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Cognitive impairment in older individuals is a complex trait that in population-based studies most
commonly derives from an individually varying mixture of Alzheimer disease, Lewy body disease, and
vascular brain injury. We investigated the molecular composition of synaptic particles from three sources:
consecutive rapid autopsy brains from the Adult Changes in Thought Study, a population-based cohort;
four aged nonhuman primate brains optimally processed for molecular investigation; and targeted
replacement transgenic mice homozygous for APOE ε4. Our major goal was to characterize the molecular
composition of human synaptic particles in regions of striatum and prefrontal cortex. We performed flow
cytometry to measure six markers of synaptic subtypes, as well as amyloid b 42 and paired helical filament
tau. Our results showed selective degeneration of dopaminergic terminals throughout the striatum in
individuals with Lewy body disease, and serotonergic degeneration in human ventromedial caudate
nucleus from individuals with an APOE ε4 allele. Similar results were seen in mouse caudate nucleus
homozygous for APOE ε4 via targeted replacement. Together, extension of these clinical, pathologic, and
genetic associations from tissue to the synaptic compartment of cerebral cortex and striatum strongly
supports our approach for accurately observing the molecular composition of human synapses by flow
cytometry. (Am J Pathol 2017, 187: 884e895; http://dx.doi.org/10.1016/j.ajpath.2016.12.010)
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Cognitive impairment in older individuals is a complex trait
that in population-based studies most commonly derives
from an individually varying mixture of Alzheimer disease
(AD), Lewy body disease (LBD), and vascular brain injury
(VBI). LBD has two clinical categories: Parkinson disease
(PD), which is commonly accompanied by significant
cognitive impairment or dementia (referred to as PDD), and
dementia with Lewy bodies (DLB), where dementia appears
before the onset of motor symptoms. For AD, the primary
regions of focus have been medial temporal lobe structures
and regions of cerebral cortex, although it is now recognized
that amyloid b (Ab) accumulation in striatum typically marks
the transition from preclinical disease to AD dementia.1,2

Cognitive impairment in PD, PDD, and DLB involves mes-
ostriatal or mesocortical dopaminergic degeneration, and
stigative Pathology. Published by Elsevier Inc
thereby directly or indirectly affects prefrontal cortex func-
tion, either alone or in combinationwith AD.3,4 Thus, AD and
LBD share involvement of striatum and prefrontal cortex.
The pathogenesis of both AD and LBD is proposed to

initiate through regional synaptic injury and degeneration.
Many groups have quantified loss of synaptic proteins from
homogenates of involved human (Hu) brain regions in AD
and LBD,5e7 but this approach excludes the synaptic
. All rights reserved.
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Table 1 Criteria for Clinicopathologic Groups

Criteria

Clinicopathologic group

Controlelow path ControleAD path Control-LBD AD dementia DLB/PDD

Clinical diagnosis
Not dementia Yes Yes Yes No No
Dementia No No No Yes Yes

Pathologic features
AD path Low Inter. or high Any Inter. or high Any
MVL None Any None Any None
LBD None None Any None Any

AD, Alzheimer disease; DLB, dementia with Lewy bodies; Inter., intermediate; LBD, Lewy body disease; MVL, microvascular lesion; path, pathological
change; PDD, Parkinson disease dementia.

Synaptic Degeneration with LBD and APOE
terminal and is confounded by quantification of proteins
that are ultimately destined for, but have not yet reached,
the synapse. Other studies have relied on ultrastructural
approaches or Golgi staining, which allow direct observa-
tion of synapses; however, such approaches are laborious
and thereby limited to relatively few synapses, and are not
readily adapted to molecular investigation.8,9 Recently, we
have followed a method pioneered by Gylys and
colleagues10e14 that uses flow cytometry to probe the
molecular composition of thousands of particles within the
size gate for synaptosomes from Hu brain regions. Although
Gylys and colleagues10e14 focused on regions of cerebral
cortex and hippocampus from Hu postmortem tissue and
mouse (Mu) models of AD, we focused on the striatum and
prefrontal cortex in Hu postmortem tissue and Mu models of
dopaminergic degeneration.15 So far, all work from both
groups has used brain autopsies obtained from research
cohorts, and hence likely presents a skewed view of
Table 2 Immunolabeling Strategy

Set Antigen

Antibody

Manufacturer, product number, host, dilution,
fluorophore (if applicable)

1 VGLUT1 Abcam, ab104899, goat, 1:500
VGAT Synaptic Systems, 131011C2, mouse, 1:200, la

with Oyster 488 by manufacturer
Ab42 Synaptic Systems, 218703, rabbit, 1:250

PHF-tau Thermo Fisher Scientific, MN1020, mouse, 1:5
labeled with Alexa 647 in house

2 SNAP-25 BioLegend, 836302, mouse, 1:10,000, labeled
PE in house

SERT Sigma-Aldrich, SAB2500950, goat, 1:1000
Ab42 Synaptic Systems, 218703, rabbit, 1:250

3 VGLUT2 Synaptic Systems, 135411, mouse, 1:500, labe
with PE in house

DAT Abcam, ab5990, rat, 1:250

Ab42 Synaptic Systems, 218703, rabbit, 1:250

Ab, amyloid b; DAT, dopamine transporter; PE, R-phycoerythrin; PerCP, peridini
associated protein 25; SERT, serotonin transporter; VGAT, vesicular GABA transpo
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synaptic injury that occurs as we age and become vulnerable
to latent and then clinically overt AD and LBD.

