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The synaptic pathology of cognitive life
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Prospective, community-based studies allow evaluation of associations between cognitive functioning and synaptic 

measures, controlled for age-related pathologies. Findings from >400 community-based participants are reviewed. Levels 

of two presynaptic proteins, complexin-I (inhibitory terminals), and complexin-II (excitatory terminals) contributed 

to cognitive variation from normal to dementia. Adding the amount of protein-protein interaction between two others, 

synaptosome-associated protein-25 and syntaxin, explained 6% of overall variance. The presynaptic protein Munc18-1 long 

variant was localized to inhibitory terminals, and like complexin-I, was positively associated with cognition. Associations 

depended on Braak stage, with the level of complexin-I contributing nearly 15% to cognitive variation in stages 0-II, while 

complexin-II contributed 7% in stages V-VI. Non-denaturing gels identified multiple soluble N-ethylmaleimide-sensitive 
factor attachment protein receptor protein-protein (SNARE) complexes in frontal and in temporal lobes, making specific 
contributions to cognitive functions. Multiple mechanisms of presynaptic plasticity contribute to cognitive function during 

aging.
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Background

Memories, combined with a current state of being, create 

thoughts, emotions, and actions through high-fidelity trans-

mission of chemical information at synapses—the subcel-

lular elements that link neurons into cognitive networks. 

Cataloguing the molecular constituents of the pre- and 

postsynaptic components of synapses followed earlier 

anatomical and electrophysiological descriptions.1 As tools 

to investigate the proteins enriched in synaptic terminals 

became available, research into disturbances of synapses in 

neuropsychiatric disease expanded in parallel with studies 

of animal models. Human studies of synapses based on 

case-control autopsy series contrast pathologically defined 

disease states with samples free from pathological insult, 

and have been reviewed in detail, including a meta-anal-

ysis.2,3 Of note, the average number of cases of Alzheimer 
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ABBREVIATIONS

AD: Alzheimer disease

ELISA: enzyme-linked immunoadsorbent assay

GABA: γ-aminobutyric acid 
MAP: Rush Memory and Aging Project

SNAP-25: synaptosome-associated protein-25

SNARE: soluble N-ethylmaleimide-sensitive 

factor attachment protein receptor

VAMP: vesicle-associated membrane protein
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disease (AD) versus healthy controls in the studies included 

in the meta-analysis was 10 per group. Investigations with 

prospective assessment of cognitive function allowing 

clinical-pathological correlation are less 

common, and rarer still are community- 

rather than clinic-based studies. 

A previous review of presynaptic 

proteins in AD made five broad conclu-

sions.4 First, not all presynaptic proteins 

were comparably affected. Second, the 

levels of presynaptic proteins in different 

brain regions were differentially 

affected. Third, associations between 

neurofibrillary pathology and presyn-

aptic proteins were stronger than with 

amyloid pathology. Fourth, more severe cognitive impair-

ment was generally associated with more severe presyn-

aptic pathology. Fifth, the relationship of stage of illness 

and presynaptic pathology was complex, with a suggestion 

of early increases in protein levels, followed by decline in 

the more severe stages of illness. 

Since the previous review, the conceptual distinction 

between AD pathology and the Alzheimer dementia 

syndrome has gained importance.5 Multiple, and only 

partially overlapping, risk factors contribute to the multiple 

pathologies (including AD pathology) that are associated 

with the Alzheimer dementia syndrome. The present 

review focuses on reports from the Rush Memory and 

Aging Project (MAP), a relatively large, community-based 

study with prospective enrolment of participants free from 

dementia, annual assessment of cognitive function using a 

comprehensive battery of 21 tests, with an overall follow-up 

rate of more than 90%, and an autopsy rate in excess of 

80%.6,7 The opportunity to study a wide range of cognitive 

function, and to prospectively assess cognitive decline in a 

large number of cases from MAP allows re-evaluation of the 

earlier conclusions, with a focus on the relationship between 

cognitive function and presynaptic proteins.

