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Apolipoprotein E*4 (APOE*4) Genotype Is
Associated with Altered Levels of Glutamate
Signaling Proteins and Synaptic Coexpression
Networks in the Prefrontal Cortex in Mild to
Moderate Alzheimer Disease*s
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It has been hypothesized that Alzheimer disease (AD) is
primarily a disorder of the synapse. However, assessment
of the synaptic proteome in AD subjects has been limited
to a small number of proteins and often included subjects
with end-stage pathology. Protein from prefrontal cortex
gray matter of 59 AD subjects with mild to moderate
dementia and 12 normal elderly subjects was assayed
using targeted mass spectrometry to quantify 191 synap-
tically expressed proteins. The profile of synaptic protein
expression clustered AD subjects into two groups. One of
these was characterized by reduced expression of gluta-
mate receptor proteins, significantly increased synaptic
protein network coexpression, and associated with
Apolipoprotein E*4 (APOE*4) carrier status. The second
group, by contrast, showed few differences from control
subjects. A subset of AD subjects had altered prefrontal
cortex synaptic proteostasis for glutamate receptors and
their signaling partners. Efforts to therapeutically target
glutamate receptors in AD may have outcomes dependent
on APOE*4 genotype. Molecular & Cellular Proteomics
15: 10.1074/mcp.M115.056580, 2252-2262, 2016.
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An important hypothesis in Alzheimer disease (AD)' posits
that it is a disorder primarily of the synapse (1, 2). This hy-
pothesis derives, in part, from evidence that the strongest
correlate of cognitive impairment in AD is loss of synapses (3,
4), with excitatory synapses onto dendritic spines particularly
affected (5-7). Conversely, in cognitively normal individuals
who nevertheless have substantial AD pathology, neuron
number and synaptic markers are largely preserved (8).

Direct studies of synaptic pathology in AD subjects have
relied on evaluations of synaptic ultrastructure to yield esti-
mates of synapse volume density in affected regions (9) or
used antibody labeling of proteins with synaptic expression
(4,10, 11). Use of synapse ultrastructure provides an excellent
estimation of synaptic density but does not provide informa-
tion regarding underlying molecular pathology and is labor
intensive, precluding studies of large numbers of subjects. In
contrast, antibody-based approaches provide information of
the abundance of the labeled proteins and when assessed via
confocal microscopy can additionally provide estimates of
synapse density and number (12). However, these ap-
proaches are typically limited to the assessment of only a
limited number of proteins. Moreover, as a group, studies of
synaptic pathology in AD have tended to include preclinical or
severe AD stages, with only limited numbers of subjects in
mild to moderate stages of AD studied to date.

Recently, proteomics approaches using liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) have been

" The abbreviations used are: AD, Alzheimer disease; LC-MS/MS,
liquid chromatography-tandem mass spectrometry; LC-SRM/MS,
selective reaction monitoring; FTLD, frontotemporal lobar degenera-
tion; ADRC, Alzheimer Disease Research Center; DSM-IV, Diagnostic
and statistical manual of mental disorders 4th edition; DLPFC, dor-
solateral prefrontal cortex; ERC, entorhinal cortex; CV, coefficient of
variation; ANOVA, analysis of variance; DAVID, Database for annota-
tion, visualization and integrated discovery; FDR, False discovery
rate; PMI, Post-mortem interval; GO, Gene ontology
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TABLE |
Subject characteristics

AD (n = 59) Mean

Control (n = 12) Mean

Variable (8.D.) or N (%) (5.D.) or N (%) P
Age, years 84.0 (7.3) 70.7 (9.4) <0.001
Male 30 (50.8%) 8 (66.7%) 0.31
PMI, hours 2 (3.4) 12.2 (5.9) 0.005
Age of onset?, years 75 6 (7.4)
Duration of illness?, years 3 (3.3)

Lewy body stage

Negative 30 (50.8%)
Brainstem/transitional 15 (25.4%)

Neocortical 14 (23.7%)
Braak stage

0-1 0 (0%)

1l 6 (10.2%)

v 21 (35.6%)

Vv 32 (54.2%)

2 n = 58 for this variable. PMI—postmortem interval.

utilized to interrogate the synaptic proteome in a number of
model systems, highlighting the extent and complexity of the
synaptic protein network (13, 14). We have recently validated
an approach to LC-MS/MS, using selective reaction monitor-
ing (LC-SRM/MS) in combination with a stable isotope labeled
mammalian brain standard, to quantify more than 100 synap-
tically expressed proteins in postmortem human brain tissue
(15) and successfully applied this approach to elucidate syn-
aptic pathology in another neuropsychiatric illness character-
ized by cognitive impairment and synapse loss, schizophrenia
(16). We therefore undertook in the current study to use this
approach to interrogate the expression of synaptic proteins in
a cohort of AD subjects in predominantly mild to moderate
clinical and pathologic disease stages. Results were con-
trasted with elderly cognitively and neuropathologically nor-
mal subjects and with a comparison cohort with frontotem-
poral lobar degeneration (FTLD).

