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Abstract

Identification of synaptic cleft components has been hampered by the lack of a suitable

preparation enriched in synaptic junctions devoid of adjoining peripheral membranes. Prior

strategies for the isolation of synaptic junctions, relying on detergents for the removal of

peripheral membranes, resulted in substantial loss of membranes lining the cleft. Here, a

novel, detergent-free method is described for the preparation of a synaptic junction (SJ)

fraction, using phospholipase A2. Limited digestion of synaptic plasma membrane (SPM)

fraction with phospholipase A2 followed by centrifugation over a sucrose cushion results in

selective removal of membranes peripheral to the cleft while junctional membranes remain

relatively intact as observed by electron microscopy. Enrichment in synaptic junctional struc-

tures and loss of membranes peripheral to the junctional area are further verified by demon-

strating enrichment in PSD-95 and loss in mGluR5, respectively. The SJ fraction is enriched

in neuroligins and neurexins, in agreement with immuno-electron microscopy data showing

their selective localization to the junctional area. Among additional cell adhesion molecules

tested, N-cadherin and specific isoforms of the SynCAM and SALM families also show

marked enrichment in the SJ fraction, suggesting preferential localization at the synaptic

cleft while others show little enrichment or decrease, suggesting that they are not restricted

to or concentrated at the synaptic cleft. Treatment of the SJ fraction with glycosidases

results in electrophoretic mobility shifts of all cell adhesion molecules tested, indicating gly-

cosylation at the synaptic cleft. Biochemical and ultrastructural data presented indicate that

the novel synaptic junction preparation can be used as a predictive tool for the identification

and characterization of the components of the synaptic cleft.

Introduction

The synaptic cleft is a ~20 nm gap between pre- and postsynaptic compartments [1]. Struc-

tures that traverse the cleft from the pre- to the postsynaptic membrane are revealed by elec-

tron microscopy (EM) [2], [3]. A recent study, using freeze substitution and EM tomography,
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identified distinct types of these trans-synaptic structures [4]. The structures bridging the cleft

are likely formed by synaptic cell adhesion molecules originating from the pre- and postsynap-

tic sites, respectively. These molecules have key roles in synaptic adhesion and also act as orga-

nizing and signaling elements [5].

A fundamental criterion for the classification of proteins as synaptic cell adhesion mole-

cules is localization to the synaptic cleft membranes [5]. Typically, cell adhesion molecules are

classified as synaptic cell adhesion molecules if they co-localize with synaptic markers by

immunofluorescence microscopy or co-purify with synaptosomes or synaptosome-derived

fractions. While these approaches have been instrumental in revealing several potential cleft

components, they can also lead to erroneous classifications due to the inability to differentiate

between synaptic cleft membranes and membranes peripheral to the cleft (Fig 1).

Recently, Loh et al applied an alternative strategy, based on spatially restricted enzymatic

tagging, for the identification of molecules at the synaptic cleft [6]. The resulting list of proteins

indeed contains several bona fide cleft components whose localization had been verified ultra-

structurally. However, also included in the list are molecules such as metabotropic glutamate

receptors of group I (gene name GRM1) known to be localized to the peripheral membranes

[7], [8], [9], again, indicating the possibility of false positives.

Isolation of a fraction enriched in synaptic junctions (SJ) without attached peripheral mem-

branes could be a powerful additional tool for the identification of cleft components. However,

prior biochemical methods to isolate synaptic junctions by treatment of synaptic plasma mem-

brane (SPM) fractions with low concentration of TritonX-100 resulted in extensive loss of cleft

membranes [10], [11], [12]. The present study describes a novel, detergent-free method for the

isolation of synaptic junctions, using phospholipase A2, an enzyme which disrupts the phos-

pholipid bilayer. Given that membranes lining the ~20 nm wide synaptic cleft may be shielded

by trans-synaptic complexes and other cleft components, phospholipase A2, a protein, seemed

less likely to penetrate this region compared to Triton X-100, a small molecule with detergent

properties. Thus, it was predicted that phospholipase A2 may selectively digest the relatively

unprotected, peripheral membranes adjacent to the cleft.

Materials and methods

Antibodies

Antibodies used are listed in Table 1.

Fig 1. Strategy for the isolation of synaptic junctions. The synaptic cleft is highlighted in gray. ‘Cleft membranes’ are defined as

the membranes within the synaptic junctional area, highlighted in red. Membranes peripheral to the synaptic junction are referred to

as ‘peripheral membranes’ and are highlighted in blue. Treatment of the SPM fraction with phospholipase A2 is expected to

promote preferential removal of peripheral membranes as compared to the relatively occluded cleft membranes.

https://doi.org/10.1371/journal.pone.0174895.g001
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Table 1. List of antibodies.

