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a b s t r a c t 

Cerebrospinal fluid (CSF) synaptosomal-associated protein 25 (SNAP-25) and neurogranin (Ng) are re- 

cently described biomarkers for pre- and postsynaptic integrity known to be elevated in symptomatic 

Alzheimer disease (AD). Their relationship with Apolipoprotein E ( APOE ) ε4 carrier status, the major ge- 

netic risk factor for AD, remains unclear. In this study, CSF SNAP-25 and Ng were compared in cognitively 

normal APOE ε4 carriers and noncarriers (n = 274, mean age 65 ± 9.0 years, 39% APOE ε4 carriers, 58% 

female). CSF SNAP-25, not CSF Ng, was specifically elevated in APOE ε4 carriers versus noncarriers (5.95 

± 1.72 pg/mL, 4.44 ± 1.40 pg/mL, p < 0.0 0 01), even after adjusting for age, sex, years of education, and 

amyloid status ( p < 0.0 0 01). CSF total tau (t-tau), phosphorylated-tau-181 (ptau181), and neurofilament 

light chain (NfL) also did not vary by APOE ε4 status. Our findings suggest APOE ε4 carriers have amyloid- 

related and amyloid-independent presynaptic disruption as reflected by elevated CSF SNAP-25 levels. 

In contrast, postsynaptic disruption as reflected by elevations in CSF neurogranin is related to amyloid 

status. 

© 2021 Elsevier Inc. All rights reserved. 
Abbreviations: A β , amyloid- β; AD, Alzheimer’s disease; ADNI, Alzheimer’s Dis- 

ease Neuroimaging Initiative; APOE , Apolipoprotein E; CDR, clinical dementia rat- 

ing; CSF, cerebrospinal fluid; Knight ADRC, Knight Alzheimer Disease Research Cen- 

ter; MCI, mild cognitive impairment (early symptomatic AD); NfL, neurofilament 

light chain; Ng, neurogranin; NS, not significant; PiB, Pittsburgh compound B; 

ptau181, tau phosphorylated at 181; ROI, region of interest; SNAP-25, synaptosomal- 

associated protein 25; SUVR, standardized uptake value ratio; t-tau, total tau; TR, 

targeted replacement (transgenic). 
∗ Corresponding author at: Department of Neurology, Washington University in 

Saint Louis, 660 South Euclid Avenue, Campus Box 8111, St. Louis, MO 63110-1093. 

E-mail address: schindler.s.e@wustl.edu (S.E. Schindler). 
∗∗ Data used in preparation of this article were obtained from the Alzheimer’s Dis- 

ease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the in- 

vestigators within the ADNI contributed to the design and implementation of ADNI 

and/or provided data but did not participate in analysis or writing of this report. 

A complete listing of ADNI investigators can be found at: http://adni.loni.usc.edu/ 

wp-content/uploads/how _ to _ apply/ADNI _ Acknowledgement _ List.pdf . 
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1. Background 

Apolipoprotein E ( APOE ) genotype is the major genetic risk fac-

tor for Alzheimer disease (AD) and is thought to modify both

amyloid- ( Fleisher et al., 2013 ; Kok et al., 2009 ; Liu et al.,

2017 ; Morris et al., 2010 ), and tau-related pathology ( Shi et al.,

2017 ; Shi et al., 2019 ). APOE genotype has also been impli-

cated in a variety of neurodegenerative disorders including α-

synucleinopathies such as Parkinson disease and Lewy Body de-

mentia ( Li et al., 2004 ; Zhao et al., 2020 ), Huntington disease

( Panegyres et al., 2006 ), frontotemporal dementia ( Agosta et al.,

2009 ), and chronic traumatic encephalopathy ( McKee et al., 2009 ).

The mechanism by which APOE genotype affects these diverse dis-

orders remains unclear. However, multiple studies have highlighted

amyloid-independent toxicity through synapse related pathways

( Dumanis et al., 2009 ; Love et al., 2006 ; Nwabuisi-Heath et al.,

https://doi.org/10.1016/j.neurobiolaging.2021.02.008
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuaging.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2021.02.008&domain=pdf
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2014 ; Tannenberg et al., 2006 ; Wang et al., 2005 ; Zhao et al.,

2020 ). 

The APOE ε4 allele has been implicated in both presynap-

tic and postsynaptic dysfunction. This includes reductions of key

presynaptic proteins ( Tannenberg et al., 2006 ) and disruptions

of presynaptic vesicular release and glutamine-to-glutamate pro-

duction ( Dumanis et al., 2013 ). Postsynaptic effects include dis-

ruptions of reelin-mediated long-term potentiation and plasticity

( Weeber et al., 2002 ) and reductions in dendritic spine density and

complexity ( Dumanis et al., 2009 ; Jain et al., 2013 ; Wang et al.,

2005 ) that may be further amplified in the presence of amyloid

plaques ( Holtzman et al., 20 0 0 ). However, the relationship between

APOE genotype and pre- or postsynaptic dysfunction in cognitively

normal older adults remains unclear. 

