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SUMMARY

The cleft is an integral part of synapses, yet its macromolecular organization remains unclear. We
here show that the cleft of excitatory synapses exhibits a distinct density profile as measured by
cryo-electron tomography (cryo-ET). Aiming for molecular insights, we analyzed the synapse-
organizing proteins SynCAM 1 and EphB2. Cryo-ET of SynCAM 1 knock-out and overexpressor
synapses showed that this immunoglobulin protein shapes the cleft’s edge. In agreement,
SynCAM 1 delineates the postsynaptic perimeter as determined by immuno-electron microscopy
(EM) and superresolution imaging. In contrast, the EphB2 receptor tyrosine kinase is enriched
deeper within the postsynaptic area. Unexpectedly, SynCAM 1 can form ensembles proximal to
postsynaptic densities, and synapses containing these ensembles were larger. Postsynaptic
SynCAM 1 surface puncta were not static but became enlarged after a long-term depression
paradigm. These results support that the synaptic cleft is organized on a nanoscale into sub-
compartments marked by distinct trans-synaptic complexes.
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INTRODUCTION

Neuronal transmission requires precise organization of pre- and post-synaptic specializations
(Harris and Weinberg, 2012; Sigrist and Sabatini, 2012). Limited structural insights are
available into the synaptic cleft, the third compartment of a synapse. Current results are that
the complexes spanning the cleft form net-like structures that can be periodically arranged
(Lucic et al., 2005; Zuber et al., 2005; High et al., 2015).

Trans-synaptic interactions modulate synapse development and plasticity (Missler et al.,
2012). Ultrastructural localization of N-cadherin shows that it is expressed throughout the
cleft of developing synapses and present at the edge of mature synapses (Elste and Benson,
2006; Uchida et al., 1996; Yamagata et al., 1995). N-cadherin does not induce synapses and
comparable insights into synaptogenic proteins are lacking, though immuno-EM studies
have demonstrated the differential expression of neuroligins at excitatory and inhibitory
synapses (Song et al., 1999; Varoqueaux et al., 2004; Mortillo et al., 2012). Synaptogenic
proteins may demarcate and function at specialized synaptic zones, yet the limited
understanding of cleft topography restricts addressing these questions.

We here delineated macromolecular properties of the excitatory synaptic cleft. To gain
molecular insights, we investigated two proteins that form trans-synaptic complexes to
promote excitatory synapse humber, the immunoglobulin adhesion protein SynCAM 1
(Synaptic Cell Adhesion Molecule 1, also named nectin-like 2 or Cadm1) (Biederer et al.,
2002; Fogel et al., 2007; Robbins et al., 2010) and the EphB2 receptor tyrosine kinase
(Sheffler-Collins and Dalva, 2012). Analysis of excitatory synapses by cryo-ET, immuno-
EM, and STED (Stimulated Emission Depletion) and STORM (Stochastic Optical
Reconstruction Microscopy) super-resolution imaging supports that the synaptic cleft is
comprised of structurally and molecularly defined and dynamic sub-compartments.