Protein Antibody Dilution for Western Dilution for EM

Neuroligin 1 • Synaptic Systems

• Cat # 129 003

• Rabbit polyclonal

1 μg/mL

• NeuroMab

• clone N97A/31

• Mouse monoclonal

3.3 μg/mL

Neuroligin 2 • Synaptic Systems

• Cat # 129 511

• Mouse monoclonal

1 μg/mL

Neuroligin 3 • Synaptic Systems

• Cat # 1293211

• Mouse monoclonal

1 μg/mL

• NeuroMab

• Clone N110/29

• Mouse monoclonal

3.3 μg/mL

Neuroligin 1/2/3/4 • Synaptic Systems

• Cat # 129 211

• Mouse monoclonal

1 μg/mL

Neurexin 1/2/3 • Synaptic Systems

• Cat # 175 003

• Rabbit polyclonal

2 μg/mL 20 μg/mL

SALM3 • Synaptic Systems

• Cat # 294 303

• Rabbit polyclonal

5 μg/mL

SALM4 • Synaptic Systems

• Cat # 294 403

• Rabbit polyclonal

5 μg/mL

SALM5 • Abcam

• Cat # ab106370

• Rabbit polyclonal

1:200

N-cadherin • Abcam

• Cat # ab18203

• Rabbit polyclonal

1 μg/mL

Eph A4 Receptor • Zymed

• Cat # 34–7900

• Rabbit polyclonal

1.25 μg/mL

Ephrin-B • Zymed

• Cat # 37–8100

• Mouse monoclonal

2 μg/mL

NCAM • Sigma

• Cat # C 9672

• Mouse monoclonal

1:1000 1:100

SynCAM 1/2/3 • Synaptic Systems

• Cat # 243 003

• Rabbit polyclonal

1 μg/mL 10 μg/mL

PSD-95 • New England Peptide

• Rabbit polyclonal

0.19 μg/mL 3.8 μg/mL

(Continued )
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Neurologin 1 and neuroligin 3 antibodies from Synaptic Systems were used in deglycosyla-

tion experiments, while neuroligin antibodies from NeuroMab were used to test for enrich-

ment in the SJ fraction. PSD-95 antibody is custom-made and described previously by Yang

et al [13].

Subcellular fractionation methods

Brains from 20–25 weeks-old Sprague-Dawley rats were supplied by Rockland Immunochem-

icals, Inc (Limerick, PA, USA). Animals were subjected to CO2 for 1min before decapitation.

Brains were collected and flash frozen in liquid nitrogen within 2min of harvest and shipped

on dry ice. Upon receipt, brains were kept at -80˚C until use. Frozen brains were rapidly

thawed by 1min immersion in 0.32M sucrose at 37˚C. Cerebral cortices were dissected and

immediately homogenized in 0.32 M sucrose, 1 mM MgCl2, 1 μg/ml leupeptin, 1 mM HEPES

(pH 7), using a motor-driven glass/teflon homogenizer.

Synaptic Plasma Membrane (SPM) preparation. A conventional strategy originally

devised by Gray & Whittaker [14] was applied for the preparation of synaptosome and synap-

tic plasma membrane (SPM) fractions. Samples were kept on ice throughout the protocol and

all centrifugation steps were carried out at 4˚C. The homogenate was centrifuged at 1,400 g for

10min. The supernatant from this step was saved, and pellets were resuspended in 0.32 M

sucrose and centrifuged at 710 g for 10min. The supernatants from the two steps were com-

bined and recentrifuged at 710 g for 10min. The resulting pellets were discarded and the super-

natant (S1) was centrifuged at 13,800 g for 10min to obtain the P2 and S2 fractions. The P2

fraction was then layered on a sucrose gradient (0.85M/1M/1.25M). Synaptosomes were col-

lected from the 1M/1.25M interface and subjected to hypotonic lysis (at least 10 X dilution in

1mM HEPES) and centrifuged at 10,528 g for 30min using a fixed angle rotor. Pellets were

resuspended in 100mM KCl, 1mM HEPES, layered on a sucrose gradient (0.85M/1M/1.25M)

and centrifuged at 200,000 g for 2h using a swinging bucket rotor. The SPM-enriched layer (1/

1.2M sucrose interface) was collected and stored at -20˚C in 33% glycerol.

Synaptic Junction (SJ) preparation. The strategy for the isolation of synaptic junctions is

outlined in Fig 1. For optimum results, SPM fractions containing 200 μg protein were incu-

bated with 2 μg (3.6 units) of phospholipase A2 from honeybee venom (Sigma, St. Louis, MO,

USA, Cat # P9279) in medium containing 1 mM CaCl2 and protease inhibitors (ThermoFisher

Scientific, Waltham, MA, USA Cat # 78415) in 20mM Tris-HCl, pH 8, in a final volume of

250 μL for 20min at 20˚C. The reaction was stopped with addition of ice-cold KCl to yield a

final concentration of 0.2M KCl in 1mL total volume. Digested samples were then layered on

500μL of 1.0M sucrose/0.2M KCl cushion and centrifuged at 11,700 g for 1h. The SJ-enriched

pellets were collected and stored at -20˚C in 33% glycerol. In some experiments, the superna-

tants (the upper original sample layer + the lower sucrose cushion) were also collected for fur-

ther analysis. Supernatants were precipitated with 72% trichloroacetic acid and re-solubilized

in SDS-containing PAGE sample buffer.

The Bradford method was employed for estimation of protein concentration of fractions,

using Bio-Rad Protein Assay Dye Reagent Concentrate (Cat # 5000006).

Table 1. (Continued)

Protein Antibody Dilution for Western Dilution for EM

mGluR5 • EMD Millipore

• Cat # AB5675

• Rabbit polyclonal

1 μg/mL

https://doi.org/10.1371/journal.pone.0174895.t001
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Deglycosylation

Deglycosylation was performed according to ‘Denaturation Protocol’ using Sigma’s Enzymatic

Protein Deglycosylation Kit (Cat # EDEGLY). SJ fraction (100μg protein) was boiled for 5min

in denaturing solution containing SDS and β-mercaptoethanol, cooled to room temperature,

and 2.5μL of 15% tritonX-100 was added. The samples were then incubated in 50mM sodium

phosphate pH 7, with or without (control) the following enzymes provided by the kit; PNGase

F, O-Glycosidase, α-(2!3,6,8,9)-Neuraminidase, β-(1!4)-Galactosidase, β-N-Acetylglucosa-

minidase for 3h at 37˚C.