Herein, we investigated the molecular composition of
synaptic particles from three sources: 40 consecutive
rapid autopsy brains from a population-based cohort, four
aged nonhuman primate (NHP) brains optimally processed
for molecular investigation because of their close genomic,
proteomic, and neuroanatomic homology to Hu, and trans-
genic Mu brain to test cause-and-effect relationships.16,17 For
each, we used flow cytometry focused on six markers of
synaptic subtypes and two pathogenic proteins [amyloid b 42
(Ab42) and paired helical filament tau (PHF-tau)] in cerebral
cortex and striatum. Our results showed selective degenera-
tion of dopaminergic terminals throughout the striatum in
individuals with LBD and serotonergic degeneration in Hu
ventromedial caudate (VMC) nucleus from individuals with
an APOE ε4 allele, as well as in Mu caudate nucleus homo-
zygous for APOE ε4 via targeted replacement.18
Secondary antibody

Manufacturer, host, fluorophore, dilution

Jackson ImmunoResearch, donkey, PE, 1:200
beled Not applicable

Jackson ImmunoResearch, donkey, Alexa-647 at
1:200 or PerCP at 1:10

00, Not applicable

with Not applicable

Jackson ImmunoResearch, donkey, PerCP, 1:10
Jackson ImmunoResearch, donkey, Alexa-647 at
1:200 or PerCP at 1:10

led Not applicable

Jackson ImmunoResearch, donkey, Alexa-488
labeled, 1:200

Jackson ImmunoResearch, donkey, Alexa-647 at
1:200 or PerCP at 1:10

n chlorophyll protein; PHF, paired helical filament; SNAP-25, synaptosomal-
rter; VGLUT, vesicular glutamate transporter.
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Figure 1 Two Hu synaptosome particles passing through a flow chamber.
Image was taken by ImageStream flow cytometer. The bright field microscope
image shows one particle slightly out of focus; the SNAP-25 image was simul-
taneously recorded using a fluorescent camera. Particles were immunolabeled
with antieSNAP-25 antibody conjugated to a green fluorophore (Alexa 488).

Postupna et al
Materials and Methods

Brain Autopsy

This study was approved by the University of Washington
(Seattle, WA) Institutional Review Board. Tissue samples
(�1 g) were collected from consecutive autopsies of
participants in the Adult Changes in Thought Study, a
population-based study of brain aging and incident dementia
in volunteers 65 years of age or older.19 Exclusion criteria
were as follows: postmortem interval of >8 hours, neuro-
pathologic evaluation that revealed territorial or lacunar
infarct(s) or hemorrhage(s), or evidence of neurodegenerative
disease other than AD or LBD. These 40 consecutive partic-
ipants comprised 17men and 23women, with amedian age at
death of 89.5 years. The Adult Changes in Thought Study
evaluates participants biennially until diagnosis of dementia;
the median interval between last clinical evaluation and death
for individuals without dementia was 464 days. Brain autopsy
regions sampled for synaptosome preparation were the
middle frontal gyrus (MFG;Brodmann area 9), the head of the
caudate nucleus (separated into ventromedial caudate or
VMC, and dorsolateral caudate), and the putamen.

In some analyses, results were stratified by clinical
and pathological features. Clinical diagnoses of dementia
were made as previously described20 by a consensus panel
of experts using the Diagnostic and Statistical Manual of
Mental Disorders-IV21 and the National Institute of
Table 3 Distribution of Cases by Clinicopathological Evaluation

Variable Controlelow path ControleAD path Control-L

Cases, n 7 10 2
Last CASI score
(means � SD)

94 � 3 90 � 5 95 and 9

AD path 7 Low, 0 inter.,
0 high

0 Low, 4 inter.,
6 high

1 Low, 1
0 high

MVL �3 0 1 0
LBD (any) 0 0 2
APOE4 alleles, n 0 of 14 2 of 20 0 of 4

*APOE genotype was not available for two participants.
AD, Alzheimer disease; CASI, Cognitive Assessment Screening Instrument; DLB,

MVL, microvascular lesion; path, pathological change; PDD, Parkinson disease de
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Neurological and Communicative Disorders and Stroke/
Alzheimer’s Disease and Related Disorders Association22

standard criteria. Similarly, neuropathologic features were
evaluated exactly by consensus guidelines.23,24 Criteria for
clinic-pathologic grouping are presented in Table 1.