RESULTS

Structural organization of the cleft of excitatory synapses

Cryo-ET enables high-resolution imaging of the entire cleft in a fully hydrated,
physiologically relevant state (Lucic et al., 2013). We recorded tomograms of neocortical
synaptosomes from adult mice (Figures 1A and S1A). All analyzed synapses were
asymmetric with a postsynaptic density (PSD) and likely corresponded to excitatory
synapses. The mean cleft width of wild-type (WT) synapses was 22.0+0.5 nm (Figure S1C),
as described (Rees et al., 1976). Numerous complexes spanned the cleft and often assumed
the shape of a laterally extended, net-like density (Figure 1A and Supplemental Media File
1), as described (Lucic et al., 2005). Trans complexes and net-like structures were seen in all
analyzed tomograms.
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Observation of tomograms indicated an increased central density in the cleft, closer to the
postsynaptic side (Figure 1B and Supplemental Media File 2). To measure whether this
density is off-set from the middle, we separated the cleft into four layers because this gave
the most robust results with low noise (Figure 1C). Each cleft was further divided into four
concentric columns with even radii (Figure 1C). Lower cryo-ET greyscale values
correspond to higher protein densities, and mean greyscale values exhibited a minimum, i.e.
highest density, in the second layer counted from the post-to pre-synaptic membrane when
all columns were combined (layer 2 vs. 1/3/4; paired t-test, p=0.0007/0.015/0.0001; N=7
WT synapses) as well as in the outermost column (Figure 1D, E left; layer 2 vs. 1/3/4; paired
t-test, p=0.015/0.019/0.0003; N=7 WT synapses). Densities of the four cleft columns were
indistinguishable (not shown).

The edge of the synaptic cleft is shaped by SynCAM 1

We next tested whether SynCAM 1 affects the makeup of the synaptic cleft, choosing this
immunoglobulin adhesion protein due to its expression across excitatory forebrain synapses,
its ability to increase excitatory synapse number in cultured neurons and the brain, and the
high synaptic membrane content of SynCAMSs (Biederer et al., 2002; Fogel et al., 2007;
Robbins et al., 2010). Neocortical synaptosomes from adult SynCAM 1 knock-out (KO)
mice had the same cleft width as WT (Figures 1D and S1A,C). Loss of SynCAM 1 did not
alter the layer profile when data of all columns were averaged (data not shown) or in the
outermost column (Figure 1D, E right). The higher grayscale values in the KO could not be
interpreted with certainty as lower total cleft protein amounts because of the inability to
determine absolute values with cryo-ET. However, relative changes can be robustly
compared. This showed that synapses lacking SynCAM 1 exhibited a loss of relative protein
density, i.e. an increased grayscale differential, in the outermost cleft column compared to
the inner columns (Figure 1F; t-test, p=0.037; N=7 WT and 8 KO synapses). Loss of
SynCAM 1 therefore lowers the density distribution towards the synaptic edge.

Because SynCAM 1 loss preserved the highest density in layer 2, other complexes likely
establish this profile. We asked whether those interactions can be imbalanced by elevating
SynCAM 1. We recorded cryo-ET images of synaptosomes from transgenic mice
overexpressing (OE) SynCAM 1 in excitatory neurons and from littermates lacking the
SynCAM 1 transgene (transgenic controls) (Figure 1G). Cleft width was unaffected by
elevated SynCAM 1 (Figure S1B,C). Control synapses showed the layer profile expected
from WT synapses (Figure 1H left vs. 1E left). In contrast, the profile of OE synapses was
flat (Figure 1H right). We measured an inverted difference (higher density in layer 1 than 2)
in the outermost column of OE synapses, different from controls (t-test, p=0.0044; N=5
synapses each) (Figure 11,J). This inversion only occurred in the outermost column (data not
shown). Elevated SynCAM 1 therefore disrupts the layer profile in the outer cleft column,
possibly through its increased expression at the postsynaptic edge. These structural
aberrations after loss and overexpression of SynCAM 1 indicated that this adhesion protein
organizes the outer zone of the cleft.
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SynCAM 1 localizes to the postsynaptic edge of excitatory synapses

