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Abstract

Alzheimer’s disease (AD) is defined by the presence of abundant amyloid-S (Ag) and tau
neuropathology. While this neuropathology is necessary for AD diagnosis, it is not sufficient for
causing cognitive impairment. Up to one third of community dwelling older adults harbor
intermediate to high levels of AD neuropathology at death yet demonstrate no significant cognitive
impairment. Conversely, there are individuals who exhibit dementia with no gross explanatory
neuropathology. In prior studies, synapse loss correlated with cognitive impairment. To understand
how synaptic composition changes in relation to neuropathology and cognition, multiplexed liquid
chromatography mass-spectrometry was used to quantify enriched synaptic proteins from the
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parietal association cortex of 100 subjects with contrasting levels of AD pathology and cognitive
performance. 123 unique proteins were significantly associated with diagnostic category.
Functional analysis showed enrichment of serotonin release and oxidative phosphorylation
categories in normal (cognitively unimpaired, low neuropathology) and “resilient” (unimpaired
despite AD pathology) individuals. In contrast, frail individuals, (low pathology, impaired
cognition) showed a metabolic shift towards glycolysis and increased presence of proteasome
subunits.
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1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia, affecting an estimated 35
million individuals worldwide (Alzheimers & Dementia, 2018). Although the presence of
abundant amyloid-beta (AB) plaques and tau tangle neuropathology is required for the
diagnosis of AD, studies of community-residing older adults have shown that up to one third
of people with no measurable cognitive impairment at death harbor neuropathology that
would be classified as intermediate to high likelihood of AD (D. A. Bennett et al., 2006;
Schneider et al., 2007). AD pathology therefore may be necessary in the diagnostic
definition of AD, but it is not sufficient for causing the cognitive and functional
manifestations of AD. The maintenance of cognitive performance in the face of substantial
AD pathology has been described as resilience or asymptomatic AD. The phenomenon is
often attributed to cognitive or brain reserve and some presume it to be a preclinical stage of
symptomatic AD dementia. It is poorly understood (Arnold et al., 2013; Au et al., 2012;
D.A. Bennett et al., 2006; Gelber et al., 2012; lacono et al., 2009; Johnson et al., 2020;
O’Brien et al., 2009; Savva et al., 2009; Schneider et al., 2007). Conversely, some
individuals show significant cognitive and functional impairments with aging despite absent
or minimal AD pathology, cerebrovascular disease, or other neurodegenerative diseases in
the brain. This cognitive frailty is even less well-studied.

Synapse loss has long been considered a strong correlate of cognitive impairment in AD
(DeKosky and Scheff, 1990; Koffie et al., 2011; Terry et al., 1991). Clinicopathological
studies of individuals enrolled in the Rush Religious Orders Study and Memory and Aging
Project (ROSMAP) highlighted comparable pre-synaptic and post-synaptic staining levels in
cognitively and pathologically normal individuals and resilient individuals (Bennett et al.,
2018). Another study suggested resilient individuals have similar densities of thin and
mushroom spines in the dorsolateral prefrontal cortex relative to controls (Boros et al.,
2017). Proteomic studies of post-mortem cortical tissue from individuals with AD showed
decreases in pre-synaptic SNAP25, Syntaxin 1A & B (STX1A & B), and synaptotagmin
(SYTL), and the post-synaptic markers PSD95, disks large MAGUK scaffold protein 3
(DLG3), and Neuroligin 2 (NLGN2) (Johnson et al., 2020; Ping et al., 2018). Aged
individuals with a worse cognitive trajectory have lower post-mortem levels of synaptic
markers, including PSD95, SYT1, and STX1A (Wingo et al., 2019).
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In a cytoarchitecturally complex tissue like the brain, interpreting sub-cellular- or organelle-
specific protein composition or regulation from whole-tissue data may be confounded or
obscured by global differences in sub-cellular compartment and organelle density or volume
(Carlyle et al., 2017). In whole-tissue studies of AD, one of the strongest drivers of
differential protein abundance is the general loss of neurons and synapses in AD cases
compared to controls (Johnson et al., 2020, 2018; Ping et al., 2018; Wingo et al., 2019).
Therefore, to better understand how protein composition within the synapse is affected in
relation to AD pathology and cognition, we analyzed enriched synaptic fractions from brain
tissue in ROSMAP samples by tandem mass tag labelled liquid chromatography mass-
spectrometry (LC-MS3). Parietal association cortex (angular gyrus) tissue from 100
participants spanning four groups was analyzed: (1) cognitively unimpaired with low AD or
other pathology (“Normal”), (2) dementia with high AD pathology (“Dementia-AD”), (3)
“Resilient,” cognitively unimpaired despite high AD pathology, and (4) dementia without
AD or any other attributable pathology “(Frail””). More than 100 proteins were significantly
associated with diagnostic category, including important regulators of neurotransmitter
release, metabolism, and protein degradation.

2. Materials and methods

2.1. Human brain tissue

Post-mortem tissue from the parietal association cortex (angular gyrus, Brodmann Area 39)
was obtained from the Rush Alzheimer’s Disease Center. This region was chosen as an area
of major interest in AD, lying at the heart of the temporoparietal association cortices
showing hypometabolism in AD in decades of FDG-PET studies (Andriuta et al., 2016;
Silverman et al., 2001), and dynamic ranges of A and tau pathologies in the Braak staging
spectrum for AD (Arnold et al., 1991; Braak and Braak, 1991). This avoids ceiling effects of
entorhinal and hippocampal involvement and floor effects of primary sensory and motor
cortices. Thus, it is ideal for defining low and high pathology groups. Tissue came from both
the ROS and MAP projects (Bennett et al., 2018), similarly designed studies with
longitudinal cohorts consisting of individuals who agreed to annual clinical evaluations and
provided informed consent to donate their brains for research at the time of death. Annual
evaluations included a medical history, neurological exam, and 21 cognitive tests assessing
multiple cognitive domains that are commonly impaired in older individuals (Wilson et al.,
2004, 2002). Cognitive scores were converted to Z-scores across the entire ROSMAP cohort
and combined to generate a composite global cognition score. Brain autopsies were
conducted with standardized protocols, including the preparation of diagnostic blocks for
neuropathological classification according to NIA-Reagan, Braak, and CERAD staging.
Case metadata is provided in Supplementary Table 1. Informed consent was obtained from
all subjects, and tissue was obtained and analyzed under an Exempt Secondary Use protocol
approved by the Massachusetts General Hospital Institutional Review Board
(2016P001074).