Two recent cerebrospinal fluid (CSF) biomarkers have emerged

for assessing synaptic integrity in humans: synaptosomal-

associated protein 25 (SNAP-25) and neurogranin (Ng). SNAP-25 is

a component of the presynaptic SNARE complex, which is essential

for vesicular trafficking ( Shin, 2014 ). Ng is expressed in postsy-

naptic dendritic spines ( Chang et al., 1997 ). Both CSF SNAP-25

( Brinkmalm et al., 2014 ; Zhang et al., 2018 ), and Ng concentrations

( De Vos A, et al., 2015 ; Kester et al., 2015 ; Kvartsberg et al., 2015a ;

Kvartsberg et al., 2015b ; Portelius et al., 2015 ; Tarawneh et al.,

2016 ; Thorsell et al., 2010 ) are elevated in individuals with AD

dementia. 

In this study, we compared levels of CSF SNAP-25 and Ng in

cognitively normal individuals as a function of APOE ε4 status. We

adjusted for the effects of age, sex, years of education and amyloid

status. Additionally, we evaluated levels of CSF total tau (t-tau), tau

phosphorylated at position 181 (ptau181), and neurofilament light

chain (NfL). Finally, we replicated our major finding in an indepen-

dent cohort. 

2. Materials and methods 

2.1. Participants 

The primary cohort consisted of participants enrolled at the

Knight Alzheimer Disease Research Center (Knight ADRC) at Wash-

ington University in St Louis. Inclusion criteria were the fol-

lowing: participants who were cognitively normal (Clinical De-

mentia Rating [CDR] 0; Morris, 1993 ), had APOE genotype data,

and had undergone analysis of CSF SNAP-25 and/or Ng. Methods

for recruitment and assessment have previously been described

( Morris et al., 2019 ). This study was approved by the Washing-

ton University Institutional Review Board and each participant pro-

vided signed informed consent. 

2.2. Genetic analyses 

DNA samples were collected at enrollment and genotyped us-

ing either an Illumina 610 or Omniexpress chip, as previously de-

scribed ( Cruchaga et al., 2013 ). APOE ε4 carriers were defined by

the presence of at least one ε4 allele ( ε 2/ ε 4, ε 3/ ε 4, or ε 4/ ε 4) in

contrast to APOE ε4 noncarriers ( ε2/ ε2, ε2/ ε3, or ε3/ ε3). 

2.3. CSF acquisition and processing 

Participants underwent CSF collection as previously described

( Fagan et al., 2006 ). Briefly, CSF was collected at 8 AM after

overnight fasting in a polypropylene tube via gravity drip using

an atraumatic Sprotte 22 gauge spinal needle. Samples were gen-

tly inverted and centrifuged at low speed to pellet any cellular de-

bris. CSF was then aliquoted into 500 μL volumes in polypropylene

tubes and stored at −80 °C until the time of assay. 
CSF A β42, t- tau, and ptau181 were measured with cor-

responding Elecsys immunoassays on the Roche cobas e601

analyzer ( Schindler et al., 2018 ). Amyloid status was estab-

lished per previously published cutoffs for CSF ptau181/A β42

( Schindler et al., 2018 ), with individuals with a CSF ptau181/A β42

ratio ≤0.0198 categorized as amyloid-negative and individuals with

ptau181/A β42 > 0.0198 categorized as amyloid-positive. 

CSF SNAP-25 and Ng were measured via the microparticle-

based immunoassay, Single Molecule Counting Erenna system

(EMD Millipore, Burlington MA) system, with antibodies developed

in the laboratory of Dr. Jack Ladenson at Washington University.

CSF NfL was measured with an immunoassay kit manufactured by

Uman Diagnostics (UmanDiagnostics, Umeå, Sweden). 

2.4. PET image acquisition and processing 

Amyloid positron emission tomography (PET) images were ac-

quired on a subset of participants per previously described meth-

ods ( Mintun et al., 2006 ; Su et al., 2015 ; Su et al., 2018 ; Su et al.,

2019 ) using either [ 11 C] Pittsburgh Compound B (PiB) or florbetapir

( 18 F-AV-45). Standard uptake value ratios (SUVR) were calculated

for the 30-60 minute postinjection window for PiB and 50-70 min-

utes for 18 F-AV-45. Raw PET data were then processed using a PET

Unified Pipeline (github.com/ysu001/PUP). FreeSurfer 5.3 was em-

ployed for region of interest (ROI) segmentation. For each region,

a tissue mask was generated based on segmentation, and partial

volume correction performed (Su et al., 2015). SUVRs, also known

as regional target-to-reference intensity ratios, were evaluated for

each region using the cerebral cortex as the reference region. The

partial volume corrected SUVR derived from cortical regions was

used as a summary value for each PET imaging modality. To stan-

dardize across PiB and 

18 F-AV-45, SUVRs were converted to cen-

tiloids ( Klunk et al., 2004 ; Su et al., 2018 ). 

