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N E U R O S C I E N C E

Single-synapse analyses of Alzheimer’s disease 
implicate pathologic tau, DJ1, CD47, and ApoE
Thanaphong Phongpreecha1,2,3†, Chandresh R. Gajera1†, Candace C. Liu1, 
Kausalia Vijayaragavan1, Alan L. Chang2,3,4, Martin Becker2,3,4, Ramin Fallahzadeh2,3,4, 
Rosemary Fernandez1, Nadia Postupna5, Emily Sherfield5, Dmitry Tebaykin1, Caitlin Latimer5, 
Carol A. Shively6, Thomas C. Register6, Suzanne Craft7, Kathleen S. Montine1,  
Edward J. Fox1, Kathleen L. Poston8,9, C. Dirk Keene5, Michael Angelo1, Sean C. Bendall1, 
Nima Aghaeepour2,3,4, Thomas J. Montine1*

Synaptic molecular characterization is limited for Alzheimer’s disease (AD). Our newly invented mass cytometry–
based method, synaptometry by time of flight (SynTOF), was used to measure 38 antibody probes in approxi-
mately 17 million single-synapse events from human brains without pathologic change or with pure AD or Lewy 
body disease (LBD), nonhuman primates (NHPs), and PS/APP mice. Synaptic molecular integrity in humans and 
NHP was similar. Although not detected in human synapses, A was in PS/APP mice single-synapse events. Clus-
tering and pattern identification of human synapses showed expected disease-specific differences, like increased 
hippocampal pathologic tau in AD and reduced caudate dopamine transporter in LBD, and revealed previously 
unidentified findings including increased hippocampal CD47 and lowered DJ1 in AD and higher ApoE in AD with 
dementia. Our results were independently supported by multiplex ion beam imaging of intact tissue. This highlights 
the higher depth and breadth of insight on neurodegenerative diseases obtainable through SynTOF.

INTRODUCTION
The anatomical basis of cognitive impairment in Alzheimer’s disease 
(AD) is loss of limbic and neocortical synapses. This is supported by 
ultrastructural and microscopic studies that assessed hundreds of 
human synapses but with limited molecular characterization, and by 
molecular characterization of bulk preparations of synaptic particles 
from specialized brain homogenates called synaptosomes (1–12).

More recently, array tomography (three to five antibodies) and 
conventional flow cytometry (two to four antibodies) have character-
ized hundreds of thousands to a million individual human single-
synapse events from synaptosome preparations (13–15). SynTOF 
(synaptometry by time of flight) (16, 17) quantifies tens of millions 
of individual single-synapse events by mass cytometry, permitting 
robust machine learning (ML) applications. Here, we performed 
SynTOF on synaptosome preparations from healthy nonhuman pri-
mates (NHPs), PS/APP mice, and postmortem tissue from carefully 
selected individuals with only AD neuropathologic change (ADNC) 
(18, 19) or only Lewy body disease (LBD) (18, 19), as well as from 
normal age-matched adults. We tested the hypothesis that the syn-
aptic molecular composition in humans with only AD resembled aged 
PS/APP mice, one of the most widely used transgenic models of AD. We 
then used ML approaches to identify presynaptic subpopulations 
in controls and to discover previously unidentified disease-related 

changes in synaptic molecular composition. Last, we confirmed the 
major features of ML-identified synaptic subpopulations with multi-
plexed ion beam imaging (MIBI).

RESULTS
Generation of single-synapse data via SynTOF
Over a 5-year period, 113 synaptosome preparations were prospec-
tively cryopreserved from all postmortem human brains collected 
from carefully annotated adult research participants. A relatively 
small number were of exceptionally high quality because of their 
short postmortem interval and pathologic confirmation as no or 
only one type of histopathologic change. Specifically, 21 met rigorous 
inclusion/exclusion criteria for both clinical and pathologic features: 
Controls (n = 6), high-level ADNC only (n = 9), and high-level LBD 
only (n = 6) (table S1); note that the ADNC and LBD groups each 
contained two resilient individuals, meaning high-level pathologic 
change without clinical diagnosis of dementia and/or Parkinson’s dis-
ease (PD) (20). Following our established protocol (17) (see Materi-
als and Methods), samples were prepared, barcoded, stained with a 
38-plex SynTOF panel (shown in Fig. 1 and table S2), and analyzed 
by mass cytometry. Similar analysis was performed on NHP tissue 
controls and PS/APP transgenic mice (see Materials and Methods). 
Together, these approximately 17 million single synaptic events com-
prise the data analyzed.

Pseudo-bulk analysis of human and mouse  
single-synapse events
The first goal was to analyze the data by established gating protocols 
(16, 17) to facilitate comparison with existing human data obtained 
using other technologies, and to compare across species. Expected re-
gional variation was observed in Control presynaptic events (Fig. 1A), 
including reciprocal variation in average glutamatergic (P < 0.01) 
and GABAergic (P < 0.05) events between Brodmann area 9 (BA9) 
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and caudate, and greater % dopamine transporter (DAT)–positive 
presynaptic events in caudate versus BA9 (P < 0.001) or versus 
hippocampus (P < 0.001; fig. S1) (21–26). The pre-/postsynaptic 
ratio in Controls for proteins known to be enriched in the presyn-
aptic fraction ranged from 5- to >200-fold (Fig. 1B). These results 
support previous work that showed that human synaptosomes pre-
pared using our protocol have the expected enrichment in neuronal 
markers and membrane-bound bodies that contain synaptic vesicles 
compared to Western blots and transmission electron microscopy. 
That our synaptosome preparations are permeabilized to allow 
access of antibodies to intracellular epitopes was validated by the 
excellent agreement between our estimates, using antibodies to 
intracellular targets, of pre–single-synapse (SNAP25) versus post–
single-synapse (PSD95) events, as well as by our estimates of 
brain regional fraction of excitatory (vGLUT), inhibitory (GAD), 
and dopaminergic (VMAT) synapses compared with those made by 
transmission electron microscopy (fig. S1). By SynTOF, presynaptic 