2.2. Case selection and categorical grouping

In total, 100 cases that spanned the range of AD pathology and last valid global cognition
scores in the ROSMAP cohorts were selected. These 100 cases were selected from 4
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diagnostic bins stratified based on 2 variables. The first was the Braak Score, a 6-point scale
that describes the brain-region specific pattern of AD pathology from early- to late-stage
disease. Subjects were divided into low AD pathology (Braak Score of 4 or less) or high AD
pathology (Braak Score of 5 or 6) on the basis of this variable. The second variable was a
consensus clinical diagnosis from longitudinal cohort clinicians as to whether the subject
was cognitively impaired at death. This decision was made using all available cognitive test
data, with trajectory of global cognition score as the primary indicator. The global cognition
score is a ROSMAP cohort-wide Z-score normalized summary value encompassing a battery
of 21 different cognitive tests assessing 5 domains of cognition (episodic memory, semantic
memory, working memory, perceptual orientation, and perceptual speed). Cases that showed
incongruous findings in some cognitive domains were not included in the study. Samples
were selected in quartets with the Frail sample (individuals with low AD pathology and
cognitive impairment) as the reference case, given these were the least common diagnostic
type in the cohort. This approach resulted in strong balancing for other key demographic
variables including age, sex, education and post-mortem interval (Table 1) across four
diagnostic groups of 25 subjects each.

2.3. Synaptic protein enrichment

Syn-PER Synaptic Protein Extraction Reagent (Thermo Fisher Scientific) was used to enrich
for synaptic proteins from the frozen tissue samples. Complete Protease Inhibitor (EDTA
Free, Roche) was added to the Syn-PER reagent (1 tablet per 50 ml). After removal of
obvious white matter, approximately 100 mg of each frozen tissue piece was weighed,
before adding 1 ml of Syn-PER per 100 mg of tissue and homogenization using 15 strokes
of a Dounce homogenizer driven by a Scilogex OS-20S drive motor set at 500 rpm.
Homogenates were centrifuged at 1,200 x g for 10 minutes at 4 °C. The supernatant (S1)
was transferred to a new sample tube and centrifuged at 15,000 x g for 20 minutes at 4 °C.
The supernatant (S2) was removed and discarded, and the resulting P2 pellet containing pre-
and post-synaptic fractions and other membranous organelles was resuspended once in cold
PBS to reduce contaminating proteins, before a second spin at 15,000 x g for 20 minutes at 4
°C. The washed P2 pellet was snap frozen and stored at —80 °C (see Fig. 2).

2.4. Multiplexed quantitative proteomics

P2 pellets were lysed by passing through a 21-gauge needle 20 times in 75 mM NaCl, 3%
SDS, 1 mM NaF, 1 mM beta-glycerophosphate, 1 mM sodium orthovanadate, 10 mM
sodium pyrophosphate, 1 mM PMSF and 1x Roche Complete Mini EDTA free protease
inhibitors in 50 mM HEPES, pH 8.5. Lysates were then sonicated for 5 minutes in a
sonicating water bath before cellular debris was pelleted by centrifugation at 14,000 rpm for
5 minutes. Proteins were reduced with dithiothreitol, alkylated with iodoacetamide (Edwards
and Haas, 2016) and purified through methanolchloroform precipitation (Wessel and Fligge,
1984). Precipitated proteins were reconstituted in 1 M urea in 50 mM HEPES, pH 8.5,
digested with 5 1g Lys-C and 5 /g trypsin, and desalted using C18 solid-phase extraction
(SPE) (Sep-Pak, Waters). The concentration of the desalted peptide solutions was measured
by BCA assay, and peptides were aliquoted into 50 zg portions. Peptide samples were
allocated into 11 batches of 9 or 10 individual biological samples balanced by diagnostic
condition, 1 or 2 pooled samples to be used to normalize for TMT labeling efficiency, plus
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an 11th pooled bridge sample in each batch (Lapek et al., 2017).. Each batch was labeled
with TMT11 as described previously (Edwards and Haas, 2016). Each of the pooled batches
was desalted via C18 SPE and then fractionated into 12 fractions using Basic pH Reversed-
Phase Liquid Chromatography (bRPLC), and individual fractions were analyzed by LC-
MS3 (Edwards and Haas, 2016) (Fig. 1). TMT labels are isobaric in the first mass
spectrometer (MS1), meaning the same peptide will coelute and be co-detected from all 11
samples. Upon fragmentation, the isobaric tags reveal different masses which are detected at
MS2, enabling de-multiplexing of peptides from each sample contained in the pool and
producing individual quantification data from each unique sample. Quantification after a
further fragmentation (MS3 level) allows for quantification of each reporter ion alone,
allowing for accurate and sensitive quantification (Ting et al., 2011a).

Twelve fractions from each TMT batch were analyzed by LC-MS2-MS3 on an Orbitrap
Fusion mass spectrometer (Thermo Fisher Scientific) coupled to an Easy-nLC 1000
autosampler and HPLC system. Peptides were separated on an in-house pulled, in-house
packed microcapillary column (inner diameter, 100 mm; outer diameter, 360 mm, 30 cm
GP-C18, 1.8 mm, 120 A, Sepax Technologies). Peptides were eluted with a linear gradient
from 11 to 30% ACN in 0.125% formic acid over 165 minutes at a flow rate of 300 nL/min
while the column was heated to 60 °C. Electrospray ionization was achieved by applying
1,500 V through a stainless-steel T-junction at the inlet of the microcapillary column.

The Orbitrap Fusion was operated in data-dependent mode using an LC-MS2/SPS-MS3
method. Full MS spectra were generated over an m/z range of 500-1,200 at a resolution of 6
x 10% with an Automatic Gain Control (AGC) setting of 5 x 10° and a maximum ion
accumulation time of 100 msec. The most abundant ions detected in the survey scan were
subjected to MS2 and MS3 experiments using the Top Speed setting that enables a
maximum number of spectra to be acquired in a 5 sec experimental cycle before the next
cycle is initiated with another survey full-MS scan. lons for MS2 spectra were isolated in the
quadrupole (0.5 m/z window), Collision Induced Dissociation (CID)-fragmented, and
analyzed at rapid scan rate in the ion trap, where fragment ions were analyzed (AGC, 10 x
10%; maximum ion accumulation time, 35 msec; normalized collision energy, 30%). MS3
analysis was performed using synchronous precursor selection (SPS-MS3) upon Higher
Energy Collisional (HCD) fragmentation. Up to 10 MS2 precursors were simultaneously
isolated and fragmented for MS3 analysis (isolation width, 2.5 m/z; AGC, 1 x 10°;
maximum ion accumulation time, 100 msec; normalized collision energy, 55%; resolution, 6
x 10%). Fragment ions in the MS2 spectra with an m/z of 40 m/z below and 15 m/z above the
precursor m/z were excluded from being selected for MS3 analysis.

