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SUMMARY

The cleft is an integral part of synapses, yet its
macromolecular organization remains unclear. We
show here that the cleft of excitatory synapses ex-
hibits a distinct density profile as measured by cryo-
electron tomography (cryo-ET). Aiming for molecular
insights, we analyzed the synapse-organizing pro-
teins Synaptic Cell Adhesion Molecule 1 (SynCAM 1)
and EphB2. Cryo-ET of SynCAM 1 knockout and
overexpressor synapses showed that this immuno-
globulin protein shapes the cleft’s edge. SynCAM 1
delineates the postsynaptic perimeter as determined
by immunoelectron microscopy and super-resolu-
tion imaging. In contrast, the EphB2 receptor
tyrosine kinase is enriched deeper within the post-
synaptic 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-synap-
tic complexes.
INTRODUCTION

Neuronal transmission requires precise organization of pre- and

postsynaptic 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 show that the complexes spanning the cleft form net-

like structures that can be periodically arranged (Luci�c 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
Ne
of N-cadherin shows that it is expressed throughout the cleft of

developing synapses and present at the edge of mature synap-

ses (Elste and Benson, 2006; Uchida et al., 1996; Yamagata

et al., 1995). N-cadherin does not induce synapses, and compa-

rable insights into synaptogenic proteins are lacking, though

immunoelectronmicroscopy (immuno-EM) studies have demon-

strated 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 demar-

cate and function at specialized synaptic zones, yet limited

understanding of cleft topography restricts addressing these

questions.

We here delineated macromolecular properties of the excit-

atory synaptic cleft. To gain molecular insights, we investigated

two proteins that form trans-synaptic complexes to promote

excitatory synapse number, the immunoglobulin adhesion pro-

tein 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 synap-

ses by cryoelectron tomography (cryo-ET), immuno-EM, and

STED (stimulated emission depletion) and STORM (stochastic

optical reconstruction microscopy) super-resolution imaging

supports that the synaptic cleft is composed of structurally and

molecularly defined 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 (Lu�ci�c 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 corre-

sponded 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; Movie S1), as described (Luci�c
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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 a 4 voxel 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 is shown in gray.

(D)WT and SynCAM1KO cleft tomograms at a 4 voxel depth (9.2 nm). Arrowheadsmark the less dense central density toward 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 a lower relative protein density in the outer column compared to the inner

columns (N = 7 WT, 8 KO synapses). Error bars, SEM; unpaired t-test.

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

Scale bar, 50 nm.

(H) Flat profile of the SynCAM 1 OE cleft. Grayscale values are shown as in (E) (N = 5 synapses each).

(I) 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 protein density in layer 1 relative to layer 2 in the outer cleft column compared to controls (N = 5 synapses each). Error

bars, SEM; unpaired t-test.

See also Figure S1 and Movies S1 and S2.
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et al., 2005). Trans complexes and net-like structures were seen

in all analyzed tomograms.

Observation of tomograms indicated an increased central

density in the cleft, closer to the postsynaptic side (Figure 1B;

Movie S2). To measure whether this density is offset 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 grayscale values corre-

spond to higher protein densities, and mean grayscale values

exhibited a minimum, i.e., highest, density in the second layer

counted from the post- to pre-synaptic membrane when all col-

umns were combined (layer 2 versus layers 1, 3, 4; paired t test,

p = 0.0007 [layer 1], p = 0.015 [layer 3], p = 0.0001 [layer 4]; N = 7

WT synapses), as well as in the outermost column (Figures 1D

and 1E, left; layer 2 versus layers 1, 3, 4; paired t test,

p = 0.015 [layer 1], p = 0.019 [layer 3], p = 0.0003 [layer 4];

N = 7 WT synapses). Densities of the four cleft columns were

indistinguishable (data 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 neu-

rons and the brain, and the high synaptic membrane content of

SynCAMs (Biederer et al., 2002; Fogel et al., 2007; Robbins

et al., 2010). Neocortical synaptosomes from adult SynCAM 1

knockout (KO) mice had the same cleft width as those from

WT (Figures 1D, S1A, and S1C). Loss of SynCAM 1 did not alter

the layer profile when the data of all columns were averaged

(data not shown) or in the outermost column (Figures 1D and

1E, right). The higher grayscale values in the KO could not be in-

terpreted 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 to-

ward 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 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 (Figures S1B and S1C). Control synapses

showed the layer profile expected fromWT synapses (Figure 1H,

left, versus Figure 1E, left). In contrast, the profile of overexpres-

sor (OE) synapses was flat (Figure 1H, right). Wemeasured an in-

verted difference (higher density in layer 1 than in layer 2) in the

outermost column of OE synapses, different from controls

(t test, p = 0.0044; N = 5 synapses each) (Figures 1I and 1J).

This inversion only occurred in the outermost column (data not

shown). Elevated SynCAM 1 therefore disrupts the layer profile
Ne
in the outer cleft column, possibly through its increased expres-

sion at the postsynaptic edge. These structural aberrations after

loss and overexpression of SynCAM 1 indicated that this adhe-

sion protein organizes the outer zone of the cleft.