average % positive events were 4.3 ± 0.4% and 2.0 ± 0.2% for A40 and 
A42, respectively, in BA9 and 18.1 ± 1.7% for paired-helical-filament 
(PHF)–tau in hippocampus for ADNC; these results align well with 
0.6 to 5.1% A-positive (13) and 15.4% pathologic tau–positive (15) 
events in presynaptic synaptosomes in AD by array tomography. Our 
results demonstrate that human SynTOF data derive from synaptic 
preparations with high molecular integrity, show expected patterns 
of anatomical distribution, and compare well with data collected by 
others using transmission electron microscopy or array tomography.

Presynaptic average % positive events for two antibody probes 
were significantly different (P < 0.001) when comparing ADNC to 
Controls: hippocampus had more PHF-tau (525%) and BA9 had 
less DJ1 (49%) (Fig. 1C). LBD was significantly different from Con-
trol only for 51% reduction in caudate DAThigh presynaptic events 
(P < 0.001), aligning closely with estimates from biochemical studies 
and single-photon emission computerized tomography imaging (27). 
Lack of significant presynaptic changes in LBD BA9 and hippocampus 

Fig. 1. SynTOF panel results for human and mouse synaptosomes analyzed as average % positive events (±SEM). Our 38-antibody panel comprises the 30 antibodies 
listed in (C) plus six gating antibodies (CD11b, MBP, CD56, SNAP25, PSD95, and gephyrin) plus two antibodies (AS and LRRK2) that did not label both human and mouse 
tissue. See table S2 for additional information, including how these antibodies were grouped into marker types that identify features such as cell type, synapse type, AD, 
or PD risk gene protein products. In all panels, font color for each antibody indicates which marker type it belongs to: neuron (gray), ADNC-related (red), LBD-related 
(blue), injury and response (magenta), and cellular energy (green). (A) Spider plot of % positive events from BA9, caudate nucleus, and hippocampus from human Control 
(n = 6). (B) Spider plot of presynaptic/postsynaptic event ratios for nonzero postsynaptic markers. (C) Presynaptic average % change in % positive events (±SEM) in BA9, 
caudate, and hippocampus from human Control, ADNC (n = 9), and LBD (n = 6) analyzed by two-way analysis of variance (ANOVA) with brain region versus diagnostic 
group. The bars in bold colors with asterisks present the results with significant differences (P < 0.001). Results for LBD samples are presented in text. (D) Similar to (C) but 
for cerebral cortical and hippocampal presynaptic results from 22-month-old PS/APP (n = 5) versus WT (n = 5) mice. (E) Hippocampus presynaptic and postsynaptic % 
change in mean intensity (±SEM) in both Control and ADNC samples analyzed by two-way ANOVA with PHF-tauhigh or PHF-taulow versus mean intensity for each probe. 
Only significantly greater mean intensity following correction for multiple comparisons is presented. (F) Similar to (E) but for hippocampus or cerebral cortex presynaptic 
events in PS/APP mice divided into A40high versus A40low events or A42high versus A42low events.
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underscored that the changes in AD were disease-specific and not 
merely covariates of neurodegeneration or dementia such as debilita-
tion or reduced mobility. Although previous studies identified an 
approximately 20% increase in p129--synuclein–positive pre-
synaptic synaptosome preparations in cingulate gyrus and putamen 
from LBD samples (14), we did not observe this in the three regions 
analyzed here. Postsynaptic average % positive PHF-tau was also 
significantly increased in ADNC hippocampus compared to 
Controls (P < 0.0001, % change = 320 ± 51), again in agreement 
with array tomography (15).

We tested the hypothesis that A-bearing presynaptic events 
could be detected by SynTOF by using a common transgenic mouse 
model of AD. Cerebral cortical and hippocampal synaptosome prepa-
rations from 22-month-old wild-type (WT; n = 5) and PS/APP (n = 5) 
mice were analyzed by SynTOF exactly as above. Eleven antibodies 
had significantly increased presynaptic average % positive events in 
PS/APP compared to WT mice (P < 0.001; Fig. 1D); no antibody’s 
signal was significantly decreased. By SynTOF, aged PS/APP mice 
had approximately 100-fold increase in presynaptic A accumula-
tion as well as many of the responses to A-induced injury that have 
been reported previously in bulk tissue from AD transgenic mouse 
models, including increased ubiquitin conjugation (K48), lysosomal 
stress (LC3B), increased free radical injury (3NT), activated apop-
totic signaling (Ac-Casp3), and cellular energy stress as indicated by 
significantly increased presynaptic expression of the two enzymes 
that catalyze creatine synthesis (GATM and GAMT; Fig. 1D) (28, 29). 
An unexpected finding was increased transgenic mouse presynaptic 
TMEM230, a protein product of a PD risk gene, in aged PS/APP mice.