2.5. Data processing

Data were processed using an in-house developed software suite (Huttlin et al., 2010). RAW
files were converted into the mzXML format using a modified version of ReAdW.exe (http://
www.ionsource.com/functional_reviews/readw/t2x_update_readw.htm). Spectral
assignments of MS2 data were made using the Sequest algorithm (Eng et al., 1994) to search
the Uniprot database (02/04/2014 release) of human protein sequences including known
contaminants such as trypsin. The database included a decoy database consisting of all
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protein sequences in reverse order (Elias and Gygi, 2007). Searches were performed with a
50 ppm precursor mass tolerance. Static modifications included 11-plex TMT tags on lysine
residues and peptide N-termini (+229.162932 Da) and carbamidomethylation of cysteines
(+57.02146 Da). Oxidation of methionine (+15.99492 Da) was included as a variable
modification. Data were filtered to a peptide and protein false discovery rate of less than 1%
using the targetdecoy search strategy (Elias and Gygi, 2007). This was achieved by first
applying a linear discriminator analysis to filter peptide annotations using a combined score
from the following peptide and spectral properties (Huttlin et al., 2010): XCorr, ACn, missed
tryptic cleavages, peptide mass accuracy, and peptide length. The probability of a peptide-
spectral match to be correct was calculated using a posterior error distribution and the
probabilities of all peptides assigned to one specific protein were combined through
multiplication. The dataset was re-filtered to a protein assignment FDR of less than 1% for
the entire dataset of all proteins identified across all analyzed samples (Huttlin et al., 2010).
Peptides that matched to more than one protein were assigned to that protein containing the
largest number of matched redundant peptide sequences following the law of parsimony
(Huttlin et al., 2010).

For quantitative analysis, TMT reporter ion intensities were extracted from the MS3 spectra
by selecting the most intense ion within a 0.003 m/z window centered at the predicted m/z
value for each reporter ion, and signal-to-noise (S/N) values were extracted from the RAW
files. Spectra were used for quantification if the sum of the S/N values of all reporter ions
was = 440 and the isolation specificity for the precursor ion was = 0.75. Protein intensities
were calculated by summing the TMT reporter ions for all peptides assigned to a protein.
Normalization of the quantitative data followed a multi-step process. Intensities were first
normalized using the intensity measured for the bridge sample (Lapek et al., 2017). Taking
account of slightly different protein amounts analyzed in each TMT channel, we then added
an additional normalization step by normalizing the protein intensities measured for each
sample by the global median of the per-sample median protein intensities (see Figure S3A,
B).

2.6. Data analysis

Median-normalized protein quantifications were imported into R for all downstream
analysis. All code used from this point forwards is provided in R project format,
including.csv format supplementary tables. To resolve remaining variability (Figure S3A, B)
in the median-normalized per-sample protein abundance distributions, we applied a full
quantile normalization using the PreProcessCore R package. In building synaptic protein
inclusion lists, protein 1D conversion was performed using downloaded flat files from
biomart (Smedley et al., 2015) (Mouse version: GRCm38.p6, Human version:
GRCH38.p12) when necessary. The dataset was filtered twice; first to remove proteins with
greater than 30% missing values, and second using an inclusion list of synaptic proteins. The
inclusion list comprised 5667 proteins annotated as synaptic using the gene ontology
(Ashburner et al., 2000), SynaptomeDB (Pirooznia et al., 2012), and Genes2Cognition
databases, and proteins detected in the synaptic compartment in high quality proteomic
studies (Bayés et al., 2014, 2011; Distler et al., 2014; Focking et al., 2016; Li et al., 2017;
Pandya et al., 2017) that employed a variety of purification techniques (density gradients,
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immunoprecipitation of scaffolds, detergent extraction). For modeling, missing values
(defined as NA in R) were replaced with the lowest detected value for that protein (Carlyle
et al., 2017). Linear modelling, ANOVAs, Tukey HSD tests, and correction for multiple
comparisons were performed using base R functions on log transformed data to satisfy
assumptions of normality. The broom package was used to tidy modeling output. The
ggsignif and scales packages were used in combination with ggplot for data plots. All
boxplots are standard R ggplot format, with the median as the measure of center, box
showing the interquartile range (IQR), and whiskers representing 1.5 times the IQR. All data
points are shown on these plots. Files for input to GSEA (Subramanian et al., 2005) were
prepared using a base R script. GSEA analyses were run using the java applet downloaded
from http://software.broadinstitute.org/gsea/index.jsp, with downstream analysis and
plotting performed in R. GSEA was performed using REACTOME version 7.2 ontology.

2.7. Data availability

Mass spectrometry RAW data are accessible through the MassIVE data repository
(massive.ucsd.edu) under the accession number MSV000084959.

The code used to create all analyses, figures and supplementary tables for this manuscript
can be found at: https://bitbucket.org/omicskitchen/tmtsynaptosomes.

Individual protein abundances across key variables can be explored at https://tmt-
synaptosomes.omics.kitchen/.

3. Results and discussion

3.1. Sample demographics

Samples were classified into 4 diagnostic groups on the basis of 2 variables; the Braak score
and clinical consensus of the presence of significant cognitive impairment at last study visit
prior to death (Bennett et al., 2006) (Fig. 1 A). Twenty-five samples were allocated to each
of the 4 groups; Normal (N) individuals with low AD pathology and no cognitive
impairment, Dementia-AD (DEM_AD) individuals with high AD pathology and cognitive
impairment, Resilient (RES) individuals with high AD pathology and no cognitive
impairment, and Frail (FRL) individuals with low AD pathology and cognitive impairment.
Key sample demographics were well matched across the 4 diagnostic categories including
age at death, post-mortem interval (Fig. 1 B), sex, and education (Table 1).

One-way ANOVA with Tukey post-hoc testing showed that the global pathology score was
significantly higher in the Dementia-AD and Resilient groups than the Normal and Frail
groups (Fig. 1 B), and that the global cognition score at the last valid visit was significantly
higher in the Normal and Resilient groups compared to the Frail and Dementia-AD groups
(Fig. 1 B, Table S2). There was also a smaller significant difference in global cognition score
between the Frail and Dementia-AD groups. The subjects were not selected for balanced
APpOE status across groups, and thus this was not used as a variable in the downstream
analysis. ApoE status distributed as expected across the groups (Figure S1). Although this
variable was not included in the modeling, single protein data can be visualized relative to
APpOE status at https://tmt-synaptosomes.omics.kitchen/. There were no consistent
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enrichments for neuropathologies such as TDP-43, Lewy body and vascular pathologies in
any group, including the Frail group (Figure S2).