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 (Fig-

ure 2A). In CA1 stratum radiatum, anti-SynCAM 1 immunogold

particles labeled most frequently excitatory synapses. This

was expected from an immuno-EM study with antibodies

detecting the family members SynCAM 1, 2, or 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 (Fig-

ure S2A). At WT CA1 synapses, gold particles were most com-

mon at postsynaptic membranes (46% ± 6% of total synaptic

labeling) (Figure 2B). Less labeling was found in the pre- and

postsynaptic cytomatrix and presynaptic membranes. To map

SynCAM 1 distribution, we measured distances of the gold par-

ticles at postsynapticmembranes relative to the PSD center (Fig-

ure 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 (Fig-

ure S2B). These results supported an enrichment of postsyn-

aptic 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 recep-

tor tyrosine kinase EphB2 that promotes excitatory synaptogen-

esis 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 specu-

lated 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-permea-

bilized hippocampal neurons were immunolabeled for endoge-

nous, 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 three independent

experiments).

We next analyzed the sub-synaptic distribution of surface

SynCAM 1 and EphB2 by two-channel STED super-resolution

microscopy, applying the same sequential immunostaining (Fig-

ures 2F and 2G). This showed that SynCAM 1 has a high density

at the PSD border, while EphB2 resides within the bounds of the
uron 88, 1165–1172, December 16, 2015 ª2015 Elsevier Inc. 1167
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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 the 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) A majority of synaptic SynCAM 1 localizes to postsynaptic membranes (N = 97 micrographs, 3 mice).

(C) Measurement of postsynaptic distances for quantification in (D), where 0 marks the PSD center and 1 marks 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 per-

meabilization and staining for postsynaptic Homer (red) and confocal imaging. Each box marks the synapse enlarged in the inset. Scale bar, 5 mm.

(F and 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 were imaged by two-color STEDmicroscopy. PSD borders based on STED image analysis are shown in the center and

right panels. Scale bars, 400 nm.

(H) Surface SynCAM 1 and EphB2 locations were determined by STED as in (F) and (G), and distances were measured from the PSD border defined by PSD-95

and Homer images, 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 are from 696 PSD areas in 86 imaging fields; EphB2 data are from 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 and 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 two-

channel 3D STORM. Center and right: enlarged

PSD with the calculated border outlined. Scale bar

overview, 1 mm; enlarged panels, 400 nm.

(C) Surface SynCAM 1 and EphB2 localizations

were determined by 3D STORM as in (A) and (B),

and the PSD border was defined by super-resolved

Homer localizations. SynCAM 1 localization den-

sity (red) reached amaximum around the PSD edge

(green), and localizations within Homer hulls (green)

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 from 446 PSDs in 31 fields.

(D) Two 3D views of a convex, Homer-defined PSD

hull (green; boxed in A) showing adjacent ensem-

bles of SynCAM 1 (red). Scale bars, 200 nm in each

axis.

(E) Distribution of SynCAM 1 ensemble volumes

within 500 nm of a PSD. Gray shows putative single

molecules detected at low thresholds. Red shows

ensembles detected at a threshold excluding sin-

gle molecules.

(F) PSDs marked by SynCAM 1 ensembles are

larger. Cumulative frequency distribution of super-

resolved Homer volumes in spines lacking

SynCAM 1 ensembles (gray) or containing at least

one SynCAM 1 ensemble (red) within 500 nm of the

Homer hull. Ensembles were 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.
PSD proper (Figure 2H). Trans-synaptic complexes can there-

fore mark distinct synaptic zones.

3D Localization Shows Differential EphB2 and SynCAM
Distribution and Reveals Cloud-like SynCAMEnsembles
What is the three-dimensional (3D) distribution of synapse-orga-

nizing proteins? To address this question, we used two-color 3D

direct STORM (Huang et al., 2008) to analyze cultures of hippo-

campal neurons at 12–14 div. Endogenous, surface-expressed

SynCAM 1 or EphB2 and postsynaptic Homer were visualized

by sequential immunostaining and imaged by 3D direct STORM

(Figures 3A and 3B). SynCAM 1 and EphB2 were found along

dendrites, including near Homer-positive PSDs. The 3D border

of each PSDwas defined with a convex hull around Homer local-

izations (Dani et al., 2010; MacGillavry et al., 2013), and the den-

sity of SynCAM localizations was determined within this border

and outside it in 50 nm shells (Figure 3C). This revealed a prom-

inent peak of SynCAM 1 density between 100 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 two-
Ne
dimensional STED and 3D STORM imaging need to be consid-

ered. We consider antibody penetration issues unlikely, because

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 STORMweremost prominent deeper within the postsynaptic

area, with a smaller peak of EphB2 between 100 and 200 nm

outside the PSD (Figures 3B and 3C).

Of all PSDs, 79% had SynCAM surface localizations within

500nmof their border anda subset of SynCAM1 localizationsap-

peared 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

ofmultiple SynCAM1molecules (Figures 3E and S3). The volume

of SynCAM 1 ensembles varied widely, averaging 8.4 x 106 nm3

with a SD of 6.6 x 106 nm3. The median volume was 3.9 x

106 nm3, approximately one-third the volume of Homer-defined

PSDs (median 9.4 x 106 ± 1.5 x 106 nm3). Of PSDs, 21% 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
uron 88, 1165–1172, December 16, 2015 ª2015 Elsevier Inc. 1169
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Figure 4. Activity-Dependent Area Changes of Synaptic SynCAM 1

Complexes

(A) Hippocampal neurons at 14 div 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 synapses after chemical LTD treatment (bottom).

Scale bar, 0.8 mm.