Human hippocampus presynaptic PHF-tauhigh events, whether 
from ADNC (both dementia and resilient) or Control, yielded sim-
ilar results indicating a stress response to neurofibrillary change 
independent of clinical status. This included increased capacity to 
synthesize creatinine in both pre- and postsynaptic events, as well as 
increased expression of multiple presynaptic proteins, including CD56 
and CD47, perhaps as attempts to forestall degeneration (Fig. 1E). 
Human hippocampus PHF-tauhigh postsynaptic events again had in-
creased expression of GAMT in Controls and ADNC, and increased 
tau expression only in ADNC, perhaps indicating an attempt to 
mitigate sequestration of pathologic tau. Hippocampus and cere-
bral cortex presynaptic events from aged PS/APP mice were divided 
into A42

high versus A42
low or A40

high versus A40
low events (there 

were too few postsynaptic events to analyze confidently), and mean 
intensity of each antibody was analyzed (Fig. 1F). A42

high and A40
high 

events were largely distinct populations. In each region, both A42
high 

and A40
high events showed significantly increased (P < 0.001) ex-

pression of vGLUT, SNAP25, and GATM, with the exception of cor-
tical A42

high (Fig. 1F). A40
high presynaptic events tended to have 

higher GAD65 expression in both regions (P < 0.01). Therefore, pseudo-
bulk analyses validated SynTOF data by close agreement with results 
obtained by other methods in humans and transgenic mice.

Identification of subpopulations from human 
presynaptic events
We adopted a clustering algorithm based on modified autoencoder 
(AE) neural networks to identify subpopulations from single-synapse 
events. Briefly, the AE was used to learn compressed hidden repre-
sentations of the single-synapse data, and then a k-mean–based soft 
clustering layer was appended and trained with AE to cluster the 
compressed representation. Using a subset of 24 designated phenotypic 

markers that did not include disease-specific markers (table S2), the 
modified AE clustered Control single-presynaptic events from all 
three brain regions into 15 different subpopulations (see details in 
Materials and Methods). Figure  2A shows each subpopulation’s 
standardized mean expression for each antibody in all brain regions 
for Control samples; these characteristics remained similar when 
stratified by brain region (fig. S2). Subpopulation A comprised two 
“high-expresser” subpopulations (A1 and A2) with high signals from 
most antibodies. In contrast, subpopulation B contained two sub-
populations (B1 and B2) with low signal from most antibodies, with 
the exception of GATM and GAMT. Subpopulation C’s 11 subpop-
ulations were heterogeneous; C1 to C5 tended to have moderately 
higher antibody signals than C6 to C11. Several C subpopulations had 
unique features, e.g., C3 and C6 were GAD65high, C4 was PrPhigh, 
C8 was VGLUThigh, and C10 was GAMThigh. These characteristics 
are similarly reflected in the 10 pathologic marker profiles of each 
subpopulation. Markers were highest in A subpopulations and lowest 
in B subpopulations (Fig. 2A). Note that pathologic markers were 
not used as a part of AE clustering input, but were calculated post-
clustering. Single-presynaptic event data visualized by t-distributed 
stochastic neighbor embedding (t-SNE) dimensionality reduction 
showed proximity among subpopulations (Fig. 2B), and their charac-
teristics were appreciated by individual phenotypic marker expres-
sions (fig. S3). In particular, the presynaptic markers CD47 and 
SNAP25 both showed similar profiles with intermediate to high ex-
pression across all subpopulations except subpopulation B (Fig. 2C). 
Subpopulations C3 and C6 were GAD65high, a traditional marker 
for synaptic particles from inhibitory neurons, while subpopulations 
A1, A2, C1, and C8 likely were from excitatory neurons as they ex-
hibited higher VGLUT expression Fig. 2C. Select subpopulations, 
such as BA9’s A1, B1, and C4, are shown (fig. S4) by density plots 
from a two-step gating strategy optimized by GateFinder (30).

Subpopulation frequency varied significantly across brain regions 
(P < 0.0001; Fig. 2D and fig. S5, A to C). BA9 was similar to caudate 
in most subpopulations, while hippocampus tended to be different 
from the other two regions. Corrected multiple comparisons re-
vealed significantly (P < 0.01) different patterns of regional subpop-
ulation frequencies: BA9 was different from caudate in B2, C2, C6, 
and C11; BA9 was different from hippocampus in A1, B1, B2, C1 to 
C5, C7, C9, and C10; and caudate was different from hippocampus 
in A1, A2, B1, C1, and C3 to C11. These results show a relatively 
distinct frequency of Control presynaptic subpopulations in the hu-
man hippocampus. Because B-type subpopulations were the most 
frequent in hippocampus, our results suggest that B subpopulations 
were mostly undifferentiated based on our selected antibody panel 
and that further refinement of our SynTOF panel may be needed to 
reflect more fully hippocampus presynaptic diversity. Subpopula-
tion frequencies between Control and the two disease groups were 
highly correlated (Spearman’s R = 0.89 for Controls versus ADNC 
and 0.94 versus LBD) (Fig. 2E), indicating that subpopulation fre-
quency was largely preserved among the three groups (fig. S5, A to C) 
and suggesting that marker expression rather than frequency alone 
is important to subpopulation clustering.

Presynaptic subpopulations confirmed pseudo-bulk 
findings and revealed additional strong signals  
from ADNC and LBD presynaptic events
On the basis of the subpopulations identified in Fig. 2A, we next 
focused on using conventional ML to identify regional differences in 
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presynaptic molecular composition among the three groups: Control, 
ADNC, and LBD. Specifically, mean expression for the full comple-
ment of presynaptic markers was calculated for each subpopula-
tion, resulting in 1530 expression features per participant (3 brain 
regions × 15 subpopulations × 34 antibodies; note that 4 of the start-
ing 38 were excluded because they were used for gating). Distinct 
from the earlier pseudo-bulk analyses, features with complete sepa-
ration between the two groups, which would result in perfect clas-
sification (table S3), were intentionally omitted in ML models to allow 
identification of other less strong features. From the six ML algo-
rithms we chose for comparison (see details in Materials and Meth-
ods), an elastic net (EN) model outperformed others, achieving an 
area under the receiver operating curve (AUC) of 0.96 with sig-
nificantly different EN predicted values for Control versus ADNC 
(P = 1.6 × 10−3; Fig. 3A); this was despite the exclusion of features 
with complete separation between groups, which were hippocampus 
PHF-tau from most subpopulations and hippocampus CD47 from 

