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A key feature of excitatory synapses is the existence of subsynaptic protein nanoclusters
(NCs) whose precise alignment across the cleft in a transsynaptic nanocolumn influ-
ences the strength of synaptic transmission. However, whether nanocolumn properties
vary between excitatory synapses functioning in different cellular contexts is unknown.
We used a combination of confocal and DNA-PAINT super-resolution microscopy to
directly compare the organization of shared scaffold proteins at two important excit-
atory synapses—those forming onto excitatory principal neurons (Ex—Ex synapses)
and those forming onto parvalbumin-expressing interneurons (Ex—PV synapses). As
in Ex— Ex synapses, we find that in Ex—PV synapses, presynaptic Munc13-1 and post-
synaptic PSD-95 both form NCs that demonstrate alignment, underscoring synaptic
nanostructure and the transsynaptic nanocolumn as conserved organizational principles
of excitatory synapses. Despite the general conservation of these features, we observed
specific differences in the characteristics of pre- and postsynaptic Ex—PV nanostructure.
Ex—PV synapses contained larger PSDs with fewer PSD-95 NCs when accounting
for size than Ex—Ex synapses. Furthermore, the PSD-95 NCs were larger and denser.
The identity of the postsynaptic cell was also represented in Munc13-1 organization, as
Ex—PV synapses hosted larger Munc13-1 puncta that contained less dense but larger
and more numerous Munc13-1 NCs. Moreover, we measured the spatial variability of
transsynaptic alignment in these synapse types, revealing protein alignment in Ex—PV
synapses over a distinct range of distances compared to Ex— Ex synapses. We conclude
that while general principles of nanostructure and alignment are shared, cell-specific
elements of nanodomain organization likely contribute to functional diversity of excit-
atory synapses.
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Many synaptic proteins are organized into subsynaptic nanoclusters (NCs) to enable their
vital functions in information transmission (1). This is true of presynaptic release-related
proteins such as Munc13-1, which forms NCs that mark synaptic vesicle release sites
within the active zone (AZ), and whose density within NCs contributes to variability in
probability of release (2—5). Similarly, postsynaptic scaffolds such as PSD-95 form NCs
that influence glutamate receptor distribution (6-8), highlighting the importance of sub-
synaptic protein organization in setting cis-synaptic properties. The impact of nanostruc-
ture also extends across the synaptic cleft—For instance, Munc13-1 NCs also contribute
to synaptic functions that arise from transsynaptic relationships, including the magnitude
and variance of postsynaptic response amplitudes (9). These transsynaptic functional
impacts likely arise because NCs can be aligned across the synapse to form the transsynaptic
nanocolumn (10), a structural configuration that aligns release sites with glutamate recep-
tors and thus strengthens the postsynaptic response to action potential-evoked neuro-
transmitter release (7, 10—13). Indeed, dispersal of AMPARSs out of the nanocolumn and
into the rest of the synapse is sufficient to greatly reduce the amplitude of action
potential-evoked postsynaptic currents (14), underscoring the relationship between the
nanocolumn and synaptic transmission.

Protein nanoclustering is a synapse architectural feature that has been observed with
diverse imaging modalities in myriad preparations, including synaptosomes, dissociated
cultures, ex vivo slices, and in vivo imaging (15-20). However, nanocolumn alignment
has been less frequently measured. Nanocolumns of Unc13A and clustered receptors have
been identified at the Drosophila neuromuscular junction (21), and alignment of RIM
and GABA,Rs has been reported in inhibitory synapses (22), suggesting that the nano-
column is an evolutionarily old and widespread structure. Despite this, we lack an under-
standing of how nanocolumn architecture may vary, even between excitatory synapse
types, leaving unresolved whether or which properties of the nanocolumn are conserved.
The near ubiquity of core proteins, including Munc13-1 and PSD-95, at different excit-
atory synapse types suggests that their nanostructural relationship might be stereotyped.
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Significance

Several properties of synaptic
transmission are influenced by
the transsynaptic alignment of
key protein nanoscale
assemblies. However, the extent
to which protein organization
within a synapse is unique across
synapse types is not known.
Using robustly quantitative
DNA-PAINT imaging and several
analysis approaches, we report
that at excitatory synapses
forming onto two different cell
types, the general organizational
features of core synaptic proteins
are conserved. However, the
identity of the postsynaptic
neuron shapes transsynaptic
relationships as well as specific
nano-organizational properties
within each cell. This suggests
that retrograde specification

of subsynaptic organization
contributes to synaptic functional
diversity. Understanding the
rules of synapse nanodomain
assembly, which themselves are
cell-type specific, will be essential
for illuminating brain network
dynamics.
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However, while core proteins are shared, different neuron types
express distinct sets of synaptic receptors, adhesion proteins, and
accessory proteins (23-25) that could modify the organization of
core elements. Thus, cellular context may be a critical variable that
alters nanocolumn properties, tuning alignment to support the
physiological functions of a particular circuit.

Most explorations of excitatory synapse nanostructure have been
conducted on glutamatergic synapses forming onto spiny, excitatory
neurons. To test whether cellular context impacts nanostructure,
we considered another particularly important excitatory synapse
type, the afferent excitatory synapses onto parvalbumin-expressing
hippocampal interneurons (PV-INs). Excitatory drive onto PV-INs
mediates numerous critical aspects of cognition and pathology
(26, 27), so understanding their synaptic molecular architecture is
of utmost importance. Synapses onto PV-INs have also been doc-
umented as having higher release probability (28, 29) and generally
larger EPSCs (30, 31), functional properties that are influenced by
nanostructure (1). Further, PV-INs express a profile of proteins that
is relatively consistent across brain regions (24) but differs from that
of principal cells (32-34), making them an ideal candidate for
testing the conservation of nanocolumn properties.

Here, we used confocal imaging and 3-dimensional DNA-PAINT
(DNA-Points Accumulation for Imaging in Nanoscale Topography)
super-resolution microscopy to investigate differences in protein
spatial organization between excitatory synapses onto excitatory
neurons and onto PV-INs. This direct, quantitative comparison
revealed that the generalities of synaptic nanostructure and the nano-
column are conserved between these two synapse types. However,
postsynaptic cell identity was linked with the specific nanoscale
organization of both postsynaptic and presynaptic proteins, as well
as the transsynaptic spatial relationship between them. Our results
underscore that while being generally conserved, subsynaptic nano-
structure may represent an additional axis upon which synaptic
transmission can be tuned to fit the needs of specific cells.