Experimental Animals

All Mu procedures were conducted in accordance with the
guidelines of the InstitutionalAnimalCare andUseCommittee
at University of Washington. Mice homozygous for targeted
replacement (TR) of the Mu apoE gene with exon 1 of Hu
APOE ε3 (APOE3) or APOE ε4 (APOE4) backcrossed onto a
C57BL/6 genetic background were a gift from Dr. Nobuyo
Maeda (The University of North Carolina, Chapel Hill, NC)18

and used in our previous studies.25e31 Homozygous TR
APOE3 (8males and 13 females) and homozygousTRAPOE4
(7 males and 13 females) mice were sacrificed at 6 months of
age, their brains rapidly removed, and cerebral cortex and
striatum collected for synaptosome preparation.
All NHP procedures were performed at Wake Forest

University (Winston-Salem, NC) with approval from the
Institutional Animal Care and Use Committee, according to
recommendations in the Guide for Care and Use of Labora-
tory Animals (Institute for Laboratory Animal Research) and
in compliancewith the USDepartment of Agriculture Animal
Welfare Act and Animal Welfare Regulations (Animal Wel-
fare Act as Amended; Animal Welfare Regulations). NHP
tissue was obtained from four female African green monkeys
(Chlorocebus aethiops sabaeus) at the time of necropsy for a
study of aging. Median age was 22.6 years. After the animals
were sacrificed, brains were immediately removed, and tissue
samples from the mid-frontal cortex and striatum (caudate
and putamen combined because of small size) collected for
synaptosome preparation. One of the neuropathologists from
University ofWashington (C.D.K.) was present to ensure that
tissue for NHPwas prepared exactly the same as for Hu brain.

Preparation of the Crude Synaptosome Fraction

The crude synaptosome fraction (P2) preparation protocol
was adapted from Gylys et al,14 and described previously by
BD AD dementia DLB/PDD Total

16 5 40
3 Not applicable Not applicable Not applicable

inter., 0 Low, 1 inter.,
15 high

0 Low, 2 inter.,
3 high

8 Low, 8 inter.,
24 high

4 0 5
0 5 7
8 of 28* 2 of 10 12 of 76

dementia with Lewy bodies; inter., intermediate; LBD, Lewy body disease;
mentia.
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Synaptic Degeneration with LBD and APOE
us.15 In brief, samples were minced, slowly frozen in
0.32 mol/L sucrose with 10% dimethyl sulfoxide, and stored
at �80�C. To obtain the crude synaptosome fraction, the
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Figure 2 Comparison of human (Hu) and nonhuman primate (NHP)
synaptosomes. Samples are from brain autopsies of individuals without
dementia at last clinical evaluation, and whose neuropathologic evaluation
showed no or low Alzheimer disease (AD) neuropathologic change, no Lewy
body disease (LBD), and no vascular brain injury (VBI); we labeled this
group ControleLow Path (Table 3). NHP necropsies were from healthy older
animals whose neuropathologic evaluation showed no AD neuropathologic
change, no LBD, and no VBI. Data are percentage particles þ for synaptic
marker, and are presented on a log scale as scatter plots with means and
SEM drawn in red. A: Cerebral cortical samples are from Hu middle frontal
gyrus (MFG) and from NHP frontal cortex (FC) or temporal cortex (TC).
The percentage particles þVGAT is significantly lower for Hu MGF than for
NHP FC or TC. B: NHP striatum was prepared as a single homogenate
because of its small size; comparable results were obtained by averaging
data from three regions of Hu striatum that were prepared separately.
Hu striatum has significantly greater percentage particles þSNAP-25 and
percentage particles þVGLUT1 than NHP. n Z 7 brain autopsies of
individuals (A and B); n Z 4 NHP necropsies (A and B). **P < 0.01 for
percentage particles þVGLUT1 for Hu striatum versus NHP; yyyP < 0.001
for percentage particles þVGAT for Hu MGF vs NHP FC or TC; zzzP < 0.001
for percentage particles þSNAP-25 for Hu striatum versus NHP.
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minced tissue was thawed and homogenized in 0.32 mol/L
sucrose in 10 mmol/L Tris buffer with proteinase and
phosphatase inhibitors using a glass/Teflon homogenizer.
The homogenate was centrifuged at 1000 � g at 4�C for 10
minutes, then the supernatant was removed and centrifuged
again at 12,000 � g at 4�C for 20 minutes. Resulting pellets
were resuspended in sucrose/Tris solution and stored at
�80�C.