3.2. Quantitative assessment of synaptic proteomes

Synaptic proteins were enriched from parietal association cortex using the Syn-PER
Synaptic Protein Extraction Reagent (Fig. 1). Digested peptides were Tandem Mass Tag
(TMT) labeled to be analyzed by LC-MS3. Prior to LC-MS3 analysis, each 11-plex was
offline fractionated into 12 fractions by bRPLC to ensure deep coverage of the synaptic
proteome, before analysis by SPS-MS3 (McAlister et al., 2014, 2012; Ting et al., 2011b) on
an Orbitrap Fusion mass spectrometer (Fig. 2 A). Batch effects were mitigated by 2 step
median scaling (Figure S3A,B). To resolve remaining variability in per-sample protein
abundance distributions we applied a full quantile normalization and clustering showed no
remaining batch effects (Figure S3C).

Across all individual samples, 9560 unique proteins were detected and quantified in at least
one sample (Table S3). 6758 proteins remained after a filter was applied that removed
proteins with over 30% missing values (Figure S4A), and 4952 proteins were detected in
every sample. For modeling purposes, missing values were replaced with the lowest
acquired value for that protein. Missing protein values were mostly related to batching
structure and not diagnostic group (Figure S4A, B).

3.3. Enrichment and coverage of the synaptic proteome

General synapse loss has long been suggested as a strong predictor of cognitive decline in
AD (DeKosky and Scheff, 1990; Koffie et al., 2011; Terry et al., 1991), as reflected in
whole-tissue studies of AD (Johnson et al., 2020, 2018; Ping et al., 2018; Wingo et al.,
2019). To avoid a volume effect-confound from synapse loss and to better enable
identification of differential protein changes within synapses that were associated with
cognitive performance, biochemically enriched synaptic fractions were analyzed.
Biochemical enrichment also helps to reveal protein differences in synapses in two further
ways. For some proteins, whole-tissue levels may mask a compartment-specific change; for
example, we previously showed that synaptic enrichment was essential for detecting changes
in PDE4A enzyme in the synapses from aged rodent cortex (Carlyle et al., 2014), with no
change detectable at the whole-tissue level. Second, simplification of the protein mixture in
the synaptic fraction allows greater sensitivity of the mass-spectrometer to lower abundance
proteins.

Syn-PER enrichment was chosen as an enrichment method for two reasons: (1) once tissue
is frozen without cryopreservation, membrane disruption prevents the preparation of pure
organelle fractions (Dias et al., 2020); and (2) the protocol is simple and rapid compared to
density gradient methods, reducing the potential introduction of variability in preparation
methods in a large sample set. Cell fraction enrichment was assessed using human or mouse
tissue proteomic studies (Bayés et al., 2014, 2011; Christoforou et al., 2016; Distler et al.,
2014; Focking et al., 2016; Foster et al., 2006; Itzhak et al., 2017; Li et al., 2017; Pirooznia
etal., 2012; Thul et al., 2017) or Gene Ontology Cellular Compartment protein lists
(Ashburner et al., 2000; The Gene Ontology Consortium, 2019). Proteins unique to any
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fraction across these studies were used to assess enrichment or depletion by Bonferroni
corrected Fisher tests. All fractions tested, except the nucleus (depleted, p.adj = 6.52e~14),
were enriched (Figure S5), although cytoskeleton enrichment was not significant. The
fractions with the strongest enrichment were post-synaptic (3.0-fold), and mitochondrial
(2.3-fold, Table S4). There are far fewer proteomic studies of the pre-synapse than post-, and
thus incomplete annotation of unique proteins may be part of the reason why this fraction
appears less enriched here. All fractions found to be significantly enriched in this
preparation have established presence in the pre- or post-synapse.

As the Syn-PER process is an enrichment and not a purification step, an important
consideration for this technique, we applied a second bioinformatic filter to the proteins in
the dataset using an inclusion list of 5667 synaptic proteins (see Methods). In total, we
consistently detected 69% of the proteins from the inclusion list in this experiment.
Moreover, we detected 532 proteins from the inclusion list that were not reported in a recent
study of offline fractionated peptides from whole-tissue (Johnson et al., 2020). The inclusion
list filter step resulted in a set of 3924 high-confidence synaptic proteins (Table S5) used for
further modeling and analysis. Established general pre- and post-synaptic markers were
plotted and assessed for protein abundance differences that may indicate gross synapse loss
between groups. None of the established synaptic markers were significantly different
between groups by one-way ANOVA (Fig. 2 B and C, Table S6), suggesting that the
enrichment method used was successful in normalizing protein changes due to any bulk loss
of synapses.

3.4. Analysis of diagnosis and synaptic protein abundance

Linear models were constructed with the 3924 proteins as outcome variables and diagnostic
category, age, sex, education, and postmortem interval as explanatory variables. As
expected, the majority of proteins that changed with post-mortem interval decreased as
interval increased, likely a result of degraded peptides from protease activity. The small
number of proteins that increased with interval may have lost a post-translational
modification that made a peptide more detectable, or may have been more accessible to
trypsin after protease activity in the tissue. A small number of proteins changed with age,
including the neuropeptides SCG2 and VGF, and alpha-synuclein, which increased with age
despite the fact that only 4 subjects in the study exhibited gross Lewy body pathology. Of
the 34 proteins with sex differences, there were three members of the Annexin family, (1V,
VI and VII) and two of the COPINE family (3 and 8), all of which were higher in females
than males. These proteins are regulated by calcium levels, and in mice sex differences in
calcium regulation and memory formation have been demonstrated related to oestrogen
levels (Koss and Frick, 2017; Mizuno and Giese, 2010). It is of interest that these differences
persist in human cortex long after these female subjects have passed menopause, as in
unimpaired older adults, women tend to outperform men in episodic memory tasks (Ferreira
etal., 2014; Herlitz et al., 1997). Only one protein, NRN1, was associated with both sex and
diagnostic group, and was higher in males and lower in Dementia-AD compared to Normal.

A total of 123 unique proteins were significantly (FDR corrected p < 0.05) associated with
diagnostic category. The group comparison with the largest number of significantly
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associated proteins was the highest contrast diagnostic group comparison: Dementia-AD
versus Normal, where 26 proteins were significantly increased in the Dementia-AD group
versus Normal, while 71 were significantly decreased (summary Table 2, Table S7 for all
protein data, Table S8 for significant only data across all model variables, including age, sex,
and post-mortem interval, visualize individual proteins at https://tmt-
synaptosomes.omics.kitchen/). Clustering Normal versus Dementia-AD samples on the basis
of these proteins resulted in an extremely strong separation of the two groups (Fig. 3 A). The
comparison between the Dementia-AD and Frail groups was also striking, with clustering on
the basis of the 22 upregulated and 10 down-regulated proteins in the Frail group compared
to Dementia-AD (Fig. 3 B), showing strong separation of the two groups. VGF, one of the
most well replicated findings in proteomic studies of AD brain tissue and cerebrospinal fluid
(Bai et al., 2020; Carlyle et al., 2018; Johnson et al., 2020), was strongly down-regulated in
Dementia-AD compared to either of the Frail and Normal groups. For the remaining
comparisons there were fewer significant proteins (Table 2), and the clustering was less
consistent between the two groups (Fig. 3 C-F), suggesting that the presence of AD
pathology in a sample drives a large proportion of the protein changes.

