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Abstract

The molecular underpinnings associated with cognitive reserve remain poorly understood. 

Because animal models fail to fully recapitulate the complexity of human brain aging, postmortem 

studies from well-designed cohorts are crucial to unmask mechanisms conferring cognitive 
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resistance against cumulative neuropathologies. We tested the hypothesis that functionality of the 

SNARE protein interactome might be an important resilience factor preserving cognitive abilities 

in old age. Cognition was assessed annually in participants from the Rush ‘Memory and Aging 

Project’ (MAP), a community-dwelling cohort representative of the overall aging population. 

Associations between cognition and postmortem neurochemical data were evaluated in functional 

assays quantifying various species of the SNARE (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) machinery in samples from the inferior temporal (IT, n = 154) and 

middle-frontal (MF, n = 174) gyri. Using blue-native gel electrophoresis, we isolated and 

quantified several types of complexes containing the three SNARE proteins (syntaxin-1, SNAP25, 

VAMP), as well as the GABAergic/glutamatergic selectively expressed complexins-I/II 

(CPLX1/2), in brain tissue homogenates and reconstitution assays with recombinant proteins. 

Multivariate analyses revealed significant associations between IT and MF neurochemical data 

(SNARE proteins and/or complexes), and multiple age-related neuropathologies, as well as with 

multiple cognitive domains of MAP participants. Controlling for demographic variables, 

neuropathologic indices and total synapse density, we found that temporal 150-kDa SNARE 

species (representative of pan-synaptic functionality) and frontal CPLX1/CPLX2 ratio of 500-kDa 

heteromeric species (representative of inhibitory/excitatory input functionality) were, amongst all 

the immunocharacterized complexes, the strongest predictors of cognitive function nearest death. 

Interestingly, these two neurochemical variables were associated with different cognitive domains. 

In addition, linear mixed effect models of global cognitive decline estimated that both 150-kDa 

SNARE levels and CPLX1/CPLX2 ratio were associated with better cognition and less decline 

over time. The results are consistent with previous studies reporting that synapse dysfunction (i.e. 

dysplasticity) may be initiated early, and relatively independent of neuropathology-driven synapse 

loss. Frontotemporal dysregulation of the GABAergic/glutamatergic stimuli might be a target for 

future drug development.
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Introduction

Cognitive impairment is a major health threat in the elderly. Age-related cognitive decline is 

associated with higher rates of disability, institutionalization, and mortality [1–4]. The 

neurological causes of cognitive impairment are diverse, accumulating and combining 

throughout the lifespan, with associated comorbidities [5]. Previous community-based 

studies attempted to estimate the extent of cognitive impairment and/or decline accounted 

for by multiple brain pathologies [5–9]. Combined, Alzheimer’s disease (AD) pathology 

(i.e. senile plaques and neurofibrillary tangles), cerebrovascular diseases (including macro 

and microinfarcts), and Lewy body disease –the most common neuropathologies– could 

only explain 41% of between-subject variance in cognitive decline rates [7]. This incomplete 

predictive power is likely due to (1) subjects without known pathology whose cognitive 

function declined, and (2) subjects with pathologic burden who remained cognitively healthy 
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by the time of death. While the former might be explained by underestimated or yet 

unknown pathologies, the latter is typically attributed to cognitive reserve. Thus, cognitive 

reserve is commonly referred to as the individual’s capacity to maintain cognition despite 

the increasing accumulation of pathologic lesions. In actuality, one can have more or less 

reserve; in the latter case, one would be more vulnerable to cognitive loss from 

neuropathology.

Synapses are considered core components of brain (and thereby cognitive) reserve [10]. 

Postmortem brain studies documented abnormally low numbers of dendritic spines in AD 

compared to age-matched healthy individuals [11], and loss of synapse density (including 

loss of several presynaptic proteins) was highly associated with cognitive impairment [12–

15]. Similarly, several synaptic markers (such as synaptophysin) were found downregulated 

in AD brains [16,17]. In contrast, recent large-scale, community-based studies analyzing 

cohorts representative of the overall aging population with mixed pathologies documented 

that pan-synaptic loss may only occur following widespread accumulation of pathology; 

quantitative data estimating overall synapse density did not correlate well with ante-mortem 

cognitive scores after controlling for neuropathology [18,19]. These studies, however, 

showed that cognitive skills might be highly sensitive to variations in specific components of 

the neurosecretion machinery. For example, the amounts of binary interactions between the 

three well-known SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor) proteins, syntaxin-1, synaptosomal-associated protein-25 (SNAP25), and vesicle-

associated membrane protein (VAMP, or synaptobrevin) [20,21], were highly associated 

with cognitive function nearest death [18]. Remarkably, the contribution of SNARE 

dysregulation to cognitive impairment was relatively independent from the neuropathologic 

burden [7]. Therefore, the network of protein-protein interactions (herein referred to as the 

“interactome”) of the SNAREs, arguably a fingerprint of synaptic functionality by the time 

of death [22], might represent a different component of cognitive reserve.

The synaptic pool associated with brain reserve and cognitive decline is not homogenous 

across terminal types. In the same community sample, selective GABAergic variants of two 

key SNARE modulators, munc18–1a and complexin-I, were strongly correlated with 

cognitive performance, whereas the respective non-GABAergic species, munc18–1b 

(ubiquitous) and complexin-II (enriched in glutamatergic terminals), did not show 

comparable associations [23,24]. Remarkably, while GABAergic dysfunction had greater 

impact on cognitive performance in early stages, glutamatergic (or perhaps pan-synaptic) 

damage appeared relevant only after widespread accumulation of AD pathology (as assessed 

by Braak and CERAD rating scales), suggesting that failure of brain inhibitory system 

precedes spread of neuropathology [24]. Inhibitory-related brain reserve and its 

dysregulation may develop during brain maturation, as cortical loss of inhibitory markers 

was greater in carriers of the rs3846455 polymorphism in UNC5C gene [25]. UNC5C 
encodes for netrin receptor-1, a crucial molecule for axonal guidance and synaptogenesis, 

and the variant was found significantly associated with greater vulnerability to age-related 

pathology and poorer cognitive reserve [25,26].

We hypothesized that the SNARE interactome, and hence synaptic functionality, is a 

meaningful component of brain reserve, relatively independent from pathology-driven 
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synapse loss. To address this hypothesis, we quantified multiple protein complexes of the 

presynaptic machinery in postmortem brain samples from temporal and frontal lobes 

(pathologically affected at different stages) of participants in the community-based Memory 

and Aging Project (MAP) [27]. The SNARE interactome was characterized and quantified 

using non-denaturing, blue-native (BN) gels, preserving intact protein complexes [28,29]. 

The primary goal was to identify the major synaptic indices driving cognitive decline in 

MAP participants, and to estimate the extent of their contribution(s). For exploratory 

purposes, quantitative data was also integrated with multiple measures obtained in previous 

studies, including clinical, pathologic and stereological data.

Material and methods

Participants and cognitive evaluations

All samples were from The Rush Memory and Aging Project (MAP) [30]. MAP recruits 

community-dwelling volunteers within the metropolitan area of Chicago, IL, with no overt 

signs of cognitive impairment at study entry. Participants consented to annual clinical 

evaluations and signed an Anatomic Gift Act for organ donation upon death. All protocols in 

the study were reviewed and approved by the Institutional Review Board of Rush University 

Medical Center. The present study included postmortem brain samples collected in 

consecutive autopsies from 188 MAP participants. The relevant demographic, cognitive and 

pathological characteristics of the MAP participants studied appear in Table 1.

From enrollment to death (mean: 5.3 years; range: 2–12 years), a wide variety of cognitive 

and psychological outcomes were tracked [30]. Briefly, participants performed 21 cognitive 

tests annually, 19 of which were used to compile 5 different domains of cognition: episodic 

memory, semantic memory, working memory, perceptual speed or visuospatial ability. 

Scores within each domain were standardized (against baseline average values) and the 

mean across the domains was used as an estimate of participant’s global cognitive function 

at that time point [30]. Mini-mental score examination (MMSE) scores were documented for 

comparisons with other studies (see Table 1). Clinical diagnoses of dementia followed the 

National Institute of Neurological and Communicative Disorders and Stroke and the AD and 

Related Disorders Association criteria [31], and were made by a board-certified neurologist 

blind to all pathological data.

