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SUPPLEMENTARY TEXT

Preliminary robustness and cluster sanity checks of the clusters

To ensure that the resulting clusters were robust, a leave-one-out cluster prediction was
performed on the Control samples and compared to the original results obtained from training on
all 6 Control samples. Specifically, in each of the 6 iterations, the autoencoder was trained on 5
Control samples and predicted the cluster assignment for the held-out sample. The results are
visualized in Fig. S2B, where each pixel of the heatmap represents average scaled expression
values from the predicted held-out samples. The similarity between this heatmap and that in Fig.
2A suggests that the resulting clusters are equivalent. The mean and standard deviation of the
correlation statistics (Pearson’s R) between them for each of the phenotypic markers are shown

on the left of the heatmap.

Autoencoder-generated clusters were initially validated by two approaches. First, subpopulations
followed prior expectations, e.g, all presynaptic subpopulations in caudate exhibited multiple
fold higher DAT expression than in BA9 or hippocampus (Fig. S9). Second, the intentionally
selected redundant presynaptic markers, CD47 and SNAP25, had highly correlated signal
intensities across subpopulations (Spearman’s R=0.90, 0.91, and 0.91 in BA9, caudate, and
hippocampus, P=2.2x107!¢ for all regions). We and others (16, 64, 65) have shown that a
minority of synaptosomes retain attached astrocytic components, the intentionally redundant
astrocytic markers, EAATI1 and GFAP, exhibited strong correlations of intensities across
multiple subpopulations in all regions (Spearman’s R=0.74, 0.62, and 0.68 in BA9, caudate, and

hippocampus, P<2.2x107'°® for all regions).
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Fig. S1. Comparison of the SynTOF % positive events to known ultrastructural studies
indicates good agreement. Ultrastructural studies have estimated the proportion of different
types of synapses in primate brain. In prefrontal cortex, approximately 80% of synapses are
ultrastructurally asymmetric, of which 85-90% are glutamatergic, aligning well with our
SynTOF estimate of 73.0+3.5% BA9 vGLUT+ synaptosomes in Controls (27). The
approximately 20% symmetric synapses in prefrontal cortex are mostly GABAergic, estimated at
1 in 6, or 17% of total (21). The percent of BA9 GAD65+ presynaptic events by SynTOF was
16.3+1.4% in Controls. The remaining symmetric synapses (about 3% of total) and some of the
non-glutamatergic asymmetric synapses are monoaminergic, both noradrenergic and
dopaminergic at this site, although ultrastructural assessments of monoaminergic terminals are
likely underestimates because many terminals are not well formed synapses (22,23). BA9
VMAT2+ events were 4.3+0.9% of Control total presynaptic events by SynTOF. In primate
caudate nucleus, 70% to 86% of synapses are asymmetric but only two-thirds, or 47% to 58%,
are glutamatergic (24). Control caudate vGLUT+ presynaptic events were 55.0+1.5% of total by
SynTOF, which was significantly less than in BA9 (**P<0.01). The remaining asymmetric
synapses in caudate are mostly serotonergic with some dopaminergic. Symmetric synapses in the
caudate nucleus range from 24% to 30% and are mostly GABAergic along with dopaminergic
(24, 25). Control caudate GAD65+ presynaptic events were 26.2+1.6%, by SynTOF, which was
significantly more than BA9 (*P<0.05). VMAT2+ presynaptic events in Control caudate were
14.5+2.6% of total by SynTOF. The ratio of DAT to VMAT?2 varies between 0.5 and 0.3 in
human striatum (27). DAT+/VAMT2+ presynaptic events by SynTOF averaged 0.4 in Controls.
As expected, distribution of DAT+ presynaptic events by SynTOF was significantly different
across the three regions in Controls (P<0.0001) with caudate approximately 5-fold greater than
BA9 (P<0.001) and 10-fold greater than hippocampus (27) (P<0.001).
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Fig. S2. Heatmaps of mean expression for phenotypic markers in each brain region and
from a leave-one-out clustering robustness analysis. (A) Heatmap showing the mean

expression values from Control samples for each of the phenotypic markers across all identified