2.5. Statistical analyses 

Testing between subgroups was compared using unpaired t-

tests for continuous variables and chi-square testing for categor-

ical variables. Secondary validation for multiple comparisons was

performed by calculating a false discovery rate. Analysis for covari-

ance were implemented using the Matlab function LinearModel.fit

between CSF SNAP-25 or Ng and APOE ε4 status, amyloid status,

age, gender (female), and years of education. 

2.6. Data availability policy 

Data are available to qualified investigators upon request

to the Knight ADRC ( https://knightadrc.wustl.edu/Research/

ResourceRequest.htm ) 

2.7. Replication cohort 

For replication of the major finding, data were also obtained

from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)

database (adni.loni.usc.edu). The ADNI was launched in 2003 as a

public-private partnership, led by Principal Investigator Michael W.

Weiner, MD. The primary goal of ADNI has been to test whether

serial magnetic resonance imaging (MRI), PET, other biological

markers, and clinical and neuropsychological assessment can be

combined to measure the progression of mild cognitive impair-

ment (MCI) and early AD. For up-to-date information, see www.

adni-info.org . Inclusion criteria were identical to the primary co-

hort: participants who were cognitively normal (CDR 0), had avail-

able APOE genotype data, and had undergone analysis of CSF SNAP-

25 and/or Ng using consistent assay lot number. 

https://knightadrc.wustl.edu/Research/ResourceRequest.htm
http://www.adni-info.org
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Table 1 

Knight Alzheimer Disease Research Center (ADRC) participant characteristics 

Group All Amyloid Amyloid + p 

N 274 191 83 

Age (years ± SD) 65 ± 9.0 62.3 ± 8.3 71.2 ± 7.4 < 0.0001 

Education (years ± SD) 16.0 ± 2.50 16.1 ± 2.41 15.8 ± 2.70 N.S. 

Sex ( n , % Female) 159, 58% 116, 61% 43, 52% N.S. 

Race ( n , %) 

Asian 1, < 1% 1, < 1% 0, 0% N.S. 

Black 23, 8% 19, 10% 4, 5% N.S. 

Non-Hispanic White 250, 91% 171, 90% 79, 95% N.S. 

APOE ε4 status a ( n , %) 107, 39% 56, 29% 51, 61% < 0.0001 

PET Centiloid (mean ± SD) 13.3 ± 28.3 -2.14 ± 5.16 46.4 ± 29.4 < 0.0001 

CSF A β42 (pg/mL) 1330 ± 620 1600 ± 540 730 ± 260 < 0.0001 

CSF t-tau (pg/mL) 229 ± 106 188 ± 64.1 321 ± 124 < 0.0001 

CSF ptau181 (pg/mL) 21.2 ± 11.8 16.5 ± 5.71 32.1 ± 14.6 < 0.0001 

CSF SNAP-25 (pg/mL) 5.03 ± 1.72 4.66 ± 1.56 5.9 ± 1.76 < 0.0001 

CSF Ng (pg/mL) 2080 ± 1120 1770 ± 880 2790 ± 1290 < 0.0001 

CSF NfL (pg/mL) 1390 ± 690 1230 ± 620 1750 ± 690 < 0.0001 

Group APOE ε4- APOE ε4 + p 

n 167 107 

Age (years ± SD) 64.9 ± 8.5 65.2 ± 9.78 N.S. 

Education (years ± SD) 16 ± 2.5 16 ± 2.58 N.S. 

Sex ( n , % Female) 101, 60% 58, 54% N.S. 

Race ( n , %) 

Asian 1, 1% 0, 0% N.S. 

Black 15, 9% 8, 7% N.S. 

Non-Hispanic White 151, 90% 99, 93% N.S. 

Amyloid status a ( n , %) 32, 19% 51, 48% < 0.0001 

PET Centiloid (mean ± SD) b 7.82 ± 26.0 22.9 ± 30.0 0.0004 

CSF A β42 (pg/mL) 1460 ± 630 1130 ± 550 < 0.0001 

CSF t-tau (pg/mL) 216 ± 100 249 ± 109 0.01 

CSF ptau181 (pg/mL) 19.8 ± 11 23.5 ± 12 0.01 

CSF SNAP-25 (pg/mL) 4.44 ± 1.4 5.95 ± 1.72 < 0.0001 

CSF Ng (pg/mL) 1970 ± 1070 2250 ± 1190 0.04 

CSF NfL (pg/mL) 1340 ± 680 1470 ± 690 N.S. 