MATERIALS AND METHODS

(Please also see Supplementary Methods for additional details of
subject characterization, sample preparation, assay, and statistical
analysis.)

Subjects—

AD Subjects and FTLD Subjects—Fifty-nine AD subjects and 10
FTLD subjects (Table I) were identified through the brain bank of the
Alzheimer Disease Research Center (ADRC) at the University of Pitts-
burgh, using protocols approved by the University of Pittsburgh In-
stitutional Review Board and Committee for Oversight of Research
Involving the Dead. Individuals underwent neurologic, neuropsycho-
logical, psychiatric, and neuropathologic evaluations as part of the
participation in the ADRC as previously described (17-19).

Normal Control Subjects—Twelve normal control subject brain
specimens were obtained through the ADRC as described above and
through the Allegheny County Medical Examiner’s Office, with con-
sent obtained from the subjects’ next of kin. The protocol used to
obtain consent was approved by the University of Pittsburgh Institu-
tional Review Board and Committee for Oversight of Research Involv-
ing the Dead. An independent committee of experienced clinicians
made consensus Diagnostic and Statistical Manual of Mental Disor-

ders 4th edition (DSM-IV) diagnoses for each subject, using informa-
tion obtained from clinical records and structured interviews with
surviving relatives. Samples from subjects without any DSM-IV diag-
nosis (i.e. including no diagnosis of a cognitive disorder) were used in
this study (Table ).

The right hemisphere was blocked coronally at 1-2 cm intervals
and the resultant slabs snap frozen in 2-methyl butane on dry ice and
stored at —80 °C. Tissue slabs containing either the dorsolateral
prefrontal cortex (DLPFC) or the entorhinal cortex (ERC) were identi-
fied. From these slabs, DLPFC and ERC were removed as single
blocks. Gray matter was collected by cutting 40 um sections and
frozen at —80 °C. Samples from the frontal pole, hippocampus, ERC,
and cerebellum were collected, and an experienced neuropathologist
reviewed sections stained using hematoxylin and eosin, Biel-
schowsky silver stain, amyloid B immunohistochemistry, and were
determined to be without evidence of any neurodegenerative disease.

APOE3 and APOE4 Mice—APOE3 and APOE4 targeted replace-
ment mice were originally purchased from Taconic on a C57BL/6
background and were maintained on the same background. Brains
from five female and three male mice of each genotype, all 7-10
months old, were removed and snap frozen as described previously
(7).

Sample Preparation—Tissue homogenates were prepared from
fresh frozen human DLPFC and ERC gray matter, and total protein
was extracted and mixed with the (13) Cg standard as previously
described (15). To evenly distribute AD, FTLD, and normal control
subjects throughout preparation and analysis, samples were orga-
nized in a balanced block distribution. For the DLPFC experiment,
each block was composed of seven subjects and one pooled tech-
nical replicate, for a total of 12 blocks. For the ERC experiment, each
block was also composed of seven subjects and one pooled technical
replicate, for a total of four blocks. APOE mice were similarly prepared
and analyzed, with one exception; trypsin digestion was performed by
filter-aided sample preparation (20).

LC-SRM/MS—The selection process for the proteins included in
this SRM assay has been extensively described (15) resulting in
nonredundant peptides from synaptically expressed proteins, includ-
ing glutamate receptors, kinases, phosphatases, and those with roles
in vesicular fusion, energy and amino acid metabolism, protein traf-
ficking, cytoskeleton, and scaffolding. We previously established the
stability of peptides from 100 of these proteins up to 24 h postmortem
in an animal model (15).
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LC-MS/MS analyses of peptides derived from synaptically ex-
pressed proteins were conducted as previously described using a
TSQ Quantiva triple-stage quadrupole mass spectrometer (Thermo
Scientific, Pittsburgh PA USA) with an UltiMate 3000 Nano LC Sys-
tems (Thermo Scientific) (15). In total, 311 peptides from 192 proteins
were assessed in DLPFC. In ERC, analysis was performed on a
subset of 219 peptides from 138 proteins. Precision of the assay was
high, with a mean coefficient of variation (CV) for peptide quantifica-
tion of 8.6% in DLPFC and 11.2% in ERC. In DLPFC, 95.8% of all
peptide CVs were < 20%, in ERC 92.2% of peptide CVs were < 20%
(Supplemental Table 8). In the APOE mice, 314 peptides from 189
proteins were quantified with a mean peptide CV of 15.6% and 76.1%
of peptides with a CV < 20%.