Human brain specimens and neuropathological assessments

Strict standard procedures were followed at participants’ autopsies to minimize between-

subject variability and postmortem intervals (PMI) [30]. At autopsies, brains were quickly 

weighted, cut into 1-cm-thick coronal slabs, and photographed for gross neuropathology 

inspection. Hemispheres were segregated and either fixed in 4% paraformaldehyde for 

histopathological assessments or frozen at –80 °C for immunoassays. Tissue blocks 

containing key brain areas were obtained from the fixed brain slabs, paraffin-embedded and 

microtome-sliced into 6-μm-thick sections. [30].

A board-certified neuropathologist performed all neuropathological examinations, blind to 

participants’ clinical data, and according to standard criteria [27,32]. The examinations 
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documented AD-related pathology, vascular diseases (macroscopic and microscopic infarcts, 

and arteriolosclerosis), Lewy bodies, and hippocampal sclerosis. In depth exploration for 

AD pathology reported (1) area fractions immunolabeled with amyloid-β (6F/3D or 4G8) 

and hyperphosphorylated tau (AT8) antibodies, and (2) stereological counts of neuritic and 

diffuse plaques, and neurofibrillary tangles (NFTs) as stained by a modified Bielchowsky’s 

method [32]. A composite measure of global AD pathology was further obtained averaging 

the standardized scores of amyloid-β and tau loads across various key brain regions [33]. 

AD pathology was additionally graded using Braak staging, CERAD or NIA/Reagan scales 

[34–36]. Stereological studies of resting, activated or total microglial cells were reported 

earlier [37].

For the quantitative assessments of the present study, we used available frozen grey matter 

samples from the inferior temporal [IT; Brodmann’s area (BA) 20; n = 155] and/or middle-

frontal (MF; BA46/9; n = 174) gyri (see Table 1). These brain areas were selected based on 

their central role in cognitive processing and their contribution to the pathophysiology of 

age-related dementias [38]. Of note, spread of AD pathology through temporal and frontal 

cortices is typically used to stage the illness [34]. The dissected brain samples were 

solubilized in pre-chilled phosphate-buffered saline (PBS) at a 1:10 weight/volume ratio, 

using a motorized Teflon-glass dounce homogenizer [18]. Brain homogenates were prepared 

into convenient working aliquots and stored at –80 °C. Before immunoassays, total protein 

concentrations were determined using DC Assay (Bio-Rad, Hercules, CA, USA), and 

appropriate volumes of ice-cold PBS were added in order to equalize protein concentrations 

across samples.

Antibodies

All commercial and locally produced primary antibodies used in the present study are listed 

in Supplementary Table S1. Production and characterization of mouse monoclonal 

antibodies against syntaxin-1 (clones SP6 and SP7), SNAP-25 (SP12 and SP14), VAMP 

(SP10 and SP11), complexin-I (SP33), complexin-II (LP27) and synaptotagmin (MAb30 

and MAb48) was described elsewhere [39–41]. Peroxidase- and Alexa-Fluor 488/555/647-

conjugated secondary antibodies were from Jackson ImmunoResearch Laboratories (West 

Grove, PA, USA) or Molecular Probes (Eugene, OR, USA), respectively.

SNARE reconstitution assays

Recombinant SNARE and accessory proteins were purchased from diverse commercial 

suppliers. Relevant features of these synthetic constructs are listed in Supplementary Table 

S2. In vitro presynaptic complex reconstitution was achieved by sequentially adding the 

appropriate recombinant proteins (as indicated in the corresponding figures) into the reaction 

buffer (PBS with or without 1 mM Ca2+) to a final concentration of 1 μM each. Mixtures 

were incubated at 37 °C for 30 min prior separation in native gels, as indicated below. 

Reconstituted protein complexes were either resolved by gel de-staining to remove excess of 

coomassie dye following manufacturer’s instructions, or transferred to polyvinylidene 

difluoride (PVDF) membranes and finally immunoblotted with specific antibodies, as 

indicated below.
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Immunoprecipitation

The native co-immunoprecipitation (IP) approach to extract and characterize SNARE and 

other presynaptic protein complexes was performed using sheep anti-mouse IgG-coated 

magnetic Dynabeads (Life Technologies, Carlsbad, CA, USA), as reported [29]. Briefly, 

human brain homogenetes were initially solubilized in PBS supplemented with 1% Triton 

X-100, and 1% of protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 4 °C. 

Insoluble material was precipitated at 16,000 g for 30 min at 4 °C, and supernatants were 

incubated overnight with primary antibody-conjugated beads at 4 °C with gentle rotation. 

After thorough washing, a mild 10 mM Tricine buffer (pH 2.3) was added to the reactions to 

elute protein complexes from the beads while preserving protein-protein interactions. All IP 

reactions were run in triplicate along appropriate negative controls [29], and the IP products 

were finally resolved by native and/or standard electrophoresis.

Native and denaturing gel electrophoresis, and quantitative immunoassays

Quantitative one- (1-D) and qualitative two- (2-D) dimension blue-native (BN) and sodium-

dodecyl sulfate (SDS) polyacrylamide electrophoreses (PAGE) were performed essentially 

as previously described [29], using either 4–16% gradient NativePAGE precast gels (Novex, 

Carlsbad, CA, USA) and/or 12% minigels (Bio-Rad), respectively. Solubilized human brain 

samples, IP products or recombinant protein mixtures were combined with equal volumes of 

native (0.5% Triton X-100, 0.25% Coomassie brilliant blue G-250, 10% glycerol) or 

denaturing (100 mM Tris, pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 200 mM 

β-mercaptoethanol) buffers before loading into the gels. In quantitative experiments, 

standard samples were generated by pooling equal amounts from all IT or all MF human 

homogenates, and loaded in triplicate along the samples in all gels of the study [23]. 

Similarly, specific molecular size ladders for BN- or SDS-PAGE were also loaded into the 

gels to identify complexes and proteins. A total protein load of 5 μg, combined with 

multipoint imaging exposure times (20 s to 3 min), was found optimal to quantify all 

presynaptic complexes from brain homogenates within the linear range (see e.g. 

Supplementary Fig. S1). After electrophoresis, proteins were transferred to PVDF 

membranes, and subsequently blocked (1 h), and incubated with primary (overnight, 4°C; 

see Supplementary Table S1) and secondary (1 h; 1:5000) antibodies, in TBS containing 5% 

milk and 0.1% Tween-20. Chemiluminescence was enhanced with commercial reagents 

(Perkin Elmer, Waltham, MA, USA), and images were digitized using a LAS-3000 Image 

Reader (Fujifilm, Tokyo, Japan). Densitometric analyses of the immunoblots were done with 

ImageGauge software, version 4.22 (Fujifilm). Quality control measures were taken to 

maximize the accuracy and reproducibility of the quantitative studies, as previously 

documented [23,24]. The amounts of SNARE and other presynaptic proteins in MAP brain 

samples were immunoassayed in previous studies [18].

Immunofluorescence

Paraffin-embedded (6-μm-thick) and free-floating (40-μm-thick) human hippocampal 

sections were obtained from the above mentioned paraformaldehyde-fixed tissue blocks, 

from n = 7 MAP participants with mild-to-moderate AD, as previously described [24]. 

Triple immunostaining procedures were as reported [23,42]. We first evaluated the 
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distribution patterns in the different immunostained slices to ensure antibody specificity and 

proper labeling of the proteins targeted. To this end, images from the entire hippocampal 

formation were acquired from the paraffin-embedded slices using a Nikon Eclipse 80i 

microscope equipped with epifluorescence module, a motorized stage and a 10x/0.30NA 

objective (Nikon, Tokyo, Japan). For colocalization studies, the immunostained floating 

sections were imaged as reported [41] in a Zeiss confocal microscope equipped with a LSM 

5 Pascal Module and a 63×/1.2NA water immersion objective (Zeiss, Jena, Germany). All 

appropriate positive and negative controls were included in every experimental run. Image 

processing for background subtraction, thresholding and colocalization analyses were 

performed in ImageJ 2.0 (NIH, Bethesda, MA, USA) using built-in, unbiased algorithms 

[41,43].