Gel electrophoresis and Western immunoblotting

Samples were solubilized in SDS-containing PAGE sample buffer and boiled for 5min. Pro-

teins were separated on 4–15% Mini PROTEAN TGX precast polyacrylamide gels from Bio-

Rad (Hercules, CA, USA, Cat # 456–1083). Coomassie staining was for 1h with PageBlue™ Pro-

tein Staining Solution from Thermo Scientific (Waltham, MA, USA, Cat # 24620). For West-

erns, samples were transferred to PVDF membranes using Trans-Blot Turbo Transfer System

(1.3A, 25 V, 14min) from Bio-Rad which were then incubated in blocking buffer, primary, and

secondary antibodies. Immunoblots were visualized by chemiluminescence (Bio-Rad). The

relative enrichment of PSD-95 was estimated as the ratio of peak areas from densitometric

scans using ImageJ (Bethesda, MD, USA).

Electron microscopy

Electron microscopy of fractions. SPM and SJ fractions (50μg protein) were pelleted,

fixed with 4% glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.6, overnight. Samples

were treated with 1% OsO4 in cacodylate buffer for 1h on ice, left overnight in 0.25% uranyl-

acetate in acetate buffer, pH 5.0, dehydrated in graded ethanols and embedded in Epoxy resin

for thin sectioning.

Preparation of hippocampal cell cultures, perfusion-fixed mouse brains, pre-embed-

ding immuno-electron microscopy. The animal protocol was approved by the National

Institute of Neurological Disorders and Stroke/National Institute of Deafness and Communi-

cations Disorders/National Center for Complementary and Integrative Health Animal Use

and Care Committee and conforms to NIH guidelines. Perfusion fixation of mouse brain was

performed as previously described in Tao-Cheng et al (15). Hippocampi from 20- to 21-day

embryonic Sprague-Dawley rats were dissociated and grew on glial cells for 3 weeks as previ-

ously described [15]. Cells were fixed in 2–4% paraformaldehyde (EMS, Fort Washington, PA,

USA) in PBS for 10-35min, washed in PBS, and stored at 4˚C. Cells were permeabilized in

either 50% ethanol for 10min and blocked with 5% normal goat serum in PBS for 30min or

permeabilized and blocked with 0.1% saponin and 5% normal goat serum in PBS for 30min.

Samples were incubated in primary and secondary antibodies (Nano-gold, Nanoprobes, Yap-

hand, NY, USA) for 1h at room temperature, fixed in 2% glutaraldehyde in PBS, and stored at

4˚C. Cell were washed in deionized water, silver-enhanced (HQ kit, Nanoprobes), and pro-

cessed for EM as described in Tao-Cheng et al [15].

Results

SPM fractions were incubated with phospholipase A2, and the samples were then layered on a

sucrose cushion and centrifuged to separate lighter membranes from the denser, junctional

material. The quality of the synaptic junctional pellets was evaluated by electron microscopy.

Every recognizable synaptic structure encountered was scored according to the presence or
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absence of peripheral membranes and the intactness of cleft membranes (Fig 2, S1 Fig). The SJ

preparation protocol was optimized by altering the concentration of phospholipase A2 and

adjusting the duration of the reaction. Under the optimized conditions (See Methods), the

majority of synaptic material displayed intact, junctional structures. Less than 20% of synaptic

material was classified as PSD-like structures devoid of synaptic junctional membranes (Fig 2).

The fraction also contained some mitochondrial and membrane contaminants.

Comparison of pellets and supernatants from phospholipase A2-treated and control sam-

ples in Coomassie Blue stained gels indicated a substantial amount of protein fractionating

into supernatants following phospholipase treatment (Fig 3A). In agreement with these

results, protein estimation showed an average recovery of 35±3.3% (five experiments) of the

original SPM protein in pellets following phospholipase A2 treatment and centrifugation.

Removal of peripheral membranes with associated proteins upon phospholipase A2 digestion

should result in an enrichment of proteins located selectively at the junctional area. PSD-95,

a PSD-associated scaffold protein constitutes a good marker for the junctional area as

deduced from immuno-EM (Fig 3B, top). Comparison of the pellet after phospholipase A2

digestion (SJ fraction) with parent homogenate (H) and SPM fractions indeed indicated sub-

stantial enrichment of PSD-95 (Fig 3B, bottom). Verification for the removal of peripheral

membranes was provided by tracking the levels of the metabotropic glutamate receptor,

mGluR5, known to be localized on peripheral membranes outside the synaptic junction [7],

[8], [9]. Indeed, mGluR5 levels were drastically reduced in the SJ fraction compared to the

parent SPM fraction (Fig 3C).

After verification of the SJ fraction by electron microscopy and biochemistry, presence of a

number of known and presumptive synaptic cell adhesion molecules in the SJ fraction was

tested by Western immunoblotting. While the antibodies labeled one or more electrophoretic

bands as expected, in most cases the labeled bands exhibited apparent molecular weights

higher than predicted based on the proteins’ amino acid compositions. Since molecular weight

is an important criterion for the identification of electrophoretic bands, we tested whether a

Fig 2. Assessment of the optimized synaptic junction preparation by electron microscopy. Four

different synaptic junction fractions were evaluated by electron microscopy. Every recognizable synaptic

structure with a postsynaptic density (PSD) was counted and classified into one of the four categories. Ideal

synaptic junctions devoid of peripheral membranes and without damage to the cleft membranes were

identified as ‘intact’. Synaptic junctions with some undigested peripheral membranes were categorized as

‘with peripheral membranes’. Synapses with some damage to the cleft membranes were identified as ‘partial’,

while synapses with total loss of membranes were counted as ‘PSDs’. The bars represent percentages for

each type of synaptic structure as a mean of four experiments. The error bars represent the standard error of

the mean.

https://doi.org/10.1371/journal.pone.0174895.g002
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post-translational modification is responsible for the discrepancy. Indeed, when SJ fractions

were treated with a cocktail of glycosidases (Sigma, Enzymatic Deglycosylation Kit containing:

PNGase F, Endo-O-Glycosidase, α-2(3,6,8,9)-Neuraminidase, β -(1,4)-Galactosidase, β-

N-Acetylglycosaminidase) the apparent molecular weights of all labelled bands were reduced

and corresponded more closely to the predicted molecular weights (Fig 4).