Statistical Analysis—Protein-level measures were derived by cal-
culating the weighted average of all standardized (i.e. centered and
scaled) peptide measures mapped to a protein, with weights inverse
to the CV of the peptide measures. Between groups comparisons
used analysis of variance (ANOVA), with the p value and the
Benjamini-Hochberg adjusted q value reported for each protein. Un-
supervised hierarchical clustering was used to construct self-orga-
nized heat maps of peptide and subject by peptide values with
Cluster 3.0 and Treeview (21, 22). Values were log2 transformed,
median centered by subject and peptide level, and then normalized
by subject and peptide level. Uncentered Pearson correlation was
used as the similarity metric and the clustering method was centroid
linkage. Pathway analysis used the Database for Annotation, Visual-
ization and Integrated Discovery (DAVID) Functional Annotation Tool
(23) and searched for gene ontology term enrichment. For these
analyses, the list of proteins was tested for enrichment relative to the
specific proteins assayed (e.g. 192 proteins in DLPFC), rather than
against the entire genome, to increase stringency. Protein coexpres-
sion networks were constructed by adapting the Weighted Gene
Co-expression Network Analysis approach (24) to investigate synap-
tic protein network alternations as previously described in schizo-
phrenia (16). The networks then were visualized using Cytoscape (25).
The tuning parameters of networks were set to the same values for
comparison of network topology measures between groups.

RESULTS

Protein Level Changes—Only minimal changes in protein
levels were evident in the DLPFC of the AD subjects as
compared with the controls. Fifteen proteins showed nomi-
nally significant (defined as p < 0.05) changes in AD (Table II).
This resulted in only one protein, SEPT9, showing altered
levels at a false discovery rate (FDR) < 0.1 (for all proteins see
Supplemental Table 1). Several additional analyses were con-
ducted to ascertain whether the small number of alterations
were due to technical factors in our approach. To evaluate
whether there was any impact of the inexact matching of the
AD and control groups, we reran the contrasts adjusting for
covariates age, sex, postmortem interval, and gel block. How-
ever, in these analyses, no proteins were altered at an FDR <
0.1. Second, to ensure that the small number of changes
detected were not a result of limited sensitivity of our assay,
we analyzed gray matter protein extracted from the DLPFC of
a group of FTLD subjects (Supplemental Table 2). In these
subjects, alterations in protein levels were widespread, with
114 proteins showing nominally significant changes and 95
proteins changed at an FDR < 0.05, compared with control
subjects (Supplemental Table 3).

TaBLE Il
Proteins with nominally significant alterations in prefrontal cortex of
subjects with Alzheimer disease. Protein level ratios, p, and q values
are from comparisons of AD and control subjects unadjusted for
covariates, all proteins with p < 0.05 are shown

Protein AD: Control p q p!
SEPT9 2.12 0.0005 0.087 0.055
ADD2 1.99 0.0012 0.111 0.004
MAP2 0.56 0.0020 0.130 0.011
FLOT2 1.75 0.0079 0.379 0.041
STX1B 1.62 0.0133 0.409 0.055
RAPGEF4 0.59 0.0140 0.409 0.088
PRDX1 1.62 0.0150 0.409 0.124
CALB2 1.64 0.0238 0.557 0.027
FLOT1 1.6 0.0266 0.557 0.116
SEC22B 1.57 0.0349 0.557 0.136
GNAQ 1.57 0.0349 0.557 0.419
HSPA2 1.58 0.0360 0.557 0.522
RDX 1.59 0.0377 0.557 0.442
DLGAP2 0.64 0.0442 0.580 0.144
SUCLA2 1.52 0.0453 0.580 0.138

p1 are the corresponding p values from a model in which covariates age, sex,
PMI, and gel block were adjusted.

The widespread reductions in the synaptic proteome pres-
ent in FTLD, suggested that these changes in protein levels
might be most reflective of neuron loss, which is prominent in
the frontal lobes in FTLD and, thus, would similarly be present
in the ERC in our AD subjects, as this region is affected by
neuron loss more severely and earlier in AD than DLPFC (8,
26, 27). We evaluated this in a subset of our AD and control
subjects (Supplemental Table 4). 103 proteins were changed
at an FDR < 0.05 in the ERC of AD subjects. For 95 of these
proteins, there was a significant interaction of region by diag-
nosis (Supplemental Table 5). All of the proteins, except
PRDX1, had lower levels in ERC of AD than control subjects,
consistent with alterations due to neuron loss. This interpre-
tation is further supported by specifically examining the levels
of MAP2, an established marker of neuronal apoptosis after
brain insult, including AB toxicity (28). Although MAP2 levels
were modestly reduced in the DLPFC of AD subjects com-
pared with normal controls, the magnitude of reduction was
significantly less than the profound reduction in MAP2 in the
ERC of AD subjects, and significantly less (g = 0.014) than the
profound reductions seen in DLPFC of FTLD subjects.