(B) LTD treatment enlarges the area of synaptic SynCAM 1 puncta. The graph

shows the cumulative frequency distribution of SynCAM 1 punctum areas

located within 0.8 mm of a PSD-95 punctum (Mann-Whitney test, p < 0.0001;

N = 41 neurites each).
correlated with structural features, we measured Homer clusters

(Figure3F). This showed that synapses lackingSynCAM1ensem-

bles had an average Homer volume of 7.2 x 106 ± 0.8 x 106 nm3

(N = 120), while Homer clusters had almost twice the volume

when marked by SynCAM 1 ensembles (13.1 x 106 ± 2.3 x

106 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 b-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, because the position of SynCAM

complexes at the synaptic edge may allow them to be readily

dispersed. We used a chemical long-term depression (LTD) pro-

tocol 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
1170 Neuron 88, 1165–1172, December 16, 2015 ª2015 Elsevier Inc
PSD-95 and were imaged by confocal microscopy (Figure 4A).

Analysis was restricted to surface-labeled SynCAM 1 within

0.8 mm 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 mm (N = 41 neu-

rites). 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.

DISCUSSION

This study reports five findings about the cleft of excitatory syn-

apses. First, the cleft is structurally patterned. Second, the cleft

is molecularly organized, with SynCAM 1 marking the edge and

EphB2 marking the 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-depen-

dent re-distribution.

Our cryo-ET analysis provides evidence that the excitatory

synaptic cleft can be stratified into layers based on protein den-

sities, reminiscent of the intra-cleft line (Gray, 1959; Hajós, 1980)

prominent after phosphotungstic acid staining (Bloom and

Aghajanian, 1968). This indicates that clusters of adhesion mol-

ecules are repetitively organized. Future studies may uncover

effects of maturation stage and brain regions on cleft organiza-

tion. The density and layer profile of the outer cleft column are

shaped by SynCAM1, consistent with its localization to the post-

synaptic edge. We regularly observed synaptic vesicles oppo-

site SynCAM 1-labeled PSD edges and hence consider this

zone unlikely to be puncta adhaerentia (Palay, 1967) but rather

to be 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, consis-

tent with our result that PSDs with SynCAM 1 ensembles are

substantially larger than those without.

SynCAM1 loss andoverexpression selectively affect the struc-

tural organization of the cleft’s edge, supporting that differences

in the adhesivemakeup of synapses are a factor in shaping them.

The central density along the cleft is unaffectedbySynCAM1and

is hence likely established by other proteins such as neuroligins

or b-neurexins, which form sheets at non-neuronal cell contacts,

with a higher density closer to neuroligin (Tanaka et al., 2012).

One reason for the diversity of adhesion systems at excitatory

synapsesmay be that they need to occupy distinct cleft nanodo-

mains 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 postsyn-

aptic 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 inter-

actions at their edge, possibly through links of SynCAM 1 to the

postsynaptic cytoskeleton (Cheadle and Biederer, 2012). Selec-

tively positioned trans-synaptic proteinsmay also affect synapse

function anddefine specialized synaptic zones such asproposed

for neurotransmitter release (Kavalali, 2015). The density profile

of the cleft is relevant for transmission too, because cleft geo-

metry 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).

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 dur-

ing 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 (Scha-

pitz 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.

Our study provides evidence that the synaptic cleft is orga-

nized 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 sam-

ples were processed for post-embedding immuno-EM with monoclonal anti-

SynCAM 1 antibodies (MBL International, clone 3E1; 1:50). Grids were

observed with a FEI Tecnai Biotwin electron microscope.

Neuronal Culture

Hippocampal neurons were cultured from embryonic day 18 rat embryos for

STORM imaging and confocal co-localization. Hippocampal cultures from

postnatal day 1 rats were used for STED imaging and LTD studies. Chemical

LTD was induced at 14 div by treating neurons for 3 min with 20 mM

N-methyl-D-aspartate.

Confocal Imaging

Non-permeabilized neurons were subjected at 14 div to surface labeling with

antibodies against the extracellular domain of SynCAM 1 (MBL International,

3E1; 1:1,000) or EphB2 (R&D Systems, AF467; 1:100). Homer was immunode-

tected after permeabilization (Synaptic Systems, 160 003; 1:500), as was

PSD-95 (NeuroMab, clone K28/43; 1:500). A Leica TCS SPE DM2500 micro-

scope was used for confocal imaging.

STED Imaging

Neurons were subjected to sequential immunostaining as described above

and imaged on a custom-built gated detection, beam scanning, all-pulsed
Ne
laser STED system with a 1003 oil objective (UPLAPO 100XO/PSF, Olympus).

Fluorescence was detected by a single photon counting module (SPCM)

avalanche photodiode (SPCM-AQR-13-FC, PerkinElmer).

STORM Imaging

Neurons were subjected to sequential immunostaining as described above

and imaged on an Olympus IX81 ZDC2 microscope with a 1003/1.49 total in-

ternal reflection fluorescence oil objective using simultaneous excitation with

647 and 561 nm lasers. Stochastic blinking was detected with an iXon+ 897

electron microscopy (EM)-charge-coupled device camera (Andor). An astig-

matic 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)

scripts and MATLAB (MathWorks; STED and STORM scripts). *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.
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Supplemental Figure S1, related to Figure 1. Cryo‐ET imaging and cleft width measurement. 

(A)  Representative  images  from  tomograms  of  WT  (left)  and  SynCAM 1  KO  (right)  synaptosomes. 