We next localized endogenous SynCAM 1 using immuno-EM of high-pressure frozen
hippocampal slices from adult mice (Figure 2A). In CA1 stratum radiatum, anti-SynCAM 1
immuno-gold particles labeled most frequently excitatory synapses. This was expected from
an immuno-EM study with antibodies detecting the family members SynCAM 1/2/3 equally
well (Biederer et al., 2002) and biochemical fractionation (Fogel et al., 2007). Synaptic
labeling was reduced by 84+4% in SynCAM 1 KO sections, validating antibody specificity
(Figure S2A). At WT CA1 synapses, gold particles were most common at postsynaptic
membranes (46+6% of total synaptic labeling) (Figure 2B). Less labeling was found in the
pre- and post-synaptic cytomatrix and presynaptic membranes. To map SynCAM 1
distribution, we measured distances of the gold particles at postsynaptic membranes relative
to the PSD center (Figure 2C). This determined that postsynaptic SynCAM 1 localizes to the
cleft edge (Figure 2D). The less abundant SynCAM 1 particles at presynaptic membranes
were distributed as two populations, one more central and the other peri-synaptic (Figure
S2B). These results supported an enrichment of postsynaptic SynCAM 1 at the edge of
excitatory synapses.

EphB2 and SynCAM 1 complexes mark distinct sub-synaptic areas

A second important player in the cleft is the postsynaptic receptor tyrosine kinase EphB2
that promotes excitatory synaptogenesis during the rapid phase of synapse addition before
neurons mature (Kayser et al., 2008; Sheffler-Collins and Dalva, 2012). This role differs
from SynCAM 1, which first induces and then maintains excitatory synapses (Robbins et al.,
2010). We speculated that this functional difference may be reflected in distinct sub-synaptic
localizations. We first addressed to what extent these proteins co-localize at excitatory
synapses. Non-permeabilized hippocampal neurons were immunolabeled for endogenous,
surface-expressed SynCAM 1 and EphB2 at 14 days in vitro (div) with antibodies against
their extracellular domains, followed by permeabilization, immunostaining for the excitatory
postsynaptic scaffold protein Homer, and confocal microscopy (Figure 2E). SynCAM 1 and
EphB2 were detected at comparable densities along dendrites (data not shown). Automated
three-channel co-localization analysis measured that 74+9% of Homer puncta contained
SynCAM 1, EphB2 or both. Of the Homer-positive SynCAM 1 puncta, 88+1% co-localized
with EphB2, while all synaptic EphB2 puncta were positive for SynCAM 1 (N=69 dendritic
segments from 3 independent experiments).

We next analyzed the sub-synaptic distribution of surface SynCAM 1 and EphB2 by 2-
channel STED super-resolution microscopy, applying the same sequential immunostaining
(Figure 2F,G). This showed that SynCAM 1 has a high density at the PSD border while
EphB2 resides within the bounds of the PSD proper (Figure 2H). Trans-synaptic complexes
can therefore mark distinct synaptic zones.

3D localization shows differential EphB2 and SynCAM distribution and reveals cloud-like
SynCAM ensembles

What is the three-dimensional distribution of synapse-organizing proteins? To address this
question, we used 2-color 3D dSTORM (Huang et al., 2008) to analyze cultures of
hippocampal neurons at 12-14 div. Endogenous, surface-expressed SynCAM 1 or EphB2
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and postsynaptic Homer were visualized by sequential immunostaining and imaged by 3D
dSTORM (Figure 3A,B). SynCAM 1 and EphB2 were found along dendrites, including near
Homer-positive PSDs. The three-dimensional border of each PSD was defined with a
convex hull around Homer localizations (Dani et al., 2010; MacGillavry et al., 2013), and
the density of SynCAM localizations was determined within this border and outside it in 50
nm shells (Figure 3C). This revealed a prominent peak of SynCAM 1 density between 100
nm and 200 nm outside the PSD border. This agrees with the immuno-EM and STED
localizations, though differences of synapses formed in vivo and by cultured neurons,
maturation stage, and 2D STED and 3D STORM imaging need to be considered. We
consider antibody penetration issues unlikely, as post-embedding immuno-EM which is not
expected to be affected by access issues showed similarly restricted labeling (Figure 2D). In
contrast to SynCAM 1, EphB2 localizations by 3D STORM were most prominent deeper
within the postsynaptic area, with a smaller peak of EphB2 between 100 nm and 200 nm
outside the PSD (Figure 3B,C)