Results

Pre- and Postsynaptic Protein Abundance and Density Depend
on Postsynaptic Cell Type. To measure protein organization
at specific synapse types, we identified postsynaptic cells as
cither excitatory neurons or PV-INs in DIV21 dissociated rat
hippocampal cultures by infecting with lentivirus expressing
Enhanced GFP (EGFP) under a Calcium/calmodulin-dependent
protein kinase II (CaMKII) promoter or by immunostaining for
PV, respectively. The robust expression of either EGFP or PV
throughout the soma and dendrites allowed clear delineation of
expected cell morphologies: Compared to excitatory neurons,
PV-INs tended to have larger somata and longer dendrites with a
distinct, near-total absence of dendritic spines (35). All cells were
also immunostained for presynaptic Munc13-1 and postsynaptic
PSD-95 to identify afferent excitatory synapses forming onto
either the excitatory neurons (Ex—Ex) or PV-INs (Ex—PV).

Ex—PV synapses qualitatively appeared larger and brighter than
their Ex—Ex counterparts by confocal microscopy and had a “rail-
road track”-like organization, appearing in parallel along the den-
drite (Fig. 1 A and B). To achieve an unbiased quantification of
synapse properties, we built a semiautomated workflow centered
around the puncta detection tool SynQuant ((36); SI Appendix,
Fig. S1). Using this approach, we were able to quantify 40,751
and 26,627 synapses from 48 CaMKII-expressing neurons and
27 PV-ING, respectively, across three independent cultures.

Wee first quantified the total amount of PSD-95 at each synapse
by measuring its integrated intensity, normalizing within each cul-
ture replicate to the mean value at Ex—Ex synapses. The cumulative
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distribution was right-shifted in PV-INs (Fig. 1 C, Leff), indicating
more PSD-95 per-synapse. As synaptic content can differ based on
activity history, we tested whether cellular context influenced this
shift. Ex—PV synapses still had a higher PSD-95 integrated inten-
sity when averaged per-cell (Fig. 1 C, Right). The difference in inte-
grated intensity could be due to either a change in synapse size or
protein density, so we next quantified the area and mean intensity
of PSD-95 puncta. We found that PSD-95 puncta were larger in
Ex—PV synapses when analyzed per-synapse or per-cell (Fig. 1.D).
In contrast, while the mean intensity of PSD-95 in all Ex—PV
synapses showed a small increase, the per-cell analysis indicated that
this was not a significant difference (Fig. 1E). These results indicate
that PV-INs have larger, but not denser, excitatory postsynapses
than CaMKII-expressing excitatory neurons.

We next asked whether postsynaptic cell identity was associated
with differences in the corresponding afferent AZ, identified with
Muncl3-1 immunostaining. The normalized integrated intensity
and area of Muncl3-1 puncta were each significantly larger at
Ex—PV synapses (Fig. 1 Fand G). Further, unlike for PSD-95, the
normalized mean intensity of Munc13-1 was higher onto PV-INs
(Fig. 1H), indicating a greater Munc13-1 density within these AZs.
These data together demonstrate that postsynaptic cell identity
helped establish both pre- and postsynaptic content of core excitatory
synapse proteins. The differences in synapse size and Muncl13-1
density between these synapse types suggest the potential for differ-
ential underlying nanoscale organization of core synaptic proteins.

PSD-95 Nanostructure Is Differentially Organized Depending
on Postsynaptic Cell Identity. We next used 3D DNA-PAINT to
measure whether protein nano-organization differs between Ex—Ex
and Ex—PV synapses (Fig. 2 A and B), focusing first on the PSD.
Our super-resolution data showed Ex—PV PSDs were nearly two
times the volume of Ex—Ex PSDs (Fig. 2C), consistent with the
larger puncta area detected with confocal imaging. As PSD-95
NC number scales with synapse size at Ex—Ex synapses (15), we
predicted that Ex—PV PSDs would contain more PSD-95 NCs.
To test this, we detected PSD-95 NCs using DBSCAN. We were
surprised to see no difference in the average number of PSD-95 NCs
per-synapse (Fig. 2D). This could be due to a different relationship
between PSD size and NC number at Ex—PV synapses. While the
rate at which NC number increases with PSD size is not different
between the two synapse types, Ex—PV synapses notably have
fewer PSD-95 NCs for a synapse of a given size (Fig. 2E). These
results suggest that Ex=PV PSDs are not simply enlarged versions
of Ex—Ex PSDs but differ in their nano-organizational principles.