A sum of 17 proteins were significantly associated with more than one AD pathology
contrast: AGAP2, AGRN, BAI2, CASKIN1, CEP170B, CPSF6, GK, GPR158, HSPBL1,
HTRA1, KCNABL, KIAA1549, OLFM1, OLFM2, STK32C, VGF, and VPS39 (Fig. 3 G).
Three were significant in three pathology contrasts (Fig. 4 A), with AGRN and CPSF6 being
higher in subjects where AD pathology was high and STK32C being lower. Overall, there
were fewer proteins associated with multiple cognitive status contrasts. Ten proteins were
significantly associated with the Normal versus Frail comparison: ATP1B1, CCK, DGKG,
HDGF, MTX2, NBAS, NOMO1, PDZRN3, PRMT8, TP53BP1 (Fig. 3 G, Fig. 4 B).
ATP1B1 and NBAS were significantly higher in Normal subjects than both Dementia-AD
and Frail subjects, while DGKG was lower in Normal subjects than both Dementia-AD and
Frail subjects. HDGF was significantly higher in Frail subjects than Normal and Resilient
subjects (Fig. 4 B). Only 3 proteins were significantly associated with the Resilient versus
Dementia-AD subjects; LAP3, MACROD1, SEMATA (Fig. 3 G, Fig. 4 C), with MACROD1
being lower in both Normal and Resilient subjects compared to those with Dementia-AD
(Fig. 4 C).

Of the 123 proteins found to be significantly associated with diagnostic group, 53 of these
proteins were previously identified in recent whole-tissue proteomic studies of the
dorsolateral prefrontal cortex from Normal and AD brain samples (Bai et al., 2020; Johnson
et al., 2020) (Table S8). These include the amyloid precursor protein APP, the now well
established AD-associated proteins neurosecretory protein VGF (Beckmann et al., 2020) and
complement 4B (Morgan, 2018), and NRN1 and HSPB1, which were identified in all three
studies. AGAP2, identified by our study and the Johnson study, has been linked to AD by
DNA methylation (Liu et al., 2019), and is a GTPase-activating protein with hundreds of
network interactions in the post-synaptic compartment including scaffold proteins and
protein kinases. These network interactions are enriched for proteins with known
schizophrenia and autism spectrum disorder risk variants, both diseases having a cognitive
component (Wilkinson et al., 2017). In contrast, PDE4A, a key CAMP regulating enzyme
which we previously showed to be decreased at synapses in aging rhesus macaques (Carlyle
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et al., 2014), was also revealed as lower in Dementia-AD subjects than Normal subjects in
this study, but not in either of the other bulk tissues studies.

Of the proteins highlighted above which we believe may be novel human protein-level
findings linked to AD, the AD pathology-related protein CPSF6 immunoprecipitates with a
protein complex that regulates APP protein translation (Matthes et al., 2018), while HTRA1
is a serine protease that may be involved in APP processing (Grau et al., 2005). KCNAB1
mRNA changes have been shown to precede AD neuropathological changes in the
dorsolateral prefrontal cortex (Bossers et al., 2010). Finally, the STK32C gene has DNA
methylation changes that are associated with Braak staging (Gasparoni et al., 2018).

For proteins involved in cognitive contrasts, DGKG is a lipid kinase that interacts with
multiple cellular signaling proteins to regulate the balance of diacylglycerol and
phosphatidic acid (Shirai and Saito, 2014). HDGF has been identified at the transcriptional
level as a possible protein interaction hub in AD (Hu et al., 2015), and mMRNA abundance
has been associated with expression of alternate tau splice variants (Chen et al., 2010).
PRMTS is an arginine methyltransferase that has been linked to stress tolerance in adult
motor neurons (Simandi et al., 2018). Finally, SEMAT7A is expressed in both neurons and
oligodendrocytes, and is involved in signaling to oligodendrocyte precursors in the case of
neuronal injury, and in signaling to T-cells and protection against reactive oxygen species
(Quintremil et al., 2019). It is unclear why SEMATA upregulation is seen in dementia-AD
compared to resilient subjects, but it is striking that resilient subjects have the lowest
SEMATA levels of all four diagnostic groups (Fig. 4 C), suggesting a negative role in
neurodegeneration for a protein that promotes axonal growth and branching during
development (Pasterkamp and Giger, 2009).

The use of enrichment techniques in this study has therefore revealed a number of potential
targets of interest for AD pathophysiology and non-AD related cognitive impairment that
may have been obscured in whole-tissue studies. These novel findings may result from tissue
fractionation revealing a subcellular compartment-specific change, from simplifying the
mixture to allow identification of lower abundance proteins (Carlyle et al., 2018), or from a
difference in cortical regions and disease stage analyzed. Compared to a previous whole
tissue proteomic study of resilience versus dementia-AD (Johnson et al., 2020), we find
fewer significant protein changes in this contrast in our study. This is partly due to a
significant proportion of the proteins involved in this contrast in Johnson et al. 2020 arising
from glial cells, particularly activated microglia. Johnson et al also saw a large depletion in
general synaptic markers in dementia-AD, including DLG3, PSD95, SNAP25, SYN2,
STX1A, and STX1B, suggesting the potential for a number of changes arising from bulk
synaptic volume loss. Finally, our study was less well powered than the Johnson study, with
an n of 25 per group compared to their 257 dementia-AD cases and 102 resilient cases. If we
simulate an n = 50 study by doubling our sample set, significant findings in this contrast rise
to 408 in the resilient versus dementia-AD contrast. While this is obviously an optimistic
simulation, it clearly demonstrates that an increased sample size would likely increase the
findings in this contrast. This is a clear limitation of the study and should be acknowledged
for future projects such as this.
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Gene set enrichment analysis; Dementia-AD versus Normal—To acknowledge the
subtle biology and fully utilize proteins that may not have achieved strict significance
following stringent FDR correction, we applied a non-parametric Gene Set Enrichment
Analysis (GSEA) against the Reactome (v7.2) pathway database to examine functional
differences between diagnostic groups. For the Dementia-AD versus Normal group, there
were 190 significantly associated protein category terms (FDR g-value < 0.05, Table S9A).
There was strong representation of proteasome subunit proteins in these terms, 44 of which
were comprised of over 75% proteasome subunits (Table S9B). To reduce redundancy and
aid interpretation we collapsed these into a single “Proteasome Enriched Terms” category.
The enrichment of proteasome components in the synaptic enriched preparation is
interesting, as studies of proteasome activity in brains from individuals with AD have
generally shown decreased proteasome activity (Bonet-Costa et al., 2016). It is possible that
proteasome components are upregulated in an attempt to regain proteostasis in the presence
of misfolded oligomeric proteins that impair proteasome function (Thibaudeau et al., 2018).
We also found that UCHL1, an immediate early gene and Ubiquitin C-terminal hydrolase
enzyme necessary for synaptic plasticity, was significantly increased in Dementia-AD
subjects versus Normal, in contrast to previous studies (Guglielmotto et al., 2017). It is
therefore possible the timepoint of this study, during active disease, actually shows an initial
localized upregulation of these proteins in an attempt to combat the insult of misfolded
proteins and/or oxidative stress, or it may arise from a specific synaptic function, such as
remodeling or elimination in response to signaling dysfunction, that is not identifiable in
whole-tissue studies.