Of all PSDs, 79% had SynCAM surface localizations within 500 nm of their border and a
subset of SynCAM 1 localizations appeared in large ensembles (Figure 3D). To characterize
these grouped localizations using automated analysis, we applied area and density criteria to
select ensembles that likely consisted of multiple SynCAM 1 molecules (Figures 3E and
S3). The volume of SynCAM 1 ensembles varied widely, averaging 8.4x106 nm3 with a
standard deviation of 6.6x10% nm3. The median volume was 3.9x108 nm3, approximately
1/3 the volume of Homer-defined PSDs (median 9.4+1.5x10% nm3). 21% of PSDs had
SynCAM 1 ensembles within 500 nm of their border, suggesting that they belonged to a
unique subpopulation of synapses. To determine whether the presence of SynCAM 1
ensembles correlated with structural features, we measured Homer clusters (Figure 3F). This
showed that synapses lacking SynCAM 1 ensembles had an average Homer volume of
7.240.8 x106 nm3 (N=120), while Homer clusters had almost twice the volume when
marked by SynCAM 1 ensembles (13.1+2.3 x10% nm3; N=31; t-test, p=0.003). These
ensembles thus revealed a novel macromolecular feature of trans-synaptic complexes.

The synaptic cleft is a dynamic compartment

Neuronal activity and synaptic plasticity regulate the trafficking of N-cadherin and its
interactions with p-catenins (Hirano and Takeichi, 2012). Can the distribution of
synaptogenic proteins also change in an activity-dependent manner? SynCAM 1 was well-
suited to test this question as the position of SynCAM complexes at the synaptic edge may
allow them to be readily dispersed. We used a chemical LTD protocol because SynCAM 1
regulates LTD in vivo (Robbins et al., 2010). Sequential immunostainings were performed
for surface SynCAM 1 and the excitatory postsynaptic scaffold protein PSD-95, and imaged
by confocal microscopy (Figure 4A). Analysis was restricted to surface-labeled SynCAM 1
within 0.8 um of the center of the nearest PSD-95 punctum to measure SynCAM 1 puncta
within approximately one PSD diameter, which in our confocal analysis was 0.65+0.02 um
(N=41 neurites). LTD treatment enlarged synaptic SynCAM 1 puncta by 27+5% (t-test,
p<0.0001; N=41 neurites each). Frequency distribution analysis supported a LTD-induced
enlargement of SynCAM 1 puncta across all area ranges (Figure 4B). Synaptic SynCAM 1
proteins can therefore undergo dynamic changes in their surface distribution.
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DISCUSSION

This study reports five findings about the cleft of excitatory synapses. First, the cleft is
structurally patterned. Second, the cleft is molecularly organized, with SynCAM 1 marking
the edge and EphB2 central areas. Third, SynCAM 1 shapes the edge of the cleft. Fourth,
SynCAM 1 proteins can form cloud-like ensembles around the postsynaptic border. Fifth,
our results support that synaptogenic proteins can undergo activity-dependent re-
distribution.

Our cryo-ET analysis provides evidence that the excitatory synaptic cleft can be stratified
into layers based on protein densities, reminiscent of the intra-cleft line (Gray, 1959; Hajos,
1980) prominent after phosphotungstic acid staining (Bloom and Aghajanian, 1968). This
indicates that clusters of adhesion molecules are repetitively organized. Future studies may
uncover effects of maturation stage and brain regions. The density and layer profile of the
outer cleft column are shaped by SynCAM 1, consistent with its localization to the
postsynaptic edge. We regularly observed synaptic vesicles opposite SynCAM 1-labeled
PSD edges, and hence consider this zone unlikely to be puncta adhaerentia (Palay, 1967) but
part of synaptic junctions. It is conceivable that SynCAM 1 participates in the conversion of
nascent zones, specialized edge regions, into active zones (Bell et al., 2014). The shortened
PSDs and active zones in SynCAM 1 KO mice (Robbins et al., 2010) may be due to
SynCAM 1 loss in this outer column, consistent with our result that PSDs with SynCAM 1
ensembles are substantially larger than those without.

