes. Some densities
could be missed due to the missing wedge effect, especially when they are located
at positions and angles that would require viewing in the direction of the miss-
ing wedge. Atomic models were manually docked in accordance with the known
orientation of each protein, syntaxin, and SNAP25 helices were oriented toward
the plasma membrane and synaptobrevin toward the synaptic vesicle. Munc13-1
C,-C,B domains were likewise placed near the plasma membrane and C,C toward
the vesicle membrane. After manual placement, the fit function of ChimeraX was
used to place each model in the respective density. Two tomograms were excluded
from this analysis; one due to the presence of prominent lamella surface contam-
ination, which generated periodic streaking artifacts throughout the tomogram,
and a second which had no membrane-proximal vesicles.

Autocorrelation Analysis. To perform masked autocorrelation analysis, tomo-
grams were first processed by Wiener filtering (63), then normalized to 16-bit
with inverted contrast, i.e., bright signal dark background. Mask regions were gen-
erated for each area of interest, namely the PSD and AZ regions, as defined above
in the section on ultrastructure analysis. For the vesicle cloud region, the mask
used to define the PSD region was shifted into the vesicle cloud. Autocorrelations
were performed using fast Fourier transforms on masked regions and normalized
to the autocorrelation of the mask multiplied by the average voxel value of the
image within the mask. This normalization accounts for the shape of the mask
region itself so that elevated autocorrelation values (above one) reflect spatial
structure within the masked region. Normalized autocorrelation volumes were
then averaged in spherical shells to plot the 1D autocorrelation versus shell
radius. All analysis was implemented in Python.

Local Density Analysis. Segmentation-based local density analysis was per-
formed for the PSD and AZ regions using tomograms deconvolved with a Wiener
filter (63). For each region, a threshold of 1.5 SDs above the mean voxel intensity
value was used to define and segment protein density as "PSD material” or ‘AZ
material. Boundary-corrected local density analysis was performed in Amira
using a window of 21 voxels (28.6 nm). The window value was set based on
the spatial dimensions identified using autocorrelation analysis. This generated
local density maps with each voxel assigned a value of the percentage of protein
voxels within the window region. From these density maps, voxels 2.5 times the
mean local density were used as seed points to segment scaffold clusters using
the “propagating contour” function in Amira. This function computes a gradient
image from the grayscale input values, in this case, local density, and propa-
gates a segmentation starting from seed points with the propagation velocity
dictated by the gradient image. For all tomograms the following settings were
used: propagation time 10, edge sensitivity 0.5, image intensity weight 0.5.
These settings were chosen based on manual inspection of segmentations of a
subset of tomograms such that visually separable peaks in local density were not
merged. The center of mass of each segmented cluster was then calculated and
used as the cluster center in subsequent analysis. Visualization and maximum
intensity projections of local density maps were performed by either FIJI or Napari
(86). One tomogram used for ultrastructure analysis in Fig. 2 was excluded from
local density analysis due to the presence of prominent lamella surface contam-
ination, which generated periodic streaking artifacts throughout the tomogram.

Cluster Nearest-Neighbor Distance Analysis. To analyze lateral offsets
between scaffolding clusters and vesicles, cluster center coordinates, and syn-
aptic vesicle center coordinates were projected onto the closest point on the
postsynaptic membrane. The Euclidean distance between points could then be
calculated to primarily reflect lateral displacement along the plane of the synaptic
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cleft. For each cluster, the nearest-neighbor distance to a cluster of the opposite
type (i.e. PSD to AZ, AZ to PSD) or a vesicle center was calculated using custom
Python scripts. As a control, for each synapse, 1,000 simulated cluster centers
were generated with the same number of clusters as the original data, and the
minimum spacing between like clusters (i.e., PSD to PSD cluster distance) was
set to match the observed data. Only one type of cluster was randomized at a
time. For analyzing the distance of each synaptic vesicle to the synapse center,
the synapse center was approximated as the center of mass of the PSD membrane
region as defined above for ultrastructural analysis. This is only an estimate as the
removal of material during FIB milling could remove the true center of mass of
the synapse as a whole. Nanocolumns were defined at AZ and PSD nanoclusters
that were each other’s nearest neighbor and were within 100 nm of one another.