six subpopulations (fig. S6). Notably, the Control sample with the 
highest EN predicted probability value (0.37) was the only Control 
individual who had been diagnosed previously as mild cognitive 
impairment, but at final consensus was classified as cognitively 
normal. False discovery rate (FDR)–adjusted P values (Q values) 
of each feature alongside EN’s weights (Fig.  3B) confirmed 
pseudo-bulk analysis by showing that increased hippocampus 
PHF-tau mean intensity and reduced BA9 DJ1 mean intensity sig-
nificantly separated ADNC from Control (Fig. 3C); both of these sig-
nals were significant in every subpopulation (Fig. 3D). An additional 
strong feature was increased hippocampus CD47 mean expression 
in ADNC (Fig. 3C), particularly in CD47high subpopulations (Fig. 3E), 
which also tended to express higher PHF-tau (Spearman’s R = 0.62, 
P < 2.2 × 10−16). Unlike CD47 (Fig. 3E), there was no strong signal 
from SNAP25 (Fig. 3F and fig. S7), the other presynaptic marker. 
The two presynaptic markers were highly correlated (R = 0.91) in 
Controls, and remained so in the ADNC group albeit with reduced 
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correlation (R = 0.81) (Fig. 3F). Other expression markers exhibiting 
strong univariate associations with ADNC (Q < 0.05) or associated 
with high EN coefficients, but less prevalent across subpopulations, 
such as GATM and K48 in caudate and 3-NT in BA9, are summa-
rized in fig. S7.

A ridge regression model outperformed other ML approaches for 
Control versus LBD, achieving an AUC of 0.97 and ridge predicted 
values (P = 4.3 × 10−3; Fig. 3G), even with exclusion of features with 
complete separation, which were lower caudate DAT from most sub-
populations and higher BA9 glial fibrillary acidic protein (GFAP) 
from subpopulations A1 and C4 in the LBD group (table S3). In both 
of these subpopulations, significantly increased signals from the other 
astrocytic marker, EAAT1, were also observed, albeit weaker. Severe 
astrogliosis, even with spongiform change, in cerebral cortical su-
perficial layers is a well-described feature of LBD but not AD (18, 
31). Similar to ADNC, features associated with greater ridge coef-
ficients were those with higher univariate impact (Fig. 3H); unlike 

ADNC, none of the features passed the 0.05 Q value threshold, 
except for the excluded features that completely separated the two 
groups (table S3). This may be due, in part, to a lower number of 
LBD only samples, or perhaps less severe degeneration in LBD 
compared to ADNC (32). Notably, none of the top features for 
Control versus LBD, i.e., caudate DAT in multiple subpopulations, 
BA9 GFAP in C3, and BA9 CD47 in A2, overlapped with those from 
Control versus AD, again indicating that SynTOF identified 
disease-specific presynaptic molecular features.

Presynaptic features suggest molecular differences between 
AD dementia and AD resilient cases
Resilience describes maintained cognitive function despite high levels 
of pathologic change. There were two AD resilient cases among the 
nine ADNC analyzed, and also the only ones out of the entire original 
set of 113 samples (table S1). To examine their impact, these two 
AD resilient cases were sequestered and Q values were recalculated. 
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The analysis (six Control versus seven AD dementia) resulted in 
robust increase in existing signal strength and prevalence, particularly 
for DJ1 from more subpopulations in BA9 (Fig. 4A and fig. S7), 
except for PHF-tau and CD47, which remained the same. Several 
new signals also emerged, with the strongest being ApoE from sub-
populations A1 and C5 in hippocampus (Fig. 4B). Further gating to 
obtain GFAPnegEAAT1neg presynaptic events, i.e., presynaptic events 
without attached astrocytic remnants, removed 11.4 ± 3.1% of pre-
synaptic events. Analyses of the GFAPnegEAAT1neg presynaptic event 
data suggested that the ApoE signal derived from neuronal elements 
with and without attached astrocytic remnants (Fig. 4C). No new sig-
nal was revealed when a similar approach was used with LBD-resistant 
cases (not shown).

To support that these new signals obtained upon removal of two 
AD resilient cases were likely not coincidental, an additional analy-
sis was conducted wherein the two AD resilient cases were retained 

and instead two AD dementia cases were removed and Q values were 
calculated. No significant change in antibody signal, including ApoE, 
occurred with sequestration of any other pair of AD dementia cases 
(Fig. 4A). Although limited by a small number of rare cases, our anal-
yses suggested that the amount of hippocampal ApoE in the presynapse, 
tentatively in both the neuronal component and intimately associ-
ated astrocytic component, may be important to the clinical expres-
sion of dementia in AD.