Hierarchical Clustering Based on the Expression of Synaptic
Proteins in DLPFC Distinguished Two Groups of AD Sub-
jects—We next used unsupervised hierarchical clustering to
evaluate whether the levels of all peptides assayed in the
DLPFC would identify biologic substructure within the AD
subjects. Peptide levels clustered AD into two groups, re-
ferred to as AD1 and AD2 (Fig. 1). When we repeated the
clustering with the control subjects included, 11/12 (91.7%) of
the controls clustered with the AD2 group (Supplemental Fig.
3) and the separation of AD1 subjects and AD2 subjects was
preserved in 51/55 (92.7%) cases.
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@AD1
OAD 2

Fic. 1. Unsupervised hierarchical clustering of assayed pep-
tides in AD subjects identifies two subgroups. A higher resolution
version of this image is available as Supplemental Fig. 2.

Proteins with significant differential expression in AD1 rel-
ative to control subjects are shown in Table IlIA. Down-regu-
lated proteins included glutamate receptor subunits (GRIN2B,
GRIA2, GRIA3, GRIA4, GRM2, GRM3) and their interactors.
Relative to the background of all assayed proteins, down-
regulated proteins were significantly enriched for gene ontol-
ogy terms related to the postsynaptic density (Table IV). In
contrast, up-regulated proteins included a mix of cytoskeletal,
metabolic, and signaling proteins, and were not significantly
enriched for any gene ontology terms relative to the assay
background. Fewer proteins showed nominally significant dif-
ferential expression in the AD2 group relative to controls
(Table 3B). These comprised a variety of cytoskeletal, vesic-
ular, and calcium signaling related proteins and no gene on-
tology terms were significantly enriched relative to the assay
background. These differences between the AD1 and AD2
groups did not appear to result from differential neuron loss,
as MAP2 levels did not differ between AD1 and AD2 (p =
0.71).

The separation of AD1 and AD2 groups did not result from
a number of technical and demographic factors (Table V),
suggesting that this molecular signature reflected a difference
in underlying synaptic biology. Somewhat surprisingly given
that interpretation, these subgroups also did not reflect sev-

TaBLE llI
A. Prefrontal cortex proteins with nominally significant alterations in
subgroup AD1 versus control subjects

AD1: Control p q
Down-regulated Proteins
RAPGEF4 0.47 3.63E-04 0.012
GRM2 0.55 0.0017  0.030
MAP2 0.54 0.0027  0.038
SHANK3 0.58 0.004 0.044
DLGAP2 0.53 0.0066  0.066
GRM3 0.61 0.0079  0.076
GRIN2B 0.64 0.021 0.17
GRIA3 0.72 0.022 0.17
HOMERT 0.62 0.023 0.17
NDUFS4 0.68 0.030 0.22
GRIA2 0.66 0.039 0.26
GRIA4 0.68 0.050 0.28
Up-regulated Proteins

PRDX1 2.31 1.06E-07 2.04E-05
GNAQ 2.37 8.94E-05 0.0086
VIM 2.02 1.48E-04 0.0095
SEPT2 2.18 2.07E-04 0.0099
SEPT9 2.38 2.97E-04 0.011
RDX 1.98 5.70E-04 0.016
RHOA 2.08 0.001 0.024
PPIA 2.16 0.0012  0.027
HSPA2 2.04 0.0015  0.029
GAPDH 2.08 0.0026  0.038
SUCLA2 1.95 0.0028  0.038
RHOB 1.83 0.0035  0.044
CNP 1.87 0.0037  0.044
ADD2 1.59 0.0041 0.044
DCTN 1.81 0.0083  0.076
DPYSL2 1.73 0.009 0.077
AK1 1.53 0.016 0.13
AP2MA1 1.52 0.039 0.26
STX1B 1.52 0.041 0.26
YWHAQ 1.64 0.045 0.27
PTGES3 1.63 0.046 0.27
CDC42 1.47 0.047 0.27
RALA 1.45 0.050 0.28

eral measures associated with greater synaptic pathology in
AD, including illness duration and cognitive status (29), pres-
ence of psychosis (30), greater amyloid plaque burden (6, 31),
greater neurofibrillary tangle pathology (32), and presence of
comorbid Lewy body pathology (33). However, the AD1 group
was significantly enriched for individuals with an APOE*4 gen-
otype. A decision tree analysis to classify AD1 and AD2 mem-
bership revealed a primary effect of APOE*4 genotype, with
additional effects of sex and illness duration (Supplemental
Fig. 4).