SynCAM 1 loss and overexpression selectively affect the structural organization of the
cleft’s edge, supporting that differences in the adhesive makeup of synapses are a factor in
shaping them. The central density along the cleft is unaffected by SynCAM 1 and is hence
likely established by other proteins such as neuroligins/B-neurexins which form sheets at
non-neuronal cell contacts with higher density closer to neuroligin (Tanaka et al., 2012).
Indeed, one reason for the diversity of adhesion systems at excitatory synapses may be that
they need to occupy distinct cleft nanodomains to instruct different characteristics of
synapses. EphB2, acting during the initial period of synapse formation (Kayser et al., 2008),
and SynCAM 1, which induces excitatory synapses and is then required to maintain this
increase (Robbins et al., 2010), are differentially localized to areas deeper in the
postsynaptic area and around the PSD. The mechanisms that position trans-synaptic
organizers with such precision are currently unknown. Given the role of SynCAM 1 in
synapse maintenance, it is conceivable that the stabilization of synapses involves
interactions at their edge, possibly through links of SynCAM 1 to the postsynaptic
cytoskeleton (Cheadle and Biederer, 2012). Selectively positioned trans-synaptic proteins
may also affect synapse function and define specialized synaptic zones such as proposed for
neurotransmitter release (Kavalali, 2015). The density profile of the cleft is relevant for
transmission, too, as cleft geometry is predicted to shape synaptic currents (Savtchenko and
Rusakov, 2007). Moreover, the density of the cleft’s edge could control access of extra-
synaptic neurotransmitter receptors (Choquet and Triller, 2013) via presentation of binding
sites or macromolecular crowding (Santamaria et al., 2010).
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PSD size correlates with basal synaptic strength (Harris and Weinberg, 2012) and the
presence of SynCAM 1 ensembles linked to larger PSDs may be regulated by the activity
history of each synapse. Given the structural dynamics of synapses during plasticity, it is
also of interest that postsynaptic SynCAM 1 complexes occupy a larger area after LTD. In
contrast to SynCAM 1, neuroligin 1 is rapidly internalized upon LTD (Schapitz et al., 2010)
and cleaved (Peixoto et al., 2012). Synapse-organizing proteins hence exhibit distinct
activity-dependent dynamics, adding to the molecular diversity of the cleft.

Together, our study provides evidence that the synaptic cleft is organized into sub-
compartments. This introduces the concept of nanodomains to the cleft and expands recent
insights into active zones and postsynaptic sites (Choquet and Triller, 2013; MacGillavry et
al., 2013; Sigrist and Sabatini, 2012). Differences in the nanoscale organization and
dynamics of the cleft may be important parameters that specify synaptic properties.

EXPERIMENTAL PROCEDURES

Tomography
Cerebral cortex homogenates from mice were subjected to differential centrifugation,
followed by Percoll gradient purification of synaptosomes and vitrification. Tilt series were
collected using a Polara electron microscope (FEI), reconstructed, and segmented.

Immuno-EM

Acute hippocampal slices were prepared and high-pressure frozen CA1 samples were
processed for post-embedding immuno-EM with monoclonal anti-SynCAM 1 antibodies
(MBL Laboratories, clone 3E1; 1:50). Grids were observed with a FEI Tecnai Biotwin
electron microscope.

Neuronal culture

Hippocampal neurons were cultured from E18 rat embryos for STORM imaging and
confocal co-localization. Hippocampal cultures from P1 rats were used for STED imaging
and LTD studies. Chemical LTD was induced at 14 div by treating neurons for 3 min with
20 uM NMDA.