To directly interrogate whether PSD-95 nanocluster properties
differ between the two synapse types, we first quantified the spatial
heterogeneity of PSD-95 within single synapses using a normal-
ized autocorrelation analysis, as described previously (10, 14). The
autocorrelation of PSD-95 at Ex—PV synapses was higher in
magnitude over longer shift radii, predicting larger, denser PSD-95
NCs than in Ex—Ex synapses (Fig. 2F). Measuring the autoen-
richment, which analyzes the normalized density of a protein
surrounding its NC peak, showed both a higher peak density and
broader distribution (Fig. 2G) and PSD-95 NC volume was ~75%
larger at Ex—PV synapses (Fig. 2H), confirming the autocorrela-
tion predictions. We wondered whether the larger PSD-95 NCs
at Ex—>PV synapses ensured that the same fraction of the PSD
was occupied by PSD-95 NCs despite being fewer in number. We
found instead that PSD-95 NCs occupied a smaller proportion
of the PSD at Ex—PV synapses than at Ex—Ex synapses (Fig. 21).
Together, these data demonstrate that PSD-95, a core scaffold
protein of excitatory synapses, is differentially organized depend-
ing on postsynaptic cell identity. The unique subsynaptic pattern
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Fig. 1. Pre-and postsynaptic protein abundance and density depend on postsynaptic cell type. (A) Example neurons in dissociated hippocampal cultures from
two independent cultures (i and ii). Excitatory synapses formed onto excitatory neurons (Ex—Ex) were identified by CaMKII promoter-driven EGFP expression
(A, i and ii, Left), while excitatory synapses formed onto PV-INs (Ex—PV) were identified by PV staining (4, i and ii, Right). (Scale bar: 20 um.) (B) Representative
dendrite stretches from example cells above showing, from Top to Bottom, cell identifying marker, PSD-95 staining, and Munc13-1 staining, followed by two-
and three-color merges indicating strong overlay of synaptic markers with one another and with dendritic spines/dendrites. (Scale bar: 5 um.) (C-H) Analyses of
synaptic protein content and puncta size. All data are presented on a per-synapse (Left) and per-cell (Right) basis. Per-synapse analyses, presented in cumulative
distributions, represent the direct observations (Ex—Ex, n = 40,751 synapses; Ex—PV, n = 26,627 synapses; P < 0.0001 for all). Some CDFs are cut off at the 99th
percentile for visibility. Per-cell analyses were conducted to account for cell-to-cell variability (Ex—Ex, n = 48 cells; Ex—PV, n = 27 cells; statistics below). Intensity
measures are normalized within culture week to the average of the Ex—Ex group, and each cell is presented as a point along with the mean + SEM, which is
also reported below. (C) Ex—PV synapses contain more PSD-95 (per-cell: Ex—Ex, 1.00 + 0.019; Ex—PV, 1.11 + 0.023; P = 0.0004). (D) Ex—PV PSDs are larger than
their Ex—Ex counterparts (per-cell: Ex—Ex, 0.19 + 0.0010 ym? Ex—PV, 0.20 + 0.0021 um?; P < 0.0001). (E) PSD-95 density is not different between synapse types
when accounting for cell-to-cell variability (per-cell: Ex—Ex, 1.00 £ 0.017; Ex—PV, 1.04 + 0.021; P = 0.1281). (F) Ex—PV synapses contain more Munc13-1 (per-cell:
Ex—Ex, 1.00 + 0.012; Ex—>PV, 1.22 + 0.025; P < 0.0001). (G) AZs are larger in Ex—PV synapses (per-cell: Ex—Ex, 0.25 + 0.0010 pmz; Ex—PV, 0.26 + 0.0016 pmz;
P <0.0001). (H) Ex—PV synapse AZs have a greater Munc13-1 density (per-cell: Ex—Ex, 1.00 £ 0.011; Ex—PV, 1.17 £ 0.022; P < 0.0001).
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Fig. 2. PSD-95 nanostructure is differentially organized depending on postsynaptic cell identity. (A and B) Examples of 3D DNA-PAINT PSD-95 synaptic clusters
from (A) Ex—Ex and (B) Ex—PV synapses. Heat maps indicate the peak density-normalized local density. Black-bordered shapes indicate detected NCs. (Scale
bar: 100 nm.) Parentheticals below indicate mean + SEM. (C) PSDs are larger at Ex—PV synapses (Ex—Ex, 11.76 £ 0.41 x 10° nm?; Ex—PV, 23.32 + 1.14 x 10° nm>;
P <0.0001). (D) Both synapse types contain the same number of PSD-95 NCs on average (Ex—EX, 1.87 + 0.054 NCs/synapse; Ex—PV, 1.99 + 0.092 NCs/synapse;
P =0.4606). (E) Ex—PV PSDs contain fewer NCs than expected when accounting for PSD size (Ex—Ex, slope: 0.053, y-intercept: 1.25, R%: 0.17; Ex—PV, slope: 0.040,
y-intercept: 1.058, R% 0.24. slope P = 0.1009, y-intercept P < 0.0001). (F) Autocorrelation predicts PSD-95 forms larger, denser NCs in PV cells. (G) The average
Ex—PV PSD-95 NC has a denser and broader PSD-95 distribution. (H) PSD-95 NC volume is larger at Ex—PV synapses (Ex—Ex, 0.54 + 0.014 x 10° nm?; Ex—PV,
0.94 + 0.038 x 10° nm?>; P < 0.0001). (/) Less synapse volume is occupied by PSD-95 NCs at Ex—PV synapses (Ex—Ex, 11.03 + 0.23% volume; Ex—PV, 9.62 + 0.29%
volume; P < 0.0001). Parentheticals above for (C, D, H, and /) list means + SEM. Data in C-E and / are individual synapses, and in H individual NCs, with lines at
mean + SEM. Data in E are plotted with line of best fit + 95% CI. Data in Fand G show a line connecting the mean of each bin + SEM shading. For Ex—Ex, n =372
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synapses or 667 NCs; for Ex—PV, n = 168 synapses or 327 NCs throughout.

of PSD-95 may strengthen the retention of mobile glutamate
receptors within these larger synapses (Discussion).

Postsynaptic Cell-Type Is Linked to AZ Nanostructure. Given
the higher Munc13-1 density at Ex=PV synapses (Fig. 1/), we
asked whether the postsynaptic cell identity impacted the afferent
Muncl13-1 nanoscale organization (Fig. 3 A and B). Consistent
with our confocal imaging observations, Muncl3-1 occupied a
larger total volume at Ex—PV than at Ex—Ex synapses (Fig. 30),
suggestive of a larger AZ. Unlike PSD-95 NCs, Munc13-1 NCs
were more numerous in Ex—PV synapses (Fig. 3D), suggesting
that these AZs contain more release sites (an average of ~1 more
per-synapse). In hippocampal CA1 pyramidal neuron synapses
onto fast-spiking interneurons (FSINs), the number of Munc13-1
NCs scales with AZ size yet is strikingly variable even in AZs
of similar size (3). We tested whether this was true both in
Ex—PV and Ex—Ex synapses. The number of Munc13-1 NCs

https://doi.org/10.1073/pnas.2315379121

was similarly correlated with the size of the AZ in each synapse
type (Fig. 3E). The spread of the data in the regression analysis
is indicative of large variability in Munc13-1 NC number across
similarly sized AZs. Agnostic to synapse size, the variability in NC
number per-synapse was large but not different between groups
(Ex—Ex: CV 0.58 vs. Ex=>PV: CV 0.59). Together, these data are
consistent with previous findings and suggest that postsynaptic
cell identity can influence AZ size.