APOE3 and APOE4 Targeted Replacement Mice—Mice
with targeted replacement of APOE4, in the absence of AB
overproduction, have evidence for reductions in dendritic and
synaptic markers (7, 34-36) and in cognition (37, 38), We
therefore evaluated whether the reduced expression of gluta-
mate receptor proteins in the AD1 group would be present in
APOE4 versus APOES3 targeted replacement mice. APOE4
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TaBLE llIB
Prefrontal cortex proteins with nominally significant alterations in sub-
group AD2 versus control subjects

AD2:Control p q
Down-regulated Proteins
CNP 0.51 2.96E-05 0.0057
MAP1A 0.52 0.00057  0.036
MAP2 0.58 0.0052 0.13
VIM 0.67 0.019 0.28
HSP90A 0.61 0.024 0.33
ATP1A3 0.66 0.035 0.45
NDUFS4 0.71 0.044 0.52
Up-regulated Proteins
ADD2 212 0.00041 0.036
FLOT2 1.98 0.0019 0.089
SEPT9 1.97 0.0029 0.089
FLOTA1 1.86 0.0032 0.089
CALB2 1.93 0.0032 0.089
STX1B 1.71 0.0066 0.14
VAMP2 1.76 0.0089 0.17
HPCA 1.66 0.012 0.21
NCDN 1.57 0.019 0.28

mice had down-regulation of numerous glutamate signaling
and synaptic proteins, but there was little overlap with the
specific subset of glutamate signaling proteins altered in the
AD1 group (Supplemental Table 7 and Supplemental Fig. 5).

Synaptic Protein Coexpression Networks —Because synap-
tic function requires coordinated expression and activity of
multiple proteins, we next examined the coexpression net-
work topology of our protein panel. AD was characterized by
an overall increase in coexpression relative to controls (Figs. 2
A and 2B), driven entirely by the AD1 cluster (Figs. 2C and 2D).
Evaluation of the characteristics of the AD1, AD2, and control
networks revealed significantly increased mean node
weighted connectivity, node degree difference, and node
clustering coefficient in the AD1 group in comparison to con-
trol subjects, whereas the AD2 group did not differ from
controls on any of these parameters (Table VI).

Visualization of the network structure (Fig. 3) further eluci-
dated the nature of the changes in the AD1 group. In control
subjects, most proteins clustered into one of three modules
with functions as defined by their predominant constituent
proteins as cytoskeletal (green module), postsynaptic (red
module), and presynaptic/vesicular (blue module). In AD1, a
single module of all highly connected proteins was present.
Examination of the position of proteins that were up- and
down-regulated in AD1 reveals them under normal conditions
to be located in different modules, with up-regulated proteins
more frequent in the blue module and down-regulated pro-
teins more frequent in the red and green modules (p =
0.0002). Moreover, down-regulated proteins were more likely
to be on the periphery of the control network modules, as
evidenced by lower mean connectivity than proteins that were
unchanged in AD1 (down-regulated mean (S.D.) connectivity
0.93 (1.45), other proteins 3.78 (3.61), p = 9.7E-06). However,

in the AD1 network, these down-regulated glutamate signal-
ing proteins had now developed increased connectivity at a
level not differing from other proteins in the network (p >
0.05).

DISCUSSION

Altered Synaptic Protein Expression in AD—We found pro-
found reductions across the synaptic proteome in ERC of
subjects in early to middle pathologic stages of AD. In con-
trast, in the DLPFC of these patients, there was no global loss
of the synaptic proteome. However, in a subset of subjects
(AD1), there were both reduced expression of glutamate sig-
naling proteins and increased coexpression of synaptic pro-
teins more globally. It should be noted that although we
assayed a synaptically expressed proteome, it cannot be
concluded that the observed protein level changes seen in the
AD1 subgroup reflect altered levels of these proteins within
synapses. The changes observed can reflect proteins at any
point during synthesis, trafficking, localization in the synapse,
and internalization and could thus result from synapse loss,
neuronal loss, or disruption of homeostatic regulation of these
proteins across compartments. Nevertheless, the most likely
interpretation of our findings is that, in ERC, neuronal loss
leads to global loss of their associated synapses and proteins.
In contrast, in DLPFC, our findings are most consistent with
altered synaptic protein homeostasis, driven by the subset of
subjects defined by the AD1 group. This interpretation is
supported by the finding of selective, rather than global alter-
ations in protein levels. It is further consistent with the finding
of significant changes in synaptic protein coexpression in this
region, as coexpression results from the combined input of
multiple factors involved in maintaining synaptic proteins (see
below). While the observation of altered DLPFC protein ho-
meostasis in AD is novel in scope, reflecting the concurrent
assessment of nearly 200 proteins, it is consistent with earlier
observations of altered DLPFC homeostasis of select synap-
tic proteins in subjects transitioning into the early stages of AD
that have included elevations of synaptic proteins (e.g. as we
observed for syntaxin 1B) that are then lost in late disease
stages (10, 39-42).