subpopulations and stratified by brain region. The mean expression values were scaled across
subpopulations for differential visualization purposes. These heatmaps demonstrate that the
subpopulation characteristics were similar across all brain regions. (B) Heatmap showing the
mean expression values from the average of the leave-one-out prediction of the six Control
samples (all brain regions). For each of the phenotypic markers, the correlations to the mean
expression values obtained from training and predicting using all six samples (as shown in Fig.
2A) were measured by Pearson’s R. The high correlations between the two indicate the
robustness of the clustering results. The mean expression values were scaled across
subpopulations for visualization purposes.
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Fig. S3. A 2-D t-SNE projections colored by phenotypic intensity confirm phenotypic
definitions of each subpopulation. The t-SNE plot of the sampled autoencoder’s hidden
representations from all brain regions of the Control samples with each event colored by the
intensity of each of the defined phenotypic markers.
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Fig. S4. Visualization of gated subpopulations. Biaxial plots obtained from GateFinder
showing selected examples of subpopulations from samples in the BA9 region (A1, B1, and C4).
The black-to-yellow color scale represents the density of the events; gray represents events that
were excluded by the previous gating step.
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Fig. SS. Pre- and postsynaptic subpopulation frequenciesy across all regions and diagnoses
show little difference between diagnoses and postsynaptic events occurring mostly in B
subpopulations. (A)-(C) The frequency of each subpopulation of presynaptic events for Control,
ADNC, and LBD in BA9, caudate, and hippocampus region, respectively. Asterisks indicate that
the frequency of the disease group is significantly different (Wilcoxon) from Control. (D)-(F)
The frequency of each subpopulation of postsynaptic events for Control, ADNC, and LBD in
BA9Y, caudate, and hippocampus region, respectively. Most postsynaptic events were similar to

subpopulation B.
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Fig. S6. Expression of markers with separation between Control and AD groups in the
majority of subpopulations. These include PHF-tau expression for almost all subpopulations in
hippocampus (top) and CD47 expression for most subpopulations with higher CD47 expressions
in hippocampus (bottom), including subpopulation A1 and A2, C1to C4, and C7 to C11.
Numbers above the bars for ADNC and LBD indicate Wilcoxon’s P values for disease groups
compared to Control.
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Fig. S7. The tabulated list of all significant features between Control vs. AD and Control vs.
AD Dementia. The list of all significant features (Q value < 0.05) from Spearman’s correlation
for Control (n=6) vs. AD (n=9) (left) stratified by marker type shows prevalent and strong
signals from PHF-tau and CD47 expression in multiple hippocampal subpopulations. Less
strong, but still prevalent expression signals are DJ1 in multiple BA9 subpopulations. Other
notable signals include GATM and K48 in caudate, and 3-NT in BA9. The right panel shows a
list of all significant features (Q value < 0.05) for Control (n=6) vs. AD dementia (n=7), in which
most signals from the previous comparison became stronger. Notably, ApoE was one of the few
new signals (absent in the left panel) that also ranked among the strongest. Markers omitted on
the y-axis were those without any significant subpopulations in any brain regions. Color is
included only to facilitate visualization of each row. Note that CN and Hippo are abbreviations
for caudate and hippocampus, respectively.
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Fig. S8. Similar MIBI analyses to Fig. 5 but with different sliding window sizes resulted in
the same conclusions. (A) Analyses using a window size of 3x3 (0.9 um?) and (B) 9x9 pixels
(2.7 um?).
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Fig. S9. DAT expression in all subpopulations and regions conforms with prior

expectations. In particular, DAT expression was several folds higher in the caudate nucleus.



SUPPLEMENTARY TABLES

Table S1. Characteristics of Human Samples.

Group Control | ADNC LBD
N 6 9 6
Age (yr, mean + SD) 86 + 8 88 +£7 88+ 6
Sex (F:M) 1:2 2:1 1:1
Cognitively Normal (N) 6 2 2
Clinical Diagnosis
MCI (N) 0 1 1
Dementia (N) 0 6 3
PMI (hr, mean + SD) 49+£1.6 [ 5019 | 5.0+0.8
Brain (gm, mean = SD) 1182+ 8411084 +72 (1260 £ 145
No 2 0 3
ADNC Low 4 0 3
™) )
Intermediate 0 0 0
High 0 9 0
None 6 9 0
Pathologic features” | | g (N) Brainstem 0 0 0
Limbic 0 0 1
Neocortical 0 0 5
VBI (N) None None None