A closer look at Munc13-1 nanocluster properties revealed fur-
ther postsynaptic cell type-dependent differences. Autocorrelation
analysis of the Munc13-1 distribution in Ex—=PV synapses showed
a lower initial magnitude with a concomitant rightward shift in
the middle portion of the curve (Fig. 3F), predicting larger, but
less dense NCs than at Ex—Ex synapses. Consistent with these
predictions, Munc13-1 NCs at Ex—PV synapses had higher local
density at longer distances from the NC peak (Fig. 3G) and were
larger (Fig. 3H) than those at Ex—Ex synapses. The combination
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Fig. 3. Postsynaptic cell-type is linked to AZ nanostructure. (A and B) Examples of 3D DNA-PAINT Munc13-1 synaptic clusters from (A) Ex—Ex and (B) Ex—PV
synapses. Heat maps indicate peak density-normalized local density. Black-bordered shapes indicate detected NCs. (Scale bar: 100 nm.) () Munc13-1 AZ
clusters are larger in Ex—PV synapses (Ex—Ex, 7.31 + 0.22 x 10° nm? Ex—PV, 12.34 + 0.59 x 10° nm?, P < 0.0001). (D) Ex—PV synapses contain more Munc13-1
NCs. (Ex—EX, 4.63 + 0.13 NCs/synapse; Ex—PV, 5.21 + 0.20 NCs/synapse; P = 0.0143). (E) Munc13-1 NC number scales similarly with AZ size between synapse
types (Ex—Ex, slope: 0.21, y-intercept: 3.10, R% 0.14; Ex—PV, slope: 0.16, y-intercept: 3.28, R%: 0.21; slope P = 0.1016, y-intercept P = 0.1887). (F) Autocorrelation
predicts Munc13-1 forms larger, less dense NCs at Ex—PV synapses. (G) The average Ex—PV Munc13-1 NC has a broader Munc13-1 distribution with lower central
density. (H) Munc13-1 NC volume is larger at Ex—PV synapses (Ex—Ex, 0.019 + 0.00042 x 10° nm3; Ex—PV, 0.032 + 0.00096 x 10° nm?>; P < 0.0001). (/) More of
the synapse volume is occupied by Munc13-1 NCs in Ex—PV synapses (Ex—Ex, 2.45 + 0.071% volume; Ex—PV, 2.89 + 0.11 % volume; P < 0.0001). Parentheticals
above for (C, D, H, and /) list means + SEM. Data in C-E and / are individual synapses, and in H individual NCs, with lines at mean + SEM. Data in E plotted with
line of best fit + 95% Cl. Data in F and G show a line connecting the mean of each bin + SEM shading. For Ex—Ex, n = 454 synapses or 1,839 NCs; for Ex—PV,
n =229 synapses or 1,046 NCs throughout.

of more numerous and larger Munc13-1 NCs at Ex—PV synapses
resulted in a larger fraction of the AZ being occupied by these
NCs (Fig. 31). These data together demonstrate that the postsyn-
aptic cell influences apposed AZ size as well as Munc13-1 NC
volume and density, parameters which may affect synaptic vesicle
docking, priming, or probability of release, which are high at
Ex—PV synapses (28, 37-39).

Impact of Postsynaptic Cell-Type on Transsynaptic Alignment.
In the prototypical Ex—Ex synapse, synaptic strength depends
on the transsynaptic coordination of nanostructure (11, 14, 40).
Given that in Ex—PV synapses more of the AZ is occupied by
Munc13-1 NCs but less of the PSD is occupied by PSD-95
NCs (compare Figs. 27 and 31), we predicted that transsynaptic
alignment in Ex—PV synapses would be weaker. We first measured
the distance between the nearest NC peaks of opposing proteins
(Fig. 4 A and B). Consistent with larger synapses, in Ex—>PV

PNAS 2024 Vol.121 No.17 2315379121

synapses, the peak of Munc13-1 NCs was slightly further away
from the nearest identified PSD-95 NC peak, and vice versa
(Fig. 4C), suggesting weaker alignment between release sites and
postsynaptic scaffolds. However, while the NC peaks may be
further apart, NCs, particularly of PSD-95, do not contain the
majority of the scaffold protein (7), limiting the utility of the peak-
to-peak analysis. We thus analyzed alignment with two additional
approaches that consider protein distribution without relying on
identifying NCs of each.

To dispense with NC identification entirely, we first used a
cross-correlation analysis that reports the overall similarity of
nanoscale protein distributions within the synapse (10). This
showed a higher magnitude over shift radii up to 150 nm at
Ex—PV synapses (Fig. 4D), consistent with stronger transsynaptic
nanoscale alignment of Muncl3-1 and PSD-95 overall. The
increase in the width of the cross-correlation is consistent with
the larger NCs found in Ex—PV synapses since in a synapse
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Fig. 4. Impact of postsynaptic cell-type on transsynaptic alignment. (A and B) Example 3D DNA-PAINT synapses from (A) Ex—Ex and (B) Ex—PV synapses.
Magenta circles indicate centers of NCs of opposing protein, and the heat map indicates peak density-normalized local density of labeled protein. Each row is
an individual synapse with corresponding AZ and PSD clusters in the indicated columns. (Scale bar: 100 nm.) (C) Munc13-1 and PSD-95 NC peaks are further
from each other in Ex—PV synapses (mean + SEM of Munc13-1 NC to closest PSD-95 NCs: Ex—Ex, 108.7 + 1.90 nm, n = 1,141 NCs; Ex—PV, 142.9 £ 3.21 nm,
n =695 NCs; P<0.0001. PSD-95 NC to closest Munc13-1 NCs: Ex—Ex, 77.09 £ 2.21 nm, n = 448 NCs; Ex—PV, 93.82 + 4.28 nm, n = 246 NCs; P = 0.0004). (D) Synaptic
cross-correlation indicates stronger transsynaptic alignment in Ex—PV synapses (Ex—Ex, n = 245 synapses; Ex—PV, n = 129 synapses). (£) The enrichment of
PSD-95 density across from Munc13-1 NCs indicates an offset in nanocolumn alignment in Ex—PV synapses (Ex—Ex, n = 1,067 NCs; Ex—PV, n = 623 NCs). (F) The
enrichment of Munc13-1 density across from PSD-95 NCs has a broader, rightward-skewed peak in Ex—PV synapses (Ex—Ex, n =474 NCs; Ex—PV, n = 263 NCs).
(G) Ex—=PV synapse Munc13-1 NCs are aligned at a higher percentage over a broader range than their Ex—Ex counterparts (for G-/, Ex—Ex, n = 237 synapses;
Ex—PV, n = 124 synapses). (H) Both Ex—Ex and Ex—PV synapses have diverse nanocolumn subtypes within a single synapse, indicated by the low Jaccard Similarity
coefficient (JS). Ex—PV synapses have slightly more similarity between nanocolumns within a single synapse than Ex—Ex synapses (median JS: Ex—Ex, 0.05, n =211
synapses; Ex—PV, 0.09, n = 113 synapses; P = 0.011). (/) Model of nanostructural differences between Ex—Ex and Ex—PV synapses. Compared to Ex—Ex synapses,
Ex—PV synapses have larger Munc13-1 and PSD-95 synaptic areas, with larger and denser PSD-95 NCs and larger but less dense Munc13-1 NCs. The number of PSD-
95 NCs is not different, though there is on average 1 additional Munc13-1 NC per-synapse. Transsynaptic alignment is intact in Ex—PV synapses, though Munc13-1
NCs are on average offset from the peak of PSD-95 density, but still aligned, resulting in different nanocolumn “types” at these synapses. Data in C are individual
NCs with lines at mean + SEM. Data in D-G show a line connecting mean of each bin + SEM shading. Data in H are individual synapses with line at median.
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displaying nanocolumn alignment, this would position more pro-
tein near opposing areas of high protein density, a fact not cap-
tured in the peak-to-peak distances.