APOE*4 and Synaptic Pathology—APOE*4 genotype might
contribute to greater reductions in glutamate signaling protein
expression in AD subjects by directly reducing glutamate
signaling protein expression in a manner independent of, and
therefore additive with, AD pathology. Prior studies had dem-
onstrated that in the absence of overexpression of APP and
AB, APOE4 targeted replacement mice have significant loss of
synaptophysin-immunoreactive presynaptic terminals (34),
postsynaptic dendritic spines (35), and dendritic structure (7),
the latter evident by 2 months of age. How APOE4 targeted
replacement causes a direct synaptic effect is not estab-
lished, but reduction of synaptic NMDA and AMPA receptor
expression via sequestration within intracellular compart-
ments has been described (36). Consistent with these prior
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TABLE IV
Gene ontology (GO) enrichment terms for prefrontal cortex proteins with nominally significant downregulation in subgroup AD1 versus control
subjects. No GO term was significantly enriched relative to the background of all assayed proteins for upregulated proteins in the comparison

of AD1 versus control subjects, nor for up- and down-regulated proteins in the comparison of AD2 versus control subjects

Fold

Term Genes . P value Benjamini
enrichment
G0:0014069~postsynaptic density GRIN2B, GRIA2, GRIA4, SHANKS3, GRIAS3, 6.90 5.63E-06 2.62E-04
HOMER1, GRM3, DLGAP2
G0:0045211~postsynaptic membrane GRIN2B, GRIA2, GRIA4, SHANK3, GRIA3, 7.33 3.39E-06 3.15E-04
HOMER1, GRM3, DLGAP2
G0:0044456~synapse part GRIN2B, GRIA2, GRIA4, SHANK3, GRIA3, 4.55 2.56E-05 7.92E-04
HOMER1, GRM2, GRM3, DLGAP2
G0:0044430~cytoskeletal part GRIN2B, GRIA2, GRIA4, SHANKS3, GRIAS3, 3.57 1.99E-04 0.0046
HOMER1, GRM3, MAP2, DLGAP2
G0:0045202~synapse GRIN2B, GRIA2, GRIA4, SHANK3, GRIA3, 3.14 5.52E-04 0.010
HOMER1, GRM2, GRM3, DLGAP2
G0:0030425~dendrite GRIN2B, GRIA4, GRIA3, GRM3, MAP2, 5.50 0.0011 0.016
DLGAP2
G0:0005856~cytoskeleton GRIN2B, GRIA2, GRIA4, SHANKS3, GRIA3, 2.75 0.0016 0.020
HOMER1, GRM3, MAP2, DLGAP2
G0:0044463~cell projection part GRIN2B, GRIA4, GRIA3, GRM3, MAP2 6.67 0.0022 0.025
G0:0043005~neuron projection GRIN2B, GRIA4, GRIA3, GRM2, GRM3, 3.54 0.0031 0.031
MAP2, DLGAP2
G0:0043228~nonmembrane-bounded GRIN2B, GRIA2, GRIA4, SHANK3, GRIA3, 2.44 0.0038 0.035
organelle HOMER1, GRM3, MAP2, DLGAP2
G0:0043232~intracellular GRIN2B, GRIA2, GRIA4, SHANK3, GRIA3, 2.44 0.0038 0.035
nonmembrane-bounded organelle HOMER1, GRM3, MAP2, DLGAP2
G0:0030054~cell junction GRIN2B, GRIA2, GRIA4, SHANKS3, GRIAS3, 3.31 0.0046 0.038

HOMER1, DLGAP2

observations, we observed reductions in multiple synaptically
expressed proteins, including GRIN1 and the obligatory
NMDA receptor subunit. However, APOE4 targeted replace-
ment alone did not reduce GRIN2B or recapitulate the broader
pattern of reduction in AMPA, and metabotropic glutamate
receptor subunits we observed in our AD1 cohort. Thus, our
findings suggest it is unlikely that we observed an indepen-
dent, additive effect of APOE*4 genotype on glutamate sig-
naling protein expression in our AD subjects.