MIBI-TOF analysis of tissue sections supports 
SynTOF findings
MIBI by TOF (MIBI-TOF) (33) was used to support the physical 
existence of AE-identified subpopulations. Akin to SynTOF, elemen-
tal isotopic reporters of n-dimension are used for quantitative pro-
filing, but MIBI-TOF also determines nanometer spatial resolution. 
A 2.4-mm2 region of interest (ROI) composed of six 400-m2 fields 
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of view (FOVs; 1024 × 1024 pixels each) from the CA1 sector of Con-
trol and ADNC hippocampus was scanned at 300-nm resolution 
(Fig. 5A). Figure 5B shows example FOVs at different scales colored 
for synaptophysin, CD47, and PHF-tau, where the zoomed-in images 
suggest close proximity of some PHF-tau and CD47 pixels. Valida-
tion of SynTOF data, derived from physically enriched presynaptic 
particles, by MIBI-TOF requires in silico enrichment of presynapse 
signals versus all other signals in the tissue section; this was achieved 
by colocating at least two presynaptic markers. First, each pixel was 
agnostically assigned as positive or negative for each marker through 
self-organizing map clustering (Fig. 5B, see details in Materials and 
Methods); MIBI-TOF marker positivity is equivalent to high or very 
high expression in SynTOF. Second, a sliding window collected data 
over the entire MIBI-TOF FOV for quantitative analysis, where win-
dows that contained CD47+Synaptophysin+PSD95− pixels were de-
fined as presynaptic. A 6 × 6 pixel (approximately 1.8 m2) window 

was used because a presynapse is approximately 1 m3 in fixed and 
embedded tissue (34).

MIBI-TOF confirmed three major findings from SynTOF. First, 
MIBI-TOF displayed high colocalization of multiple positive mark-
ers in each sliding window, in accord with subpopulation character-
istics identified by SynTOF, particularly the “high-expressers” such 
as subpopulation A. A heatmap and Venn diagram (Fig. 5, C and D) 
of a subset of SynTOF phenotypic markers used in MIBI-TOF (ApoE, 
CD56, GAD65, tau, and vGLUT) showed high frequency of coinci-
dent marker positivity in presynapse windows. Second, presynaptic 
colocation of CD47 and PHF-tau observed in SynTOF was also 
observed by MIBI. Figure 5E shows that about half of the CD47+ 
presynaptic windows also had PHF-tau+ pixels. This result was con-
sistent even if the positivity cutoff for the number of pixels was 
increased. Last, the average level of expression of PHF-tau and 
CD47 was both higher in ADNC presynaptic windows than in 
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Fig. 5. Analysis of MIBI-TOF images supports SynTOF findings by suggesting high colocalization of phenotypic markers, colocalization of CD47 and PHF-tau, 
and higher CD47 expression in ADNC. (A) Illustration of MIBI-TOF and the sampled locations of the FOVs from CA1 sector of the hippocampus. (B) Examples of MIBI-TOF 
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Control, again validating SynTOF results (Fig.  5F). All analyses 
were also repeated using 3 × 3 pixel and 9 × 9 pixel window sizes 
and arrived at the same conclusions (fig. S8). In aggregate, using a 
complementary method on intact tissue, MIBI-TOF data confirmed 
the major findings from SynTOF.

DISCUSSION
The anatomical basis for cognitive decline in AD and LBD is synaptic 
injury. SynTOF has advantages over other techniques that molecu-
larly characterize single-synapse events from synaptosome prepara-
tions: (i) further computational enrichment of single-synapse events 
by error correction and sequential gating, (ii) greater than an order of 
magnitude increases in detection of enriched single-synapse events, 
and (iii) an order of magnitude increase in number of multiplex 
antibody probes. We built our SynTOF panel to focus on phenotypic 
markers, products of risk genes, and mechanisms relevant to AD or 
LBD. As shown previously with conventional flow cytometry (35) 
and replicated here with SynTOF, human synaptosomes maintain 
molecular integrity at least as compared to NHP samples collected 
and prepared under optimal research conditions. Results from our 
SynTOF panel aligned well with ultrastructural estimates of the re-
gional proportions of synaptic subtypes and with array tomography 
estimates of synaptic involvement by hallmark pathologic proteins. 
Furthermore, MIBI-TOF colocalization of prominent molecular fea-
tures supported the major outcomes of AE-identified subpopulations. 
Thus buttressed, SynTOF unveiled key differences in presynaptic 
molecular composition between late-onset AD and aged PS/APP mice, 
reinforced the relevance of synaptic pathologic tau species in AD (36), 
and highlighted presynaptic roles for CD47, DJ1, and ApoE in AD.

Mass spectrometry–based proteomic studies on synaptosome 
preparations have identified more than 3000 proteins [reviewed in 
(10)], ~1000 of which are conserved across the vertebrate species 
zebrafish and mice; these include the homologs of DJ1 and ApoE but 
not CD47, which was identified only in mouse brain synaptosomes 
(37). Although recent studies have used mass spectrometry to in-
vestigate the proteomic changes in brain samples from individuals 
with AD or without neurologic disease, few have examined the pro-
teome of human synaptosomes using modern proteomic techniques 
(11, 12). An exception is a recent preprint that described proteomic 
changes in synaptosomes from individuals resilient to the clinical 
expression of dementia in the context of high neuropathologic changes 
of AD (38). Future applications of our complementary approach 
with SynTOF will focus on these and other clinicopathologic sub-
sets that likely hold key insights into the mechanisms of AD (20).

Mutations in PARK7, the gene that encodes DJ1, cause an auto-
somal recessive form of early-onset PD and, for this reason, were 
included in our SynTOF panel. DJ1 functions as a redox-sensitive 
chaperone and antioxidant. It is a target for reversible and irrevers-
ible oxidative modification in brains of patients not only with PD but 
also with late-onset AD, where it may incorporate in hallmark lesions 
like Lewy bodies and amyloid plaques (39, 40). These pathologic 
changes are proposed to underlie the significant accumulation of 
DJ1 in the detergent-insoluble fraction of bulk tissue from affected 
regions of the brain in AD and LBD (39, 41, 42). Our results showed 
significantly reduced BA9 presynaptic DJ1, which is consistent with 
these findings from others, and support the hypothesis that 
increased oxidative stress can lead to posttranslational modifications 
of synaptic DJ1 that result in its shift to nonsynaptic compartments. 