Fig 5 depicts Western immunoblots comparing levels of adhesion molecules in homogenate

(H), SPM, and SJ fractions, using antibodies specific for the indicated proteins. All presump-

tive cell adhesion molecules tested exhibited enrichment in the SPM fraction compared to

homogenate. However, only some of these proteins were also enriched in the SJ fraction com-

pared to the parent SPM. Among those cell adhesion molecules enriched in the SJ fraction

were all three isoforms (1, 2, 3) of neuroligins, and their binding partners neurexins (alpha-

and beta-isoforms), as well as the homophilic cell adhesion molecule N-cadherin. On the other

hand, fractionation of SALM family of proteins to the SJ was isoform-dependent. Levels of

SALM3 decreased in the SJ fraction compared to those in the SPM fraction, while SALM5, and

to a lesser degree SALM4, showed enrichment. Trans-synaptic binding partners, EphA4 recep-

tor and ephrin-Bs exhibited decreased levels in the SJ fraction. One isoform of SynCAM with

an apparent molecular weight of ~100kDa, which most likely corresponds to SynCAM 1 [16],

showed marked enrichment in the SJ fraction compared to the SPM fraction. While the Syn-

CAM isoforms with lower apparent molecular weights showed modest enrichment in the SJ

fraction. Two main isoforms of NCAM also appeared to have a slight enrichment.

Fig 3. Verification of synaptic junction fraction. A) Synaptic plasma membrane (SPM) fractions were

incubated in presence (+phlA2) or absence (control) of phosopholipase A2 and centrifuged (See Methods).

Comparison of Coomassie Blue stained lanes shows dissociation of proteins as a result of phospholipase A2

digestion. B) Top: Immuno-electron microscopy shows immunogold labeling for PSD-95 localized selectively

to the synaptic junction region in cultured rat hippocampal neurons. Bottom: Immunoblots with an antibody for

PSD-95 show enrichment of PSD-95 in +phlA2 pellet called ‘synaptic junction’ (SJ) fraction compared to

parent homogenate (H) and SPM fractions. Equal amounts of protein were loaded into each lane. The relative

enrichment of PSD-95 in the SJ fraction, as compared to that in the parent SPM fraction, was estimated as the

ratio of peak areas from densitometric scans. The mean enrichment factor (fold enrichment) from seven

immunoblots corresponding to four different SJ preparations was 3.2±0.76. C) Immunoblot with an antibody

for mGluR5 shows enrichment of mGluR5 in the SPM fraction compared to the parent homogenate fraction,

while there are decreased levels of mGluR5 in the SJ fraction compared to parent SPM fraction. Equal

amounts of protein were loaded into each lane.

https://doi.org/10.1371/journal.pone.0174895.g003
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Enrichment of a cell adhesion molecule in the SJ fraction compared to the parent SPM frac-

tion is taken as a prediction of preferential localization at the synaptic cleft relative to other

synaptic compartments. To verify findings from the Western immunoblotting experiments,

pre-embedding immuno-electron microscopy was employed. Label for Neuroligin 1/2/3/4

(pan antibody) is localized selectively to the synaptic junctional area, specifically the postsyn-

aptic membrane (Fig 6 top left). An antibody for neurexin 1/2/3 (pan), the trans-synaptic bind-

ing partner of neuroligin, also yields selective labeling at the synaptic junctional area, and, as

expected, the label is at the presynaptic membrane (Fig 6 top right). These results are consis-

tent with the enrichment of neuroligins and neurexins in the SJ fraction by Western immuno-

blotting. By contrast, the NCAM and SynCAM 1/2/3 labels show a broader distribution within

the neuron. The label for NCAM is preferential to dendritic membranes (Fig 6 bottom left)

with lesser labeling of axonal membranes (not shown). Whereas, the SynCAM 1/2/3 label is

throughout the axolemma, including the synaptic junctional area (Fig 6 bottom right).

Discussion

The present study describes a novel, detergent-free method for the preparation of a synaptic

junction fraction. Ultrastructural observations indicate that treatment of conventional SPM

fractions with phospholipase A2 to remove peripheral membranes yields relatively intact syn-

aptic junctions. This method compares favorably to previously proposed strategies based on

the use of low concentrations of mild detergents [10], [11], [12]. Selective digestion of

Fig 4. All tested cell adhesion molecules are glycosylated in the SJ fraction. Synaptic junction fractions

were incubated with (+) or without (-) a cocktail of glycosidases (Sigma). All proteins tested in the SJ fraction

show a shift in mobility after treatment with glycosidases.

https://doi.org/10.1371/journal.pone.0174895.g004
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peripheral membranes as compared to junctional membranes by phospholipase A2 is most

likely due to differences in enzyme penetration. Indeed, junctional membranes lining the syn-

aptic cleft are likely to be occluded by cleft material as well as by protein complexes lining the

intracellular faces of membranes at the pre- and post-synaptic compartments. However, it

should be noted that the synaptic cleft membranes are only less prone, but not immune, to

phospholipase digestion. Thus, optimization of the reaction conditions, especially phospholi-

pase concentration, through monitoring by electron microscopy is critical for the success of

the preparation.