Are all presynaptic proteins comparably 
affected in aging and Alzheimer dementia? 

The antibody tools used to assay presynaptic proteins in 

MAP are well characterized, with most produced in-house 

(Honer), and supplemented with commercial reagents.8-12 

The availability of large volumes of monoclonal anti-

bodies allowed development of a high-throughput enzyme-

linked immunoadsorbent assay (ELISA) configured to use 
384-well plates.9,13 Samples of frozen 

brain tissue from MAP autopsies are 

dissected from frozen blocks biopsied 

from frozen slabs, with white matter 

trimmed away. All brains undergo an 

extensive neuropathological assessment 

generating quantitative measures of 

age-related pathologies.14-16 An exten-

sive series of publications describes the 

occurrence of multiple pathologies rather 

than discrete degenerative diseases in 

the vast majority of brains.6,17 These 

pathologies contribute additively to 

explaining about 40% of the variance in rate of cognitive 

decline following joining the study, and about two-thirds of 

Alzheimer dementia cases.18 However, across the spectrum 

of aging, substantial variation in cognitive function and rate 

of decline remains unexplained.

The initial report on the potential role of presynaptic 

proteins in contributing to cognitive function in the MAP 

study assayed multiple proteins, in multiple brain regions.19 

The proteins studied included synaptophysin, a synaptic 

vesicle-associated protein commonly assayed in dementia 

research, and used in clinical pathology. Synaptophysin 

is present in all synapses, but may be enriched in gluta-

mate-containing terminals.20 The three soluble N-ethyl-

maleimide-sensitive factor attachment protein receptor 

(SNARE) proteins (syntaxin-1A/1B, synaptosome-as-

sociated protein-25 [SNAP-25], and vesicle-associated 

membrane protein [VAMP]-1/2) were included. These 

three proteins are vital for fusion of synaptic cvesicles 

with the presynaptic membrane.21 The SNARE modu-

lating proteins complexin-I and complexin-II, localized to 

inhibitory (γ-aminobutyric acid - GABA) and excitatory 
(glutamate) presynaptic terminals respectively, were also 

assayed.10,22 For correlative studies with cognitive func-

tion, the MAP neuropathology assessments aggregate 

across brain regions affected by age-related pathologies.15 

A similar approach was used for the presynaptic protein 

studies. The regions currently studied are the hippocampus, 

dorsolateral prefrontal cortex (Brodmann area [BA] 46/9), 

inferior temporal cortex (BA20), calcarine cortex (BA17), 

posterior putamen, and ventromedial caudate. The analytic 
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approach aggregated findings across brain regions; proteins 
remained distinct.

Reporting on an initial sample of more than 250 brains, 

we first compared a subset of definite AD cases with 

controls with no or minimal pathology, an approach 

similar to most studies in the literature.19 Global cogni-

tive function prior to death was correlated with the level 

of synaptophysin; the protein level was 30% lower in the 

definite AD cases. Dementia was modeled as a function 
of Alzheimer-related pathology, cerebral infarcts, and the 

level of each of the three presynaptic proteins. Alzhei-

mer-related pathology was associated with higher odds 

of about 5. By contrast, the odds ratio for infarcts was 

about 2, similar in magnitude to the protective effect of 

having intact VAMP or complexin presynaptic proteins 

(odds of about a half). The level of the presynaptic proteins 

contributed anywhere from 1% to 9% additional variance 

in predicting global cognitive function, after the effects 

of age, sex, education, and pathology were accounted for. 

Across multiple levels of age-related pathology, partic-

ipants at higher percentiles for presynaptic markers had 

better global cognitive function. A subsequent analysis 

using an extended series of samples modeled the rate of 

cognitive decline rather than cognitive function at the final 
visit prior to death.18 The age-related pathologies contrib-

uted to rate of decline: Alzheimer pathology just over 30%, 

cerebrovascular disease only about 2%, and Lewy bodies 

about 5%. Presynaptic markers were again found to be 

protective, contributing 6% to the overall model, repre-

senting a similar magnitude of effect as cerebrovascular or 

Lewy body diseases. Figure 1 illustrates updated analyses 

(n=420) from the ongoing study. Findings remain consis-

tent with the earlier report.