Immunolabeling of the Synaptosome Fraction

The immunolabeling protocol has been described previ-
ously.15 For Hu and NHP samples, we used three combina-
tions of primary antibodies. Set 1 used antibodies against
vesicular glutamate transporter 1 (VGLUT-1), vesicular
GABA transporter (VGAT), and Ab42 (and PHF-tau in the
Hu MFG samples). Set 2 used antibodies against
synaptosome-associated protein 25 (SNAP-25), serotonin
transporter (SERT), and Ab42. Set 3 used antibodies against
VGLUT-2, dopamine transporter (DAT), and Ab42 (Table 2).
Primary antibodies were purchased from Abcam (Cam-
bridge, UK) (DAT and VGLUT1); Biolegend (San Diego,
CA) (SNAP-25); Sigma-Aldrich (St. Louis, MO) (SERT);
Synaptic Systems (Goettingen, Germany) (Ab42, VGAT, and
VGLUT2); and ThermoFisher Scientific (Waltham, MA)
(PHF-tau). Donkey secondary antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA).

Flow Cytometry

All data presented are for synaptosome suspensions analyzed
using anApogeeA50 flow cytometer (Apogee FlowSystems,
Hertfordshire, UK) equipped with 15-mW488-nm (blue) and
633-nm (red) lasers. Silica microspheres (Spherotech Inc.,
Lake Forest, IL) of varying size (0.5 and 1.2 mm)were used as
size standards, and size gatewas set as previously described.15

At least 10,000 gated events were collected per sample.
For Figure 1 only, we imaged Hu synaptic particles, in
this instance labeled for SNAP-25, passing though the
flow chamber, with an ImageStream X Mark II imaging
flow cytometer (Amnis, WA) equipped with 488-, 405-, and
647-nm lasers.

Each sample was incubated with both the primary antibody
to the protein of interest and the respective isotype control
antibody, used as negative control. The positive gate was set
on the sample incubated with the isotype control and adjusted
to include 1% (�0.1%) of the total size-gated particle
population.

Statistical Analysis

Data were analyzed using GraphPad Prism (San Diego, CA)
version 7 to perform one- or two-way analysis of variance,
followed by post tests corrected for multiple comparisons.
Correlation was determined with Pearson’s correlation
coefficient. a was set at P < 0.05.
887
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Results

Interpretation of Hu synaptosome data requires careful
consideration of the unique circumstances that surround
collection of autopsy tissue. Unlike samples prepared
immediately from euthanized animals, the molecular
composition of Hu synaptic preparations may change in
response to agonal events or degradation within our short
(by autopsy standards) 8-hour postmortem interval, thereby
systemically altering results. For comparison, we made
identical synaptosome preparations from aged NHP sched-
uled for euthanasia, eliminating agonal illness and post-
mortem interval. We performed the same neuropathologic
workup on the NHP samples as for Hu samples; NHP
showed diffuse Ab plaques in the posterior temporal cortex
only, similar to previous reports,32 but no neurofibrillary
degeneration, LBD, or VBI (data not shown).

To make the most direct comparison, we minimized the
effect of disease in Hu samples by including only the
ControleLow Path group: those individuals who were
diagnosed as not dementia at last clinical evaluation and
whose neuropathologic evaluation showed no or low levels
of AD neuropathologic change, no LBD, and no or low VBI,
as measured by number of microvascular lesions in stan-
dardized sections23,24 (Table 3). NHP and Hu ControleLow
Path (clinically control with low AD pathology) groups were
well matched for relative age expressed as fraction of
maximum age: assuming a maximum lifespan of 30 years
for this species of NHP and of 120 years for humans,
average fraction (�SD) of maximum lifespan was
0.74 � 0.06 for NHP and 0.74 � 0.07 for Hu ControleLow
Path group. Results comparing the two synaptic preparations
are presented in Figure 2. Data are the percentage particles
immunoreactive among the total number of gated events,
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Figure 3 Neuropathologic correlates with synaptic particle molecular mark
ventromedial caudate (VMC), dorsolateral caudate (DLC), and putamen. Percentag
National Institute on Aging - Alzheimer’s Association (NIA-AA) A score for Ab42 d
brain region, and P < 0.05 for interaction. Corrected multiple paired comparison
percentage particles þPHF-tau stratified by NIA-AA B score for neurofibrillary deg
paired comparisons show significance for B score 3 versus B score 1 (and also vers
stratified by þ Lewy body disease (þLBD) or �LBD. Two-way analysis of varianc
parisons for region show significance for LBDþ versus �LBD in each region. **P
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and are presented on a log scale. The percentage of particles
positive (% particles þ) for the six synaptic markers varied
widely, with SNAP-25 being the most prevalent synaptic
maker and SERT the least prevalent synaptic marker in both
cerebral cortex and striatum. Significant quantitative differ-
ences were observed in cerebral cortex, where percentage
particles þVGAT was similar in NHP regions but less in Hu
MFG (P < 0.001), and in striatum where percentage
particles þSNAP-25 (P < 0.001) and percentage
particles þVGLUT1 (P < 0.01) were greater in Hu than
NHP preparations. The distribution of data for each synaptic
marker in each species was limited, except for NHP striatal
DAT. In this instance, the highest percentage particleþDAT
was from the youngest NHP (fraction of maximal age, 0.66),
perhaps suggesting marked age-related decline in relatively
older NHP and Hu ControleLow Path. In addition to six
synaptic markers, we also probed for two disease-related
proteins in synaptic particles. Ab42 was detected at compa-
rable levels in MFG and striatal synaptic particles from both
Hu and NHP preparations; PHF-tau was undetectable in
synaptic preparations from Hu or NHP MFG. In summary,
these data demonstrate that there was not significant
molecular degeneration of synaptosome Hu preparations
with no/low levels of disease compared to relative age-
matched NHP preparations, despite Hu samples potentially
influenced by agonal state and postmortem interval, and the
NHP samples prepared optimally for research.
We next pursued correlation of synaptic data with