Demographic comparison of amyloid-positive and amyloid-negative a groups, and APOE ε4 carriers 

and noncarriers. P values reflect between group comparisons using unpaired t-tests for continuous 

variables and chi-square tests for categorical variables. All participants are CDR 0. 
a Amyloid-negative if CSF ptau181/A β42 < 0.0198; Amyloid-positive if CSF ptau181/A β42 ≥0.0198 

( Schindler et al., 2018 ). 
b Average across the subset of participants who had PET Centiloid data; all participants under- 

went CSF testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results 

3.1. Participant characteristics 

The Knight ADRC cohort consisted of 274 participants who met

inclusion criteria. The characteristics of the cohort, grouped by ei-

ther amyloid status based on CSF ptau181/A β42 or APOE ε4 carrier

status, are shown in Table 1 . There was no significant difference

in years of education or gender by either amyloid status or APOE

ε4 carrier status. Amyloid-positive individuals tended to be older

and were more likely to carry an APOE ε4 allele ( p < 0.0 0 01).

As expected, the individuals categorized as amyloid-positive by

CSF ptau181/A β42 had significantly higher PET centiloid values.

APOE ε4 carriers also had a higher average PET centiloid values

( p = 0.0 0 04). 

3.2. Differences in CSF biomarkers by amyloid status or APOE ε4 

carrier status 

Concentrations of CSF biomarkers including A β42, t-tau,

ptau181, SNAP-25, Ng, and NfL were examined as a function of

amyloid status and or APOE ε4 carrier status. All six CSF biomark-

ers were significantly different between amyloid-positive individu-

als and amyloid-negative individuals ( p < 0.0 0 01). When grouped

by APOE ε4 carrier status, significant group differences in A β42 ( p

< 0.0 0 01), t-tau ( p = 0.01), and ptau181 ( p = 0.01) were observed
( Table 1 ). Significant elevations in SNAP-25 ( p < 0.0 0 01) and Ng

( p = 0.04) were also observed, although the difference in Ng did

not survive after correction for multiple comparisons. Finally, no

significant group difference in NfL was observed between APOE ε4

carriers and noncarriers. 

3.3. CSF biomarkers in different APOE allele genotypes 

CSF SNAP-25 and Ng as a function of APOE genotype were eval-

uated ( Fig. 1 ). Presence of the APOE ε4 allele was associated with

higher CSF SNAP-25 levels ( Fig. 1 A). In contrast, Ng levels did not

vary consistently by APOE genotype ( Fig. 1 B). Similarly, no consis-

tent relationship was observed between APOE ε4 carrier status and

CSF t-tau, ptau181, or NfL ( Fig. S1 A-C). 

3.4. CSF SNAP-25 and Ng by amyloid status 

We next determined whether elevations in either CSF SNAP-25

or Ng were present when controlling for amyloid status in our co-

hort of cognitively normal participants ( Fig. 2 ). Amyloid-positive

individuals had higher CSF SNAP-25 levels ( p < 0.0 0 01; Fig. 2 A).

Among amyloid-negative individuals, APOE ε4 carriers had higher

SNAP-25 levels (p < 0.0 0 01); among amyloid-positive individuals,

APOE ε4 carriers also had higher SNAP-25 levels ( p < 0.05; Fig. 2 C).

In contrast, while amyloid-positive individuals had higher CSF Ng

levels ( Fig. 2 B), there was no difference between APOE ε4 noncar-

riers or carriers after controlling for amyloid status ( Fig. 2 D). 
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Fig. 1. CSF SNAP-25 and Ng by APOE Allele Genotype. Figure 1 . Levels of CSF SNAP-25 (A) and Ng (B) by APOE genotype. CSF SNAP-25 was significantly elevated in APOE ε4 

allele carriers compared to noncarriers. A similar relationship was not observed for CSF Ng; ∗ , p < 0.05; ∗∗ , p < 0.01; ∗∗∗ , p < 0.001; ∗∗∗∗ , p < 0.0 0 01 

Fig. 2. CSF SNAP-25 and Ng by amyloid status. Figure 2 . Unadjusted CSF SNAP-25 and Ng as a function of amyloid status and APOE ε4 carrier status with confidence intervals. 