To test alignment across from identified NCs of just one protein
species, we measured the cross-enrichment, which is the normal-
ized radial distribution of the opposing protein across from a given
NC’s peak. PSD-95 was strongly cross-enriched to Munc13-1 NC
peaks, and vice versa, within both synapse types (Fig. 4 £and £),
suggesting that despite larger and slightly broader spaced NCs,
the overall relationship of transsynaptic spatial alignment is main-
tained in Ex—PV synapses. Along with the cross-correlation anal-
ysis, this confirms the presence of a conserved nanocolumn
architecture between Ex—Ex and Ex—PV synapses.

Intriguingly, however, the cross-enrichment analyses revealed
specific organizational differences between the two synapse types.
The peak density of PSD-95 was shifted 10 to 20 nm further away
from Muncl3-1 NCs in Ex—PV synapses (Fig. 4E). The offset
was also reflected in the cross-enrichment of Munc13-1 density
to PSD-95 NCs, which was overall extremely similar between the
two synapse types but showed a broader, rightward-skewed peak
in Ex—PV synapses (Fig. 4F). These data suggest that nanocol-
umns within Ex—PV synapses comprise a slightly offset or per-
haps annular transsynaptic organization when compared to
Ex—Ex synapses. This is an important notion because the most
widely considered working model of nanocolumn alignment
is that cell adhesion molecules (CAMs) with discrete interac-
tions across the cleft provide the basis for a stereotyped trans-
cellular architecture. Since different cells and synapses express
distinct subsets of CAMs that may interact with distinct molec-
ular populations, this raises the possibility that the nanocolumn
in different synapse types could be constructed with a consist-
ent but unique structure. Thus, while nanocolumns exist in both
synapses, Ex—PV synapses may contain different nanocolumn
“subtypes” than Ex—Ex synapses.

To establish whether the unexpected shift in cross-enrichment
in Ex—PV synapses indicated a single population of consistently
structured nanocolumns or rather a broad distribution of nano-
column subtypes, we developed analyses to examine the hetero-
geneity in alignment in the population of Munc13-1 NCs within
the analyzed synapses. We determined the percentage of Muncl3-1
NCs that were aligned per-synapse by testing whether each
Munc13-1 NC was statistically enriched with PSD-95 or not
within a specific radius. When we applied this measure using a
radius of 60 nm as in previous work (10) and calculated the per-
cent of aligned Munc13-1 NC per-synapse, the same percentage
was aligned in each synapse type (SI Appendix, Fig. S2A4). However,
NCs are larger at Ex—PV synapses, and so to evaluate this rela-
tionship more systematically, we varied the width of the analysis
range from 20 to 150 nm, calculating for each range the percent
of Muncl3-1 NCs per-synapse statistically aligned to PSD-95.
The percentage of aligned Munc13-1 NCs was similar between
Ex—Ex and Ex—PV synapses up to 100 nm away from the NC
peak (81 Appendix, Fig. S2B). Given that the difference in the peak
cross-enrichment to Munc13-1 NCs was observed within this
distance (Fig. 4F), we probed for a specific distance at which
Munc13-1 was enriched with PSD-95 using a sliding window of
30 nm for the analysis. This revealed different preferred distances
for the two synapse types even within those first 100 nm; most
Muncl3-1 NC alignment occurred around 35 to 55 nm in
Ex—Ex synapses, but in Ex—PV synapses maximal alignment
occurred further away and across a wider range of distances (45
to 75 nm; Fig. 4G). Overall, these results are consistent with the
idea that nanocolumn architecture is generally conserved, but that
Ex—PV synapses host a wider distribution of nanocolumn
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subtypes than Ex—Ex synapses, presumably arising from engage-
ment of their unique set of cleft-resident molecules.