Statistical analyses

In quantitative immunoblotting assays, densities of the identified complexes were first 

calculated as a percentage of in-gel standards [29,44]. For some analyses, the ratio between 

the immunodensities of complexin-I to complexin-II equivalent complexes was used as an 

index of inhibitory/excitatory functional input [24,42]. Normal distribution of the data was 

confirmed with the Kolmogorov-Smirnov test. Initial multivariate analyses were performed 

to inspect associations between the amounts of proteins and complexes, and the multiple 

clinic-pathological and demographic features of MAP participants. Analysis of covariance 

(ANCOVA), adjusting for age, sex, education and postmortem interval (PMI), was used to 

detect differences between clinically and pathologically diagnosed groups, using Dunnett’s 

post hoc test. The associations between cognitive function (outcome) and the multiple 

neurochemical measures of the study (predictors) were tested in multiple linear regression 

models covarying by demographic and pathologic variables. Additionally, all models were 

adjusted by the mean of the total immunodensities of the three SNARE proteins (syntaxin-1, 

SNAP25, VAMP), independently assessed in the same brain homogenates by ELISA. The 

purpose of the latter covarying approach is two-fold, housekeeping for variations in SNARE 

protein expression levels, and controlling for synapse density [24]. Alternatively, covarying 

by the total density of the specific protein targeted in each complex measure yielded very 

similar results (data not shown). Double dissociation models were used to demonstrate the 

separate contributions of different brain regions, via different neurochemical measures, to 

global cognitive function [45]. The associations between longitudinally ascertained cognitive 

decline (outcome) and the multiple variables of the study were also assessed. Linear mixed-

effects models with random intercept and slope terms were used to examine individual 

participant trajectories of cognition over time. The fixed effects estimated the association 

between neurochemical measures and cognition over time, adjusting for covariates. The 

random intercept and slope terms accounted for within-subject correlation and between-

subject variability. These models allowed for the intercept (cognition at time of death) and 

slope (rate of cognitive decline over time) to vary by subject. Additionally, a previous study 

with this cohort identified that the rate of cognitive decline changed 3.0 years (95% 

confidence interval 2.7 to 3.2 years) prior to death, delineating a period of terminal cognitive 

decline in the final years of life [7]. A second temporal term was added to the model to allow 

each individual trajectory to have a distinct slope during the preterminal and terminal 

periods of cognitive decline. A stepwise model specification process retained covariates that 
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improved model fit by comparing the Akaike Information Criterion (AIC) and deviance 

statistic values of nested models. Nested models were also compared by likelihood ratio test. 

For the final adjusted model, all possible interaction terms were tested to examine the 

relationship between neurochemical factors and rate of cognitive decline. The percent 

contribution of each neurochemical measure to reduce between-subject cognitive variance 

was defined as the difference between whole model adjusted R2 values obtained in nested 

models with and without the term for the assessed protein complex. Standardized beta 

coefficients (β) are reported to compare the weight of each variable within a model. 

Whenever appropriate, p-values were adjusted for false discovery rate (FDR), and the level 

of significance was set to FDR P < 0.05. All datasets were analyzed and plotted with JMP 

(V.12.1; SAS Institute, Cary, NC, USA), R (V.3.0.3; R-project) [46], and/or Prism (V.6.0; 

GraphPad Software, La Jolla, CA, USA).

Results

Identification and characterization of brain presynaptic complexes in native gels

In previous studies documenting complexes formed by SNARE proteins in human and 

rodent brain homogenates [29], the oligomeric structures containing complexins-I/II were 

incompletely addressed. To expand the characterization of the native SNARE interactome, 

we adopted two different but complementary approaches: (1) reconstitution assays using 

purified recombinant proteins, and (2) multistep separation of solubilized brain complexes 

from cortical homogenates.

In crude brain homogenates separated by 1-D BN-PAGE, we identified multiple bands for 

all proteins immunolabeled, allowing quantification of some (but not all) of the resolved 

oligomers (Fig. 1a). The sizes of the protein complexes reported below are relative to the 

molecular markers loaded alongside in the gels, and are approximate measures. The 

complexes detected by labeling syntaxin-1 (at 450, 150 and 30 kDa), SNAP25 (at 450, 150 

and 70 kDa), and VAMP (450, 150, 70 and 15 kDa; not shown) were comprehensively 

characterized previously with up to 9 different SNARE antibodies [29], and were 

consistently visualized in the present study (Fig. 1a). The bands detected at 150 and 450 kDa 

were the major, fully loaded SNARE complexes, while the 70-kDa complex was revealed as 

a SNAP25-VAMP heteromer [29]. In the present study, SNARE complexes were only 

quantified with antibodies against syntaxin-1 and SNAP25, as we failed to obtain consistent 

sharp bands when probing with anti-VAMP antibodies (see Supplementary Fig. S1). Both 

complexins displayed identical fingerprints in 1-D BN-gels, with a major complex at ~200 

kDa, and other sharp bands at ~500 and ~50 kDa (Fig. 1a), indicating that complexin-I 

(mainly inhibitory) and complexin-II (mainly excitatory) containing presynaptic terminals 

can build similar SNARE machineries. Other bands were inconsistently observed, and 

therefore not quantified. Similarly, for all probed synaptic proteins, a gradient of heavy 

weight complexes (multimers) was also detected above 500 kDa.

In vitro reconstitution assays were performed to verify the composition of the observed 

bands in native immunoblots from human brain extractions. Mixtures containing equimolar 

amounts of the SNARE proteins recapitulated the two major SNARE bands observed in 

brain homogenates at 150 and 450 kDa, plus a third complex at 250 kDa inconsistently 
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observed in brain extracts (compare syntaxin-1 and SNAP25 immunoblots in Figs. 1A–C). 

Anti-VAMP antibodies were poorly immunoreactive with these complexes possibly related 

to steric hindrance under native conditions. Addition of recombinant munc18–1 did not 

modify the observed band sizes or densities, indicating that either the assay conditions are 

not suitable for munc18–1-syntaxin-1 interaction, or that munc18–1 dissociates from the 

complex during the electrophoretic separation. Importantly, following incorporation of 

recombinant complexin-I in the reactions, substantial changes were observed in band 

distribution patterns. Thus, in syntaxin-1 immunoblots, complexin-I seemed to combine with 

the 150- and 450-kDa SNARE complexes, as new (though diffuse) bands appeared at 200 

and 500 kDa (Fig. 1b), while the 250-kDa syntaxin-1 complex completely vanished. Indeed, 

these 200- and 500-kDa bands were the major oligomers observed when labeling complexin-

I (Fig. 1b), and resembled those observed in brain homogenates (Fig. 1a). Similar to 

munc18–1, addition of synaptotagmin (the Ca2+ sensor in SNARE-mediated 

neurosecretion), in the absence or presence of Ca2+, had no significant effect on the 

observed complex sizes, although their immunodensities seemed mildly less.

In the second characterization approach we tested the functional interactions between these 

molecular complexes in human brain extracts by first immunoprecipitating with syntaxin-1, 

SNAP25, or complexin-I/II antibodies, and then separation by 1-D BN- (Fig. 1c) and 2-D 

SDS-PAGE (Fig. 1d), followed by immunoblotting. As previously shown [29], the 150 and 

450-kDa SNARE complexes, but not the 70-kDa or the corresponding monomeric bands, 

were cross-detected in syntaxin-1 and SNAP25 IP products regardless of the SNARE protein 

immunolabeled. These complexes (including 70-kDa SNAP25) were also detected in 

complexin-II, and to a much lesser extent in complexin-I [24], IP products (Fig. 1c). 

Because of the longer exposure times required to reveal complexin-I/II probing bands, the 

antibody used in the IP reactions interfered with the specific signals from the 

immunoprecipitated complexes. Thus, we performed 2-D BN/SDS-PAGE allowing 

separation of the co-immunoprecipitated monomeric components, and confirmed that at 

least the 200-kDa complexin-I/II cross-reacts with SNARE proteins, and that a wide variety 

of SNARE complexes are precipitated by complexin antibodies (Fig. 1d).

In summary, these studies provided evidence supporting the interpretation that SNARE 

proteins and/or complexin-I/II are sufficient to build the complexes quantified in brain 

samples from MAP participants.