consensus neuropathologic assessments of AD and LBD in
all 40 Hu samples (Figure 3). Our goal was to determine
whether the well-established relationships between
consensus neuropathologic scores and regional tissue con-
centrations of Ab peptides, PHF-tau, and DAT also were
reflected in the synaptic compartment. Increasing National
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Institute on Aging - Alzheimer’s Association (NIA-AA) A
score (a consensus neuropathologic index for senile plaque
accumulation) was associated with progressively increasing
synaptic Ab42 in MFG and striatum synaptic particles, with
levels in MFG significantly exceeding striatum at A scores
of 2 (P < 0.001) and 3 (P < 0.001), similar to others’ data
for Ab peptides in synaptosomes prepared from the parietal
cortex.10 Many groups have demonstrated that an NIA-AA
B score (extent of neurofibrillary degeneration) of 3 is
associated with appearance of cerebral cortical neurofibril-
lary degeneration and increased tissue concentration of
PHF-tau in isocortical regions, including MFG. We
observed that MFG percentage particles þPHF-tau was
significantly increased with an NIA-AA B score of 3
compared with B scores of 1 or 2 (P < 0.01), again in close
agreement with parietal cortex synaptosome pathological
tau.10 Finally, LBD was closely associated with degenera-
tion in mesostriatal dopaminergic system; cases with LBD
had significant reduction in percentage particles þDAT by
region in two-way analysis of variance (P < 0.0001); cor-
rected multiple paired comparisons were significant for each
region of striatum (P < 0.01). We analyzed separately the
five cases with clinically meaningful burden of microvas-
cular lesions,23,24 but found no significant difference be-
tween this group and ControleLow Path for any of the
synaptic proteins assayed. Overall, these results demonstrate
that correlations made repeatedly between consensus
neuropathologic scores and regional tissue levels of Ab42,
PHF-tau, and DAT extend to the synaptic compartment,
validate recent results from comparable investigation of the
parietal cortex for Ab peptides and pathological tau,10 and
broadly support our approach to investigating Hu synapses.

We next stratified our Hu data into clinicopathologic
groups (Table 3) to incorporate functional state proximate to
death, as well as the burden of specific diseases evaluated by
pathological scores. We focused first on synaptic DAT; two-
way analysis of variance showed that the percentage
particles þDAT varied significantly by clinicopathologic
group (P < 0.001), but not by region or interaction. Cor-
rected multiple paired comparisons showed that percentage
particles þDAT were significantly reduced for DLB/PDD
(P < 0.01) and for Control-LBD groups (P < 0.05)
compared to ControleLow Path (Figure 4A). Although the
number of individuals in the Control-LBD group is small,
these data suggest that LBD is malignant to dopaminergic
presynaptic elements even in the absence of a clinical diag-
nosis of DLB or PDD. Figure 4B shows percentage
Figure 4 Clinicopathologic correlates with synaptic particle molecular
markers from 40 Hu brain autopsies. A: The percentage particles þDAT
varies significantly by clinicopathologic group (P < 0.001) but not by re-
gion or interaction. Corrected multiple paired comparisons show signifi-
cance for DLB/PDD and for Control-LBD groups compared to ControleLow
Path. B: The percentage particles þAb42 increase in AD dementia and
ControleAD Path. C: The percentage particles þAb42 also þPHF-tau in-
crease in ControleAD Path, AD dementia, and DLB/PDD. *P < 0.05,
**P < 0.01, and ****P < 0.0001 versus ControleLow Path.
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particles þAb42 in four different regions for the five clini-
copathologic groups (P < 0.0001 for region and P < 0.0001
for group, no significant interaction). Corrected multiple
comparisons showed that percentage particles þAb42 were
increased in AD dementia (P < 0.0001) and in ControleAD
Path (not dementia with intermediate or high AD pathology;
P < 0.01). MFG percentage particles þPHF-tau trended to-
ward higher levels in AD dementia, DLB, and ControleAD
Path groups but was not significant (P Z 0.08). However, a
significant association (P < 0.01) was observed for per-
centage particles þAb42/þPHF-tau (Figure 4C); corrected
multiple comparisons, percentage particles þAb42/þPHF-tau
had P < 0.01 for ControleLow Path versus ControleAD
Path, versus AD dementia, and versus DLB/PDD. Our results
for þDAT, þAb42, or þPHF-tau synaptic particles are
broadly consistent with numerous clinicopathologic studies
of brain tissue and further validate our approach. Our results
with þAb42 and þPHF-tau particles in MFG suggest that
synaptic colocalization with these two proteins may be a
closer correlate of clinical expression of disease than þPHF-
tau alone.