If Ex—>PV synapses as a population have more nanocolumn
subtypes, it is possible that those subtypes occur in different syn-
apse subpopulations or appear even within single synapses. To test
this, we reanalyzed the data from Fig. 4G and for each synapse
evaluated the similarity of its Munc13-1 NCs in terms of their
PSD-95 enrichment profiles. For this, we calculated the Jaccard
similarity coefficient (JS) for each pair of NCs in a synapse, which
can range from 0 to 1, where 0 indicates no similarity in their
PSD-95 enrichment profile, and 1 indicates an identical profile.
Therefore, a synapse with high average JS would contain very
similar nanocolumn subtypes, while one with low average JS
would have high nanocolumn diversity. Overall, Ex—Ex and
Ex—PV synapses both had low ]S, indicating that both synapse
types are composed of many nanocolumn subtypes within a single
synapse (Fig. 4H). Ex—PV synapses on average did have slightly
higher JS, suggesting that they have relatively more intrasynaptic
nanocolumn similarity, though the median JS of 0.09 was still
very low. Both the low ]S and the difference between synapse types
were maintained when synapses with JS = 0, i.e., those that lacked
any similarity in PSD-95 enrichment profiles between Munc13-1
NC pairs, were removed from analysis, emphasizing these findings
were not solely driven by synapses that have no similarity
(SI Appendix, Fig. S2C). A possible explanation for this difference
between synapse types is the higher number of Munc13-1 NCs
in Ex—PV synapses. Packing in more of these relatively small NCs
could result in a greater proportion of them experiencing a similar
transsynaptic enrichment with PSD-95, which has even broader
areas of elevated density in Ex—PV synapses. However, the JS in
both synapse types was only very weakly dependent on NC num-
ber, indicating that this was largely not the case (S/ Appendix,
Fig. S2D). Further, the median Munc13-1 NC peak-to-peak dis-
tances were slightly higher for Ex—>PV synapses as expected for
their larger AZs (Fig. 3 C'and E) but did not differ across increas-
ing JS values (87 Appendix, Fig. S2E). Together with the data in
Fig. 4G, these results confirm that while Ex—PV synapses can
host a broader diversity of nanocolumn subtypes, Ex—Ex synapses
have slightly more diversity of subtypes within a single synapse.
More broadly, they emphasize that single synapses onto either
cell-type can and often do contain multiple configurations of
nanocolumn alignment.

Discussion

In this study, we used complementary intermediate-scale confocal
imaging and single-molecule imaging via DNA-PAINT to directly
compare the nanostructural organization of excitatory synapses
forming onto PV-INs vs. onto excitatory neurons. Our detailed
nanostructural analysis indicates that both PSD-95 and Munc13-1
at excitatory synapses on PV-INs form NCs that are aligned across
the synapse from one another, suggesting that the nanocolumn is
a conserved organizational principle of excitatory synapses. This
interpretation is suggested by repeated observations of synaptic
protein NCs (15-20) and alignment (21, 22) in other synapses
and systems, but our detailed comparison with identical analyses
at high imaging resolutions provides direct support for this con-
clusion. Conservation of nanocolumn alignment emphasizes the
idea that common structural mechanisms govern the establish-
ment of synaptic strength and provide distinct means for plastic
changes at single synapses (1, 41). Indeed, experimental disruption
of synaptic cleft interactions perturbs alignment of receptors with
release sites and rapidly reduces the strength of synaptic transmis-
sion (14, 40, 42), suggesting that CAMs play key roles in these
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mechanisms. Interestingly, while PV-INs express a unique set of
CAMs compared to excitatory neurons (32—34) and form synapses
on the quite morphologically distinct dendritic shaft instead of
the spine head, Ex—PV synapses still form nanocolumns, under-
scoring the robust nature of this architecture and suggesting that
it may be widely conserved in vivo.

Despite the general conservation of nanostructural features,
however, key characteristics of both PSD-95 and Munc13-1 dis-
tributions depended on the identity of the postsynaptic cell. These
differences are summarized in Fig. 47. PSDs in Ex—PV synapses
were larger overall with the same number of NCs, as if they were
“stretched” Ex—Ex PSDs. However, individual NCs were larger
and denser at Ex—PV synapses. Formation of these larger, denser
PSD-95 NCs in PV-INs could be driven by PSD-95 interactors
not found in excitatory neurons, such as Btbd11 (43), which might
alter scaffold organization. The unique pattern of PSD-95 is
expected to alter the distribution and mobility of NMDA receptors
(NMDARs) and AMPA receptors (AMPARs) within these synapses
as they diffuse within and between scaffold NCs (44, 45), which
may capture more receptors and position them near sites of release
to yield stronger EPSCs at Ex—=PV synapses (28, 30). Conversely,
PV-INs express a unique complement of Ca**-permeable AMPARs
and TARPs (35, 46, 47) that may also exert an instructive influence
on scaffold organization. These differences in organizational prop-
erties between synapse types suggest that PSD-95 is susceptible to
organizational influences of other proteins in the synapse. This is
in some contrast to the idea that PSD-95 could be a dominant
driver of PSD organization (48), potentially as a central player in
the phase separation properties of many synaptic proteins examined
in vitro (49). Further, at least in the visual cortex, PV-INs devel-
opmentally express another MAGUK, SAP97, at higher levels than
principal cells, and SAP97-expressing PV-INs have different func-
tional properties (50). While SAP97 nanostructure has not been
studied, it recruits different AMPAR subunits than PSD-95 (51),
and as different MAGUKSs have unique nanostructure (52), it may
provide an additional contribution to the functional outcomes of
PV-IN postsynaptic nanostructure through their development. In
a general sense, it seems likely that the unique combination of
molecular players in particular synapses could produce distinct
classes of subsynaptic protein organization, either through a coop-
erative phase separation mechanism or through direct binding
interactions.

One clear outcome of our work is that the organization of
Muncl3-1 within the AZ differs by postsynaptic cell identity. This
key protein regulates both the docking and functional priming of
SVs at the presynaptic membrane (53-57), so its distribution
within the AZ has important consequences for neurotransmitter
release. Presuming the axons in the synapses we analyzed drew
equally from any excitatory cell-type present in these cultures,
these data suggest retrograde regulation of the number and prop-
erties of presynaptic Munc13-1 NCs by the postsynaptic cell. This
idea is supported by anatomical measurements showing directly
that synapses along the same axon can have different release prop-
erties depending on the target cell (58, 59), which could be sup-
ported by divergent Munc13-1 nanostructure. At the molecular
level, it may be that distinct CAM expression in the postsynaptic
targets of a given axon (32) instructs afferent organization by
selecting for specific presynaptic interacting partners that differ-
entially organize the AZ. Functional impacts of such a mechanism
have been described, as release probability from CA1 neurons onto
different interneuron types is influenced by postsynaptic expression
of neuroligin-3 (29) or ELFN1 (28), and local postsynaptic trans-
lation downstream of ErbB4 specifies excitatory synapse formation
onto PV neurons (60). Beyond synapse strength, Ex—PV synapses
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are more stable (31), and we speculate that augmented or specific
CAM content could lead both to enhanced alignment and
decreased synaptic turnover. While our data are consistent with a
retrograde impact of postsynaptic cell type, it is important to note
that the presynaptic terminal likely also contributes unique aspects
to Ex—Ex vs. Ex—>PV synapse structure, as for example, ErbB4
must bind to presynaptic Neuregulin 3 at least for synapse forma-
tion (61), and presynaptic Narp secretion can induce GluA4
recruitment to Ex—PV synapses, which could impact nanostruc-
ture, and does alter homeostatic scaling (62).