Removal of peripheral membranes upon digestion with phospholipase and centrifugation

through a sucrose cushion should result in enrichment of proteins selectively localized at the

synaptic junction. Comparison of the SJ fraction with parent H and SPM fractions shows

marked enrichment in PSD-95, a protein localized almost exclusively at the postsynaptic den-

sity (Fig 2B top) [17], [18]. Additionally, mGluR5, a receptor shown by immuno-EM to prefer-

entially localize to peripheral membranes [7], [8], [9], shows a significant decrease in the SJ

fraction compared to the parent SPM fraction in agreement with the EM data. Thus, biochemi-

cal analysis of the SJ fraction complements observations by electron microscopy, indicating

selective removal of peripheral membranes.

Further verification of the SJ fraction is provided by the enrichment of a group of well-

studied synaptic cell adhesion molecules. Presynaptic neurexins are known to bind to post-

synaptic neuroligins to form trans-synaptic complexes [19], [20]. Immuno-electron micros-

copy in intact neurons shows that label for neurexins and neuroligins localizes selectively to

the synaptic junction to pre- and post-synaptic sides respectively of the synaptic cleft (Fig 6),

Fig 5. Some cell adhesion molecules are enriched in the SJ fraction, suggesting selective localization

at the synaptic cleft. Western immunoblots comparing synaptic junction (SJ) fractions and parent

homogenate (H) and synaptic plasma membrane (SPM) fractions. The lower portion of neurexin immunoblot

and the upper portion of SynCAM 1/2/3 immunoblot correspond to higher exposure times to allow optimal

visualization of all isoforms. Certain proteins including neuroligins, neurexins, N-cadherin, SynCAM 1 and

SALM5 show distinctive enrichment. Equal amounts of protein were loaded into each lane. Experiments were

repeated at least twice using different SJ fractions, with similar results (S2 Fig).

https://doi.org/10.1371/journal.pone.0174895.g005
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[21], [22], [23], thus, in agreement with the results of biochemical analyses. Similarly, SJ frac-

tions were enriched in N-cadherin, a protein that forms homophilic trans-synaptic bridges,

in agreement with immuno-EM studies showing its selective localization at the synaptic

junctional area [24], [25].

Among the family of synaptic adhesion-like molecules (SALMs), also known as Lrfns,

only SALM5 exhibits a clear enrichment in the SJ preparation, while SALM3 levels decrease

in the SJ preparation compared to the parent SPM fraction. Present results suggesting pre-

dominant SALM5 localization at the synaptic cleft are in agreement with the proposed func-

tion of this protein in regulating synapse development and AMPA-receptor mediated

synaptic transmission [26]. Unfortunately, immuno-electron microscopy data for SALM5 is

lacking due to the absence of a suitable antibody. Published immunogold labeling for

SALM4 shows localizing at both the cleft and axonal membrane [27], consistent with the

Fig 6. Localization of cell adhesion molecules by immuno-electron microscopy. Electron micrographs

show synaptic regions from perfused mouse brain (top left image only) and cultured rat hippocampal neurons.

Neuroligin and neurexin labeling is exclusive to the synaptic region, showing postsynaptic and presynaptic

preferences respectively. Whereas, NCAM and SynCAM show a broader distribution within the neuron, with

preferential labeling at dendritic and axonal plasma membranes, respectively.

https://doi.org/10.1371/journal.pone.0174895.g006

A novel synaptic junction preparation for the identification and characterization of cleft proteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0174895 March 31, 2017 10 / 14

https://doi.org/10.1371/journal.pone.0174895.g006
https://doi.org/10.1371/journal.pone.0174895


Western immunoblotting data showing only slight SALM4 enrichment in the synaptic junc-

tion fraction. The same study also mentions unpublished data indicating widespread distri-

butions of SALM3 in the neuron [27], consistent with the decreased levels of these proteins

in the synaptic junction fraction.

Western immunoblotting data finds decreased EphA4 receptor levels in the SJ fraction

compared to the parent SPM fraction, suggesting this protein has a broader distribution, not

limited to the synaptic cleft. These results are in agreement with previous immuno-EM and

biochemical studies, showing that EphA4 is expressed in many neuronal compartments [28],

[29]. Previous biochemical and immuno-EM studies of ephrin-Bs, however, reported localiza-

tion at the PSD, [30], yet the data here shows a slight decrease in levels of ephrin-B (pan anti-

body) in the SJ fraction compared to parent SPM fraction. The differences may be due to

different isoform specificities of antibodies used.

Western immunoblotting data shows a slight enrichment in two NCAM isoforms in the

synaptic junction fraction compared to the parent SPM fraction. In contrast, our immuno-EM

data shows that the label for NCAM avoids the synaptic junctional area and is distributed pref-

erentially along dendritic membranes with some axolemmal distribution. The apparent dis-

crepancy may be due to differences in antibody penetration, an issue that may be encountered

in pre-embedding based techniques. Indeed, previous post-embedding immuno-EM studies

show NCAM180 label selectively localized to postsynaptic densities [31], [32].

Results of biochemistry and immuno-electron microscopy, using the same (pan) antibody

for SynCAM, are in agreement. Prominent enrichment in the SPM fraction compared to

homogenate and slight enrichment in SJ fraction predict localization at synaptic junction as

well as peripheral membranes. By EM, labeling is observed throughout the axolemma, includ-

ing the junctional region. These results are in line with the proposal that SynCAMs are axon

guidance molecules [33]. A higher molecular weight isoform of SynCAM, with a mobility ~

100kDa shows more prominent enrichment in the SJ fraction. It is likely that this electropho-

retic band corresponds to SynCAM 1 [16]. Interestingly, a recent article by Perez de Arce et al
reported localization of SynCAM 1 at the postsynaptic edge [34].