We observed significant reduction in presynaptic DJ1 only in AD, 
consistent with earlier data showing that oxidative damage is greater 
in AD than in LBD and other related dementias (43).

Forced expression of CD47  in cultured hippocampal neurons 
accumulates at presynaptic sites and acts as the presynaptic receptor for 
the shed ectodomain of signal regulatory protein  (SIRP) in activity-
dependent trans-synaptic maturation of functional synapses (44, 45). 
CD47 is also expressed on myeloid cells and has been shown to affect 
microglial and macrophage activity in mouse models of multiple 
sclerosis and cell culture models using A peptides (46, 47). CD47, 
an immune “don’t eat me signal,” protects from excess microglia-
mediated synaptic pruning during mouse development (48), but as 
far as we are aware, there has been no investigation of synaptic CD47 in 
brain aging or neurodegenerative disease. Our results showed that 
presynaptic CD47 was significantly elevated in AD hippocampus, 
with less robust increases in LBD hippocampus or BA9 for both di-
agnostic groups; caudate presynaptic CD47 was not different among 
the three primary diagnostic groups. Because activated microglia-
mediated neuronal injury is now a well-established mechanism in AD 
(49), we hypothesize that increased presynaptic CD47 is a response 
to limit or counteract synaptic degradation by microglia in hippo-
campus and likely cerebral cortex. Our discovery of elevated CD47 in 
AD hippocampus presynaptic events, which also tended to coexpress 
with PHF-tau, is especially encouraging because of emerging CD47-
targeting therapeutics in certain forms of cancer (50).

There is intense interest in where resilience may reside in the cas-
cade from synaptic injury to symptoms because this may illuminate 
effective therapeutic targets. Our results suggest that resilience to AD 
may be related to lower ApoE levels in presynaptic events, in either 
neuronal components or attached associated astrocytic remnants. 
Multiple experimental models support this proposal at the tissue 
level. For example, ApoE deletion or haploinsufficiency reduces ce-
rebral A amyloidosis and rescues from tau-induced neurodegen-
eration (51, 52). Moreover, approximately 50% reduction of brain 
ApoE in a humanized transgenic mouse model of AD reduced neu-
ronal injury perhaps from suppressed glial response from lowered 
ApoE levels (53). Although limited by a small number of rare resilient 
cases, our results from human presynaptic events align with multiple 
experimental models to suggest that lower levels of presynaptic ApoE 
are a significant component of the resilient state.

Our pseudo-bulk analysis showed that only a small subset of hu-
man presynaptic events had detectable A peptides, similar to pre-
vious work (13), and that synaptic A peptides were not increased 
in AD. We showed that synaptic particles with accumulated A pep-
tides survive synaptosome preparation and downstream analysis by 
investigating aged PS/APP mice for which there is a large amount of 
experimental data supporting increased synaptic A peptides (28). 
The pattern of presynaptic injury and response in PS/APP mice was 
different from human AD samples. It is possible that the transgenic 
mice reflect a different stage of disease than humans with sporadic 
AD (29), but this is unlikely the sole explanation for the differences 
in presynaptic changes because the brain autopsies were from people 
with high-level ADNC at all stages of cognition, a rough proxy for 
extent of neurodegeneration. A more direct comparison to PS/APP 
mice would be individuals with APP or PSEN1 mutations; however, 
as far as we are aware, no appropriately prepared tissue from indi-
viduals with these disease-causing mutations exists in the world. 
Together, our results support a role for A peptide–mediated 
presynaptic injury in PS/APP mice, but caution that there is a critical 
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difference in the synaptic distribution of A peptides between aged 
PS/APP mice and people with sporadic, high-level ADNC.

In summary, SynTOF provides an unparalleled opportunity for 
multiplex analysis of millions of single-synapse events. Results from 
our current panel of 34 antibodies implicated pathologic tau, immune-
mediated pruning, and oxidative injury, but not increased A pep-
tide accumulation, as key components of synaptic injury in AD, and 
synapse-associated ApoE as important in the clinical expression 
of dementia.

MATERIALS AND METHODS
Study design
The research goal is to investigate synaptic molecular changes in 
brain samples from individuals with ADNC and LBD. All brain do-
nations were from research volunteers at Stanford University or the 
University of Washington. All participants provided informed con-
sent approved by Institutional Review Boards. Clinical and patholog-
ical diagnoses followed consensus criteria (18, 31, 54). One hundred 
thirteen samples were collected and cryopreserved prospectively from 
brain autopsies with short postmortem interval (PMI < 8 hours) over 
a 5-year period; only those that met stringent clinical and patholog-
ical criteria for Control (n = 6), ADNC (n = 9), and LBD (n = 6) were 
used for this study (table S1) (16, 35).

Brain regional synaptosome preparations from female Macaca 
fascicularis (n = 4) collected under research protocols were used to 
assess the integrity of human synaptosomes collected through rapid 
autopsy. All NHP procedures were performed at Wake Forest Uni-
versity (Winston-Salem, NC) with approval from the Institutional 
Animal Care and Use Committee, according to recommendations 
in the Guide for Care and Use of Laboratory Animals (Institute for 
Laboratory Animal Research), and in compliance with the U.S. De-
partment of Agriculture Animal Welfare Act and Animal Welfare 
Regulations (Animal Welfare Act as Amended; Animal Welfare Reg-
ulations). NHPs were sacrificed at 11.5 ± 0.3 years of age, brains were 
immediately removed, and regions were collected for synaptosome 
preparation using the same human protocol as previously described 
by us (35). NHP samples were prepared for mass cytometry, and data 
were acquired and processed exactly as for human samples (17) as 
described below.