Alternatively, APOE*4 may interact with AB to alter synaptic
proteostasis in AD. It has previously been shown that aggre-
gation of AB into soluble oligomers causes synaptotoxicity,
even prior to neuronal death (1, 43-45). APOE*4 interacts with
this process via reducing the clearance of soluble A from
brain (46-47) and by promoting AB oligomer binding to syn-
apses (11). Because we had previously determined soluble
(monomeric and oligomeric) levels of AB1-40 and AB1-42 in
superior frontal cortex for 20 of the current subjects (19), we
were able to evaluate the accumulation of soluble AB in this
subset. AD1 subjects had significantly lower levels of AB1-40
and AB1-42 than AD2 subjects (Supplemental Table 6), al-
though there was no significant difference between these
groups in ratio of AB1-42:AB1-40 and no difference in
severity of neuritic plaques consisting of insoluble AB ag-
gregates (Table V). Thus, it does not appear that APOE*4
genotype led to the synaptic disruption evident in the AD1
cohort via increased concentrations of soluble AB or in-

creased insoluble AB plaque burden. However, whether the
effects of APOE*4 on enhanced synaptic binding of toxic
soluble AB species account for the alterations we observed
in the synaptic proteome cannot be concluded from the
current experiment.

Network Topology as an Indicator of Protein Homeostasis —
When the expression levels of two proteins are correlated
across a cohort, they are referred to as coexpressed. Groups
of proteins with high coexpression form modules within the
larger network. Modular identify often reflects proteins that
share cellular compartments and/or functions, as seen in the
composition of the three distinct modules we observed, de-
fined by cytoskeletal, postsynaptic, and presynaptic/vesicular
proteins. In addition, coexpression can result from any of
several relevant biological functions, including chromosomal
proximity, shared promoters, shared protein degradation, and
shared expression within specific cell populations (48). Con-
versely, alterations in network features between control and
disease cohorts can result from effects of disease on one or
more of these functions. Network analysis can therefore com-
plement traditional analyses of complex data sets and have
provided valuable insight in a number of neuropsychiatric
diseases (16, 49, 50).

Using this approach, we found greater connectivity of the
synaptic protein coexpression network in AD than in control
subjects, driven by the AD1 subgroup. This pattern of con-
nectivity differed, for example, from our prior observations in
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TABLE V
Comparison of demographic and clinical characteristics of AD1 and AD2 subgroups

Variable AD1 (n = 24) AD2 (n = 31) p

Age (S.D.), years 85.0 (7.1) 83 8(7.1) 0.56
Male 9 (37.5%) 9 (61.3%) 0.08
PMI (S.D.), hours 5(2.6) 9(3.9) 0.11
Age of onset® (S.D.), years 76 9 (6.9) 75 4 (7.3) 0.46
Duration of illness® (S.D.), years 8 (3.1) 4 (3.6) 0.53
Last MMSE (S.D.) 15 3(5.9) 15 1(6.3) 0.87
Psychosis 8 (33.3%) 2 (38.7%) 0.68
Lewy body stage 0.86

Negative 13 (54.2%) (51.6%)
Brainstem/transitional 7 (29.2%) 8 (25.8%)

Neocortical 4 (16.7%) (22.6%)
CERAD plaque score of frequent

MF2 22 (95.7%) 28 (90.3%) 0.46

ERC 23 (95.8%) (90.3%) 0.16
CERAD NFT score of frequent

MF 11 (42.3%) 15 (567.7%) 0.39

ERC 23 (95.8%) (96.8%) 0.85
Braak stage 0.30

I 1(4.2%) 5(16.1%)

v 10 (41.7%) (29.0%)

" 13 (54.2%) (54.8%)
APOE genotype 0.03°

23 0 (0%) 1(3.2%)

24 0 (0%) 2 (6.5%)

33 8 (33.3%) 19 (61.3%)

34 14 (58.3%) 8 (25.8%)

44 2 (8.3%) 1(3.2%)

PMIl—postmortem interval; MMSE—MiniMental State Exam; CERAD—Consortium to Establish a Registry for Alzheimer’s Disease; NFT—

neurofibrillary tangle.
@ n = 54 for this variable.

b Fisher’s exact test for the distribution of genotypes. For the comparison of APOE*4 carriers versus noncartiers, p = 0.02.

schizophrenia (16), suggesting that increased coexpression
is not merely a nonspecific consequence of constructing
synaptic protein networks in the disease state. The obser-
vation of increased synaptic protein connectivity, i.e. that
synaptic protein coexpression was greater in AD than in
control subjects, could indicate that the normal diversifica-
tion of synaptic protein homeostasis was overwhelmed by
the effect of pathology in the AD subjects. As discussed
above, this effect was driven by the AD1 subgroup, possibly
reflecting increased synaptotoxicity conferred by APOE*4
status. Additionally, we observed a nonrandom location of
proteins down-regulated in the AD1 subjects within the
network. Down-regulated glutamate signaling proteins were
located at the periphery of the postsynaptic module. This
pattern has been previously described in psychiatric and
other complex disorders (49) and is perhaps not surprising
as changes to highly connected hub proteins can have
catastrophic effects (51).