Descriptive statistics of MAP participants and potential confounds

Demographic, cognitive and pathological variables of MAP participants with available 

samples from the IT and/or the MF are summarized in Table 1. The characteristics of 

participants with available samples from both regions (i.e. overlap group; n = 140) were not 

significantly different from those of the whole group (n = 188), and therefore all available 

cases were used whenever possible to maximize the statistical power of the analyses. Within 

the whole group, 74 participants suffered from dementia, 55 displayed MCI, and 59 were 

cognitively healthy. The number of cases presenting macro- (32%) or microinfarcts (23%), 

Lewy bodies (19%), and hippocampal sclerosis (7%) were similar to other community 
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sample studies [7,33]. The age related pathologies (plaques and tangles) were present in 

almost all participants, although with wide variability in load and spread (Table 1).

Preliminary multivariate analyses were performed to inspect potential confounding factors, 

including (but not limited to) drug and alcohol consumption, depressive symptoms, 

comorbidities with other diseases, or APOE genotypes. Only PMI consistently showed 

significant associations with some of the neurochemical measures of the study, and therefore 

all statistical analyses used this potential confounder as a covariate.

Neurochemical, pathologic and cognitive correlates in MAP participants

In multivariate analyses, total protein amounts and complex immunodensities showed high 

correlations within and across brain regions (data not shown), suggesting the expression of 

these complexes is somewhat coordinated by upstream mechanisms. Pairwise correlations 

between the presynaptic proteins and complexes analyzed in the IT and MF, and some of the 

relevant pathologic, stereological and cognitive indices are summarized in Fig. 2.

Globally, as expected, greater densities of synaptic proteins and complexes were associated 

with lower burden of AD-related pathology as well as greater cognitive function nearest 

death. Particularly, tangle, rather than plaque, pathology showed stronger associations with 

synaptic complexes. These findings remained unchanged regardless of whether local (i.e. 

within region) or global brain (z-scores across regions) pathological measurements were 

used. In regard to non-AD neuropathologies, the severity of arteriolosclerosis correlated with 

higher amounts of syntaxin-1, SNAP25 and synaptophysin in MF, but not their 

corresponding complexes. The presence of other age-related pathologies did not seem to 

affect significantly the levels of the synaptic markers in the MAP participants studied.

Interestingly, greater numbers of either resting or activated microglial cells were associated 

with lower density of synaptic proteins. These associations were particularly strong for 

activated microglia in the IT, despite the number of these cells being slightly lower than in 

MF. Notably, larger microglial cell counts had no great impact on the amount of presynaptic 

PPIs, with the exception of heavy complexin-I MF complexes. These inverse associations 

may underlie microglial synaptic surveillance and “pruning” activities [47,48]. While this 

mechanism has been widely described in laboratory animals, few investigations are available 

for microglial-mediated synaptic phagocytosis in aging human brain [49,50]. We therefore 

performed series of colocalization studies in available hippocampal slices of MAP 

participants aimed at demonstrating overlap between synaptic material and HLA-DR 

positive microglia. As expected, antibodies against the presynaptic markers and anti-HLA-

DR presumably labeled neuropil and microglial cells respectively (Fig. 3a). For all 

presynaptic proteins targeted (SNAP25, VAMP and complexin-1 are shown in Fig. 3b,c) 

significant colocalization was observed with HLA-DR positive microglia, using an unbiased 

analytical approach [43]. This was particularly evident in areas with neuritic pathology, as 

documented with either Alz-50 (Fig. 3c) or AT8 (not shown) antibodies, where abundant 

activated microglia were present. Similar results were obtained in all subjects analyzed (n = 
7). Combined, the above observations suggest that microglial phagocytic activity may 

preferentially target dystrophic terminals with poor trafficking activity (i.e. low SNARE 

PPIs).
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Among the presynaptic interactome in the IT, most of the SNARE and complexin-II (mainly 

glutamatergic) species were highly correlated with cognition, whereas in the MF, the 

associations with cognitive outcomes were particularly led by 70-kDa SNAP25 and 

complexin-I (mainly GABAergic) complexes. The ratios between the immunodensities of 

complexin-I to complexin-II equivalent complexes (200 and 500 kDa) in the MF were also 

strongly associated with cognitive scores, indicating a high sensitivity of cognition to 

inhibitory/excitatory imbalance. These neurochemical-cognitive correlations did not show a 

clear specificity for a particular cognitive domain, which in turn were consistent with 

MMSE data. These observations were in agreement with the correlations between the 

cognitive outcomes and overall SNARE PPIs assayed in parallel by “capture” ELISA. The 

notable associations between complexin-I/II total protein levels and cognition were 

documented previously [24].

The above findings were also consistent with the distribution of presynaptic complexes 

across the pathologically and clinically diagnosed groups. Thus, no significant differences 

were observed between CERAD-scaled participants (i.e. ranked according to the severity of 

plaque pathology) for any of the complexes in either brain area (Fig. 4a). In contrast, in the 

IT (but not MF) of participants at late Braak stage (i.e. widespread tauopathy), the levels of 

SNARE and complexin-II (200 and 500 kDa) complexes were significantly lower than in 

subjects at early stages (Fig. 4b). Likewise, multiple SNARE complexes and 200-kDa 

complexin-I and -II oligomers were downregulated in the IT of participants with dementia 

compared to those who were cognitively normal by the time of death (Fig. 4c). Yet, in the 

MF of participants with dementia, only 70-kDa SNAP25 and 500-kDa complexin-I were 

found altered.

Contributions of the SNARE protein interactome to cognitive function and decline

We conducted a series of models to study the associations between cognitive scores and the 

SNARE interactome, adjusting for demographics and covarying by cerebrovascular diseases, 

Lewy bodies, hippocampal sclerosis and local amyloid and tau pathologies (see 

Supplementary Table S3). Models were also controlled for the average of SNARE protein 

immunodensities to account for total protein synthesis at synapses and/or the synaptic 

density [24]. In FDR-adjusted models, most neurochemical-cognitive associations remained 

significant after controlling for relevant confounders and pathologies (Supplementary Table 

S3). Within the SNARE interactome measures, the most remarkable predictors of cognitive 

function were 150-kDa syntaxin-1 in the IT and the ratio between the 500-kDa species of 

complexins-I/II in the MF, contributing 8.6 and 9.6% to variance, respectively (FDR P < 
0.001 in both cases) (Supplementary Table S3). Multiple modeling using different 

combinations of the quantified complexes within region determined that these two measures 

(i.e. IT 150-kDa syntaxin-1 and MF 500-kDa complexin-I/II ratio) mediated the effects on 

cognition of all other synaptic proteins and complexes (data not shown). Interestingly, 

combining these two major synaptic indices across brain regions, greater levels of each IT 

150-kDa syntaxin-1 and MF 500-kDa complexin-I/II ratio were similarly associated with 

higher cognitive scores nearest death, with a combined contribution of 13% to the between-

subject cognitive variance (comparing the Reference Model and Model 3 in Table 2), after 

adjusting for demographics and neuropathologies (FDR-P = 0.0068 each).
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Notably, the above complexes were not associated with cognitive function nearest death 

when using data obtained in the alternative lobe (i.e. MF 150-kDa syntaxin-1 and IT 

complexin-I/II ratio), suggesting the existence of double dissociation between temporal lobe 

pan-synaptic functionality and frontal lobe GABAergic/glutamatergic function affecting 

cognition. This hypothesis was tested in a regression model where both neurochemical 

measures in IT and MF were crossed with a term for brain area as a within-subject factor, 

predicting cognition and covarying for demographic and neuropathologic variables. In this 

model, the interaction terms for both neurochemical measures were highly significant (Fig. 

5a). In contrast, similar interaction terms between brain area and either amyloid-β load or 

phosphotau deposition were at best marginally significant (Fig. 5a), likely because both 

pathologic indices contributed to lower cognitive function regardless of the brain area in 

which they accumulated. Replacing amyloid-β and phosphotau immunohistochemical data 

for plaque and NFT counts did not change the above observations (data not shown).

The semi-additive nature of these synaptic measures in each brain region suggests that 

frontal and temporal synaptic dysfunctions occur in a relatively inter-independent manner, 

and might explain different cognitive mechanisms. To further explore this possibility, we 

replicated Model 3 in Table 2 replacing global cognitive scores by the scores testing the 

different cognitive domains, as well as the slopes calculated for longitudinal global cognitive 

decline, as outcomes in multiple linear regression models (see Supplementary Table S4). 