CSF SNAP-25 (A) and Ng (B) are significantly higher in cognitively normal participants who are amyloid-positive compared to amyloid-negative a . Even after adjusting for 

amyloid status, CSF SNAP-25 (C) is greater in APOE ε4 carriers than APOE ε4 noncarriers. CSF Ng (D) does not vary by APOE ε4 carrier status. a Amyloid-negative if CSF 

ptau181/A β42 < 0.0198; Amyloid-positive if CSF ptau181/A β42 ≥ 0.0198 (36) ∗ , p < 0.05; ∗∗ , p < 0.01; ∗∗∗ , p < 0.001; ∗∗∗∗ , p < 0.0 0 01. 
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Table 2 

Effects of amyloid status and APOE ε4 status on CSF SNAP-25 and Ng levels 

SNAP-25 Ng 

Overall 

Model 

F-statistic p F-statistic p 

17.3 < 0.0 0 01 13.6 < 0.0 0 01 

Parameter Estimate Standard error tStat p Estimate Standard Error tStat p 

APOE ε4 carrier 1.30 0.20 6.5 < 0.0001 55.70 133 0.42 N.S. 

Amyloid positive 0.69 0.24 2.9 0.004 784 158 4.95 < 0.0001 

Age (years) 0.012 0.012 0.98 0.33 23.9 7.87 3.04 0.003 

Female sex -0.24 0.19 -1.24 0.22 62.2 129 0.48 N.S. 

Education (years) -0.06 0.038 -1.58 0.12 -14.2 25.2 -0.56 N.S. 

Intercept 4.89 1.14 4.3 < 0.0001 394 762 0.52 N.S. 

CSF SNAP-25 and CSF Ng as a function of APOE ε4 carrier status and amyloid status a , adjusting for age, sex, and years of education. The 

estimate reflects the pg/mL change in biomarker levels associated with a unit change in the predictor values. 
a Amyloid-negative if CSF ptau181/A β42 < 0.0198; Amyloid-positive if CSF ptau181/A β42 ≥ 0.0198 ( Schindler et al., 2018 ). 

Table 3 

Effects of Amyloid Status and APOE ε4 status on CSF SNAP-25 and Ng levels (ADNI) 

SNAP-25 Ng 

Overall 

model 

F-statistic p F-statistic p 

2.39 0.05 1.93 0.105 

Parameter Estimate Standard Error tStat p Estimate Standard Error tStat p 

APOE ε4 carrier 0.99 0.44 2.27 0.03 164.25 312.99 0.52 N.S. 

Amyloid positive 0.17 0.36 0.48 0.64 423.9 258.14 1.64 N.S. 

Age (years) -0.01 0.03 -0.16 0.87 16.26 22.91 0.71 N.S. 

Female Sex 0.68 0.38 1.78 0.08 437.14 272.9 1.6 N.S. 

Education (years) 0 0.06 -0.07 0.94 7.61 41.88 0.18 N.S. 

Intercept 3.61 2.76 1.31 0.2 23.35 1973.57 0.01 N.S. 

CSF SNAP-25 and CSF Ng as a function of APOE ε4 carrier status and amyloid status a , accounting for confounds of age, sex, and years of 

education for the ADNI dataset. The estimate reflects the pg/mL change in biomarker levels associated with a unit change in the predictor 

values. 
a Amyloid-negative if CSF ptau181/A β42 < 0.0198; Amyloid-positive if CSF ptau181/A β42 > 0.0198. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Modeling CSF biomarker as function of amyloid status and APOE 

ε4 carrier status 

All previous group comparisons were between unadjusted val-

ues for each CSF biomarker. Linear modeling was next used to

examine the relationship between either CSF SNAP-25 or Ng and

APOE ε4 carrier status, amyloid status, participant’s age, sex, and

years of education ( Table 2 ). Linear modeling revealed that both

APOE ε4 carrier status ( p < 0.0 0 01) and amyloid status ( p = 0.004)

were significant determinants of CSF SNAP-25 levels. In contrast,

CSF Ng levels were affected by amyloid status ( p < 0.0 0 01) and

age ( p = 0.003), but not by APOE ε4 carrier status. 

Identical models for CSF t-tau and ptau181 demonstrated only

a clear relationship with amyloid status ( p < 0.0 0 01) and age ( p

< 0.0 0 01) ( Table S1 ). For CSF NfL, only age ( p < 0.0 0 01) and fe-

male sex ( p < 0.0 0 01) were significant determinants; no significant

effect of amyloid status or APOE ε4 carrier status was observed

( Table S2 ). 