Tomogram data are shown at a depth of 2 voxels (4.6 nm). Scale bar, 100 nm. Note that panels in Figure 

2D  show  tomograms  at  a  depth  of  4  voxels  to  add  densities  and  better  visualize  cleft  differences.               

(B)  Representative  images  from  tomograms  of  transgenic  control  (left)  and  SynCAM 1  OE  (right) 

synaptosomes. Tomogram data are shown at a depth of 2 voxels (5.5 nm). Scale bar, 100 nm.  

(C)  Cleft  widths  were  measured  in  tomograms  of  synaptosomes  from  the  indicated  mouse  lines. 

SynCAM 1  loss  in  KO mice  or  overexpression  in OE mice  did  not  affect  cleft width  as  compared  to 

littermate controls and across groups (n=7 WT synapses, 8 KO, 5 OE controls, 5 OE). 
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Supplemental  Figure  S2,  related  to  Figure  2.  Specificity  of  SynCAM 1  immuno‐EM  detection  and 

protein distribution in presynaptic membranes. 

(A) Quantification of gold particles per asymmetric synapse from WT and SynCAM 1 KO sections imaged 

as  in  Figure  2A  shows  specific  SynCAM 1  immunolabeling  (Mann‐Whitney  test,  p<0.0001;  N=44 

micrographs each). 

(B)  Distribution  of  SynCAM 1  particles  detected  in  presynaptic  membranes.  For  each  analyzed 

asymmetric synapse, presynaptic SynCAM 1 particle distances were measured relative to the center of 

the PSD and normalized to the PSD radius as depicted  in Figure 2C, with a value of 1 corresponding to 

the PSD radius (n=97 micrographs from 3 mice). 
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Supplemental  Figure  S3,  related  to  Figure  3.    Approach  to  identify  the  borders  of  SynCAM 1 

ensembles. 

To  develop  appropriate  criteria  for  the  analysis  in  Figure  3E, we  compared  the  number  of  clusters 

detected with varying thresholds for density and area in each plane (x‐y, x‐z, and y‐z) for the SynCAM 1 

STORM data and  for PSD‐95  staining over a  field with no  synapses, where all  localizations  likely arise 

from repetitive switching of single molecules. In a reconstructed x‐y distribution map with a pixel size of 

5 nm, at relatively low density and area thresholds (0.3 localizations per pixel and 6 pixels, respectively), 

there was significant overlap in the distribution of cluster volumes between the SynCAM 1 data and the 

single molecule data. However, when thresholds were raised to 1 localization per pixel and an area of 10 

pixels, single molecule clusters were no  longer detected and the distribution of cluster volumes  in the 

SynCAM  data  showed  little  overlap with  the  single molecule  cluster  volumes  detected  at  the  lower 

threshold  (Figure 3E). This suggests  that  the clusters of SynCAM 1 we measure with  these criteria are 

molecule assemblies of clustered molecules rather than artifacts of imaging or immunostaining. 
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Supplemental Media File 1, related to Figure 1.  3D cleft representation from a segmented tomogram.  

The  animation  was  generated  with  the  Amira  program  for  a  3D  representation  of  the  segmented 

tomogram shown in Figure 1A. 

 

 

Supplemental Media File 2, related to Figure 1.  Composite of a segmented tomogram.  

Automated segmentation of a synaptic cleft is shown in red, highlighting the central density closer to the 

postsynaptic membrane. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 
Synaptosome preparation and vitrification  for  tomography. Tomography experiments were performed 

with synaptosomes from SynCAM 1 KO mice (Fujita et al., 2006) generously provided by Dr. T. Momoi 

(National  Institute  for  Neuroscience,  Tokyo)  and  WT  littermate  controls  in  a  mixed  BL6/129Sv 

background. In addition, we analyzed SynCAM 1 overexpressor mice carrying the CaMKII‐tTA (+/‐) x TRE‐

SynCAM 1 (+/‐) transgenes (Robbins et al., 2010) and used single‐transgenic CaMKII‐tTA (+/‐) littermates 

as  controls.  These  transgenic  mice  were  in  a  hybrid  SV129/Bl6  background.  Synaptosomes  were 

prepared as previously described (Dunkley et al., 1988; Godino Mdel et al., 2007). All steps were carried 

out at 4 °C. Briefly, male mice were sacrificed at 6‐9 weeks of age, and the cerebral cortex was extracted 

and homogenized in ice‐cold homogenization buffer (HB; 320 mM sucrose, 50 mM EDTA, 10 mM HEPES 

at pH 7.4) with up  to  seven  strokes at 700  rpm  in a Teflon‐glass homogenizer. The homogenate was 

centrifuged  for 2 min at 2,000 × g,  the supernatant was centrifuged  for 12 min at 9,500 × g, and  the 

resulting pellet was  resuspended  in HB and  loaded onto a  three‐step  (3%, 10%, 23%) Percoll gradient 

(GE Healthcare).  The  gradients were  spun  for  6 min  at  25,000  ×  g,  the material  accumulated  at  the 

10%/23%  interface was  recovered and diluted  to a  final volume of 50 ml  in HEPES‐buffered medium 

(HBM, in mM: 140 NaCl, 5 KCl, 5 NaHCO3, 1.2 Na2HPO4, 1 MgCl2, 10 glucose, 10 HEPES [pH 7.4]). Percoll 

was  removed  by  centrifugation  for  10 min  at  22,000  ×  g,  and  the  pellet was  resuspended  in  HBM 

supplemented  with  1.2  mM  CaCl2.  Synaptosomes  were  vitrified  immediately  after  preparation  by 

plunge‐freezing  as  described  (Fernandez‐Busnadiego  et  al.,  2013).  Briefly,  3  l  of  a  synaptosomal 

suspension was placed onto a holey carbon copper electron microscopy grid (Quantifoil) that had been 

coated with BSA colloidal gold and plunged into a liquid ethane/propane mixture.  