Figure 1. Global cogni-
tive function nearest to 
death (z-score, controlled 
for age, sex, and educa-
tion) in relation to levels 
of presynaptic proteins 
complexin-I and complex-
in-II, and SNAP-25-syntaxin 
protein-protein interaction, 
and to level of Alzheimer 
disease (AD) pathology. 
The top row illustrates  
the full sample (n=420), 
middle row samples from 
brains free of infarcts 
(n=268), bottom row 
samples from brains with 
infarcts (n=152). SNAP-25, 
synaptosome-associated 
protein-25.
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In these studies, effects of the presynaptic marker of inhib-

itory terminals, complexin-I were greater than those for the 

marker of excitatory terminals, complexin-II. We probed 

inhibitory terminals further with assays of the presynaptic 

protein Munc18-1, a syntaxin-binding protein with two 

splice variants.23 The long splice variant (M18L) localizes 

to GABA-containing terminals, while the short variant 

is broadly distributed in glutamate- and in GABA-con-

taining terminals. The long variant was essentially found 

in the synaptosomal fraction matching lipid raft domains, 

while M18S was widely distributed across cytosolic and 

synaptosomal fractions in water- and lipid-soluble compart-

ments. Studying more than 300 samples of MAP prefrontal 

cortex, we created a model of global cognitive function with 

predictors age, sex, education, and multiple pathologies: 

a standardized composite of neuritic and diffuse plaques 

and neurofibrillary tangles,15 macro- and microinfarcts, 

Lewy bodies, hippocampal sclerosis, arteriolosclerosis, 

and atherosclerosis. After accounting for the effects of these 

measures on cognitive function, we reported about 50% 

lower M18L in dementia cases (P<0.001), which contrib-

uted almost 2% of variation across the entire spectrum of 

cognitive function.

To summarize so far, in the MAP study participants, 

dementia was associated with lower levels of some, but 

not all, presynaptic proteins. Using the same panel of anti-

bodies reported here, similar findings were described in a 
study of samples from participants 70 to 100+ years of age, 

where lower levels of complexin-I were most prominently 

associated with dementia.24 Samples from the Oxford study 

of dementia (some of which were prospectively assessed) 

studied by us also showed lower levels of SNARE proteins 

and synaptophysin in frontal lobe, but only with the most 

severe cognitive impairment.25 An early report from a 

prospective investigation, the Bronx Aging study, showed 

weak correlations between the presynaptic protein synapto-

physin and cognition in the temporal and parietal cortices, 

and no correlation with the frontal cortex.26 More recently, 

select synaptic proteins assayed from frontal cortex with 

mass spectroscopy showed differences in levels related to 

neurological diagnosis of degenerative disease, and asso-

ciations with decline in a screening test, the Mini-Mental 

State Examination.27 A similar result was reported for synap-

tophysin in the frontal lobe in a series of 32 prospectively 

studied cases over 90 years of age, and in more than 100 

cases with Lewy body disease or AD.28,29 A marker of gluta-

mate containing terminals was lower in frontal cortex in a 

study of nearly 175 cases, with the strongest association 

with the most severe rating of dementia.30 With a continuous 

rather than a categorical variable to assess cognition, and 

a larger sample, we observed associations across the range 

of cognitive function with levels of specific presynaptic 
proteins, particularly complexin-I and the long variant of 

Munc18-1. These findings also applied to the prospective 
assessments of cognitive decline. This may support models 

of early decline in inhibitory neuronal function, or a shift in 

the balance of inhibitory and excitatory terminal function 

related to cognitive impairment in aging.31-33 Additionally, 

the relationship between early loss in other neurotransmitter 

systems (ie, cholinergic) and effects on presynaptic termi-

nals requires investigation.34

Are presynaptic proteins comparably affected 
in all brain regions?