Munc13-1 was present at greater density at Ex—PV synapses
by confocal, and DNA-PAINT revealed it was organized into
more numerous and larger, but less dense, NCs (Fig. 3). The num-
ber of Munc13-1 NCs that we observe within an AZ correlates
with the number of release sites (5), suggesting that these synapses
accommodate more docked vesicles at steady state. Presuming the
release probability per site within an AZ is equal (3, 5), this dif-
ference in nanostructure producing a larger physiological N is
expected to lead to a stronger excitatory drive onto PV-INs. The
size and density of Munc13-1 NCs identified by immunogold
EM varies considerably between AZs of CA1 pyramidal cell>F-
SIN synapses (3). Here, we extend this observation in finding that
the organization of individual Munc13-1 NCs varies between
excitatory synapses onto different cell types. However, whether
changing properties within single Munc13-1 NCs affects func-
tions in docking and priming remains an open question of intense
interest. Though reducing Muncl3 content by knockout alters
both processes (53, 56), Karlocai etal. (3) argue that the high
docked vesicle occupancy at release sites (5, 37) suggests that var-
ying Munc13-1 content per release site may principally control
release probability at these sites, consistent with a potential effect
on vesicle priming (37). Our findings are also consistent with
previous work that suggests that Schaffer collateral synapses onto
CAl interneurons have a high probability of release due, in part,
to a larger readily releasable pool (39). Thus, it is tempting to
speculate that the density of Munc13-1 within NCs may be linked
with vesicle priming state, but what factors drive the change in
Muncl13-1 distribution, and the resulting impact on AZ and
Ex—PV synapse function, remain to be determined.

The transsynaptic spatial relationship between Munc13-1 and
PSD-95, while conserved, was quantitatively different between
Ex—Ex and Ex—PV synapses. In general terms, the alignment
was stronger in Ex—PV synapses as revealed by the cross-correlation.
This is of interest, since in large synapses, some glutamate receptors
will lie farther away from some release sites than in small synapses,
thus experiencing a lower amplitude glutamate transient. The
augmented correlation of release sites and receptor scaffolds we
observe would counteract this and suggests that controlling pro-
tein organization within the synapse interior to regulate transsyn-
aptic alignment may reflect an equalizing mechanism in synapse
types of varying geometry. Certainly, the geometric differences
between these two synapse types extend beyond synapse size, since
Ex—PV synapses generally form on the dendritic shaft as opposed
to on dendritic spines. This structural difference clearly results in
less electrical compartmentalization (63) and could further influ-
ence synaptic nanostructure in a number of ways, though the
nanoscale properties of shaft synapses have not been well explored.
These synapses contain different NMDAR content than spine
synapses, dependent on postsynaptic cell-type (63, 64), and we
have found NMDARs likely contribute to transsynaptic alignment
(65). On the other hand, the actin cytoskeleton, which participates
in spine synapse subsynaptic organization (66, 67), is intimately
associated with both types of PSDs, contains similar filament
types, and is similarly dynamic (68). Spiny CA1 neuron synapses
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also scale in strength with distance from soma (69), but we did
not observe distance-dependence of the mean or variance of
confocal-level synaptic properties in Ex—PV synapses (data not
shown). We expect that the interplay of synapse geometry, with
molecular and nanostructural factors at these different synapse
types contributes to the diversity of their function within particu-
lar cellular contexts.

An unexpected and intriguing difference between synapses was
the cross-enrichment offset of PSD-95 from Muncl3-1 NCs.
Further exploration of this offset with a detailed spatial analysis
of alignment suggested that Ex—PV synapses as a population
contained a wider distribution of nanocolumn subtypes than
their Ex—Ex counterparts. One interpretation is that the larger
PSDs with larger PSD-95 NCs in Ex—PV synapses could rep-
resent an expanded platform upon which CAMs can bind, thus
enabling more variance in their positioning and, consequently,
more variance in the positioning of presynaptic structures around
regions of high local PSD-95 density. In this model, Ex—»PV
synapse Munc13-1 NCs would be assembled at generally more
distributed points around PSD-95 NCs. This is supported by the
peak-to-peak measurements, the shift in the Muncl3-1
NC cross-enrichment, and the breadth of the peak in both the
PSD-95 NC cross-enrichment and the Muncl3-1 NC sliding
window analysis (Fig. 4). Manipulating PSD-95 clustering directly
via artificial oligomerization to determine the impact on nanocol-
umn heterogeneity may permit a direct test of this model. At the
single-synapse level, both synapse types harbored diverse nano-
column subtypes, with on average slightly less diversity within a
single Ex—PV synapse. In addition, our finding that Munc13-1
NCs experience high local, transsynaptic heterogeneity in PSD-95
enrichment within a single synapse is excellent support for the
idea that synapses harbor release sites with diverse transsynaptic
organizations that may differentiate the postsynaptic effects fol-
lowing release from any given site.