The observation that LBD was associated with a decrease
in percentage particles þDAT demonstrated that our
approach can detect selective neurodegenerative changes in
the synaptic compartment. Interestingly, when extended to
senile (A score) or neuritic (C score) plaque burden or extent
of neurofibrillary degeneration (B score), we did not observe
significant correlation with any of the synaptic markers
in MFG or regions of striatum. We explored these
relationships further by correlating synaptic results for Ab42
or PHF-tau with synaptic markers (Figure 5). Of the four
synaptic markers assayed in MFG (SNAP-25, VGLUT1,
VGAT, and SERT), percentage particles þAb42 and per-
centage particles þPHF-tau positively correlated with each
other (P < 0.0001) but not with any of the synaptic markers
(Figure 5A), consistent with the lack of correlation between
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consensus neuropathologic scores and synaptic markers. In
striatum, percentage particles þAb42 strongly correlated
positively with percentage particles þVGAT (P < 0.0001)
or þSERT (P < 0.0001) in each of the three subregions and
when combined into a single analysis (Figure 5B). Striatal
percentage particles þAb42 also correlated positively
with VGLUT1 and DAT in VMC and putamen, but not in
dorsolateral caudate; specifically, percentage particles
þAb42 correlated with percentage particles þVGLUT1 in
VMC (P < 0.01, Pearson rZ 0.46) and putamen (P < 0.01,
Pearson r Z 0.48), and with percentage particles þDAT in
VMC (P < 0.01, Pearson r Z 0.41) and putamen
(P < 0.001, Pearson r Z 0.51). In summary, although LBD
was associated with selective reduction in percentage
particles þDAT, consensus scores for AD neuropathologic
change, synaptic percentage particles þAb42, or percentage
particles þPHF-tau were not associated with selective
reduction of any synaptic marker in cerebral cortex or
striatum. Rather than negatively, striatal percentage
particles þAb42 positively correlated with percentage
particles þVGLUT1, þVGAT, þSERT, and þDAT in the
same subregions.
We pursued further the distribution of Ab42 in different

types of synapses by determining the colabeling of particles
with Ab42 and synaptic markers (Figure 6). For these ana-
lyses, we returned to pathological groups defined by
consensus pathological scores because adding clinical
diagnosis to stratify further yielded similar results (data not
shown). Two-way analysis of variance had significant dif-
ferences (pathological group and region) for percentage
particles colabeled with Ab42 and the following synaptic
markers: VGLUT1 (P < 0.0001 and P < 0.0001), VGAT
(P < 0.0001 and P < 0.0001), and VGLUT2 (P < 0.0001
and P < 0.0001). More important, percentage þSERT, and
þDAT particles did not vary significantly by pathological
group or region. Corrected multiple comparisons for
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Synaptic Degeneration with LBD and APOE
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VGLUT1, VGAT, and VGLUT2 each had P < 0.0001 for
ControleLow Path versus AD; in addition, ControleLow
Path versus LBD for VGLUT1 had P < 0.05, VGLUT2 had
P < 0.01, and VGAT was nonsignificant. These data indi-
cate that synaptic accumulation of Ab42 in AD occurred in
excitatory and inhibitory synapses in both the MFG and
striatum. Ab42 also accumulated in LBD in MFG and
striatum but less consistently than with AD and significantly
only in excitatory synapses.

Given the association of APOE ε4 with risk for AD and
cognitive impairment in PD, we investigated the relationship
between inheritance of one or two APOE ε4 alleles and
regional synaptic proteins levels in Hu samples (Figure 7).
Inheritance of an APOE ε4 was associated with increased
synaptic Ab42 by both region (P < 0.0001) and genotype
(P < 0.0001), with percentage particles þAb42 greater with
APOE ε4 in all regions assayed. MFG percentage
particles þPHF-tau was not significantly associated with
APOE ε4. SERT was the only one of the six synaptic markers
that significantly varied by APOE genotype (P < 0.01);
percentage particlesþSERT also varied by region (P< 0.05)
with a significant interaction term (P < 0.01). Corrected
multiple paired comparisons showed that the percentage
particles þSERT in individuals with APOE ε4 was signifi-
cantly lower only in the VMC (P < 0.001).