HS (N) None None None

TDP-43(N) None None None
ARTAG (N) None None None
CTE (N) None None None

"Research participants who consented to brain autopsy with post mortem interval (PMI) <8 hr
had brain regions immediately processed and cryopreserved for synaptosomes as previously
described (16, 17, 35). Regions included Brodmann area (BA) 9 of the prefrontal cortex,
hippocampus at the level of the lateral geniculate nucleus, and dorsolateral caudate nucleus. Over
5 years we collected samples from 113 brain autopsies, and included all who met the stringent
clinical and pathological criteria detailed below. These criteria were established prior to selection
in order to focus on cases with only one type of pathologic change: all cases that met these
criteria were included in the study. Individuals in the Control group were cognitively normal at
their last clinical evaluation, which was within 2 years of death, and had cognitive test results
that were in the upper three quartiles for the cohort to minimize the likelihood of interval
conversion. Neuropathologic evaluation of Control individuals (n=6) had no or low AD
neuropathologic change (ADNC) and no comorbidities. Individuals in the ADNC group (n=9) all
had neuropathologic evaluations that showed only high ADNC and no evidence of any
comorbidity; they were clinically diagnosed as AD dementia (n=7) or cognitively normal (n=2)
or as mild cognitive impairment (n=1) within 2 years of death. Individuals in the Lewy body
(LB) disease (LBD) group (n=6) had only limbic or neocortical LB and were clinically
diagnosed as cognitively normal within 2 years of death (n=2), Parkinson’s disease (PD) with
MCI or dementia (n=2), or Dementia with Lewy bodies (DLB) (n=2).



Table S2. SynTOF antibody panel. Our SynTOF panel contained 38 conjugated antibodies. For
convenience antibodies were grouped into Marker Type (Fig. 1) used to identify features of cell
type, synapse type, patho-physiological protein in synapse, protein products of several AD or PD
risk genes, and markers of injury/response to injury. For quality control and normalization, we
used EQ™ Four Element Calibration Beads (Fluidigm #201078), which have a unique 140Ce
tag, and Cell ID™ Intercalator (191 Ir for DNAT and 193 Ir for DNA2).

Antibody Descriptor Product Clone [Metal [Synaptic
identifier tag /
Phenoty
pic
Marker
CDI11b’ microglia Fluidigm # 148
3148003B M1/70 Nd N/N
MBP’ oligodendroglia |Biolegend # SMI99 [150
808402 Nd N/N
Gating CD56 pan-neuron Fluidigm # NCAMI6.
3163007B (Hu) |2 (Hu)
Novus # 809220 163
MAB7820 (Mu) |(Mu) Dy Y/Y
SNAP25 pre-synaptic Biolegend # 155
836304 SMI81 |Gd Y'Y
PSD95" post-synaptic Biolegend # 157
810401 K28/43 |Gd N/N
Gephyrin”* post-synaptic  |Synaptic Sys # 145
147011 mAb7 Nd N/N
CD47 pre-synaptic BioXcell/inVivom 151
ab # BE0283 MIAP410 |Eu Y'Y
PrP pan-neuronal Biolegend # 3F4 166 Er| Y/Y
800302
VGLUT excitatory Biolegend# N28-
821301/ SySy # |[9/321A8 |153
135411 Eu Y'Y
AS pre-synaptic Biolegend # 142
807702 LB509 Nd Y'Y
Neuron Tau neuron Millipore Sigma # 172
type MABN162 TAU-5 |Yb Y/Y




(Aka MAB361,

unpurified)
APP neuron Invitrogen # 14- 173
9749-82 22C11 Yb Y'Y
GADG65 inhibitory Biolegend # 169
844502 N-GADG65 |Tm Y'Y
Calreticulin pre- FMC 75
synaptic/phagocyto |Enzo # ADI-SPA- 162
sis 601-F Dy Y'Y
Synaptobrevi pre-synaptic Synaptic Sys #
n2 104211 69.1 115 In Y'Y
VMAT2 monoaminergic [Abcam #
ab191121 poly 113 In Y'Y
SERT serotonergic Millipore Sigma # |poly 175 Y'Y
SAB2500950 Lu
DAT dopaminergic Abcam # ab5990 |hDAT-NT|154 Y'Y
Sm
BIN1 AD risk gene Biolegend # 147
655602 99D Sm Y'Y
AB40 Amyloid B peptide |Biolegend # 11A50- 168 Er|] Y/N
805402 B10
AD . ——
related AP42 Amyloid B peptide |Biolegend 161
#851602 BA3-9.R |Dy Y/N
PHF-tau Paired helical Thermo #MN1020|ATS8 158
filament tau Gd Y/N
ApoE AD risk gene Biolegend # D6E10 167 Er| Y/Y
803303
TMEM230 PD risk gene Santa Cruz # sc- [C200rf30 [149
398561 (G-2) Sm Y'Y
DJ1 PD risk gene Biolegend # 160
PD or 851502 A16125E |Gd Y'Y
DLB
related LRRK2 PD risk gene Abcam # UDD3
ab170993 30(12) 141 Pr| Y/Y