Monte Carlo Reaction-Diffusion Simulations. Monte-Carlo simulations of
synaptic vesicle fusion events and subsequent AMPA receptor activation were
performed using MCell and Cellblender (87-89). Segmentations of tomo-
grams, including pre- and postsynaptic plasma membranes, membrane-
proximal synaptic vesicles, and AZ and PSD scaffold clusters were imported
into Blender as triangle mesh surfaces. Vesicle fusion events were simulated
as the point-source release of 3,500 molecules of glutamate into the cleft
directly underneath each synaptic vesicle, corresponding to ~100 mM glu-
tamate in a 48 nm diameter synaptic vesicle. The diffusion coefficient of glu-
tamate was 3e-6 cm?/s. The pre- and postsynaptic plasma membranes were
set as reflective boundaries for glutamate molecules, which were allowed
to diffuse out of the cleft. AMPA receptors were seeded into each synapse
at a density of 1,500 receptors/um? and allowed to diffuse with a diffusion
coefficient of 5e-10 cm?/s. AMPA receptors were constrained to remain within
the PSD region of the postsynaptic membrane-defined as detailed above
for analysis of ultrastructure—facing into the synaptic cleft. As a control, for
arandom configuration, receptors were seeded throughout the PSD region.
For the clustered configuration, subregions of the postsynaptic membrane
were defined that corresponded to the area of PSD clusters segmented from
local density analysis (see above for segmentation details). 75% of the total
AMPA receptors for each synapse were seeded into these cluster regions. The
remaining 25% of receptors were seeded randomly outside of the cluster
regions. After initial seeding, receptors were allowed to diffuse freely into and
out of cluster regions during the simulation. The reaction scheme for gluta-
mate binding to AMPA receptors and receptor activation used the same rate
constants and states as in ref. 4. Briefly, receptors must bind two glutamate
molecules before transitioning to a single open state. Each glutamate-bound
state could also transition into a long-lived desensitized state. Simulations
were run in steps of 1 ps for a total of 10 ms. For each vesicle and receptor
configuration, 50 random seeds were used to initialize simulations, and the
average of all 50 was taken as the response for that synaptic vesicle/receptor
configuration.

statistics. Statistical significance was set at *P < 0.05; **P < 0.01; ***P <
0.001. For nearest-neighbor distance analysis, significance was determined using
amaximum absolute deviation (MAD) test. This is an envelope test that calculates
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the maximum absolute difference between the cumulative histogram of each trial
(real data or simulated) versus the mean of all trials (data plus simulated). The
p-value s calculated as the number of simulation trials with MAD values greater
than that of the true data, divided by the total number of trials (90). For compar-
isons of the number of activated AMPA receptors in Monte-Carlo simulations of
synaptic vesicle fusion, paired t tests were used. For determining the significance
of the Spearman rank correlations between two parameters, two-sided paired
permutation tests were performed, wherein one parameter was randomly per-
muted 10,000 times. All tests of statistical significance were performed in Python.

Figure Preparation. Figures were prepared in Adobe lllustrator. Graphs were
generated using either Python or GraphPad Prism and imported into Adobe
Illustrator for formatting. Two-dimensional images were imported from either
IMOD, FlJI, or Napari (81, 86). Fig. 1D was processed using the Lamella in situ
Clearing (LisC) algorithm to facilitate visualization (60). ChimeraX was used to
visualize three-dimensional surfaces (85), with snapshots imported into lllustrator
forfigures. Simulation environments were rendered using Blender and exported
as snapshots to lllustrator.
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ble with the online version of the article. Unprocessed tomograms and Tabulated
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