Clustering Dementia-AD and Normal samples on the basis of category Z-scores led to
strong separation of samples by diagnostic category (Figure S6). Categories representing
metabolism, particularly glycolysis and carbohydrate metabolism, were strongly enriched in
Dementia-AD samples. Imaging studies using FDG-PET have suggested a shift in the
bioenergetic profile of the brain during the onset of AD (Vlassenko and Raichle, 2015), with
studies of non-neuronal primary cells from individuals with AD showing a shift towards
energy production by glycolysis (Sonntag et al., 2017). We found TKT protein, which is
essential for glycolysis, to be significantly upregulated in Dementia-AD versus Normal.
Mitochondrial oxidative phosphorylation pathways were strongly enriched in the Normal
subjects compared to Dementia-AD. Type Il diabetes is one of the biggest comorbidities for
dementia, and it is possible that insulin sensitivity may contribute to disruption in the
balance of energy production pathways (Arnold et al., 2018), and that this metabolic
dysregulation is a crucial facet of dementia pathophysiology.

3.5. Gene set enrichment analysis; Normal versus Frail

To identify categories related to cognitive impairment, GSEA was performed on the two
diagnostic comparisons that were matched for AD pathology but divergent for cognitive
performance. 81 categories were nominally significant (FDR g-value relaxed to < 0.1, Table
S9C) in the Frail versus Normal comparison. Similar to above, 33 of these categories were
comprised of over 75% proteasomal subunit proteins and these were again collapsed into
one category, “Proteasome Enriched Terms.” This category was enriched in Frail subjects, as
were pathways related to glycolysis and carbohydrate metabolism (Fig. 5 A). In the absence
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of any major molecular neuropathological lesions, the basis for proteasomal dysregulation,
glycolysis and altered carbohydrate metabolism is interesting. We speculate that these
individuals have a fundamental cellular-metabolic disease state distinct from (or prior to) the
deposition of oligomeric or fibrillar proteins as disease-defining neuropathological features.
There is substantial evidence in the literature that glucose utilization disturbances may
precede the development of symptoms by up to a decade, which allows for a reasonable
window for this to occur (reviewed Ryu et al., 2019), although in AD, such changes are
typically detected after amyloid and tau.

Category terms related to protein translation machinery (with strong representation from
ribosomal subunits themselves, Fig. 5 B, Table S9E) were unique to the Frail vs. Normal
contrast. Previous reports have shown disturbances to ribosomal components in
neurodegenerative diseases, overactive stress responses and defective regulatory responses
(reviewed Delaidelli et al., 2019). The upregulation of ribosomal components in Frail
subjects may therefore be an early step in protein translation dysfunction, or a compensatory
response to oxidative stressors.

A further cluster containing the categories “SUMOylation”, “DNA Double Strand Break
Repair”, and “MRNA Splicing” driven by the proteins DDX5, HNRNPC, HNRNPK,
PARP1, and TP53BP1 was also unique to the Frail vs. Normal contrast. Individual proteins
found to be differentially expressed are not well characterized, and only TP53BP1 is
annotated in any of these categories, as described above (Fig. 5 B, Table S9D). Due to the
usual nuclear localization of these proteins, we hypothesized these categories may reflect
closer engagement and thus contamination from dividing cells such as microglia or
astrocytes with the synaptic fraction in these subjects. However, there was no significant
difference between diagnostic categories in the levels of astrocytic markers GFAP,
ALDHI1L1, and GLUL or the microglial marker CD11b (ITGAM) (Figure S7, Table S7).

Three clusters of categories were enriched in Normal subjects over Frail. First is a small cell
adhesion cluster driven mostly by cadherin proteins, including cadherin2 (N-cadherin),
which has been previously shown to be decreased in AD temporal cortex (Ando et al.,
2011). Synaptic cell adhesion molecules are involved in establishing synapses, regulation of
plasticity and synaptic remodeling (Leshchyns’Ka and Sytnyk, 2016), and loss of these
molecules may be one of the precursors to synapse loss and cognitive dysfunction. A single
“Respiratory Electron Transport” term was enriched in Normal individuals and shared with
the Normal versus Dementia-AD contrast. The third cluster was unique to this contrast and
contained the categories “Disassembly of Destruction Complex and Recruitment of AXIN to
the Membrane” and “Signaling by WNT in Cancer,” and is driven by multiple Protein
Phosphatase 2 subunits, GSK38, and CTNNB1 (Fig. 5 A-C). Wnt signaling in the adult
brain is involved in the clustering of scaffold proteins including PSD95, and spine
morphogenesis. Multiple focused studies have found alterations in Wnt pathway
components and downstream signaling pathways (Inestrosa and Varela-Nallar, 2014) in
dementia.
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3.6. Gene set enrichment analysis; Dementia vs. Resilient

The Dementia-AD versus Resilient comparison more closely reflected that of the Dementia-
AD versus Normal (Fig. 6 A), indicating the high degree to which AD pathology is
associated with synaptic composition. 111 protein categories were significant (FDR g-value
< 0.05, Table S9E), with only 5 terms unique to this contrast (Fig. 5 C). Once again, we
collapsed 19 pathways comprised of over 75% proteasome subunit proteins to one category.
As seen with Normal subjects a smaller number of protein categories were enriched in
unimpaired subjects. These included mitochondrial oxidative phosphorylation driven by
NADH:Ubiquinone oxidoreductase proteins enriched in Resilience (Fig. 6 A cluster 10, 6B,
Table S9F), suggesting a lack of the metabolic disturbances seen in the Dementia-AD and
Frail subjects. “Serotonin Neurotransmitter Release Cycle” was also enriched in Resilient
subjects. Given that depression is a risk factor and common feature of dementia, there has
been interest in the serotonin system in the pathophysiology of dementia and in its treatment.
A number of observational studies have suggested a beneficial effect of serotonin reuptake
inhibitor use on cognitive decline (Mdawar et al., 2020), and a small imaging study showed
lower levels of key serotonin transporters in MCI (Smith et al., 2017); proteins highlighted
in this imaging study such as SERT were not detected in our study, and this would be an
important topic for targeted follow up. In the opposite direction, metabolic processes such as
carbohydrate metabolism and glycolysis were enriched in Dementia-AD compared to
Resilient samples.