We tested the unexpected correlation of reduced striatal
percentage particles þSERT in Mu homozygous for TR
of exon 1 of the Mu apoE gene with Hu exon 1 from
either APOE ε3 or APOE ε4 to yield TR APOE3/3 or TR
APOE4/4.18 Using exactly the same approach as for Hu and
NHP brain regions, cerebral cortex, and striatum percentage
particles þSERT varied significantly by region (P< 0.0001)
and by TR APOE genotype (P < 0.01), and there was a
significant interaction term (P < 0.05). Corrected multiple
paired comparisons for percentage particles þSERT had
P < 0.001 in striatum but were not significantly different in
cerebral cortex (Figure 8A). In contrast, percentage
particles þ for VGLUT1, VGLUT2, VGAT, or DAT varied
significantly by region (P < 0.0001) but were not different
between TR APOE3/3 and TR APOE 4/4; Figure 8B shows
the example of percentage particles þDAT in TR APOE
mice. These experimental data from TR APOE mice confirm
experimentally our observation in Hu tissue that percentage
particles þSERT are selectively reduced in striatum with
expression of APOE ε4.
Discussion

The major goal of our study was to characterize the
molecular composition of Hu synaptic particles in regions of
striatum and prefrontal cortex, from older individuals who
volunteered to participate in a population-based study. We
organized our study around consecutive Adult Changes in
Thought Study brain autopsies that met our inclusion
criteria to minimize potential selection bias and maximize
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Figure 7 Regional correlation of synaptic molecules with inheritance of APOE ε4 allele from 40 Hu brain autopsies. A: Two-way analysis of variance shows
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the representation of the two neurodegenerative diseases
that most commonly cause cognitive impairment and
dementia in older individuals: AD and LBD. Indeed, the
prevalence of these two diseases in our group of 40 cases
matches closely their prevalence in the overall Adult
Changes in Thought Study autopsy cohort and other
population-based studies on brain aging and dementia
that have autopsy end point.33 Our major findings were
two types of selective synaptic degeneration in Hu
striatum: dopaminergic degeneration with LBD and regional
serotonergic degeneration with inheritance of APOE ε4.

For the experiments presented herein, and in our previous
work, we used the crude synaptosome fraction, or P2.15

There are several reasons for this: i) this approach aligns
with the extensive characterization performed by Gylys and
colleagues,10e14 ii) similar to others, in our experience
further enrichment of synaptosomes by gradient centrifu-
gation does not result in higher percentage particles
þSNAP-25, and iii) the yield from gradient-purified prep-
arations is significantly reduced. In a previous publication,
we presented transmission electron micrographs of our
synaptosome preparation from Hu brain that demonstrates
abundant synaptic particles.15 Herein, we extended the
characterization of the Hu particles undergoing flow
cytometry by using ImageStream to visualize single SNAP-
25elabeled particles.

It is important to stress that our intent was to investigate
synaptic molecular composition, and that the particles
harvested from Hu brain are no longer functional, unlike
synaptosomes harvested by identical protocols from exper-
imental animals. We sought first to determine whether the
circumstances that surround death of a person, including
varying conditions of agonal state and postmortem intervals
of up to 8 hours, might cause systematic changes in synaptic
molecular composition. To address this important issue
as definitively as possible, we used identically prepared
synaptosomes from NHP that were matched well for
892
absence of pathological evidence of disease and fraction of
maximum age, and were euthanized for another study, thus
eliminating agonal state and post-mortem interval. Our re-
sults showed broadly similar outcomes for Hu and NHP
preparations for the six synaptic markers and Ab42 with
significantly lower percentage particles þVGAT in Hu
cerebral cortex, and significantly higher þSNAP-25
and þVGLUT1 particles in Hu striatum, compared to NHP.
In addition to these few quantitative differences, þPHF-tau
particles were qualitatively different and detected only in Hu
preparations, and then only in cerebral cortex. Although
there are some species differences, these results from NHP
and Hu brain tissue largely unaffected by disease show no
pattern of molecular decay in Hu brain, and underline the
fidelity with which our Hu preparations reflect the molecular
composition of synaptic particles.
We observed anticipated correlations between consensus

neuropathologic scores or clinicopathologic groupings and
synaptic Ab42 or PHF-tau. Despite using different tissue
resources, technology, and antibodies, our results for Ab42
and PHF-tau in MFG validate recent findings for Ab
peptides and pathological tau in cerebral cortex by others,10

and show that these pathological proteins accumulate in the
synaptic compartment in parallel with their well-known
pattern of accumulation in whole tissue in AD. Our
cohort also included individuals without dementia but with
neuropathologic features of disease; this is an important
group whose results showed that these pathological pro-
teins accumulate in synapses during the preclinical stages
of disease. Finally, we report for the first time that synaptic
Ab42, and not simply tissue level, is increased with in-
heritance of APOE ε4 (Figure 7). Together, extension of
these clinical, pathologic, and genetic associations from
tissue to the synaptic compartment of cerebral cortex and
striatum strongly supports our approach for accurately
observing the molecular composition of Hu synapses by
flow cytometry.
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Figure 8 Cerebral cortical or striatal synaptic particles in adult targeted-
replacement (TR) mice homozygous for APOE3/3 or APOE4/4. A: Cerebral
cortex and striatum percentage particlesþSERT varies significantly by region
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but are not significant in cerebral cortex. B: Percentage particlesþDAT vary
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APOE3/3 and TR APOE 4/4. ***P < 0.001 versus 4/4.