Finally, modeling was repeated using an independent cohort

from the ADNI dataset (n = 57, mean age 76 ± 5.3 years, 21% APOE

ε4 carriers, 40% female). In contrast to our Knight ADRC dataset,

participants were older with a lower percentage of cognitively nor-

mal individuals who were APOE ε4 carriers and female partici-

pants ( Table S3 ). The relationship between CSF SNAP-25, Ng, APOE

ε4 carrier status, amyloid status, age, sex, and years of education

was evaluated in the ADNI cohort using the same models as ap-

plied to the Knight ADRC cohort ( Table 3 ). As before, CSF SNAP-25

levels were significantly higher in APOE ε4 carriers ( p = 0.03). In

this smaller cohort, CSF Ng levels were not significantly associated

with any of the predictors. In summary, two independently col-
lected datasets both reveal that CSF SNAP-25 levels are higher in

cognitively normal APOE ε4 carriers, even after accounting for pos-

sible confounds. 

4. Discussion 

This study investigated CSF levels of the presynaptic marker

SNAP-25 and the postsynaptic marker Ng in cognitively normal,

older individuals. Presynaptic SNAP-25, but not postsynaptic Ng,

was specifically elevated in the CSF of APOE ε4 carriers even after

adjusting for age, sex, years of education, and amyloid status. The

elevation of SNAP-25 but not Ng in APOE ε4 carriers may indicate

selective presynaptic damage in APOE ε4 carriers; alternatively, Ng

(or the Ng assay used in this study) may simply not be as sensitive

to APOE ε4-related changes. CSF levels of t-tau, ptau181, and NfL

also did not vary by APOE ε4 carrier status. These results are the

first to demonstrate a relationship between CSF SNAP-25 elevation

and APOE ε4 carrier status in cognitively normal older individu-

als without biomarker evidence of brain amyloidosis, and extend

earlier reports of elevated CSF SNAP-25 levels in APOE ε4 carriers

with early symptomatic AD (equivalent to mild cognitive impair-

ment (MCI) due to AD and mild AD dementia ( Galasko et al., 2019 ;

Sutphen et al., 2018 ; Tible et al., 2020 ; Wang Q et al., 2018 ; Wang S

et al., 2018 ; Zhang et al., 2018 ). 

Previous work examining CSF SNAP-25 and Ng levels report

that levels reach their maximum in individuals with early symp-

tomatic AD, and then decline with progression to AD dementia

( Sutphen et al., 2018 ). However, after accounting for APOE ε4 car-

rier status, differences between the cognitively normal and early

symptomatic AD groups were present for Ng but not SNAP-25. This
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suggests that differences in SNAP-25 were related to APOE ε4

carrier status rather than diagnosis. Wang S et al. (2018) also

demonstrated significantly higher levels of CSF SNAP-25 in APOE ε4

carriers compared to noncarriers with MCI, but no significant rela-

tionship was observed for participants who were cognitively nor-

mal or who had dementia due to AD. Both studies relied on

the ADNI dataset, which includes a sizeable number of partici-

pants with MCI or AD dementia, but comparatively fewer cogni-

tively normal elderly participants. Cognitively normal APOE ε4 car-

riers are particularly under-represented in the ADNI cohort, but

are well represented in the Knight ADRC cohort, explaining why

our current findings were not previously observed. More recently,

Galasko et al. (2019) reported elevations in CSF SNAP-25 and Ng

in AD dementia compared to cognitively normal individuals, but

did not specifically evaluate the effect of APOE genotype in cogni-

tively normal individuals. Finally, Tible et al. (2020) also reported

CSF SNAP-25 and Ng elevations in APOE ε4 carriers with AD and

non-AD dementia, but again, the effects of APOE genotype in cog-

nitively normal individuals were not evaluated. 

A number of studies have demonstrated that APOE ε4 is asso-

ciated with synaptic dysfunction. Neuropathologic analyses of hu-

man brain from normal APOE ε4 carriers demonstrate decreased

protein levels of synaptic markers ( Love et al., 2006 ). APOE ε4 tar-

geted replacement (TR) mice exhibit progressive loss of dendritic

arbors and lower levels of excitatory synaptic activity ( Dumanis

et al., 2009 ; Klein et al., 2010 ). APOE ε4 has been shown to inter-

fere with endosome recycling and glutamate receptor function via

effects on Reelin signaling ( Chen et al., 2010 ). Isogenic iPSC-derived

human neurons expressing APOE ε4 exhibit early synaptic matura-

tion and reduced expression of a number of genes, most of which

are associated with synaptic function ( Lin YT et al., 2018 ). Thus,

most of the previously described mechanisms have been restricted

to the postsynaptic compartment. 