 
Tomographic  acquisition,  reconstruction  and  denoising.  Tilt  series  were  collected  under  a  low  dose 

acquisition scheme using an electron microscope (Polara; FEI) operated at 300 kV. The microscope was 

equipped with a field emission gun, a 2,048 × 2,048 charge‐coupled device camera (MultiScan; Gatan), a 

postcolumn  energy  filter  (Gatan)  operated  in  the  zero‐loss  mode,  and  a  computerized  cryostage 

designed to maintain the specimen temperature below ‐150 °C. Tilt series were recorded using Xplore3D 

(FEI),  typically  from  ‐60°  to  60° with  1.25°‐1.5°  angular  increment.  Pixel  size was  0.58‐68  nm  at  the 

specimen  level,  and  the  underfocus was  set  to  6‐7  μm.  Tilt  series were  aligned  using  gold  beads  as 

fiducial markers.  3D  reconstructions  were  obtained  by  weighted  backprojection  using  EM  software 

(Hegerl, 1996),  and  tomograms were denoised by  anisotropic non‐linear diffusion  (Fernández  and  Li, 

2003). Tomograms  that were not  technically  good  (due  to bad  alignment or  very  low  signal‐to‐noise 
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ratio)  as well  as  those  that  did  not  show  good  structure  preservation  expected  for  cryo‐preparation 

(smooth membranes, non‐extracted cytosol) were discarded, resulting in total 5‐8 tomograms from two 

mice  for each genetic condition. Pre‐ and post‐synaptic membranes were manually  segmented  in  the 

Amira program. The cleft region was defined as the extracellular region between the membranes that 

spread  as  long  as  the pre‐  and post‐synaptic membranes were parallel  to each other. Radial  regions 

(columns) were defined as concentric columns based on the relative position between the center (set to 

0)  and  the  cleft  edge  (set  to  1) with  bin  values  of  0,  0.25,  0.5,  0.75  and  1.  Four  cleft  layers were 

determined by  separating  the  cleft  region  into  four  layers of equal  thickness parallel  to  the  synaptic 

membranes.  Additional  layers  of  the  same  thickness  were  placed  on  the  pre‐  and  post‐synaptic 

membranes  to  obtain  values  for  normalization.  This  division  into  four  layers  and  columns  was  our 

resolution limit to detect density differences. Due to the separation into four evenly spaced concentric 

columns, the outermost column contains approximately the same number of voxels as the inner three. 

Tomogram  greyscale  values  are  directly  related  to  electron  density  of  the  sample, where  lower 

greyscale values correspond to higher densities. To analyze  layer profiles, mean greyscale values of all 

layers  in the cleft or for the  layers of  individual columns were calculated by first finding the  individual 

mean greyscale value of each  layer  for each  synapse,  followed by averaging over all  synapses of  the 

genetic condition.  In  the same way,  the standard deviation and  the standard error of  the mean were 

calculated from the  individual means. In order to reduce the greyscale variability between tomograms, 

the values were shifted so that the mean density of synaptic membranes was set to 0 (Figure 1 E, H). To 

allow quantitative assessment of differences between layers and columns and the statistical analysis of 

these differences between genetic conditions, greyscale variability between tomograms arising from the 

acquisition and  reconstruction procedures needed  to be eliminated. To achieve  this, greyscale values 

were normalized  so  that  the mean density of  synaptic membranes was  set  to  0  and  the mean  cleft 

density to 1 (Figure 1 F, J). This procedure reduces the difference between total cleft values of different 

tomograms  because  it  leads  to  an  increase  of  the  greyscale  values  of  synapses  that  contain  above‐

average amount of proteins in the cleft and a decrease for synapses containing below‐average amounts. 

There were no  significant differences  in  synapse  size and  cleft width between  the genetic  conditions 

(Figure S1C). Cleft segmentation was performed using the thresholding and connectivity approach (Lucic 

et al., 2005). Specifically, clefts were initially segmented by thresholding at a conservative greyscale level 

and then only the segments that contact both pre‐ and postsynaptic membranes (in 3D) were selected. 