The existence of nanocolumns that are more offset in Ex—PV
synapses would predict a displacement of AMPARSs away from
sites of release, but the average lateral offset (~10 to 20 nm) is
itself modest and not likely to be functionally impactful. (Note
that we did not compare AMPAR distribution directly in these
experiments since the subunit composition is not equal and it
is currently not possible to determine subtypes in imaging
experiments.) Nevertheless, the organization suggests several
possible differences in the synaptic mechanisms which control
receptor mobility and determine their positioning. The more
abundant space between PSD-95 NCs in the relatively enlarged
Ex—PV synapses (Fig. 21) suggests that an AMPAR diffusing
within a PV-IN PSD experiences more space without an
aligned release site. Thus, mechanisms to keep AMPARs in a
PSD-95 NC, once one is encountered, could be particularly
critical for maintaining the efficacy of the Ex—PV synapse.
Indeed, larger, denser PSD-95 NCs may “capture” diffusing
AMPARSs more readily through their TARP intermediates, espe-
cially since PV-INs predominately express stargazin/ TARPy2,
which has a higher affinity for PSD-95 than the prevalent TARP
in Ex—Ex synapses, TARPY8 (47). Cleft interactions may play
a role as well. Neuronal pentraxins expressed predominantly
in PV-INs interact directly with the N-terminal domains of
AMPARs (70) and bind to presynaptic neuronal pentraxin
receptor (NPR) to help concentrate AMPARs (71, 72). An
offset in Munc13-1 and PSD-95 alignment could thus physi-
cally reflect or accommodate the presence of NPR in the AZ
within the nanocolumn, providing an additional interaction
to increase AMPAR dwell time there. Analysis of AMPAR
mobility in these cell types following manipulation of either
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neuronal pentraxins or TARP content may help resolve these
mechanisms. In a general sense, the goal of a synapse is to
accumulate and stabilize receptors near neurotransmitter release
sites, and the density pattern of PSD-95 will determine how
receptors are handled in these two synapse types. This might
be particularly impactful in PV-INs, where the dendritic shaft
may not impose the same constraints to synapse size and recep-
tor mobility as the membrane structure and bending of a den-
dritic spine.

Our most general conclusion is that rules of nanodomain
assembly—arising from cell-type specific expression patterns—
will elaborate synapse functional diversity. Expanding the analyses
here to other Ex—IN synapse types will be instructive in efforts
to understand this diversity. Note that presynaptic protein organ-
ization can be seen independently to influence synaptic strength
by establishing the number of release sites, release probability, and
features of facilitation and depression of release rate during sus-
tained activity, whereas postsynaptic organization affects strength
via controlling the mean number and type of receptors to be
activated. Critically, transsynaptic nanoalignment integrates both
these influences (9), helping to determine the resultant amplitude
distribution during basal activity but also creating a higher-order
impact on frequency-dependent information transfer properties.
Thus, defining the nanostructural features and relationships
among AZ, cleft, and PSD proteins will be essential for relating
expression profiles and ultrastructure to functional diversity across
the brain.

Materials and Methods

Detailed descriptions of DNA Constructs, Lentivirus and Antibody Preparation,
Primary Neuron Culture, Immunostaining, Microscopy, Image Analysis, and
Statistics can be found in S/ Appendix, Materials and Methods.

DNA Constructs and Lentivirus Production. pFCaGW is a lentiviral vector that
expresses EGFP (G) under the CaMKIl promoter (Ca). psPAX2 (Addgene plasmid
#12260; http://n2t.net/addgene:12260; RRID:Addgene_12260) and pMD2.G
(Addgene plasmid #12259; http://n2t.net/addgene:12259; RRID:Addgene_12259)
were gifts from Didier Trono. Lentivirus was produced in HEK293T cells transfected
with 6 ug pFCaGW, 4 ug psPAX2, and 2 ug pMD2.G plus polyethylenimine. Virus-
containing medium was harvested 48 h after transfection, centrifuged and filtered
to remove debris, and stored in single-use aliquots at-80 °C.

Primary Culture. All animal procedures were approved by the University of
Maryland Animal Use and Care committee. Dissociated primary hippocampal
neuron cultures were prepared from E18 Sprague-Dawley rat embryos (Charles
River) of both sexes as previously described (14) and plated on poly-L-lysine-coated
coverslips at 30,000 cells/coverslip. Neurons were infected with 50 ul pFCaGW
lentivirus at DIV5 and fixed at DIV21 for both confocal and DNA-PAINT experiments.

Immunostaining. pFCaGW-infected or naive neurons were fixed with 2% para-
formaldehyde + 4% sucrose in PBS for 10 min at room temperature (RT), washed,
permeabilized with 0.3% Triton X-100 for 20 min, and blocked with 10% don-
key serum + 0.2% Triton X-100. For confocal imaging, neurons were incubated
overnightat4 °Cwith primary antibodies toward PSD-95, Munc13-1, and either
GFP (for pFCaGW-infected cells) or PV (for naive cells). The next day, cells were
washed and incubated with secondary antibodies for 1 h at RT, washed again,
and postfixed. For DNA-PAINT, the PSD-95 and Munc13-1 primary antibodies
were separately preincubated with single-domain antibodies (Massive Photonics)
carrying orthogonal oligonucleotides for DNA-PAINT for 20 min at RT, then mixed
with either anti-EGFP or anti-PV, and incubated on the sample overnightat 4 °C.
The next day, Alexa 488-conjugated secondary antibodies toward anti-EGFP and
anti-PV were applied as above, followed by postfixation.

Microscopy. Confocal images were acquired on a Nikon TI2 Eclipse inverted
microscope with a Nikon Apo TIRF 60x/1.49 NA objective, a Dragonfly confocal
unit (Andor), and a Zyla4.2 sCMOS camera (Andor). 3D DNA-PAINTimages were
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acquired on a custom microscope builtaround an RM21 base (Mad City labs) with
an Olympus UPlanApo60x OHR/1.5 NA objective and a Prime95b sCMOS camera
(Photometrics). Both systems yielded pixel sizes of 100 nm.

Confocal and DNA-PAINT Analysis. Confocal images were analyzed with a
custom ImageJ macro based on puncta detection by the SynQuant plugin (32).
DNA-PAINT acquisitions were analyzed in 3D, similar to ref. 10. See S/ Appendix,
Materials and Methods, for detailed explanations of analysis methods.

statistics. Statistical analyses were performed in GraphPad PRISM. Data were
tested for normality, and data that passed this check were tested for statistical
differences with two-tailed t test if variance was equal between groups, or Welch's
t test if not, or with two-way ANOVA followed by post hoc Sidék multiple com-
parison tests where appropriate. Data that did not pass the normality check were
tested with two-tailed Mann-Whitney tests.
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