Confocal imaging

Non-permeabilized neurons were subjected at 14 div to surface labeling with antibodies
against the extracellular domain of SynCAM 1 (MBL, 3E1; 1:000) or EphB2 (R&D
Systems, AF467; 1:100). Homer was immunodetected after permeabilization (Synaptic
Systems, 160 003; 1:500), as was PSD-95 (NeuroMab, clone K28/43; 1:500). A Leica TCS
SPE DM2500 microscope was used for confocal imaging.

STED imaging
Neurons were subjected to sequential immunostaining as above and imaged on a custom
built gated detection, beam scanning, all pulsed laser STED system with a 100X oil
objective (UPLAPO 100XO/PSF, Olympus). Fluorescence was detected by a single photon
counting avalanche photodiode (SPCM-ARQ-13-FC, Perkin Elmer).
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STORM imaging

Neurons were subjected to sequential immunostaining as above and imaged on an Olympus
IX81 ZDC2 microscope with a 100X/1.49 TIRF oil objective using simultaneous excitation
with 647 nm and 561 nm lasers. Stochastic blinking was detected with an iXon+ 897 EM-
CCD camera (Andor). An astigmatic lens was added and Z-axis positions of localized
molecules were deduced post hoc.

Statistical analyses

Data were analyzed using GraphPad Prism 6 and custom ImageJ (confocal) and MATLAB
(Mathworks) scripts (STED, STORM) scripts. * denotes t-test p<0.05; ** p<0.01; ***
p<0.001.

Animal procedures

Animal procedures in this study were approved by the Institutional Animal Care and Use
Committees, in compliance with NIH guidelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The excitatory synaptic cleft is structurally organized and SynCAM 1 shapes the edge
(A) Top, side view of a segmented synaptic cleft. Bottom, top view.

(B) Top, tomographic slice from a synaptosome at 4 voxels depth (9.2 nm). Bottom,
segmented net-like structures closer to the postsynaptic (lower) side are marked in red. The
asterisk marks a gold particle for tomogram alignment. Scale bar, 50 nm.

(C) Cleft separation into four layers and concentric columns. The outermost column in
shown in grey.

(D) WT and SynCAM 1 KO cleft tomograms at 4 voxels depth (9.2 nm). Arrowheads mark
the less dense central density towards the edge of the KO cleft. Scale bar, 50 nm.

(E) Profiles of the outermost WT and KO cleft columns. Lower grayscale values correspond
to higher densities. Mean layer values were calculated in each tomogram and averaged per
genotype (N=7 WT, 8 KO synapses).

(F) SynCAM 1 KO synapses have a higher grayscale value differential and hence lower
relative protein density in the outer column compared to the inner columns (N=7 WT, 8 KO
synapses).

(G) Tomograms of transgenic control and SynCAM 1 overexpressor (OE) clefts at 4 voxel
depth (9.2 nm). The central cleft density of the control is barely visible in OE synapses.
Scale bar, 50 nm.

(H) lat profile of the SynCAM 1 OE cleft. Greyscale values are shown as in (E) (N=5
synapses each).
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(1) Data in (J) was calculated by subtracting grayscale values of volumes depicted in light
gray from those in dark gray.

(J) SynCAM 1 OE synapses have higher density in layer 1 relative to layer 2 in the outer
cleft column compared to controls (N=5 synapses each).

See also Figure S1 and Supplemental Media Files 1 and 2.
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Figure 2. Postsynaptic SynCAM 1 marks the perimeter of excitatory synapses and EphB2 is
enriched deeper within the postsynaptic area

(A) Immuno-EM of SynCAM 1 in adult hippocampal CA1 area after high pressure freezing.
Arrows mark 10 nm gold particles labeling SynCAM 1 at the postsynaptic membrane edge
of an asymmetric synapse.

(B) majority of synaptic SynCAM 1 localizes to postsynaptic membranes (N=97
micrographs, 3 mice).

(C) Measurement of postsynaptic distances for quantification in (D). 0 marks the PSD center
and 1 the edge.