Enrichment in the SJ fraction appears to be a good criterion for predicting selective localiza-

tion of proteins at the synaptic cleft. Indeed, as discussed above, available immuno-electron

microscopy data mostly verify predictions based on the biochemical analysis of the SJ fraction.

In the present study, the new phospholipase A2-derived, SJ fraction was utilized for the identi-

fication of those cell adhesion molecules selectively located at the synaptic cleft. Similar experi-

ments can be conducted to explore the distributions of neurotransmitter receptors, channels

and other presumptive components of the synaptic cleft. Moreover, as illustrated by the degly-

cosylation experiments (Fig 4), the SJ preparation provides an in vitro experimental system for

the assessment of post-translational modifications of proteins at the synaptic junction. The

method developed here using tissue from cerebral cortex can also be applied for the prepara-

tion of SJ fractions from other regions of the mammalian brain, and maybe from other tissues

as well, depending on the availability of a technique for the preparation of fractions enriched

in synaptic structures, such as synaptosomes, and on a sufficiently occluded cleft structure that

would limit penetration of phospholipase A2.

Availability of techniques for the isolation or enrichment of specific subcellular compart-

ments are valuable tools for the identification and characterization of constituent proteins.

Such preparations proved to be crucial in deciphering the molecular organization of postsyn-

aptic densities (review: [35]) and synaptic vesicles [36]. We hope that the SJ preparation

described here can fulfill a similar role for investigations on the molecular organization at the

synaptic cleft.
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Supporting information

S1 Fig. Assessments of four optimized synaptic junction preparations by electron micros-

copy. Every recognizable synaptic structure with a postsynaptic density (PSD) was counted

and classified into one of the four categories (see Fig 2 for details). Individual data from four

experiments are shown as blue, red, green and purple bars depicting percentages of each type

of structure.

(TIF)

S2 Fig. Additional experiments comparing levels of selected cell adhesion molecules in SJ

and parent fractions. Western immunoblots comparing levels of proteins in H, SPM, and SJ

fractions, using different SJ preparations from those used in Fig 5. The lower portion of the

neurexin immunoblot and the upper portion of the SynCAM 1/2/3 immunoblot correspond

to higher exposure times. Equal amounts of protein were loaded into each lane.

(TIF)

Acknowledgments

We would like to profusely thank Rita Azzam and Virginia Crocker for their EM technical

support and Christine A. Winters for hippocampal neuronal cultures. Also, a special thank

you to Dr. Thomas Reese for advice and encouragement throughout the study and for a critical

reading of the manuscript. Summer intern, Lele Mathis, participated in the initial phase of the

project. This research was supported by the Intramural Research Program of National Institute

of Neurological Disorders and Stroke, National Institutes of Health.

Author Contributions

Conceptualization: AD AB.

Data curation: AD AB JHTC.

Formal analysis: AD AB JHTC.

Investigation: AD AB JHTC.

Methodology: AD AB JHTC.

Project administration: AD JHTC.

Supervision: AD.

Validation: AD.

Visualization: AB JHTC.

Writing – original draft: AB.

Writing – review & editing: AD AB JHTC.

References
1. Peters A, Palay SL, Webster HdF. The fine structure of the nervous system. Third ed. New York/

Oxford: Oxford University Press; 1991.

2. Lucic V, Yang T, Schweikert G, Forster F, Baumeister W. Morphological characterization of molecular

complexes present in the synaptic cleft. Structure. 2005; 13(3):423–34. https://doi.org/10.1016/j.str.

2005.02.005 PMID: 15766544

A novel synaptic junction preparation for the identification and characterization of cleft proteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0174895 March 31, 2017 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174895.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174895.s002
https://doi.org/10.1016/j.str.2005.02.005
https://doi.org/10.1016/j.str.2005.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15766544
https://doi.org/10.1371/journal.pone.0174895


3. Zuber B, Nikonenko I, Klauser P, Muller D, Dubochet J. The mammalian central nervous synaptic cleft

contains a high density of periodically organized complexes. Proc Natl Acad Sci U S A. 2005; 102

(52):19192–7. https://doi.org/10.1073/pnas.0509527102 PMID: 16354833

4. High B, Cole AA, Chen X, Reese TS. Electron microscopic tomography reveals discrete transcleft ele-

ments at excitatory and inhibitory synapses. Front Synaptic Neurosci. 2015; 7:9. https://doi.org/10.

3389/fnsyn.2015.00009 PMID: 26113817

5. Missler M, Sudhof TC, Biederer T. Synaptic cell adhesion. Cold Spring Harb Perspect Biol. 2012; 4(4):

a005694. https://doi.org/10.1101/cshperspect.a005694 PMID: 22278667

6. Loh KH, Stawski PS, Draycott AS, Udeshi ND, Lehrman EK, Wilton DK, et al. Proteomic Analysis of

Unbounded Cellular Compartments: Synaptic Clefts. Cell. 2016; 166(5):1295–307 e21. https://doi.org/

10.1016/j.cell.2016.07.041 PMID: 27565350

7. Baude A, Nusser Z, Roberts JD, Mulvihill E, McIlhinney RA, Somogyi P. The metabotropic glutamate

receptor (mGluR1 alpha) is concentrated at perisynaptic membrane of neuronal subpopulations as

detected by immunogold reaction. Neuron. 1993; 11(4):771–87. PMID: 8104433

8. Lujan R, Nusser Z, Roberts JD, Shigemoto R, Somogyi P. Perisynaptic location of metabotropic gluta-

mate receptors mGluR1 and mGluR5 on dendrites and dendritic spines in the rat hippocampus. Eur J