GBAI PD risk gene Genzyme 164
8E4 Dy Y/Y
Parkin PD risk gene Biolegend # 144
808503 Prk 8 Nd Y/Y
p129-AS Phospho-a- Abcam # P-syn/81A (159
synuclein ab184674 Tb Y/N
Ac-Casp3 apoptosis GeneTex# 146
GTX86909 Poly Nd Y/N
3-NT oxidative stress |Sigma Millipore 165
Injury #05-233 1A6 Ho Y/N
&
Respons EAATI astrocyte Thermo # PAS-
e 72895 poly 089Y| Y/N
K48 ubiquitin Sigma Millipore # 174
05-1307 Apu2 Yb Y/N
LC3B autophagy Novus # NB100- 171
2220 Poly Yb Y/N
GFAP astrocyte Fluidigm # GAS 143
3143022B Nd Y/N
GATM creatine synthesis |Novus # NBP2- |OTI1E3 [152
00984 Sm Y'Y
Cell GAMT creatine synthesis |Biorbyt # poly
Energy orb247514 170 Er| Y/Y
SLC6A8 creatinine transport [mybiosource 176
#MBS9605963  |poly Lu Y'Y

*The four negative markers were only used for gating presynapses, and were not included in
subsequent clustering and analyses.




Table S3. Features (brain region, marker expression, subpopulation) that exhibited complete
separation between Control vs. ADNC or Control vs. LBD.

Control vs. ADNC Control vs. LBD

BA9 | Hippocampus | Caudate | BA9 | Hippocampus | Caudate
Al PHF-tau, CD47 GFAP DAT
A2 PHF-tau, CD47 | LRRK2 | GFAP
B1 PHF-tau
B2
C1 PHF-tau, CD47 DAT
C2 PHF-tau LRRK2 DAT
C3 PHF-tau, CD47 DAT
C4 CD47 DAT
Cs PHF-tau DAT
Cé PHF-tau 3NT, AS DAT
C7 PHF-tau DAT
C8 PHF-tau DAT
Cc9 PHF-tau, CD47 DAT
C10 PHF-tau DAT
C11 DAT




Table S4. SynTOF Panel Antibody Validation.

Antibody Validation (56): e=Genetic / e=Orthogonal / e=Independent Antibody / e=Tagged Protein
Expression e=RBioStrategies. Journal (ref) and/or website of validation report.
CDI11b ° Anal Chem (55)
° https://www.thermofisher.com/antibody/product/CD11b-Antibody-clone-M1-70-
Monoclonal/14-0112-82
MBP ° Nat Neurosci (70)
° SciRep (71)
ee BMC Res Notes (72), ] Neuroimmunol (73)
CD56 ° J Biol Chem (74)
ee ] Neurosci Methods (/6), Cytometry A (17)
SNAP25 ° J Neurosci (75)
ee Lab Invest (76), J Neurosci Meth (/6)
PSD95 ° Proc Natl Acad Sci (77), https://www.labome.com/knockout-validated-antibodies/PSD-95-
antibody-knockout-validation-NeuroMab-75-028 .html#refl,
° https://www.antibodiesinc.com/products/anti-psd-95-antibody-k28-43-75-028
Gephyrin ee Science (/2), https://sysy.com/product/147011.
CD47 ° Nature (78)
° Nature (79), PNAS (80)
PrP ° Exp Eye Res (87)
eeee] Necurosci Methods (82), Traffic (83), J Virol (84),
https://www.alzforum.org/antibodies/prion-protein-3f4-0.
VGLUT ee AmJ Pathol (35), J Biol Chem (85)
° https://www.labome.com/product/Neuromab/75-066.html
ee https://www.biolegend.com/en-us/products/purified-anti-vglut1 -antibody-
11596?GroupID=ImportedGROUP1; https://sysy.com/product/135411.
AS ° PLoS One (86)
ee J Neurosci (87), Neurosci Lett (88)
Tau ° Brain Pathol (89)
eee J Ncurosci Res (90), J Neurosci (91), https://www.alzforum.org/antibodies/tau-total-tau-5
IAPP ° Neurosci (92)
° J Neurosci (93)
° J Biol Chem (94)
ee https://www.alzforum.org/antibodies/app-a4-22c11-1;
https://www.thermofisher.com/antibody/product/APP-Amyloid-Precursor-Protein-Antibody-
clone-22C11-Monoclonal/14-9749-82
GADG65 e000PNAS (95), Neuron (96), J Neurosci Res (97), J Neurosci (98)
Calreticulin  |e https:// www.thermofisher.com/antibody/product/Calreticulin-Antibody-clone-FMC-75-
Monoclonal/MA1-91034
° Oncoimmunology (99)
° Nat Commun (/00)
Synapto- eee ] Biol Chem (/01), Science (102), https://sysy.com/product/104211
brevin2
VMAT2 ° Front Neurosci (103)
° https://www.abcam.com/vmat2-antibody-ab191121.html?productWallTab=ShowAll.
SERT ° https:// www.sigmaaldrich.com/US/en/product/SIGMA/SAB2500950
DAT ° Lab Invest (76)
° Nat Commun (/04)
eeeeAm J Pathol (35), Lab Invest (76), J Neurosci Methods (16), Cell (105)
BIN1 ° https://www.origene.com/catalog/antibodies/primary-antibodies/ta319582/bin1-mouse-
monoclonal-antibody-clone-id-99d
IAB40 ° PNAS (106)
ee PNAS (/006), Brain Pathol (107)
AB42 ° PNAS (106)