The mechanism(s) underlying possible presynaptic dysfunction

in cognitively normal APOE ε4 carriers remains unclear. In an-

imal models, the APOE ε4 allele has been associated with de-

creased presynaptic protein levels in response to environmental

factors ( Levi et al., 2003 ). Subsequent studies using transgenic mice

expressing human APOE (ApoE4-TR, ApoE3-TR, and ApoE2-TR) re-

veal disruptions in vesicular release of several neurotransmitters

( Dolejší et al., 2016 ; Dumanis et al., 2013 ). ApoE4-TR mice demon-

strated impaired glutaminase activity resulting in a net decrease in

glutamate present in the nerve terminals not observed in ApoE2-

R or ApoE3- TR mice ( Dumanis et al., 2013 ). More recent work

reveals inhibition of hippocampal ACh release from cholinergic

nerve terminals in ApoE4-TR mice in a choline acetyltransferase-

independent manner ( Dolejší et al., 2016 ). Human studies are more

limited, with reports of decreased presynaptic protein levels in

APOE ε4 carriers ( Tannenberg et al., 2006 ). 

There are several limitations of this study. It remains unclear

whether in vivo APOE ε4 mediated disruptions in presynaptic glu-

tamate or acetylcholine are associated with increases in intersti-

tial or CSF SNAP-25 levels. Furthermore, the specific pathological

change reflected by elevated CSF SNAP-25 levels in cognitively nor-

mal, amyloid-negative APOE ε4 carriers remains unclear. It is pos-

sible that changes in SNAP-25 levels in APOE ε4 carriers are not

specific to the presynaptic compartment and instead reflect global

synaptic dysfunction or loss that is not reflected in the levels of

other CSF synaptic markers. This uncertainty further extends to

the neuroanatomical localization for elevated SNAP-25 levels. It re-

mains unclear whether elevations in SNAP-25 reflect a localized

or more cortically distributed phenomena. Additional studies are

needed to better characterize the source of CSF SNAP-25 and asso-

ciated neuropathologic and neuroanatomic changes at the synaptic

level in cognitively normal, amyloid-negative APOE ε4 carriers. 
This study also duplicates a significant association of age and

sex with CSF NfL levels ( Khalil et al., 2020 ). No clear association

between NfL and APOE ε4 or amyloid status was observed in our

study, also as previously reported ( Bos et al., 2019 ). Previous stud-

ies exploring NfL in healthy adults reported no change in associ-

ation of CSF NfL with risk of early symptomatic AD after adjust-

ment for APOE status ( Kern et al., 2019 ). Further NfL elevations

observed in dementia associated with Parkinson’s disease ( Lin YS

et al., 2018 ) support NfL as a sensitive global marker of cumula-

tive neural injury due to multiple etiologies rather than a highly

specific marker of AD-related pathology. 

5. Conclusions 

Increased CSF SNAP-25 levels in cognitively normal APOE ε4

carriers, even those without brain amyloidosis, suggest that APOE

ε4 may be associated with presynaptic dysfunction unrelated

to amyloid. This difference is not seen with Ng, a postsynaptic

marker, or another marker of neuronal injury, NfL. Differences in

the longitudinal change of SNAP-25 in relation to APOE ε4 status

remains unknown. It is also unclear if APOE ε4 carriers under 50

years old also have significant elevations in CSF SNAP-25. Further

studies are needed to further discern the mechanism by which

APOE ε4 modulates SNAP-25 levels and presynaptic dysfunction. 
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Tible, M, Sandelius, Å, Höglund, K, Brinkmalm, A, Cognat, E, Dumurgier, J, Zetter-
berg, H, Hugon, J, Paquet, C, Blennow, K, 2020. Dissection of synaptic pathways

through the CSF biomarkers for predicting Alzheimer disease. Neurology 95
(8), e953–e961. doi: 10.1212/WNL.0 0 0 0 0 0 0 0 0 0 010131 , Epub 2020 Jun 25. PMID:

32586895 . 

Wang, C, Wilson, WA, Moore, SD, Mace, BE, Maeda, N, Schmechel, DE, Sullivan, PM,
2005. Human apoE4-targeted replacement mice display synaptic deficits in the

absence of neuropathology. Neurobiol Dis 18 (2), 390–398. doi: 10.1016/j.nbd.
2004.10.013 , PMID: 156 8696 8 . 

Wang, Q, Zhou, W, Zhang, JAlzheimer’s Disease Neuroimaging Initiative, 2018. Lev-
els of cortisol in CSF are associated with SNAP-25 and tau pathology but not

amyloid- β . Front Aging Neurosci 10, 383. doi: 10.3389/fnagi.2018.00383 , PMID:

30524269; PMCID: PMC6256241 . 
Wang, S, Zhang, J, Pan, Tfor Alzheimer’s Disease Neuroimaging Initiative, 2018. APOE

ε4 is associated with higher levels of CSF SNAP-25 in prodromal Alzheimer’s
disease. Neurosci Lett. 685, 109–113. doi: 10.1016/j.neulet.2018.08.029 , Epub