Greyscale calculations and the segmentation were done using custom‐made software written in Python 

programming language that uses Numpy and Scipy packages (Oliphant, 2007). 
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High pressure  tissue  freezing and  immuno‐EM  labeling. Experiments were performed with  tissue  from 

WT and SynCAM 1 KO littermate mice (Fujita et al., 2006) backcrossed for more than 10 generations in a 

C57Bl/6 background. Because standard pre‐embedding immunogold EM did not yield sufficient labeling 

for quantitative analysis  in our  studies  (data not  shown), we employed high‐pressure  freezing, which 

improves  preservation  of  proteins  on  lipids  to  yield  better morphology  and  higher  labeling  density 

(Lonsdale et al., 1999). Acute hippocampal slices were prepared from 3‐4 months old mice, allowed to 

recover  for  2  h,  and  a  2 mm  CA1  region was  dissected. Unfixed  samples were  frozen  using  a  Leica 

HMP101 at 2000 psi and controlled cryoprotecting conditions. Vitrified samples were freeze‐substituted 

using a Leica EM AFS2 unit starting at  ‐90 °C using 0.1% uranyl acetate and 0.125% glutaraldehyde  in 

acetone for 50 hours, rinsed in 100% acetone and infiltrated over 10 hours at ‐60°C with Lowicryl HM20 

resin (Electron Microscopy Science). Samples were placed in gelatin capsules and UV hardened at ‐50 °C 

for  8  hours.  Blocks  were  then  cut  using  a  Leica  UltraCut  UC7.  60  nm  sections  were  collected  on 

formvar/carbon coated nickel grids and contrast stained using 2% uranyl acetate and lead citrate.  

For  immunodetection,  the  grids  were  placed  section‐side  down  on  drops  of  0.1 M  ammonium 

chloride  to  quench  untreated  aldehyde  groups,  then  blocked  for  nonspecific  binding  on  3%  albumin 

from bovine  serum  (Sigma‐Aldrich)  in PBS. Single  labeled grids were  incubated overnight at 4°C on a 

primary anti‐SynCAM 1 monoclonal antibody raised in chicken (MBL International, clone 3E1; 1:50), then 

bridged for 1 h at RT using rabbit anti‐chicken antibodies (Jackson ImmunoResearch) at 1:200, and then 

incubated  for  1  h  at  RT  on  anti‐rabbit  antibody‐conjugated  10  nm  Protein  A  gold  (10  nm;  Utrecht 

Medical Center) at 1:50. All antibodies and Protein A gold were diluted  in PBS containing 3% BSA. The 

grids were rinsed with PBS, fixed using 1% glutaraldehyde for 5 min, rinsed again, and transferred to a 

UA/methylcellulose  drop  before  being  collected  and  dried.  Grids were  observed  using  a  FEI  Tecnai 

Biotwin transmission electron microscope at 80kV accelerating voltage, and  images were taken using a 

SIS Morada CCD camera and iTEM (Olympus) software.  

Our post‐embedding staining of thin EM sections is expected to allow for uniform antibody access at 

both the edge and the center of synapses, and access issues are unlikely to cause a detection bias. For 

quantification  of  SynCAM 1  distribution  across  synaptic  compartments,  presynaptic membranes  and 

terminals  were  identified  by  presence  of  synaptic  vesicles  within  the  terminal,  and  postsynaptic 

membrane identified due to their association with an electron‐dense region. Immunogold particles were 

only scored as labeling SynCAM 1 in pre‐ or post‐synaptic membranes if particles were within 40 nm of 

the membrane, using the diameter of the gold particles to approximate this distance. In the few cases 

when particles were observed within  30 nm  from  the  pre‐  and post‐synaptic membrane,  those  gold 
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particles were  excluded. Note  that  the  full  extracellular domain of  a  SynCAM dimer  has  a predicted 

length of 26‐28 nm, assuming that the extracellular domains are rigid and project towards each other (Y. 

Modis, pers. comm.), and only a small fraction of presynaptic SynCAM 1 closer to the active zone border 

may connect to SynCAM 1 at the postsynaptic edge. 

 

Neuronal cultures. For STORM analysis, hippocampal neurons were cultured  from E18  rat embryos as 

described (Frost et al., 2010) and plated on cover glasses (MacGillavry et al., 2013).  

For confocal microscopy co‐localization analysis, hippocampal neurons were prepared from rats at 

E18  as  described  (Kaech  and  Banker,  2006) with modifications.  In  brief,  dissected  hippocampi were 

incubated  in  0.05%  trypsin  at 37 °C  for 20 minutes  (Invitrogen  25300054)  and plated  at  a density of 

~30,000 cells per coverslip. Dissociated cells were plated on poly‐l‐lysine (Sigma P1274) and incubated in 

a  cell  culture  incubator  with  5.0%  CO2.  Cytosine  arabinoside  (Sigma  C1768)  was  added  at  a  final 

concentration of 2 M per well 2 days in vitro to prevent glia cell overgrowth. 

For confocal microscopy analysis after chemical LTD, primary hippocampal neurons were dissected 

from rats at P1 as described  (Biederer and Scheiffele, 2007) and plated on Matrigel  (Becton‐Dickinson 

Biosciences). Chemical  LTD was  induced by  treating neurons  at  14 div  for  3 min with  20 M NMDA 

(Ehlers, 2000; Lee et al., 1998). Medium was then rapidly exchanged, and cultures were incubated for 60 

min prior to labeling of surface SynCAM 1 and staining for PSD‐95 as described below. 

 
Immunostaining  of  dissociated  neurons  for  confocal  analysis.  To  measure  the  extent  of  triple  co‐

localization of SynCAM 1 and EphB2 together with Homer, surface labeling of EphB2 and SynCAM 1 was 

performed  in  neurons  at  14  div.  Cells were  incubated  in  cold  PBS  for  3 min  to  restrict  trafficking, 

followed by 10 min  incubation with chicken monoclonal anti‐SynCAM 1  (MBL  International, clone 3E1; 

1:1000) or goat anti‐EphB2 (R&D Systems, AF467; 1:100) antibodies against the extracellular domain in 

PBS. Neurons were kept on ice during antibody surface labeling. After two washes with ice‐cold PBS and 

fixation for 15 min with cold 4% PFA / 4% sucrose in PBS, cells were blocked with 5% FBS in PBS for 1 h 

at RT,  and  incubated  for  1  h  at RT with  secondary Alexa‐conjugated  antibodies  (Invitrogen;  1:1000). 