The present findings also support the conclusion that not 
all brain regions are equally affected. This was noted 

in early studies comparing AD cases with controls, and 

meta-analysis continues to support the prominence of the 

hippocampal presynaptic protein loss in AD.3,35 A limita-

tion of most of the synaptic protein work on MAP samples 

is reliance on biochemical assays of homogenates. Immu-

nocytochemical studies of discrete neuronal connections 

such as the perforant pathway projection to the molecular 

layer of the dentate gyrus may be highly informative.36,37 

A more recent study of more than 150 brains (with a cate-

gorical description of three levels of cognitive impair-

ment) showed differences in the molecular layer, again, 

separating those with the most severe level of impairment 

from the other groups.38 Ongoing studies with MAP hippo-

campal sections using immunocytochemistry may reveal 

more subtle findings at earlier stages of cognitive impair-
ment, and more definitively relate preliminary findings 
relating impaired neurogenesis to presynaptic protein loss 

and dysfunction.39

What are the associations between illness 
stage, age-related pathology, and presynaptic 
proteins?

Neurofibrillary tangle pathology exhibits a progressive 

pattern of distribution across brain regions, captured by 

scoring the Braak stage of illness.40 With more than 400 
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brains scored for Braak stage, we studied the associations of 

two presynaptic proteins localized to inhibitory (complex-

in-I) and excitatory (complexin-II) terminals with this 

measure.41 In the earliest Braak stages (0-II), cognition 

was related to one form of pathology only (hippocampal 

sclerosis), with the overall model explaining a third of the 

variation in cognitive function. The level of complexin-I 

contributed nearly 15% additional variation in cogni-

tive function; there was no association with the level of 

complexin-II or with an overall measure of presynaptic 

terminals created by calculating the mean level of the three 

SNARE proteins. In Braak stages III to IV, cognition was 

related to multiple pathologies (macroinfarcts, hippocampal 

sclerosis, and tau accumulation), accounting for nearly a 

quarter of the variation over the range of cognitive function 

at these stages. There was no association with complexin-I 

or complexin-II, or with the overall measure of presynaptic 

terminals. Once the final Braak stages (V-VI) were reached, 
cognition continued to be associated with pathologies 

(hippocampal sclerosis, tau accumulation), again accounting 

for nearly a quarter of the variation of cognition. In contrast 

to the findings at the least severe stages, at the most severe 
stages the level of complexin-II contributed 7% to the varia-

tion of cognition, while complexin-I and the overall measure 

of presynaptic terminals did not make a significant contri-
bution. Of note, the above associations between cognitive 

performance and the inhibitory (complexin-I, M18L), or the 

excitatory (complexin-II) synaptic deficits were not influ-

enced by the overall synapse loss, as the inclusion of vari-

ables accounting for global synaptopathy (eg, synaptophysin 

levels, or the average of the three SNARE proteins) did not 

modify the findings. This study also included a prelimi-
nary investigation of the relationship between presynaptic 

proteins and neuritic plaques, using confocal microscopy to 

assess the neuropil within plaques. The complexins showed 

minimal colocalization with either amyloid or tau within 

a plaque, in contrast to VAMP and SNAP-25 that showed 

focal areas of overlap with both pathological markers.

To summarize, staging of AD, or of age-associated neuro-

pathologies, continues to be of great interest and possible 

relevance to hypotheses of spread of pathology across 

synapses.36,42-44 A previous prospective study of 48 partic-

ipants using several of the present panel of antibodies 

reported higher levels of presynaptic proteins synaptophysin, 

syntaxin, and SNAP-25 at Braak stage III, with lower levels 

at stages V-VI.45 In MAP samples, we observed region- 

and protein-specific associations with cognitive function, 
depending on early or late Braak stage.