Potential Caveats—One potential limitation of this study
was the significantly younger normal control group. This con-
found arose in part via our effort to obtain a neuropathologi-
cally normal control cohort, as alterations to the synaptic
proteome may be present in cognitively normal individuals

with AD pathologies (8), which would have further compli-
cated interpretation of our findings. Several observations,
however, make it unlikely that age mismatch accounts for the
lack of global protein level alterations in DLPFC or the pro-
found protein level changes in ERC in AD. First, because we
observed a significant region (DLPFC versus ERC) by diagno-
sis interaction for most proteins tested, one would have to
postulate age-specific effects that differed by region. Second,
we observed global protein alterations in DLPFC of FTLD
subjects who were substantially younger than our AD cohort
and comparable to controls. Finally, the specific differences in
DLPFC synaptic protein levels between the AD1 and AD2
groups was present despite lack of age differences between
these groups. Another potential confound in human tissue
studies is matching as closely as possible by post-mortem
interval (PMI). Our study included AD subjects with signifi-
cantly lower PMIs than normal controls, however, we had
previously established the stability of the majority of proteins
and peptides assayed for up to 24 h in an animal model (15),
well beyond the PMls of our study groups. A final concern is
whether the quality of the sample preps of DLPFC versus ERC
samples may have been responsible for the differences in
protein reductions between these regions in AD. All SRM
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A Control

C AD1

B All AD Subjects

X

/.

Fic. 2. Protein network co-expression heatmaps. Protein coexpression is shown for control subjects in (A) and all AD subjects in (B).
Greater correlation between proteins is shown as intensity depth of red color. Clustering of proteins into multiple modules is evident in the
controls subjects, as indicated by the dendrograms and corresponding X and Y axis color coding of the individual modules. The increase in
coexpression in AD is evident. These effects are due largely to the AD1 but not the AD2, subgroup (C and D).

TABLE VI
Comparison of network topology between AD1, AD2, and control subjects

Network topology AD1 mean (S.D.)

AD2 mean (S.D.)

Control mean (S.D.) AD1 vs. control®p

measure

Node weighted 37.07 (21.39) 5.25 (5.33) 3.53 (3.55) < 0.001
connectivity

Node degree 114.05 (50.49) 3.25 (7.02) 2.69 (5.96) < 0.001

Node clustering coefficient 0.35 (0.06) 0.12 (0.05) 0.07 (0.07) 0.001

2 No comparison of AD2 vs control had p < 0.05.

chromatograms from the DLPFC and the ERC were manually
evaluated blind to diagnostic group. Peak shape and intensity
were highly comparable for all peptides quantified in both the
DLPFC and ERC, indicating that sample degradation does not
account for the differences in protein expression between the
two brain areas in the AD group.

CONCLUSIONS

Whereas global reductions in synaptic protein levels re-
flected neuron loss, in the frontal cortex (a region with limited

neuron loss in mild to moderate stages of AD), alterations in
synaptic protein expression and coexpression were largely
restricted to a subgroup of individuals who were APOE*4
allele carriers. These observations are likely indicative of an
effect of APOE genotype on synaptic protein homeostasis
within the context of AB accumulation and AD pathology,
particularly for postsynaptic glutamate receptor subunits and
their signaling partners. As receptor proteins located at the
periphery of the synaptic protein network, these glutamate
signaling proteins may be possible to target therapeutically.
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However, our results suggest that efforts to enhance signaling
at these receptors for therapeutic benefit in AD, e.g. via am-
pakines, metabotropic glutamate receptor agonists, or other
glutamatergic agents, would have outcomes dependent on
APQOE*4 status of the recipients. A stratification of benefit by
APOE*4 status is consistent with limited available data for the
NMDA receptor antagonist, memantine (52), and a similar
effect could contribute to lack of benefit seen in some initial
studies of other glutamatergic agents (53).

Primary data can be accessed via the following links:
DLPFC Link: https://chorusproject.org/anonymous/download/
experiment/17ccb8ef19624aaaad00bf9d92cdbbfa

ERC Link: https://chorusproject.org/anonymous/download/
experiment/fb292cffb5014aeb9f70e9993f4340fc
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