After washes, cells were permeabilized with 0.1% Triton‐X100 in PBS for 10 min at RT, and processed for 

scaffold  protein  immunostaining.  Homer  was  detected  with  antibodies  raised  in  rabbits  (Synaptic 

Systems, 160 003; 1:2000). Mouse monoclonal antibodies detected PSD‐95  (NeuroMab, clone K28/43; 

1:500). Incubations with secondary Alexa‐conjugated antibodies (Invitrogen; 1:1000) were for 1 h at RT. 

Coverslips were mounted on Aqua‐Mount mounting media (Thermo Scientific). 
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STED imaging. For STED microscopy, hippocampal neurons were prepared from rats at P1 as described 

(Biederer  and  Scheiffele,  2007)  and  plated  on  12  mm  coverslips  #1.5  (Glaswarenfabrik  Karl  Hecht 

GmbH&Co  KG).  At  14  div,  SynCAM 1  and  EphB2  primary  antibody  staining  was  performed  under 

trafficking  restrictive  conditions as described above. For SynCAM 1, primary antibody  surface  labeling 

was  followed  by  incubation with  rabbit  anti‐chicken  IgY  as  bridge  antibody  (EMD Millipore,  12‐334; 

1:10,000)  for 3 h at 4 °C. After washes,  labeling with goat anti‐rabbit  IgG antibodies  conjugated with 

ATTO‐647N (Active Motif, Carlsbad, CA, 15068; 1:500) was performed for 1 h at RT. This was followed by 

permeabilization and staining  for PSD‐95 as described above, and detection was performed with goat 

anti‐mouse  IgG antibodies  (Sigma, 76085; 1:500)  labeled with ATTO‐594  (ATTO‐TEC)  for 1 h at RT. For 

STED microcopy of EphB2, primary antibody labeling was followed by washes and incubation with rabbit 

anti‐goat  IgG  conjugated with ATTO594  (Abgent,  San Diego,  CA, ASR1144;  1:250)  for  1  h  at RT,  and 

extensively washed. This was followed by permeabilization and staining for Homer as described above, 

and detection was performed with goat anti‐rabbit  IgG antibodies  (Active Motif, Carlsbad, CA, 15068; 

1:500)  labeled with  ATTO‐647N  (ATTO‐TEC)  for  1  h  at  RT.  To  avoid  cross‐detection,  coverslips were 

washed extensively after  labeling of EphB2 with  secondary antibodies prior  to Homer detection, and 

non‐overlapping signals were confirmed by confocal and STED microscopy. Coverslips were mounted on 

Mowiol (Sigma, 81381). 

Imaging was performed on a  custom built gated detection, beam  scanning,  all pulsed  laser  STED 

system. ATTO‐647N conjugated secondary antibodies were imaged by focusing approximately 30 µW (at 

the  back  aperture)  of  picosecond  pulsed  650  nm  laser  light  (LDH‐P‐C‐650,  Picoquant)  into  the  back 

aperture of a 100X oil  immersion objective  lens (UPLAPO 100XO/PSF, Olympus) to excite fluorescence. 

Similarly,  ATTO‐594  conjugated  secondary  antibodies  were  excited  with  approximately  35  µW  of 

picosecond pulsed 595 nm excitation light (LDH‐TA‐595, Picoquant). Fluorescence in the periphery of the 

excitation  spot  was  depleted  with  approximately  200 mW  of  600  picosecond  pulsed  775  nm  light 

(Katana HP, One  Five). The depletion  light was  imprinted with a 2pi phase  ramp using a  spatial  light 

modulator  (X10468,  Hamamatsu)  and  then  circularly  polarized with  a  quarter wave  plate.  Both  the 

depletion and excitation beams were scanned through the sample using a 16 kHz resonant mirror (SC‐

30, Electro‐Optical Products Corp.) and galvanometer mirror pair  (DynAXIS XS, ScanLab) conjugated to 

the objective back pupil plane. Fluorescence was collected by  the same objective and separated  from 

the excitation/depletion beam path with a custom dichroic mirror (zt485/595/640/775rpc, Chroma). A 

second  dichroic  mirror  (zt640rdc,  Chroma)  separated  the  ATTO‐647N  channel  from  the  ATTO‐594 

channel and each channel employed a set of band pass filters (FF01‐685/40 and FF01‐624/40, Semrock). 
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For each channel, fluorescence was focused into a multimode fiber corresponding to approximately 0.8 

airy units acting as the confocal pinhole. Finally, fluorescence was detected by a single photon counting 

avalanche photodiode  (SPCM‐ARQ‐13‐FC, Perkin Elmer),  collected by  an  FPGA based data  acquisition 

card  (PCIe‐7852R,  National  Instruments),  and  transferred  to  a  host  computer.  The  excitation  and 

depletion  lasers were  synchronized with  custom  electronics  (Opsero  Electronics)  that  also  hardware 

gated both detector’s signals for gated detection. All images were collected at 10 nm pixel size. 