2018 Aug 23. PMID: 30144541 . 
Weeber, EJ, Beffert, U, Jones, C, Christian, JM, Forster, E, Sweatt, JD, Herz, J,

2002. Reelin and ApoE receptors cooperate to enhance hippocampal synaptic

plasticity and learning. J Biol Chem 277 (42), 39944–39952. doi: 10.1074/jbc.
M205147200 , Epub 2002 Aug 7. PMID: 12167620 . 

https://doi.org/10.1016/j.neuroscience.2010.10.027
https://doi.org/10.1002/ana.20009
https://doi.org/10.1002/ana.21696
https://doi.org/10.1016/j.jalz.2014.10.009
https://doi.org/10.1186/s13195-015-0124-3
https://doi.org/10.1016/s0969-9961(03)00045-7
https://doi.org/10.1212/01.wnl.0000128089.53030.ac
https://doi.org/10.1038/s41598-018-35766-w
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.1016/j.neuron.2017.11.013
https://doi.org/10.1016/j.neurobiolaging.2005.04.008
https://doi.org/10.1097/NEN.0b013e3181a9d503
https://doi.org/10.1212/01.wnl.0000228230.26044.a4
https://doi.org/10.1002/ana.21843
https://doi.org/10.1001/jamaneurol.2018.4249
https://doi.org/10.1212/wnl.43.11.2412-a
https://doi.org/10.1042/AN20130043
https://doi.org/10.1159/000093867
https://doi.org/10.1093/brain/awv267
https://doi.org/10.1016/j.jalz.2018.01.013
https://doi.org/10.1084/jem.20190980
https://doi.org/10.1038/nature24016
https://doi.org/10.1002/cphy.c130021
https://doi.org/10.1016/j.neuroimage.2014.11.058
https://doi.org/10.1016/j.nicl.2018.04.022
https://doi.org/10.1016/j.dadm.2018.12.008
https://doi.org/10.1016/j.jalz.2018.01.012
https://doi.org/10.1016/j.neuint.2006.05.004
https://doi.org/10.1001/jamaneurol.2016.0086
https://doi.org/10.1016/j.brainres.2010.09.073
https://doi.org/10.1212/WNL.0000000000010131
https://doi.org/10.1016/j.nbd.2004.10.013
https://doi.org/10.3389/fnagi.2018.00383
https://doi.org/10.1016/j.neulet.2018.08.029
https://doi.org/10.1074/jbc.M205147200


72 O.H. Butt, J.M. Long, R.L. Henson et al. / Neurobiology of Aging 102 (2021) 64–72 

 

 

 

 

 

 

 

 

 

 

Zhang, H, Therriault, J, Kang, MS, Ng, KP, Pascoal, TA, Rosa-Neto, P, Gau-

thier, SAlzheimer’s Disease Neuroimaging Initiative, 2018. Cerebrospinal fluid

synaptosomal-associated protein 25 is a key player in synaptic degenera-
tion in mild cognitive impairment and Alzheimer’s disease. Alzheimers Res

Ther 10 (1), 80. doi: 10.1186/s13195-018-0407-6 , PMID: 30115118; PMCID:
PMC6097333 . 
Zhao, N, Attrebi, ON, Ren, Y, Qiao, W, Sonustun, B, Martens, YA, Meneses, AD, Li, F,

Shue, F, Zheng, J, Van Ingelgom, AJ, Davis, MD, Kurti, A, Knight, JA, Linares, C,

Chen, Y, Delenclos, M, Liu, CC, Fryer, JD, Asmann, YW, McLean, PJ, Dickson, DW,
Ross, OA, Bu, G, 2020. APOE4 exacerbates α-synuclein pathology and related

toxicity independent of amyloid. Sci Transl Med 12 (529), eaay1809. doi: 10.1126/
scitranslmed.aay1809 , PMID: 32024798 . 

https://doi.org/10.1186/s13195-018-0407-6
https://doi.org/10.1126/scitranslmed.aay1809

	Cognitively normal APOE &#x03B5;4 carriers have specific elevation of CSF SNAP-25
	1 Background
	2 Materials and methods
	2.1 Participants
	2.2 Genetic analyses
	2.3 CSF acquisition and processing
	2.4 PET image acquisition and processing
	2.5 Statistical analyses
	2.6 Data availability policy
	2.7 Replication cohort

	3 Results
	3.1 Participant characteristics
	3.2 Differences in CSF biomarkers by amyloid status or APOE &#x03B5;4 carrier status
	3.3 CSF biomarkers in different APOE allele genotypes
	3.4 CSF SNAP-25 and Ng by amyloid status
	3.5 Modeling CSF biomarker as function of amyloid status and APOE &#x03B5;4 carrier status

	4 Discussion
	5 Conclusions
	Declaration of competing interest
	Credit author statement
	Author contributions
	Acknowledgements
	Supplementary materials
	References