Neurosci. 1996; 8(7):1488–500. PMID: 8758956

9. Petralia RS, Zhao HM, Wang YX, Wenthold RJ. Variations in the tangential distribution of postsynaptic

glutamate receptors in Purkinje cell parallel and climbing fiber synapses during development. Neuro-

pharmacology. 1998; 37(10–11):1321–34. PMID: 9849668

10. Cotman CW, Taylor D. Isolation and structural studies on synaptic complexes from rat brain. J Cell Biol.

1972; 55(3):696–711. PMID: 4656707

11. Davis GA, Bloom FE. Isolation of synaptic junctional complexes from rat brain. Brain Res. 1973; 62

(1):135–53. PMID: 4128804

12. Therien HM, Mushynski WE. Isolation of synaptic junctional complexes of high structural integrity from

rat brain. J Cell Biol. 1976; 71(3):807–22. PMID: 186464

13. Yang Y, Tao-Cheng JH, Reese TS, Dosemeci A. SynGAP moves out of the core of the postsynaptic

density upon depolarization. Neuroscience. 2011; 192:132–9. https://doi.org/10.1016/j.neuroscience.

2011.06.061 PMID: 21736925

14. Gray EG, Whittaker VP. The isolation of nerve endings from brain: an electron-microscopic study of cell

fragments derived by homogenization and centrifugation. J Anat. 1962; 96:79–88. PMID: 13901297

15. Tao-Cheng JH, Thein S, Yang Y, Reese TS, Gallant PE. Homer is concentrated at the postsynaptic

density and does not redistribute after acute synaptic stimulation. Neuroscience. 2014; 266:80–90.

https://doi.org/10.1016/j.neuroscience.2014.01.066 PMID: 24530450

16. Robbins EM, Krupp AJ, Perez de Arce K, Ghosh AK, Fogel AI, Boucard A, et al. SynCAM 1 adhesion

dynamically regulates synapse number and impacts plasticity and learning. Neuron. 2010; 68(5):894–

906. https://doi.org/10.1016/j.neuron.2010.11.003 PMID: 21145003

17. Hunt CA, Schenker LJ, Kennedy MB. PSD-95 is associated with the postsynaptic density and not with

the presynaptic membrane at forebrain synapses. J Neurosci. 1996; 16(4):1380–8. PMID: 8778289

18. Fukaya M, Watanabe M. Improved immunohistochemical detection of postsynaptically located PSD-95/

SAP90 protein family by protease section pretreatment: a study in the adult mouse brain. J Comp Neu-

rol. 2000; 426(4):572–86. PMID: 11027400

19. Ichtchenko K, Hata Y, Nguyen T, Ullrich B, Missler M, Moomaw C, et al. Neuroligin 1: a splice site-spe-

cific ligand for beta-neurexins. Cell. 1995; 81(3):435–43. PMID: 7736595

20. Ichtchenko K, Nguyen T, Sudhof TC. Structures, alternative splicing, and neurexin binding of multiple

neuroligins. J Biol Chem. 1996; 271(5):2676–82. PMID: 8576240

21. Song JY, Ichtchenko K, Sudhof TC, Brose N. Neuroligin 1 is a postsynaptic cell-adhesion molecule of

excitatory synapses. Proc Natl Acad Sci U S A. 1999; 96(3):1100–5. PMID: 9927700

22. Budreck EC, Kwon OB, Jung JH, Baudouin S, Thommen A, Kim HS, et al. Neuroligin-1 controls synap-

tic abundance of NMDA-type glutamate receptors through extracellular coupling. Proc Natl Acad Sci U

S A. 2013; 110(2):725–30. https://doi.org/10.1073/pnas.1214718110 PMID: 23269831

23. Uchigashima M, Ohtsuka T, Kobayashi K, Watanabe M. Dopamine synapse is a neuroligin-2-mediated

contact between dopaminergic presynaptic and GABAergic postsynaptic structures. Proc Natl Acad Sci

U S A. 2016; 113(15):4206–11. https://doi.org/10.1073/pnas.1514074113 PMID: 27035941

24. Fannon AM, Colman DR. A model for central synaptic junctional complex formation based on the differ-

ential adhesive specificities of the cadherins. Neuron. 1996; 17(3):423–34. PMID: 8816706

A novel synaptic junction preparation for the identification and characterization of cleft proteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0174895 March 31, 2017 13 / 14

https://doi.org/10.1073/pnas.0509527102
http://www.ncbi.nlm.nih.gov/pubmed/16354833
https://doi.org/10.3389/fnsyn.2015.00009
https://doi.org/10.3389/fnsyn.2015.00009
http://www.ncbi.nlm.nih.gov/pubmed/26113817
https://doi.org/10.1101/cshperspect.a005694
http://www.ncbi.nlm.nih.gov/pubmed/22278667
https://doi.org/10.1016/j.cell.2016.07.041
https://doi.org/10.1016/j.cell.2016.07.041
http://www.ncbi.nlm.nih.gov/pubmed/27565350
http://www.ncbi.nlm.nih.gov/pubmed/8104433
http://www.ncbi.nlm.nih.gov/pubmed/8758956
http://www.ncbi.nlm.nih.gov/pubmed/9849668
http://www.ncbi.nlm.nih.gov/pubmed/4656707
http://www.ncbi.nlm.nih.gov/pubmed/4128804
http://www.ncbi.nlm.nih.gov/pubmed/186464
https://doi.org/10.1016/j.neuroscience.2011.06.061
https://doi.org/10.1016/j.neuroscience.2011.06.061
http://www.ncbi.nlm.nih.gov/pubmed/21736925
http://www.ncbi.nlm.nih.gov/pubmed/13901297
https://doi.org/10.1016/j.neuroscience.2014.01.066
http://www.ncbi.nlm.nih.gov/pubmed/24530450
https://doi.org/10.1016/j.neuron.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21145003
http://www.ncbi.nlm.nih.gov/pubmed/8778289
http://www.ncbi.nlm.nih.gov/pubmed/11027400
http://www.ncbi.nlm.nih.gov/pubmed/7736595
http://www.ncbi.nlm.nih.gov/pubmed/8576240
http://www.ncbi.nlm.nih.gov/pubmed/9927700
https://doi.org/10.1073/pnas.1214718110
http://www.ncbi.nlm.nih.gov/pubmed/23269831
https://doi.org/10.1073/pnas.1514074113
http://www.ncbi.nlm.nih.gov/pubmed/27035941
http://www.ncbi.nlm.nih.gov/pubmed/8816706
https://doi.org/10.1371/journal.pone.0174895