 

STED image analysis. Image analysis was performed with custom Matlab (Mathworks) scripts. SynCAM 1 

or  EphB2  spot  locations were  determined  by  fitting with  a  two‐dimensional  Lorentzian  function  and 

their  fitted  center  positions  and widths were  stored.  The  corresponding  PSD‐95  and Homer  images, 

respectively, were  analyzed by  first  lightly blurring with  a  1 pixel  sigma Gaussian  and  then  setting  a 

threshold of two standard deviations above the mean for all nonzero pixels. This threshold was applied 

to the original image and size of the remaining regions was examined. Only the top two percent largest 

regions were retained and  their boundaries were determined.  In  this way, PSD‐95 and Homer regions 

were determined based on size and brightness. Finally, the distance between the center position of each 

SynCAM 1 spot and the nearest PSD‐95 boundary was found. Distances pf EphB2 spots and the nearest 

Homer boundary were determined  in  the same way.  If a SynCAM 1 or EphB2 spot was  found  inside a 

PSD region, the PSD boundary distance was marked as negative. The script is available upon request. 

 

2‐Color 3D STORM imaging. Surface labeling of SynCAM 1 and EphB2 followed by staining of intracellular 

Homer was performed as described above in hippocampal neurons cultured from E18 rats on div 12‐14. 

Secondary anti‐chicken antibodies against SynCAM 1 or EphB2, and anti‐rabbit antibodies against Homer 

were conjugated to Cy3 and Alexa 647, respectively. Imaging was performed on an Olympus IX81 ZDC2 

inverted microscope with  a  100X/1.49  TIRF  oil  immersion  objective.  Fluorophores were  excited with 

semi‐oblique  illumination  from  647  nm  (100  mW)  and  561  nm  (150  mW)  lasers  simultaneously. 

Stochastic blinking of both molecules was detected with an  iXon+ 897 EM‐CCD camera (Andor) placed 

after a 1.6x magnifying optic and a DV2 chromatic image splitter (Photometrics). Frames were acquired 

at  50  Hz;  excitation was  pulsed  to  last  10 ms  per  frame.  A  total  of  15,000  to  30,000  frames were 

collected. Hardware was controlled via iQ software (Andor). Z stability was maintained by the Olympus 

ZDC2  feedback positioning  system. An  astigmatic  lens  (f=300 mm) was  added  to each emission  filter 

holder  in the DV2 and the Z‐axis positions of  localized molecules were deduced post hoc essentially as 

described (Dani et al., 2010; Huang et al., 2008). 
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2‐Color 3D  STORM analysis. All analyses were performed using  custom MATLAB  (Mathworks)  scripts. 

Molecular positions  in the XY plane were estimated by fitting the detected fluorescence peaks with an 

elliptical 2‐D Gaussian function, and Z position was deduced from calibrations of astigmatism above and 

below  the  focal plane  (Huang et al., 2008; van de Linde et al., 2011). Poorly  localized molecules were 

rejected  from  the  analysis.  PSDs  were  identified  based  on  the  density map  of  Homer  localizations 

analyzed sequentially  in the x‐y, x‐z and y‐z planes. Only those clusters that met both density and area 

criteria  were  identified  as  PSDs  and  used  for  further  analysis.  The  average  density  of  SynCAM  1 

localizations was  calculated within 25 nm  radial bins  from  the PSD border by dividing  the number of 

SynCAM  1  localizations  by  the  bin  volume.  To  exclude  the  effects  of  PSD  shape  and  optical  section 

restriction,  the  volume  of  each  bin  was  deduced  by  counting  the  number  of  uniformly  distributed 

localizations that appeared within  it  in simulations. The average SynCAM 1 density within the PSD was 

calculated by dividing  the number of SynCAM 1  localizations within  the PSD by  the  total PSD volume 

defined by Homer localizations. The script is available upon request. 

 
Confocal  microscopy  and  analysis.  Confocal  imaging  was  performed  on  a  Leica  TCS  SPE  DM2500 

microscope equipped with one spectral PMT. Fluorochromes imaged include Alexa 488, Alexa 594, and 

Alexa 647 (Invitrogen). Unless otherwise stated, images were acquired with an ACS APO 63x oil lens with 

1.3 numerical aperture, using same settings for each condition. The neurite segments that were selected 

for  analysis were  between  20‐60  m  long.  Images were  analyzed with  ImageJ  using  scripts  custom‐

written  by Ding  Lai; Harvard NeuroDiscovery  Center  Enhanced Neuroimaging  Core, Harvard Medical 

School).  The  first  script measures  the  extent  of  immunostaining  signal  overlap  in  three  channels  to 

determine  dual  and  triple  co‐localization.  The  second  custom  written  script  measures  the  area  of 

SynCAM 1  puncta  and  their  distance  to  the  center  of  the  nearest  PSD‐95  punctum.  The  scripts  are 

available upon request.  

 
Data  and  statistical  analyses.  Data  analysis  was  performed  using  GraphPad  Prism  5  (Graph  Pad 

Software,  La  Jolla, USA) and MATLAB  (Mathworks). * denotes  t‐test p<0.05; ** p<0.01; *** p<0.001. 

Data  in  the  text are  reported as average ±  standard error of  the mean.  t‐tests were unpaired unless 

noted otherwise in the text. 

 
Animal procedures. All animal procedures undertaken  in this study were approved by the  Institutional 

Animal Care and Use Committees and were in compliance with NIH guidelines. 
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