Studies using a range of techniques from electron micros-

copy to immunocytochemistry demonstrate the presence 

of synaptic elements in neuritic pathology, and in Lewy 

bodies.46-48 Model systems indicate that the neuropil envi-

ronment adjacent to plaques may differ from plaque-free 

neuropil.49,50 As reported previously, not all presynaptic 

markers from our panel colocalize with neuritic plaques.37 

VAMP and other SNARE markers appear most commonly, 

while complexin proteins are absent. A clearer description 

of the sequence of loss or accumulation of synaptic markers 

within neuritic plaques requires further study, as does the 

possibility to include assessment of synapses in evolving 

models of the spread of tau pathology, and of relationships 

between proteins such as Fas-associated death domain, which 

may link complex neurobiological functions including apop-

tosis, synaptic elimination, and neural plasticity.51-53

Presynaptic protein-protein interactions

Studies in other neuropsychiatric disorders indicate the 

interactions between SNARE proteins may differ more 

between illness and health than the levels of the individual 

proteins themselves.8,13,54-56 Early experiments demon-

strated that in unboiled samples, SNARE protein-protein 

interactions have the uncommon feature of being stable in 

sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) gels (Figure 2A).57-59 This property allows 

quantification of the protein-protein interactions, and 

spurred the application of additional technical strategies. 

A high-throughput ELISA, using an immobilized antibody 

reactive with one SNARE protein to capture or pull-down 

the target or “bait” antigen, allows “capture” of binding 

partner proteins that can be detected with a second anti-

body.13 Non-denaturing (blue-native) gels allow visualiza-

tion of more protein complexes than seen in SDS-PAGE 

gels.60 Immunoprecipitation directed at one SNARE protein, 

followed by mass spectrometry of the total protein complex 

products, allows description of the SNARE “interactome” 

in health and diseased human brain tissue.61,62

We used the ELISA capture assay to measure binary SNARE 

protein-protein interactions in MAP brain tissues.19 Higher 

levels of SNAP-25-syntaxin interaction (controlled for the 

level of SNAP-25 as well as for pathology) were associ-
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ated with lower likelihood of dementia (odds ratio about 

a half). The SNAP-25-syntaxin interaction contributed an 

additional 2% to the variance in cognitive function across 

the full range of outcomes, controlled for age, sex, educa-

tion, and pathology. This SNARE protein-protein interaction 

was part of the 6% protective contribution of presynaptic 

protein measures to the model of overall rate of cognitive 

decline in MAP participants.18 An updated illustration of 

these findings appears in Figure 1. 

To further explore the association of cognition with SNARE 

protein-protein interactions, and to assess a potential role 

for stage of illness, we studied nearly 200 MAP cases with 

tissue from the middle frontal gyrus (affected by Alzhei-

mer-type pathology later in the course of illness) and the 

inferior temporal gyrus (affected earlier).51 Blue-native gels 

were used to allow identification of 10 low-to-high molec-

ular weight protein complexes (30 to 500 kDa). An inter-

esting double dissociation was observed. In the temporal 

lobe, the trimeric SNARE protein interaction (SNAP-25, 

syntaxin, VAMP) was associated with the rate of cognitive 

decline, and with global cognitive function nearest to death. 

For the latter model, the SNARE complex contributed just 

shy of 10% to the variance over the range of cognitive func-

tion. The trimeric SNARE complex measured in the frontal 

lobe was not associated with cognitive function or with 

decline. In the frontal lobe, the ratio between a high -molec-

ular- weight complex from inhibitory terminals (identified 
with a complexin-I antibody), and the equivalent complex 

in excitatory terminals (identified with a complexin-II anti-
body) showed an association with cognitive decline, and 