Thus, greater IT 150-kDa syntaxin-1 levels were associated with better semantic memory 

and visuospatial skills, whereas increased density of the 500-kDa complexin I/II ratio in MF 

was significantly associated with higher episodic memory and perceptual speed. 

Interestingly, lower amounts of both synaptic indices similarly contributed to faster rates of 

longitudinal cognitive decline.

To gain more insight into the influence of a possible collapse of the presynaptic interactome 

on the rate of cognitive decline in old age, we constructed linear mixed-effect models of 

change in global cognition over time in the years prior to death. Models were adjusted for 

demographic and pathologic covariates and included a change-point parameter delineating 

the terminal decline phase fixed at three years prior to death to estimate the effects of IT 

150-kDa syntaxin-1 levels and MF 500-kDa complexin I/II ratio on the rate of preterminal 

and terminal cognitive decline. Overall, the final three years of life were associated with a 

59% increase in rate of cognitive decline compared to the preterminal phase. As expected, 

greater SNARE interactome values predicted slower rates of cognitive decline (IT 150-kDa 

syntaxin-1: β = 0.002±0.001, P < 0.001; MF 500-kDa complexin I/II ratio: β = 0.025±0.012, 

P = 0.032) and higher global cognitive scores at end of life (β = 0.015±0.004, P < 0.001; and 

β = 0.190±0.078, P = 0.015, respectively) in MAP participants (Supplementary Table S5). 

For example, cognitive function of participants displaying postmortem values within the 

lower tertile of IT 150-kDa syntaxin-1 declined 2.44 times faster than those in the higher 

tertile of these synaptic indices (Fig. 5b). Likewise, individuals with the lowest tertile of the 

MF 500-kDa complexin I/II ratio experienced a rate of cognitive decline that was 1.49 times 

faster than those with the highest levels. The 150-kDa syntaxin-1 levels and 500-kDa 

complexin I/II ratio accounted for 7.5% and 1.0% of the variation in cognition over time, 

respectively (Supplementary Table S5). Conversely, amyloid-β load (β = -0.033±0.009, P < 

0.001) and Lewy Body disease were associated with faster cognitive decline over time, with 
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the latter particularly affecting the rate of terminal decline in the final three years of life (β = 

0.296±0.059, P < 0.001). These two neuropathologies explained 6.0% and 4.8% of the 

variance, respectively. Note that these models do not take into account variations in the 

synaptic (and other pathologic) indices accompanying cognitive decline prior to death, 

which should be recognized as a major limitation of this particular ‘predictive’ approach.

Finally, we addressed the question of whether these associations might occur at early or late 

stage of AD. In similar regression models, we introduced variables for Braak stage or 

CERAD scale, and crossed them with those of the presynaptic complex immunodensities. 

As graphically expressed for 150-kDa syntaxin-1 and 500-kDa complexin-I/II ratio at the 

different Braak stages (Supplementary Fig. S2), none of these interaction terms showed 

significant associations with cognition, and therefore stage-dependent effects were 

discarded. Furthermore, the above neurochemical-cognitive associations did not occur in 

interaction with the different age-related pathologies, as the added interaction terms between 

complex immunodensities and the pathologic indices were not significant predictors of 

cognitive function nearest death (data not shown).

Discussion

We investigated the complex associations between cognitive function, age-related 

neuropathology, and the SNARE interactome (as an index of synaptic functionality) in a 

well-characterized, community-dwelling population. The results indicate that SNARE 

interactome dysregulation may occur independent from co-occurring pathologic insults, and 

is in turn strongly associated with cognitive impairment in the elderly. The particular 

cognitive domains sensitive to this type of synaptic dysfunction differed according to the 

brain area affected. Thus, pan-synaptic disruption in the temporal lobe was particularly 

associated with semantic memory and visuospatial skills deficits, while the inhibitory/

excitatory imbalance in frontal lobe was associated with episodic memory and perceptual 

speed. Given its strong association with higher rates of cognitive decline, disruption of the 

SNARE interactome might be an early event in the expression of brain aging.

Although research on the neurobiology of vesicle trafficking experienced an exponential 

growth in the past decades, the complete sequence of SNARE interactome consolidation, 

and the precise function(s) of each SNARE modulator are still unclear [20,51]. In the 

presynaptic terminals, under low Ca2+ concentration conditions, the monomeric components 

of SNARE machinery bind with weak interactions, forming multiple preassembled 

structures of variable conformation and stoichiometry, which dock vesicles to the 

presynaptic membrane (see schematic cartoon in Fig. 6). Priming may occur following the 

incorporation of new SNARE partners to the complex, while strengthening SNARE 

associations. While synaptotagmin acts as a Ca2+ sensor [52], the role of complexins is less 

clear, and may include anchoring synaptotagmin into the complex, or possibly clamping the 

complex to prevent unnecessary firing events in the absence of Ca2+ [53–55].

The minimal number of SNARE complexes required to successfully prime a synaptic vesicle 

and open a fusion pore is also a matter of debate. In vitro experiments demonstrated that one 

single SNARE heterotrimer could be sufficient to complete a fusion event [56], although a 
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greater number of complexes are thought to be required under physiological conditions [57–

59]. While the present reconstitution assays were not originally conceived to resolve any of 

the above questions, our findings in non-denaturing gels may additionally provide direct 

evidence supporting that the SNARE heterotrimeric complexes associate by pairs. Thus, the 

smallest and most abundant SNARE species was observed at ~150 kDa, compatible with a 

dimer of heterotrimers (note that the theoretical molecular mass for each 

syntaxin-1+SNAP25+VAMP complex is ~72 kDa). In turn, the ~450-kDa complex, also 

reconstituted by the three isolated SNARE proteins, could fit with a hexameric stoichiometry 

of heterotrimers. The addition of complexin-1 to the reactions resulted in the constitution of 

~200 and ~500-kDa complexes, which might also be compatible with the above dimeric and 

hexameric stoichiometries of SNARE+complexin heteromers. The present assay, however, 

failed to resolve complexes containing munc18–1 or synaptotagmin, which are essential 

contributors to the SNARE interactome, and Ca2+ addition did not modify these properties. 

Likely, the reconstituted heteromeric structures may correspond to preassembled complexes 

prior to vesicle fusion. In contrast, the 70-kDa complex, at least containing SNAP25 and 

VAMP [29], also unobserved in the reconstitution assays, might be a consequence of 

SNARE recycling following fusion events [20]. Despite the above limitations, a simplified 

model is suggested in Fig. 6, depicting the different SNARE species observed in vitro and in 
vivo in a sequence of intermediate structures driving presynaptic vesicles through the 

docking, priming and fusion steps. The model assumes that a greater number of molecules 

attached to the SNARE machinery results in stronger priming of the vesicle, increasing the 

likelihood of fusion. Overall, our in vitro studies demonstrated that certain properties of the 

observed complexes in postmortem brain tissue could be mimicked by purified recombinant 

proteins. These data, however, need careful interpretation as the complexes (and 

stoichiometries) immunodetected in solubilized tissues and in reconstitution assays in vitro 
may vary in a cellular environment. Moreover, since some of the SNARE components were 

barely (i.e. VAMP) or not (e.g. Munc18–1) observed, definitive studies of the composition of 

those complexes likely require in-gel digestion followed by mass spectrometry. 

Unfortunately, all our efforts developing an assay to extract these synaptic complexes out of 

the native gels and further proteomic analyses were frustrated, perhaps due to the low 

efficiency of the extraction procedure.

Importantly, cortical immunodensities of multiple presynaptic complexes were strongly 

associated with the antemortem cognitive function of MAP participants. Because BN-PAGE 

experiments were performed with solubilized homogenates where protein-protein 

interactions remain dynamic [29], the resulting data may not simply illustrate the number of 

complexes proximate to death, but could reflect the functionality of the presynaptic 

interactome, understood as the capacity for producing fusion events upon demand. In the 

temporal lobe, the SNARE complexes showing the strongest association with cognition were 

those labeled with anti-syntaxin-1 antibody (particularly the 150-kDa complex), most likely 

representing the pan-synaptic interactome. While the immunodetected complexes using 

either anti-syntaxin-1 or anti-SNAP25 antibodies presumably correspond to the same 

presynaptic structures, substantial variability was observed on their separate associations 

with cognitive function, especially for the 450-kDa SNAREs in the IT. At least part of this 

variability might be attributed to the physiologically occurring SNAP25 self-aggregation, 

Ramos-Miguel et al. Page 14

Neurobiol Dis. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrated in reconstitution assays in vitro. This SNAP25 property may distort the 

quantitative data when comparing the results obtained in syntaxin-1 versus SNAP25 

immunoblots. In contrast to the IT, in the MF, only complexin-I complexes (mainly present 

in inhibitory terminals), and more significantly the complexin-I/II ratio (i.e. inhibitory/

excitatory input) had greater impact on the overall cognitive performance. It should be noted 

that no canonical GABA/glutamatergic markers were analyzed in the present study, and the 

assumptions of inhibitory/excitatory specificity are based on the pronounced segregation of 

complexins I and II between GABAergic and glutamatergic terminals, respectively [24,42]. 