PS/APP (n = 5) and C57Bl6 WT (n = 5) male mice were used for 
evaluating A-containing synaptosome preparations and for com-
parison with humans. All mouse procedures were conducted in ac-
cordance with the guidelines of the Institutional Animal Care and Use 
Committee at Stanford University. Mice were sacrificed at 22 months 
of age, their brains were rapidly removed, and brain regions were col-
lected for synaptosome preparation as previously described (16, 35).

SynTOF antibodies and sample preparation
Overall, we conjugated and screened 166 antibodies and brought 
forward those 38 that had highest specificity and sensitivity for each 
target (for example, we selected pan-vGLUT to capture all isoforms). 
The limit of detection for the Helios mass cytometer used is <0.1 parts 
per trillion (55). Across the SynTOF panel, signal:noise ranged from 
10 to 371 (average 96) and coefficient of variation (n = 4 replicates) 
averaged 8.2 ± 4.5%. Antibody specificity was assessed using es-
tablished criteria (table S4) (56). Among the 38 antibodies in the 
panel, four were used for manual gating to exclude nonpresynaptic 
events (CD11b, gephyrin, PSD95, and MBP) and were removed from 

downstream analyses. The remaining 34 expression markers (Figs. 1A 
and 2A) were selected to investigate five features: neuron type, product 
of genetic risk factor for AD, product of genetic risk factor for LBD, 
injury/response, and cellular energy (Fig. 1A). The 34 expression 
markers were further subdivided into 24 phenotypic markers (table S2) 
to facilitate clustering of presynaptic events (Fig. 2A) and 10 patho-
logic markers (table S2: A40, A42, PHF-tau, p-129--synuclein, 
Ac-Casp3, 3-NT, EAAT1, K48, LC3B, and GFAP).

Following our established protocol (17), samples were processed 
and mass synaptometry data were acquired, barcoded/debarcoded, 
and gated for % positive events exactly as described by us (14) with 
the exception of adding gephyrin to PSD95 to gate for postsynaptic 
events. No samples were regarded as outliers or excluded. Human 
synaptosome preparations were analyzed to detect approximately 
100 million events. Debarcoding and sequential gating (17) yielded 
highly enriched single-presynaptic (n = 14,904,100) and single-
postsynaptic (n = 823,280) events from BA9 of human prefrontal 
cortex, caudate nucleus, and hippocampus (synaptosome prepa-
rations strongly favor pre- over postsynaptic particles). Using the 
same method and multiplex panel, we also assayed >740,000 single-
presynaptic events from NHP frontal cortex and striatum, and >440,000 
single-presynaptic events from cerebral cortex and hippocampus of 
22-month-old WT C57Bl6 and PS/APP transgenic mice (57).

Clustering of single-synapse events
Cellular population assignment through clustering algorithms has 
developed rapidly in recent years (58–61). In our model, an AE was 
used to cluster single-synapse events to different subpopulations. 
AE is a type of neural network typically with a bottleneck layer that 
generates compressed representations of the single-synapse data by 
learning to reconstruct them. Our model is adapted from a variant of 
AE called Improved Deep Embedded Clustering (IDEC) (62), which 
adds to typical AE a clustering network layer that clusters single-
synapse data based on the obtained compressed representation. This 
method was selected over traditional single-event clustering algo-
rithms, such as FlowSOM, SPADE, or k-means, due to its higher clus-
ter assignment accuracy compared to benchmarked manual gating 
on publicly available datasets.

In our model, two identical AEs with different numbers of bot-
tleneck nodes were used. The node sizes for each layer were [512, 256, 
128, 10, 128, 256, 512] and [512, 256, 128, 5, 128, 256, 512]. The AEs 
were separately pretrained to reconstruct the single-presynaptic events 
from all brain regions of all six Control samples using mean square 
error (MSE) for loss function and adaptive gradient method for opti-
mization (Adagrad). After pretraining, a clustering layer was appended 
to the AEs, where its input was a concatenated hidden representation 
from the two bottleneck layers. The weights of the clustering layer 
were initiated using centers from k-means clustering. Its number of 
nodes, which dictated the number of clusters, was determined using an 
elbow method, i.e., the number of clusters at which the within-cluster 
sum of squared errors (WSS) plateaus. This new architecture was then 
trained to minimize the following WSS plateaus. This new architec-
ture was then trained to minimize the following loss function

	​ L  = ​ ∑ 
n
​ 

2
 ​​ ​L​ r​​ +  ​∑ 

i
​ ​ ​ ​∑ 

j
​ ​ ​ ​p​ ij​​ log ​ 

​p​ ij​​ ─ ​q​ ij​​ ​​	

where the first term is the summation of MSE loss for reconstruction 
of the two AEs and the second term is the clustering assignment 
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hardening loss with proportion modulated by  of 1. The clustering 
loss was calculated by

	​​ q​ ij​​  = ​  
​(1 + ​‖​z​ i​​ − ​​ j ​​‖​​ 2​)​​ 

−1
​
  ───────────  

​​ j​​ ​(1 + ​‖​z​ i​​ − ​​ j​​‖​​ 2​)​​ 
−1

​
 ​​	

	​​ p​ ij​​  = ​  
​q​ij​ 2 ​ / ​​ i​​ ​q​ ij​​

 ─ 
​​ j​​(​q​ij​ 2 ​ / ​​ i​​ ​q​ ij​​)

 ​​	

where qij is the normalized similarity between hidden representation 
point zi to cluster centroid j by Student’s t-distribution measure 
and can be considered as soft cluster assignments, while pij served as 
stricter (hardened) auxiliary ground truth labels on which the model 
trained. Therefore, pij was not updated after every batch interval, but 
every 700 to allow convergent cluster layer training. The entire AE 
model was trained until the hard cluster assignment calculated by 
argmax(qij) became less than 5% difference compared to the last up-
date. To leverage inherent randomness within neural networks, these 
steps were repeated 10 times and the final cluster assignment was 
obtained from meta-clustering (greedy algorithm by Dimitriadou, 
Weingessel, and Hornik) of the hard cluster assignment obtained 
from each of the iterations (63). The trained model was then used to 
predict cluster assignment for postsynaptic events and presynaptic 
events of other diagnostic groups.