Two small immune clusters (Fig. 6 A, cluster 2 & 5) including generic categories such as
adaptive and innate immunity were driven by protein phosphatase subunits, proteasomal
subunits, CDC42, GRB2, MAPK1, and YES in Dementia-AD. The lack of specificity in
these Reactome terms and the multi-functional nature of the proteins in neurons makes this
finding difficult to contextualize in terms of the literature, although interest in
neuroinflammation and neuron/glia interactions continues to grow (Heneka et al., 2015).
Other immune categories (Fig. 6 A, grey font) enriched in Dementia-AD subjects were
mostly driven by increased proteosomal subunits in the Dementia-AD subjects. This finding
connects proteasomal upregulation to cognitive impairment and not the presence of AD
pathology, given proteasomal subunits were upregulated in both Dementia-AD and Frail
subjects, and depleted in Resilient subjects.

Finally, Dementia-AD subjects show an enrichment for a cluster of glutathione metabolic
proteins (Fig. 6 A, cluster 9) compared to Resilient subjects. Glutathione levels have been of
intermittent interest as AD biomarkers, with reports of depleted levels in AD brains and
animal models of AD (Mandal et al., 2015; Saharan and Mandal, 2014). Glutathione is an
antioxidant molecule, and the glutathione transferase proteins driving this category allow
glutathione to conjugate to targets to detoxify and discharge them from the cell. Given the
metabolic disturbances that are also enriched in the Dementia-AD subjects, it is unsurprising
that a part of antioxidant system would also be dysregulated in neuronal sub-cellular
compartments.
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3.7. Study limitations

This work is a proteomic study of an enriched tissue fraction, and as such must be
considered in the context of the strengths and weaknesses of this approach. Given the
biochemical fractiona tion we used is an enrichment of synaptic proteins and not a
purification, orthogonal validation of the synaptic relevance of these findings via
immunohistochemistry would be of clear interest. This would be useful in the case of
SEMATA, for example, where it is possible that the increased signal from SEMAT7A in
dementia-AD compared to resilience may arise from contamination of the fraction with
SEMA 7A expressing oligodendrocytes. This limitation could also be addressed using a
synaptosomal or post-synaptic density preparation on a smaller number of samples, coupled
with targeted LC-MS/MS or western blotting. To address this issue in our study, we used an
inclusion list of proteins previously detected in the synaptic compartment using these more
specific methods of biochemical fractionation. This list includes proteins with a synaptic and
non-synaptic function, and is also not likely to be fully comprehensive, as it depends on the
proteomic depth of the studies the lists are drawn from. For this reason, we have provided
the option to explore all proteins on the companion website; https://tmt-
synaptosomes.omics.kitchen/. A future goal for the field in general would be to unite such
datasets and create a fully comprehensive synaptic proteome.

In this analysis we present a simple linear modelling approach which allows for accounting
of other major demographic variables when assessing contrasts in diagnostic categories, with
a relatively stringent adjusted p-value cut off for a proteomics study. The linear modeling is
a reasonable choice for this study, with the majority of proteins meeting assumptions on the
appropriate distribution of residuals. This modeling led to a small number of significant
proteins in some diagnostic contrasts, such as resilient versus dementia-AD, likely as a result
of experimental power discussed previously. In order to allow easy re-analysis of the data
using other methods, or relaxation of adjusted p-values, we have provided all the required
data in supplementary tables, including results from all proteins in the linear modeling
(Table S7). For the ontology analysis, we chose GSEA as this method is based on protein
ranking, and does not require a list of significant proteins. This approach is therefore better
powered to compare these diagnostic groups, but may lead to a greater rate of false positive
findings. Orthogonal follow up of key driver proteins, such as the SERT protein for
serotonin signaling, would be an advisable next step for this work.

4. Conclusions

Using fractionated and TMT-labelled LS-MS3 proteomic analysis of biochemically and
bioinformatically enriched synaptic proteins, we have highlighted proteins and pathways
involved in cognitive resilience in the face of high levels of neuropathology, and cognitive
frailty in individuals with minimal or no gross or microscopic neuropathology. Resilient
subjects have low levels of LAP3, MACROD1, and SEMAT7A proteins compared to
Dementia-AD, an enrichment for “Serotonin Neurotransmitter Release Cycle,” metabolic
categories enriched towards oxidative phosphorylation and depleted for glycolysis, and a
depletion for proteasome enriched proteins and glutathione metabolic enzymes (see Fig. 7
for partial summary related to Frail vs. Resilient). For example, Frail individuals have
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decreased ATP1B1, MTX2, NBAS, and PRMTS8, and increased CCK, DGKG, HDGF,
NOMO1, PDZRN3, and TP53BP1. They show metabolic shifts that are also observed in
Dementia-AD, and accumulation of proteasome components, highlighting these shifts as
critical for cognitive changes in dementia and not directly associated to AD pathology.
Through this synapse-focused approach we have highlighted novel proteins that may be
involved in the intersecting pathophysiologies that drive AD progression, and which may
represent novel therapeutic targets or biomarkers of engagement for medications targeting
inflammation, mitochondrial function, and synaptic modulation.
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Fig. 1.

One hundred subject samples were categorized based on their levels of AD pathology and
cognitive performance into a well-balanced study cohort (A) Samples were divided into 4
groups by Braak score (Braak > 4 high pathology, Braak < 4 low pathology) and clinical
diagnosis of the presence of dementia-level cognitive impairment (n = 25 per group). (B)
Age and post-mortem interval were well balanced across all diagnostic groups. Global
cognition score (A Z-score transformed summary score encompassing a battery of 21
different cognitive tests assessing the different domains of cognition) at last valid visit was
significantly higher in Normal and Resilient subjects compared to Dementia-AD and Frail
subjects. There was a small but significant difference in global cognition score between
Dementia-AD and Frail subjects. Global pathology score (a Z-score transformed score
accounting for diffuse and neuritic plaques, and neurofibrillary tangles) was significantly
higher in Dementia-AD and Resilient subjects than Normal and Frail Subjects. There was a
small but significant difference in global pathology between Dementia-AD and Resilient
subjects. Between group significance was defined by one-way ANOVA followed by Tukey
post-hoc testing, (*adjusted p < 0.05, **p < 0.01, ***p < 0.001). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this
article).
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Fig. 2.