° J Neurosci Methods (/6)
PHF-tau ° Acta Neuropathol (108)
ee00ePNAS (109), PNAS (/10), ] Neurosci (/11), Angew Chem Int Ed Engl (//2)
ApoE ° PLoS Genet (/13)
° Am J Pathol (114)
° Nat Commun (/15)
TMEM230 ® J Alzheimers Dis (/16)
ee Nat Neurosci (70), https://www.scbt.com/p/tmem230-antibody-g-2
DJ-1 ° Science (/16)
® https://www.biolegend.com/en-us/products/hrp-anti-dj-1-park7-antibody-
15812?GroupIlD=GROUP792
LRRK?2 ee Biochem J (/17), https://www.abcam.com/Irrk2-antibody-udd3-3012-bsa-and-azide-free-
ab170993.html?productWallTab=ShowAll,
° Biochem J (/17)
GBAI ° Nat Commun, (/18)
Parkin ° J Biol Chem (119)
ee ] Biol Chem, (/79), https://www.biolegend.com/en-us/search-results/purified-anti-parkin-
antibody-11508
129-AS ° Commun Biol (/20)
Ac-Casp3 ° Mol Med Rep (121)
° https://www.genctex.com/Product/Detail/Caspase-3-cleaved-Asp175-
antibody/GTX86909#datasheet.
3NT ° J Clin Invest (/22)
ee Am J Pathol (/23), Mol Brain (/24)
EAATI ° https:// www.thermofisher.com/antibody/product/GLAST-Antibody-Polyclonal/PA5-72895.
K48 ° Cell (125)
ee Sci Rep (/26), https://www.sigmaaldrich.com/US/en/product/mm/051307
LC3B ° https://www.novusbio.com/products/lc3b-antibody _nb100-2220
° https://www.novusbio.com/products/lc3b-antibody nb100-2220
GFAP ee ASN Neuro (/27), Exp Cell Res (/28)
° https://www.thermofisher.com/antibody/product/GFAP-Antibody-clone-GAS-Monoclonal/14-
9892-82.
GATM ° Western blot g, GATM antibody validation by Western blot.
23, ATM knockout (KO) cells were derived by
3 % RISPR/Cas-9 deletion of 2bp in exon 5 in
z 3 B ap1 cells (genomic location Chr15:45366402;
,; _‘g oy o orizon Discovery Cat# HZGHC007887¢010).
- &8 8 . arental Hap1 cells (Horizon Discovery Cat#
- il 631) and wild type C57B1/6 mouse kidney
ere used as controls. 20ug protein/lysate was
6 — separated by gel electrophoresis, transferred to
embrane, blocked, and probed with primary
V= ntibody to GATM (1:250). Source: Montine
aboratory, unpublished result,.
° Brain Res (/29)
GAMT ° Brain Res (/29)
SLC6AS ° J Inherit Metab Dis (/30)
° https://www.mybiosource.com/polyclonal-human-mouse-rat-antibody/slc6a8/9605963
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