For each cluster and brain region in a given sample, a mean value 
for each of the 34 expression markers was calculated, yielding a 
total of 1530 expression features per participant (3 brain regions × 
34 markers × 15 subpopulations). Mean expression values were used 
instead of median because some phenotypic marker’s expression was 
rare. In addition, to improve signal quality, for expression markers 
AS, CD47, DAT, GAD65, Synaptobrevin2, vGLUT, and VMAT2 in 
subpopulations B1 and B2, which overlapped with postsynaptic 
events (fig. S5, D to F), their values were subtracted by mean values 
from the corresponding postsynaptic subpopulations, as these mark-
ers were known to be highly enriched in presynapses. The preliminary 
robustness and sanity check of the resulting clusters compared to ex-
isting literature (64, 65) are detailed in the Supplementary Materials.

ML model evaluation and interpretation
Similar to single-cell analyses in AD and other diseases (66, 67), con-
ventional ML models were used for prediction and identification of 
important features. The input to the models was the mean expression 
matrix obtained after clustering. For all of the classification and regres-
sion tasks in this study, five ML algorithms were compared, includ-
ing LASSO, ridge, EN, random forest, extreme gradient boosting 
(XGBoost), and support vector machine (SVM). Only the best per-
forming model was reported. All of the models were run on Python 
using either sklearn or xgboost packages with default hyperparame-
ters, as optimizing these models to obtain the best possible prediction 
results was not the goal of this study. A leave-one-out cross-validation 
method was used to evaluate the performance of each of the models. 
The aggregated test prediction values were used for evaluation. The 
AUC and Wilcoxon’s P value were used as criteria.

MIBI for identification of subpopulation characteristics 
suggested by SynTOF
ADNC and Control hippocampus samples from different brain au-
topsies than those used for SynTOF were sectioned at 4-mm thickness 

from archival formalin fixed paraffin embedded tissue blocks and 
mounted on salinized gold slides for MIBI-TOF. MIBI-TOF anti-
body conjugation and staining exactly followed previously pub-
lished protocols (68, 69). Acquisition of spectral images was performed 
using a modified MIBI-TOF (Oregon Physics & IONPATH) with 
a hyperion ion source (33). Images were preprocessed as described 
previously (33).

To assign meaningful phenotypes to each pixel of the image, we 
applied a pixel clustering approach. Preprocessed (background-
subtracted, denoised) MIBI images were first Gaussian blurred 
using an SD of 2 for the Gaussian kernel. Pixels were normalized by 
their total expression such that the total expression of each pixel was 
equal to 1. A 99.9% normalization was applied for each marker. Pixels 
were clustered into 100 clusters using FlowSOM based on the expres-
sion of the markers. The average expression of each of the 100 pixel clus-
ters was found, and the z score for each marker across the 100 pixel 
clusters was computed. All z scores were capped at 3 such that the 
maximum z score was 3. Using these z-scored expression values, the 
100 pixel clusters were clustered using consensus hierarchical clus-
tering using Euclidean distance into 20 metaclusters. In our experi-
ence, for a set of 16 clustering markers, 20 metaclusters are able to 
capture the phenotypic diversity well. Upon inspection of the expres-
sion heatmap of the 20 metaclusters, we observed discrete pheno-
types for each metacluster. These metaclusters were mapped back 
to the original images to generate overlay images colored by pixel 
metacluster. Each pixel was therefore assigned to an interpretable 
phenotypic cluster.

We then applied a sliding window approach to assess the colo-
calization of proteins within each image. We varied the size of the 
sliding window, using 3 × 3 pixel windows (0.9 m2) with a stride of 
2 pixels, 6 × 6 pixel windows (0.9 m2) with a stride of 3 pixels, and 
9 × 9 pixel windows (2.7 m2) with a stride of 3 pixels. Results were 
consistent across different window sizes. For each window, we assessed 
marker positivity by counting the number of pixels of each pixel clus-
ter within each window. For example, if a window contained a pixel 
belonging to pixel cluster 1, which was defined by the tau expression, 
the window was called as tau+. For each window, we assessed marker 
positivity for CD56, vGLUT, ApoE, GAD65, and tau. We varied the 
cutoff for calling positivity, and results were consistent across differ-
ent cutoffs. By using such an approach, we identified which markers 
were expressed in each window. By assessing combinations of mark-
ers within each window, we could investigate marker colocalization.

Furthermore, we assessed the mean expression of CD47 and 
PHF-tau within each window. The MIBI images were transformed 
by multiplying by 100 and arcsinh-transformed with a cofactor of 
5 and then rescaled on a 0 to 5 scale. The images were then nor-
malized by average histone H3 (HH3) expression to mitigate batch 
effects between MIBI images, because average HH3 expression is con-
sistent across images (33). The average expression of CD47 and PHF-
tau was then calculated using these normalized values.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0473

View/request a protocol for this paper from Bio-protocol.
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