with cognitive function. Similar to the observation for the 

SNARE complex in temporal cortex, this ratio contributed 

nearly 10% to the variance over the range of cognitive 

function. The same inhibitory/excitatory complex ratio 

measured in the temporal lobe was not associated with 

cognitive function or with decline. Additional support for 

differences in molecular pathology or reserve between the 

two lobes was the observation of divergent associations 

with domains of cognitive function. The trimeric SNARE 

Figure 2. (A) Immunoblots of monomeric, full-length presynaptic proteins (blue arrows), protein-protein complexes, and 
other fragments in denaturing gels. Boiling, rather than PAGE denaturing chemicals, allows full SNARE complex dissociation. 
Fragments showing greater immunoreactivity after SNARE disruption (boiled samples) are proposed to participate in SNARE 
complex formation/modulation. (B) Complexes (right side of panel) formed by full-length SNARE proteins (center of panel) 
and possibly sequestered into other complexes (left side of panel) after enzymatic cleavage. PAGE, polyacrylamide gel  
electrophoresis; SNAP-25, synaptosome-associated protein-25; Munc18-1, mammalian unc-18-1; SNARE, soluble  
N-ethylmaleimide-sensitive factor attachment protein receptor; VAMP, vesicle-associated membrane protein.
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complex in the inferior temporal lobe was associated with 

semantic memory and visuospatial ability, while the inhib-

itory:excitatory ratio, high-molecular-weight complex in 

the frontal lobe was associated with episodic memory and 

perceptual speed. 

The multimeric SNARE protein complexes comprised 

of full-length proteins are illustrated in Figure 2B. On 

-going work identified lower molecular weight fragments 
of the SNARE and SNARE-associated proteins SNAP-25, 

Munc18-1 and synaptotagmin (Figure 2A). In other neuro-

psychiatric illnesses such as schizophrenia, lower expres-

sion of these fragments appears to be associated with higher 

SNARE protein-protein interactions.63 As seen on the left 

side of Figure 2B, the fragments may sequester full-length 

SNARE proteins to modulate protein-protein interactions. 

The potential role of these protein fragments in contributing 

to the lower level of SNARE protein-protein interaction in 

cognitive disorders is a focus of current studies.

To summarize, moving beyond assessment of presynaptic 

protein levels to investigate protein-protein interactions 

is increasingly common as a research strategy. In schizo-

phrenia, evidence from animal models and postmortem 

studies supports the importance of increased SNARE 

protein-protein interactions to pathophysiology.8,13,54-56 In 

degenerative disorders, regulation of SNARE complex 

formation received attention from animal models of 

neurodegeneration related to cysteine string protein alpha 

(CSP-alpha), and to synuclein.64-66 In the CSP-alpha report, 

a small series of 15 samples (5 each control, AD and 

Parkinson disease) demonstrated lower SNARE complex 

formation in the diseased samples.65 Our findings in the 
MAP series are similar, and demonstrate an association 

between SNARE complex formation and cognitive function 

that is in part regionally specific, and may be more prom-

inent for specific cognitive domains. The SNARE protein 
interactome is also of importance as part of the development 

of biomarkers for AD. Immunoprecipitating proteins using 

a SNAP-25 antibody from our panel, and a mass spectros-

copy assay, demonstrated that fragments of SNAP-25 were 

elevated in cerebrospinal fluid of patients with cognitive 
impairment, and in an animal model.61,67 Of further interest 

is the possibility that activity of the proteolytic enzyme 

calpain could be involved in these processes.68-70

Conclusion

Review of findings from the Memory and Aging Project 
demonstrates the value of community-based investigation 

of the range of cognitive function in older persons, along 

with the multiple age-related pathologies, in order to iden-

tify the contribution of presynaptic protein mechanisms 

to cognition. Emerging findings support complementary 
roles for inhibitory and excitatory terminals at different 

stages of illness. Beyond the levels of individual proteins, 

protein-protein interactions that are critical to the process of 

vesicular neurotransmission also contribute, and may differ 

regionally as well as show different strength of association 

with different cognitive domains. Ongoing research suggests 

processing of presynaptic proteins by specific enzymatic 
mechanisms may alter protein-protein interactions, and 

could provide a target for developing therapeutics. n
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