Remarkably, the above associations were relatively independent from the global burden of 

neuropathology, and were also controlled for the total SNARE protein content as an index of 

overall synapse density. The cognitive domains associated with temporal pan-synaptic 

(semantic memory and visuospatial skills) and frontal inhibitory (episodic memory and 

perceptual speed) synaptic dysregulation also differed, suggesting that presynaptic 

interactome pathology may also define dementia types.

Consistent with our findings in MF, in previous studies analyzing a larger postmortem 

sample collection, we highlighted the greater impact of GABAergic synapse loss on 

cognitive performance in subjects at early Braak stages, which indicated that failure of the 

inhibitory system may trigger the cascade of events leading to cognitive decline [23,24]. 

These observations are in agreement with other clinical and preclinical studies implicating 

the inhibitory system in early cognitive impairment in the elderly [60–63], and advocate for 

a GABAergic-based therapy in AD [64,65]. Likewise, our data also support prior studies 

reporting enhanced cognitive performance in elderly patients with diverse pathologies 

treated with the antiepileptic drug levitracetam [66,67], a compound known to target the 

presynaptic machinery via synaptic vesicle-2A protein [68,69]. Additionally, in both brain 

areas, the 70-kDa SNAP25 species were significantly associated with cognitive function. 

According to the model hypothesized in Fig. 6, this latter observation might indicate that 

dysregulation of the presynaptic machinery could be triggered by dysfunctional SNARE 

protein recycling mechanisms [29].

Longitudinal models identified independent effects of 150-kDa syntaxin-1 levels in IT and 

the MF 500-kDa complexin I/II ratio on the rate of cognitive decline in the final years of life. 

Thus, lower levels of each of these presynaptic indices were associated with faster decline 

rates, adjusting for other neurochemical and demographic factors. Early loss of 

frontotemporal connectivity may contribute meaningfully to the rate of cognitive decline in 

at least the last decade of life. Notably, the SNARE interactome deficits affected cognitive 

performance regardless of the accumulation of multiple neuropathologies, suggesting that 

AD pathology is not responsible for the above synaptic deficits.

Although the present study mainly focused on the contributions of synaptic deficits and the 

pathologic indices to cognitive function in MAP participants as relatively separate entities, 

previous and present results also indicated the existence of crosstalk mechanisms between 

synaptopathy and other brain pathologies. Thus, AD-related pathologies showed complex, 

and region-dependent associations with the synaptic targets of the study. Similar to their 

associations with cognitive outcomes, IT presynaptic complexes correlated with tangle and 

neuritic pathology, whereas the GABAergic interactome (i.e. complexin-I PPIs) was the 
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strongest predictor of MF tauopathy. Whether or not any of these associations are causal is 

difficult to determine. While the deleterious effect of AD pathology on nerve endings is 

widely accepted [10], others have reported accelerated phosphotau spread associated with 

enhanced glutamatergic excitability [70]. As remarkable as unexpected was the association 

between SNARE protein levels and the severity of arteriolosclerosis. This association, 

especially significant in MF, has not been described earlier and therefore deserves more 

attention in future studies. A previous report suggested that arteriolosclerosis could cause 

axonal lesions interrupting axonal transport and the concomitant accumulation of 

presynaptic material, including synaptophysin [71]. Of note, other cerebrovascular diseases, 

such as macro- and microinfarcts, did not show such strong correlations with the SNARE 

proteins, possibly suggesting a certain degree of specificity for the arteriolosclerosis 

findings. Notably, the presence of Lewy bodies greatly contributed to lower cognitive 

function in the current MAP cohort. Indeed, animal models of dementia with Lewy bodies 

overexpressing α-synuclein (the main component in these brain lesions) demonstrated the 

causative association between synucleinopathies and cognitive decline [72]. Recently, a 

physiological role for α-synuclein in SNARE-mediated exocytosis was described [73]. 

Despite the strong impact of Lewy bodies in MAP participants’ cognitive abilities and the 

relevant synaptic function of α-synuclein, we did not observe significant associations 

between presynaptic protein levels and Lewy body disease. Further research will be needed 

to understand the pathologic mechanisms of linking presynaptic proteins and α-synuclein. 

Finally, microglial pruning activity did not appear to explain the SNARE interactome 

dysfunction in MAP participants. While strong and inverse correlations were observed 

between the total amounts of presynaptic protein and activated microglial cell densities, the 

associations between the counts of these phagocytic cells and SNARE PPIs were not 

evident. Although speculative, microglial pruning activity could be selectively directed to 

dysfunctional synapses with poor neurotransmitter release activity (i.e. less SNARE complex 

formation), obscuring an association with overall SNARE PPIs. Complexin-I high 

magnitude complexes seemed especially sensitive to microglial activation, which may 

suggest a preferential affinity of these cells for pruning active inhibitory over excitatory 

synapses. Future studies will explore whether this potential preference might be related to 

the inhibitory/excitatory imbalance reported in the present MAP sample.

Conclusions

The capability of the presynaptic machinery to remain functional across lifespan might be a 

fundamental source of brain reserve, as loss of SNARE functionality profoundly influences 

cognitive performance in the elderly. These observations were relatively independent from 

age-related neuropathology accumulation and synapse loss. Pharmacological strategies 

enhancing SNARE function, particularly at inhibitory synapses, might be fruitful to prevent 

or minimize cognitive deterioration in old age.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

1-D one-dimension

2-D two-dimension

AD Alzheimer’s disease

ANCOVA analysis of covariance

APP amyloid precursor protein

BA Brodmann’s area

BN-PAGE blue native-PAGE

BSA bovine serum albumin

Ca2+ inorganic calcium ion

CERAD Consortium to Establish a Registry for AD

CPLX complexin

DC detergent compatible

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunoadsorbant assay

FDR false discovery rate

GABA gamma-aminobutyric acid

HLA-DR human leukocyte antigen - antigen D-related

IP immunoprecipitation

IT inferior temporal gyrus

M18 munc18–1

MAP Memory and Aging Project

MCI mild cognitive impairment

MF middle-frontal gyrus

Ramos-Miguel et al. Page 17

Neurobiol Dis. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MMSE mini-mental score examination, NCI, no cognitive impairment

NFTs neurofibrillary tangles

NIA National Institute on Aging

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

PMI postmortem interval

PPIs protein-protein interactions

PVDF polyvinylidene difluoride

SDS sodium dodecyl sulfate

SNAP25 synaptosome-associated protein 25

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor

STX1 syntaxin-1

TBS Tris-buffered saline

VAMP vesicle-associated membrane protein

WT wild-type
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Highlights

• Antemortem cognitive function is associated with postmortem SNARE 

interactome

• A poor SNARE interactome predicts faster rates of age-related cognitive 

decline

• SNARE protein levels, but not the interactome, are sensitive to microglial 

activation

• SNARE interactome dysfunction does not appear secondary to AD-related 

pathology
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Fig. 1. 
Characterization of the presynaptic complexes targeted in the present study. (a) Solubilized 

brain protein complexes from human inferior temporal cortex (IT) were resolved by blue-

native (BN)-PAGE and immunoblotted (IB) with specific antibodies against syntaxin-1 

(STX1), SNAP25 (S25) and complexins I (CPLX1) and II (CPLX2) (see Supplementary 

Table S1). The same representative case is shown in all individual immunoblots, with two 

exposure (exp.) times (ranging 20 s to 3 min; indicated at the bottom) per probing antibody. 