Fractionated LC-MS3 was used to assess synaptic protein enriched fractions from the
angular gyrus. (A) Schematic diagram showing experimental workflow. Cortical grey matter
samples from the angular gyrus (Brodmann Area 39) were fractionated to enrich for synaptic
proteins using the SynPER reagent and low speed centrifugation. Synaptic protein fractions
were Tandem Mass Tag (TMT) labelled, pooled, and offline fractionated into twelve
fractions. Fractions were analyzed by liquid chromatography mass spectrometry (LC-MS3).
Spectra were assigned using the SEQUEST algorithm and quantified using a custom
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software pipeline. Proteins were filtered using a synaptic protein inclusion list, and analysis
and figures were prepared in R and using the GSEA java applet. (B) Abundance of
established pre-synaptic markers across the four diagnostic groups suggested there was no
significant volume artefact arising from gross synapse loss between groups. The pre-
synaptic summary plot is a Z-score normalized composite of SYT1, NRZN3, SNAP25,
SYN2, STX1A, STX1B, SLC17A6, SYNL1, and SYP. (C) Abundance of established post-
synaptic markers across the diagnostic groups suggest there was no volume artifact arising
from gross synapse loss between groups. The post-synaptic summary plot is a Z-score
normalized composite of EPHB1, DLG3, DLG4 (PSD95), HOMER2, NLGN1, NLGN2,
and SHANKUZ. For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article
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Fig. 3.
In total, 123 unique proteins were differentially expressed between diagnostic groups, with

no clear sign of a volume artefact from synapse loss in Dementia-AD subjects. (A) Heatmap
of differentially expressed proteins between Dementia-AD and Normal cases shows 97
proteins. Clustering on abundance of these 97 proteins produces good separation between
Dementia-AD and Normal subjects. Heatmap of differentially expressed proteins between
(B) Dementia-AD and Frail, (C) Dementia-AD and Resilient, (D) Normal and Frail, (E)
Normal and Resilient, and (F) Resilient and Frail subjects. (G) Upset plot shows the
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intersection of proteins common to multiple comparisons. Vertical lines join contrasts that
shared the same set of proteins. For example, 13 proteins were significant in both the
Dementia-AD versus Frail and Dementia-AD versus Normal contrasts. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this
article).
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Fig. 4.

Aimall number of proteins tracked frequently with pathological contrasts or a subset of
cognitive contrasts. (A) Box plots to illustrate the three proteins that were significant in three
of the four pathological contrasts. The green arrows on the contrast schematic show the
contrasts that the proteins were significantly associated with. Adjusted p-values are given to
three significant figures. (B) Box plots to illustrate proteins that were significant in the
Normal versus Frail contrast. (C) Box plots to illustrate proteins that were significantly
associated with the Dementia-AD versus Resilient contrast. (For interpretation of the
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references to color in this figure legend, the reader is referred to the Web version of this
article).
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Summary of Gene Set Enrichment Analysis from Frail versus Normal subjects shows that
Frail subject exhibit of subset of the features of Dementia-AD. (A) Heatmap shows
nominally significant (padj relaxed to < 0.10) clustered REACTOME protein categories
from the Frail versus Normal comparison. Comparison with the significant terms from other
cognitive contrasts is shown alongside. Clusters of proteins are highlighted by color, (B) lists
the proteins driving each highlighted cluster. For clusters without an asterisk in the title, all
proteins are present in all terms in that cluster. For those with the asterisk, proteins are
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present in the majority of terms. (C) Upset plot shows the number of protein categories
shared between each cognitive contrast. The majority of the terms that reach nominal
significance in the Normal versus Frail contrast are shared with the Dementia-AD versus
Resilient and Dementia-AD versus Normal contrasts, with Frail subjects behaving similarly
to Dementia-AD. Only 5 protein categories are unigue to the Dementia-AD versus
Resilience contrast. Vertical lines join contrasts that shared the same set of proteins. The
Upset plot counts categories that were collapsed into the “Proteasome Enriched” term as
their initial individual categories. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article).
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Fig. 6.
Summary of Gene Set Enrichment Analysis from Dementia-AD versus Resilient samples
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shows substantial overlap with the Dementia-AD versus Normal contrast. Heatmap shows
FDR significant (padj < 0.05) clustered REACTOME protein categories from the Dementia-
AD versus Resilient comparison. There is substantial overlap between these protein
categories and those significant in the Dementia-AD versus Normal comparison. Clusters of
proteins are highlighted by color, (B) lists the proteins driving each highlighted cluster. For
clusters without an asterisk in the title, all proteins are present in all protein categories in that
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cluster. For those with the asterisk, proteins are present in the majority of protein categories.
(For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article).
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Fig. 7.
Summary cartoon showing proteins and REACTOME protein categories associated with

Frailty or Resilience, and their putative cellular locations. The black arrows next to protein
groups show the direction of effect; for example, Serotonin neurotransmitter release is
enriched in Resilience. Protein categories are color coded according to their over-riding
function and putative cellular location. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article).

Neurobiol Aging. Author manuscript; available in PMC 2021 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Carlyle et al.

Summary demographics of cases. Data is presented as mean (standard deviation). See Supplementary Table 1
for individual sample demographic data. * MMSE = Mini Mental State Examination. The global cognition
score is a ROSMAP cohort-wide Z-score normalized summary value encompassing a battery of 21 different
cognitive tests assessing 5 domains of cognition (episodic memory, semantic memory, working memory,
perceptual orientation, and perceptual speed). The global pathology score is a quantitative summary score of
amyloid and tau pathology burden averaged across 5 brain regions, presented as a ROSMAP cohort-wide Z-

Table 1

score.

Dementia-AD  Frail Normal Resilient
N 25 25 25 25
Age (years) 90.6 (5.5) 87.7(65) 90.5(5.4) 90.8(5.1)
% male 42 48 44 44
Education (years) 16.2 (3.2) 16.7 (3.5) 17.0(3.7) 16.3(3.8)
Post-mortem interval (hours) 7.0(4.4) 7.5(5.6) 7.0 (3.0) 8.3(4.5)
MMSE * (maximum score 30) 11.0 (9.5) 17.6 (85) 28.0(1.6) 27.5(1.8)
Last valid global cognition (Z-score) -2.2 (1.0) -15(0.7) 0.3(0.3) -0.1(0.3)
Braak score 5.1(0.3) 2.5(1.0) 1.9(0.9) 5.0 (0)
Global pathology (Z-score) 1.6 (0.6) 0.2 (0.3) 0.3(0.4) 1.2 (0.5)
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Summary of proteins significantly (padj < 0.05) associated with each explanatory variable. No proteins were
associated with level of education

Variable Increase Decrease
Age 8 1

Dx Dementia-AD vs Normal 26 71

Dx Frail vs Dementia-AD 22 10

Dx Frail vs Normal 6 4

Dx Frail vs Resilient 3 1

Dx Resilient vs Dementia-AD 0 3

Dx Resilient vs Normal 3 0
Post-mortem Interval 6 54

Sex Male vs Female 11 23
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