(D) Postsynaptic membrane SynCAM 1 is enriched at the PSD edge. Particle distances to
the PSD center were measured for each synapse and normalized as in (C) (N=97
micrographs, 3 mice).

(E) Hippocampal neurons were sequentially immunostained at 14 div to first detect surface
SynCAM 1 (blue) and surface EphB2 (green), followed by permeabilization and staining for
postsynaptic Homer (red), and confocal imaging. The box marks the synapse enlarged in the
insets. Scale bar, 5 um.

(F,G) Hippocampal neurons at 14 div were subjected to sequential immunostaining for (F)
surface SynCAM 1 (magenta) and PSD-95 (green) or (G) surface EphB2 (magenta) and
Homer (green), and imaged by 2-color STED microscopy. PSD borders based on STED
image analysis are shown in center and right panels. Scale bars, 400 nm.

(H) Surface SynCAM 1 and EphB2 locations were determined by STED as in (F,G) and
distances were measured from the PSD border defined by PSD-95 and Homer images,
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respectively. SynCAM 1 (red) reached maximum density at the PSD border (green). EphB2
(blue) was prominently located within PSD areas. Densities were normalized to the highest
value. SynCAM 1 data from 696 PSD areas in 86 imaging fields; EphB2 data, 111 PSD
areas in 10 fields.

See also Figure S2.
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Figure 3. Distinct 3D distribution of EphB2 and SynCAM 1 and presence of SynCAM 1
ensembles around the cleft
(A,B) Left, hippocampal neurons at 12-14 div were subjected to sequential immunostaining

for surface SynCAM 1 (A) or EphB2 (B) (red) and intracellular Homer (green), and imaged
by 2-channel 3D STORM. Center and right, enlarged PSD with the calculated border
outlined. Scale bar overview, 1 um; enlarged panels, 400 nm.

(C) Surface SynCAM 1 and EphB2 localizations were determined by 3D STORM as in
(A,B) and the PSD border was defined by super-resolved Homer localizations. SynCAM 1
localization density (red) reached a maximum around the PSD edge (green) and
localizations within Homer hulls were rare. EphB2 (blue) was prominently localized within
the area demarcated by the PSD and showed a smaller peak around the edge. SynCAM 1
data from 178 PSDs in 11 imaging fields; EphB2 data, 446 PSDs in 31 fields.

(D) Two 3D views of a convex, Homer-defined PSD hull (green; boxed in A) showing
adjacent ensembles of SynCAM 1 (red). Scale bars, 200 nm in each axis.

(E) Distribution of SynCAM 1 ensemble volumes within 500 nm of the PSD. Gray graph,
putative single molecules detected at low thresholds. Red, ensembles detected at a threshold
excluding single molecules.

(F) PSDs marked by SynCAM 1 ensembles are larger. Cumulative frequency distribution of
super-resolved Homer volumes in spines lacking SynCAM 1 ensembles (grey) or containing
at least one SynCAM 1 ensemble (red) within 500 nm of the Homer hull. Ensembles were
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identified as in (E) (N=120 PSDs lacking SynCAM 1 ensembles, 31 PSDs with ensembles
from 11 fields of imaging; Mann-Whitney test, p=0.026).
See also Figure S3.
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Figure 4. Activity-dependent area changes of synaptic SynCAM 1 complexes
(A) Hippocampal neurons at 14 d.i.v. were subjected to chemical LTD. Surface SynCAM 1

was immunolabeled (red), followed by staining for postsynaptic PSD-95 (green) and
confocal imaging. Three representative images show control synapses (top) or after
chemical LTD treatment (bottom). Scale bar, 0.8 pm.

(B) LTD treatment enlarges the area of synaptic SynCAM 1 puncta. The graph shows the
cumulative frequency distribution of SynCAM 1 puncta areas located within 0.8 pm of a
PSD-95 punctum (Mann-Whitney test, p<0.0001; N=41 neurites each).
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