Arrowheads point to the identified and/or quantified complexes for each antibody. (b) 

Reconstitution assays were achieved by sequentially adding, from top to bottom, 1 μm of the 

recombinant proteins indicated (+) beneath the immunoblots. Abbreviations of the 

recombinant protein names and tags, and other key information of these constructs, are 

indicated in Supplementary Table S2. After incubation at 37°C for 30 min, the resulting 

protein complexes were resolved by BN-PAGE followed by Coomassie de-staining 

(following manufacturer’s instructions), or immunolabeled as above. Antibodies against 

munc18–1 (long variant; M18L) and synaptotagmin (STG) were unable to react against their 

corresponding recombinant constructs under the present experimental conditions (not 

shown). Arrowheads point to the identified SNARE (purple) or SNARE+complexin 

(tangerine) heteromers, or the monomeric species (green) for each immunoblot. Of note, 

recombinant SNAP25 alone, but not syntaxin-1 or VAMP, mimicked all of the above bands, 

suggesting that SNAP25 has the ability to self-assemble into aggregates with similar 

stoichiometries as those in SNARE heteromers in vitro and ex vivo. While this observation 

represents a novel finding with potential implications for the biochemistry of SNARE 

dynamics, it is also beyond the aim and scope of the present work, and future studies should 

determine the physiological relevance (if any) of SNAP25 aggregates. (c) Human IT 

solubilized complexes were immunoprecipitated (IP) with anti-mouse IgG (negative 

control), anti-STX1, anti-SNAP25, anti-CPLX1, or anti-CPLX2 specific antibodies, and the 
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resulting IP products resolved, along the IP input sample, by BN-PAGE followed by 

immunoblotting standard procedures. (d) Anti-SNAP25 (left panel) and anti-CPLX2 (right 

panel) IP products were resolved by one- (1-D) followed by two-dimensional (2-D) BN

+SDS-PAGE. Proteins were transferred to PVDF membranes and sequentially 

immunoblotted with anti-STX1 (red), anti-SNAP25 (blue), and anti-CPLX2 (green) specific 

antibodies. Top and left arrows indicate the directions of BN- and SDS-PAGE, respectively. 

Note the presence of SDS-resistant STX1/SNAP25 complexes/aggregates at 75–250 kDa, as 

well as the immunostaining for the primary antibodies used in IP at 50 kDa. For unknown 

reasons, the antibody-antigen reaction between the anti-SNAP25 antibody (i.e. SP12) used 

in the co-IP reactions and the anti-mouse IgG1 secondary antibody and was faint in 1-D BN-

PAGE (c), while strong upon 2-D SDS-PAGE separation (d). Note, however, that the same 

secondary antibody reacted as expected against anti-complexin-I/II antibodies (i.e. SP33 and 

LP27, both IgG1), but not against anti-syntaxin-1 (i.e. SP7 IgG2a), in both 1-D and 2-D BN/

SDS-PAGE. (a–d) Molecular masses (in kDa) of native and SDS-PAGE prestained standards 

are shown on the left and above.
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Fig. 2. 
Heatmap of Pearson’s R (left panel) and P (right panel) values following multiple pairwise 

correlations between the pathologic, stereological and cognitive variables of MAP 

participants on top, and the neurochemical data obtained in the inferior temporal (IT) or 

middle frontal (MF) gyri by either direct (d) or capture (c) ELISA, or BN-PAGE, as 

indicated on the left. The burden of both local (i.e. IT or MF) and global (Glob) brain AD 

(AD) pathology is evaluated. The ratios of complexin-I to complexin-II were also calculated 

for each of the equivalent BN-PAGE complexes as an index of functional inhibitory/

excitatory input balance. For practical reasons, clinical diagnoses were coded as 0 (for NCI), 

1 (MCI), or 2 (dementia). Abbreviations: Aβ, amyloid-β; Arterioloscl, arteriolosclerosis; 
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CPLX1, complexin-I; CPLX2, complexin-II; DP, diffuse plaques; Hippscl, hippocampal 

sclerosis; k, kDa (kilodaltons); LBD, Lewy body disease; μglia, microglia; MMSE, mini-

mental state examination; NFT, neurofibrillary tangles; NP, neuritic plaques; P-tau, 

phosphotau; PPIs, protein-protein interactions; S25, SNAP25; STX1, syntaxin-1; SYP, 

synaptophysin; VAMP, vesicle-associated membrane protein.
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Fig. 3. 
Representative images of human hippocampal sections in (a) epifluorescence and (b and c) 

confocal microscopy following triple immunostaining with antibodies against (a and b) 

HLA-DR (red; clone CR3/43; targeting activated microglia), SNAP25 (S25; blue; clone 

SP12) and complexin-I (CPLX1; green; clone SP33), or (c) HLA-DR (red), VAMP (green; 

clone SP10) and misfolded tau (blue; clone Alz-50). (a) Overview of the hippocampal 

subfields in a paraffin-embedded, 6-μm-thick section, showing the expected localizations for 

HLA-DR (activated microglia-like cells), SNAP25 (labeling the neuropil with strongest 

staining throughout the perforant pathway), and CPLX1 (intense staining of the neuropil 

attributable to GABAergic terminals surrounding granule cells of the dentate gyrus [DG] and 

pyramidal cells within the CA regions). (b) Example of a confocal micrograph of an HLA-
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DR-positive cell with clear inclusions of presynaptic material, in a free-floating, 40-μm-

thick hippocampal section. (c) Positive colocalization analysis of both VAMP and Alz-50 

with HLA-DR, using the method by Costes et al. [41,43]. Upper panels are single or merged 

channel confocal images, while bottom panels are ImageJ-built bitmaps resulting from 

pairwise colocalization analyses between the indicated antibodies, and represent those pixels 

where the overlapping between the channels are above an unbiased threshold of intensities
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Fig. 4. 
Temporal (IT) and frontal (MF) immnudensities of the major complexes quantified in the 

study in brains of MAP participants stratified by (a) CERAD scale, (b) Braak stage, or (c) 

clinical diagnosis. Bars are mean ± standard error. Datasets were analyzed by ANCOVA, 

using each protein complex measure as the dependent variable in separate models, CERAD/

Braak/clinical diagnoses as the dependent variables, and sex, age, and PMI as covariates. *P 
< 0.05, **P < 0.01, and ***P < 0.001, FDR-corrected P-values in ANCOVA followed by 

Dunnet’s post hoc test.
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Fig. 5. 
(a) Interaction plots resulting from the double dissociation model predicting MAP 

participants’ cognitive function nearest death (and controlling for typical demographic and 

pathologic variables), in which the amounts of temporal (IT) and frontal (MF) pathologic 

(amyloid-β and phosphotau) and presynaptic function (150-kDa syntaxin-1 and 500-kDa 

complexin I/II ratio) indices were each crossed by a term identifying the brain area where 

they were measured. Lines represent the best fit for the association between cognition and 

the amounts of each of these brain indices in IT (red) and MF (blue). After false discovery 

rate (FDR) correction, the interaction terms of presynaptic indices by brain area were both 

highly significant, whereas those crossing the pathologic indices by brain area were not 

(beta-estimates and p-values for each interaction term are shown in each scatterplot; full 

model not shown). (b) Trajectory of cognitive decline (residual values after adjusting for 

demographics, neuropathologies, synaptic density and cognitive function nearest death) 

associated with MAP participants within the high (blue), middle (green), and low (red) 

tertiles of 150-kDa STX1 immunodensities in IT (left) or the 500-kDa CPLX1/CPLX2 ratio 

values in MF (right). Models included fixed change-point at 3 years prior to death indicating 

period of terminal cognitive decline.
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Fig. 6. 
Cartoon summarizing the cycle of vesicle trafficking and neurotransmitter release, and the 

steps where the characterized and quantified protein complexes (tagged with their 

corresponding molecular weights in red boxes) are hypothesized to participate in the 

process. Abbreviations: CPLX1/2, complexins-I/II; k, kDa; S25, SNAP25; STG, 

synaptotagmin; STX1, syntaxin-1; t-SNARE, target SNARE; VAMP, vesicle-associated 

membrane protein; VGCC, voltage-gated calcium channel; v-SNARE, vesicle SNARE.
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Table 1

Demographic, cognitive and pathological characteristicsa of MAP participants with available samples from 

inferior temporal (IT) and/or middle frontal (MF) gyri

Variable IT samples
(n = 154)

MF samples
(n = 174)

Both IT & MF
(n = 140)