25. Petralia RS, Sans N, Wang YX, Wenthold RJ. Ontogeny of postsynaptic density proteins at glutamater-

gic synapses. Mol Cell Neurosci. 2005; 29(3):436–52. https://doi.org/10.1016/j.mcn.2005.03.013

PMID: 15894489

26. Choi Y, Nam J, Whitcomb DJ, Song YS, Kim D, Jeon S, et al. SALM5 trans-synaptically interacts with

LAR-RPTPs in a splicing-dependent manner to regulate synapse development. Sci Rep. 2016;

6:26676. https://doi.org/10.1038/srep26676 PMID: 27225731

27. Seabold GK, Wang PY, Chang K, Wang CY, Wang YX, Petralia RS, et al. The SALM family of adhe-

sion-like molecules forms heteromeric and homomeric complexes. J Biol Chem. 2008; 283(13):8395–

405. https://doi.org/10.1074/jbc.M709456200 PMID: 18227064

28. Tremblay ME, Riad M, Bouvier D, Murai KK, Pasquale EB, Descarries L, et al. Localization of EphA4 in

axon terminals and dendritic spines of adult rat hippocampus. J Comp Neurol. 2007; 501(5):691–702.

https://doi.org/10.1002/cne.21263 PMID: 17299751

29. Bouvier D, Corera AT, Tremblay ME, Riad M, Chagnon M, Murai KK, et al. Pre-synaptic and post-syn-

aptic localization of EphA4 and EphB2 in adult mouse forebrain. J Neurochem. 2008; 106(2):682–95.

https://doi.org/10.1111/j.1471-4159.2008.05416.x PMID: 18410519

30. Grunwald IC, Korte M, Adelmann G, Plueck A, Kullander K, Adams RH, et al. Hippocampal plasticity

requires postsynaptic ephrinBs. Nat Neurosci. 2004; 7(1):33–40. https://doi.org/10.1038/nn1164 PMID:

14699416

31. Schuster T, Krug M, Hassan H, Schachner M. Increase in proportion of hippocampal spine synapses

expressing neural cell adhesion molecule NCAM180 following long-term potentiation. J Neurobiol.

1998; 37(3):359–72. PMID: 9828042

32. Fux CM, Krug M, Dityatev A, Schuster T, Schachner M. NCAM180 and glutamate receptor subtypes in

potentiated spine synapses: an immunogold electron microscopic study. Mol Cell Neurosci. 2003; 24

(4):939–50. PMID: 14697660

33. Niederkofler V, Baeriswyl T, Ott R, Stoeckli ET. Nectin-like molecules/SynCAMs are required for post-

crossing commissural axon guidance. Development. 2010; 137(3):427–35. https://doi.org/10.1242/dev.

042515 PMID: 20056680

34. Perez de Arce K, Schrod N, Metzbower SW, Allgeyer E, Kong GK, Tang AH, et al. Topographic Map-

ping of the Synaptic Cleft into Adhesive Nanodomains. Neuron. 2015; 88(6):1165–72. https://doi.org/

10.1016/j.neuron.2015.11.011 PMID: 26687224

35. Dosemeci A. Proteomic Analysis of the Postsynaptic Density. Adv Neurobiol. 2011; 2:227–49.

36. Takamori S, Holt M, Stenius K, Lemke EA, Gronborg M, Riedel D, et al. Molecular anatomy of a traffick-

ing organelle. Cell. 2006; 127(4):831–46. https://doi.org/10.1016/j.cell.2006.10.030 PMID: 17110340

A novel synaptic junction preparation for the identification and characterization of cleft proteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0174895 March 31, 2017 14 / 14

https://doi.org/10.1016/j.mcn.2005.03.013
http://www.ncbi.nlm.nih.gov/pubmed/15894489
https://doi.org/10.1038/srep26676
http://www.ncbi.nlm.nih.gov/pubmed/27225731
https://doi.org/10.1074/jbc.M709456200
http://www.ncbi.nlm.nih.gov/pubmed/18227064
https://doi.org/10.1002/cne.21263
http://www.ncbi.nlm.nih.gov/pubmed/17299751
https://doi.org/10.1111/j.1471-4159.2008.05416.x
http://www.ncbi.nlm.nih.gov/pubmed/18410519
https://doi.org/10.1038/nn1164
http://www.ncbi.nlm.nih.gov/pubmed/14699416
http://www.ncbi.nlm.nih.gov/pubmed/9828042
http://www.ncbi.nlm.nih.gov/pubmed/14697660
https://doi.org/10.1242/dev.042515
https://doi.org/10.1242/dev.042515
http://www.ncbi.nlm.nih.gov/pubmed/20056680
https://doi.org/10.1016/j.neuron.2015.11.011
https://doi.org/10.1016/j.neuron.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26687224
https://doi.org/10.1016/j.cell.2006.10.030
http://www.ncbi.nlm.nih.gov/pubmed/17110340
https://doi.org/10.1371/journal.pone.0174895