Any samples
(n = 188)

Demographic

Female, no. (%) 104 (68%) 119 (68%) 99 (71%) 124 (66%)

Age at death, years 88.6 ± 6.5 89.0 ± 6.2 88.6 ± 6.4 89.0 ± 6.2

Education, years 14.6 ± 3.0 14.6 ± 2.9 14.6 ± 3.0 14.6 ± 2.9

APOE ε4 carriers, no. (%) 34 (22%) 39 (22%) 32 (23%) 41 (22%)

PMI, hours 6.5 ± 3.5 6.9 ± 4.1 6.6 ± 3.6 6.8 ± 4.0

Cognitive function proximate to death

Global cognition score −0.78 ± 1.04 −0.79 ± 0.99 −0.77 ± 1.00 −0.80 ± 1.02

 Episodic memory −0.72 ± 1.15 −0.72 ± 1.13 −0.70 ± 1.13 −0.73 ± 1.15

 Semantic memory −0.60 ± 1.19 −0.61 ± 1.12 −0.57 ± 1.13 −0.63 ± 1.17

 Working memory −0.64 ± 1.09 −0.68 ± 1.02 −0.63 ± 1.05 −0.68 ± 1.06

 Perceptual speed −0.92 ± 0.98 −0.93 ± 0.97 −0.92 ± 0.99 −0.93 ± 0.97

 Visuospatial ability −0.59 ± 1.11 −0.68 ± 1.12 −0.65 ± 1.11 −0.63 ± 1.13

MMSE 21.7 ± 8.5 21.8 ± 8.3 21.9 ± 8.3 21.7 ± 8.4

Clinical diagnoses,
b
 no. NCI:MCI:DEM 53:45:56 55:50:69 49:40:51 59:55:74

Pathological

NIA/Reagan scale,
c
 no. in 1:2:3:4 19:65:66:4 23:76:72:3 18:58:61:3 24:83:77:4

CERAD scale,
d
 no. in 1:2:3:4 42:43:26:43 51:50:29:44 40:36:25:39 53:57:30:48

Braak stage,
e
 no. in 0-II:III-IV:V-VI 32:92:30 31:106:37 26:86:28 37:112:39

Global amyloid pathology 3.71 ± 3.98 4.25 ± 4.42 3.64 ± 3.98 4.27 ± 4.49

IT amyloid pathology, % area stained 3.78 ± 4.09 4.38 ± 4.64 3.73 ± 4.11 4.37 ± 4.58

MF amyloid pathology, % area stained 5.16 ± 5.61 6.04 ± 6.32 5.07 ± 5.63 6.04 ± 6.24

Global tauopathy 5.99 ± 6.37 5.89 ± 6.16 5.90 ± 6.09 5.97 ± 6.39

IT tauopathy, % area stained 6.62 ± 11.9 6.63 ± 11.4 6.27 ± 10.6 7.06 ± 12.4

MF tauopathy, % area stained 1.07 ± 2.91 1.29 ± 3.72 1.13 ± 3.03 1.23 ± 3.59

IT diffuse plaques, counts/mm2 9.1 ± 12.2 9.8 ± 12.4 9.2 ± 12.3 9.7 ± 12.3

MF diffuse plaques, counts/mm2 10.0 ± 13.8 10.5 ± 14.0 9.8 ± 13.2 10.6 ± 14.4

IT neuritic plaques, counts/mm2 9.2 ± 11.5 10.1 ± 12.4 9.3 ± 11.9 9.9 ± 12.1

MF neuritic plaques, counts/mm2 7.8 ± 9.3 8.1 ± 9.5 7.6 ± 9.3 8.2 ± 9.5

IT NFTs, counts/mm2 4.7 ± 10.1 4.7 ± 9.7 4.6 ± 9.8 4.8 ± 9.9

MF NFTs, counts/mm2 1.4 ± 4.7 1.6 ± 4.8 1.5 ± 4.9 1.5 ± 4.6

Macroinfarcts, no. (%) 47 (31%) 54 (31%) 41 (29%) 60 (32%)

Microinfarcts, no. (%) 34 (22%) 42 (24%) 33 (24%) 43 (23%)

Lewy body disease, no. (%) 30 (19%) 29 (17%) 23 (16%) 36 (19%)

Hippocampal sclerosis, no. (%) 12 (8%) 12 (7%) 11 (8%) 13 (7%)

IT total microglia, counts/mm2 147 ± 71 140 ± 68 137 ± 71 140 ± 68
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Variable IT samples
(n = 154)

MF samples
(n = 174)

Both IT & MF
(n = 140)

Any samples
(n = 188)

MF total microglia, counts/mm2 167 ± 74 171 ± 71 167 ± 74 171 ± 70

Abbreviations: AD, AD; APOE ε4, Apolipoprotein E ε4 allele; CERAD, Consortium to establish a registry for AD; DEM, dementia; MAP, 
Memory and Aging Project; MCI, mild cognitive impairment; MMSE, mini mental state examination; NCI, no cognitive impairment; NFTs, 
neurofibrillary tangles; NIA, National Institute on Aging; no., number of subjects; PMI, postmortem interval; SD, standard deviation.

a
Values are mean ± SD unless noted otherwise.

b
Clinical diagnoses were obtained as indicated in the main text. Dementia group includes AD diagnoses and other dementias.

c
NIA/Reagan scale: high (1), intermediate (2), low (3), or no (4) likelihood of AD, according to the presence and distribution of neuritic plaques 

and tangles.

d
CERAD scale: frequent (1), moderate (2), sparse (3), or no (4) neuritic plaques.

e
Braak staging: no or transentorhinal tauopathy (0-II), limbic spread (III-IV), or neocortical spread (V-VI).
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Table 2

Linear regression models
a
 showing the associations between most relevant presynaptic complexes identified in 

the IT and MF of MAP participants (n = 140), as predictors, and global cognitive function as the outcome

Model terms

Reference Model Model 1 Model 2 Model 3

Adj. R2

or β
FDR

P-value
Adj. R2

or β
FDR

P-value
Adj. R2

or β
FDR

P-value
Adj. R2

or β
FDR

P-value

Model adj. R2 0.3099 0.3991 0.3963 0.4398

Age at death −0.1681 0.0605 −0.1459 0.0797 −0.1882 0.02 02* −0.1663 0.03 40*

Sex 0.0568 0.5450 0.0197 0.7854 0.0282 0.6972 0.0075 0.9144

Education −0.1058 0.3606 −0.1084 0.2598 −0.1060 0.2775 −0.1079 0.2225

PMI −0.0698 0.5450 −0.0555 0.7175 −0.0798 0.4498 −0.0665 0.5352

Macroinfarcts −0.0513 0.5450 −0.0299 0.7854 −0.0459 0.6972 −0.0312 0.7007

Lewy bodies −0.2647 0.0075* −0.2560 0.0027* −0.2353 0.0077* −0.2363 0.0068*

Hippocampal sclerosis −0.0190 0.8153 −0.0242 0.7854 −0.0361 0.6972 −0.0356 0.7007

p-amyloid
b

−0.2475 0.0161* −0.2277 0.0136* −0.2336 0.0109* −0.2222 0.0102*

Phosphotau
b

−0.2276 0.0241* −0.1678 0.0797 −0.1925 0.0340* −0.1563 0.0852

Synapse density
c

0.0710 0.5450 −0.0444 0.7414 0.0286 0.6972 −0.0476 0.6604

IT 150k STX1 – – 0.3311 0.0002* – – 0.2499 0.0068*

MF 500k CPLX1/2 ratio
d

– – – – 0.3009 0.0002* 0.2236 0.0068*

Abbreviations: CPLX, complexin; FDR, false discovery rate; IT, inferior temporal gyrus; MF, middle-frontal gyrus; PMI, postmortem interval; 
S.E., standard error; STX1, syntaxin-1.

a
Models 1–3 were constructed sequentially by adding the indicated terms to the reference model. Whole model adjusted R2, individual 

standardized coefficients (β) and FDR-adjusted p-values are reported.

b
Overall brain load.

c
Synapse density was estimated as the overall brain levels of the three SNARE proteins (syntaxin-1, SNAP-25 and VAMP) averaged.

d
Ratio between complexin-I (GABAergic) to complexin-II (glutamatergic) 500-kDa complexes.

*
Statistically significant.
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