Synaptic Degeneration with LBD and APOE
Our group has uniquely focused on flow cytometry of Hu
synaptic preparations from striatum. We observed two types
of synaptic degeneration in Hu striatum. First was the
selective reduction in striatal percerntage particles þDAT in
individuals with pathological evidence of LBD. This was
an expected finding that replicated our previous work, and
that we validated in toxin-exposed mice.15 Interestingly, we
also observed selective reduction in striatal percentage
particles þSERT in individuals with an APOE ε4 allele. We
validated this unexpected finding experimentally in TR
APOE mice. The central presynaptic serotonergic system
shows limited degeneration with advancing age, but is
reported to degenerate at least in some individuals with AD
or PD.34 Because inheritance of APOE ε4 is a risk factor for
both AD and PDD,35e37 our data suggest that earlier
observations may have been confounded by dispropor-
tionate segregation of APOE ε4 carriers into the AD or
PD groups. We found no other report of experiments
investigating the central serotonergic system in TR APOE
The American Journal of Pathology - ajp.amjpathol.org
mice, or molecular imaging data of the Hu central seroto-
nergic system stratified by APOE genotypes. However,
recent work has associated APOE ε4 with risk of depression
in cognitively normal older adults.38 Our novel association
of regional loss of serotonergic synapses with APOE ε4 will
require further validation, likely through molecular
neuroimaging.

We observed no evidence of selective synaptic degener-
ation in MFG from AD or LBD. Indeed, others who have
focused on the parietal cortex also did not observe signifi-
cant differences between AD and controls for synaptic
particles marked by VGLUT1 or VGLUT2 (the only two
presynaptic markers used) and particles labeled with post-
synaptic markers.13 We extended these findings to include
three other synaptic subtypes in MFG particles: SNAP-25,
VGAT, and SERT. In combination, this lack of synaptic
degeneration in cerebral cortex of AD is somewhat per-
plexing given that the MFG and parietal cortex both atrophy
in AD, and that our approach demonstrated degeneration of
synaptic particles in Hu striatum. One possibility is that
processes of AD are equally toxic to all synapse types in
cerebral cortex, and that all subtypes are lost proportion-
ately, and therefore transparent to our end point of per-
centage þ particles. Our data comparing striatum with MFG
suggest another possibility, loss of trophism in AD cerebral
cortex. In striatum, percerntage particles þAb42 was
strongly positively correlated with several synaptic markers,
but in MFG there was no correlation. A mechanistic basis
for this apparent trophic activity associated with Ab42 in
striatum but not MFG is unclear, but perhaps is related to
the spread of pathological tau to the cerebral cortex but not
striatum in AD. It is interesting to speculate that lack or
blockade of a trophic effect associated with processes that
lead to increased synaptic Ab42 in MFG, rather than direct
neurotoxicity, may lead to broad proportionate loss of ce-
rebral cortical synapses in AD.

Our results add novel observations to the synaptic accu-
mulation of Ab42 and PHF-tau in AD and LBD. Others have
reported that Ab peptides preferentially accumulate in
þVGLUT1 synaptosomes from cerebral cortex in AD.13

We observed that Ab42 dual labeled a low percentage of
all six particle subtypes in MFG and all striatal regions from
the ControleLow Path group. The percentage particles dual
labeled for Ab42 increased significantly in AD for three
synaptic markers (VGLUT1, VGLUT2, and VGAT) in
MFG and striatal regions; the increase in dual-labeled par-
ticles was greater for VGLUT1 and VGLUT2 than VGAT.
Increase in dual-labeled þAb42 particles was less robust in
LBD and significant only for excitatory particles. These data
suggest that Ab42 accumulated preferentially in excitatory
synapses in AD and DLB, and also inhibitory synapses in
AD. Finally, considering the possible overlap in the path-
ogenesis of AD and LBD, þDAT/þAb42 particles did not
increase in AD or LBD group, suggesting that dopaminergic
degeneration in both diseases is Ab42 independent.
893

http://ajp.amjpathol.org


Postupna et al
Unlike Ab42, PHF-tau was detected only in MFG in AD
and LBD, but not in any region of striatum. The percentage
þPHF-tau particles in MFG trended to higher values in all
groups with high AD pathological changes, but this was
only significant for ControleLow Path versus AD dementia
(P < 0.05). Like Ab42, the percentage þPHF-tau particles
was not correlated with any of the synaptic markers in
MFG. Data from animal models suggest some sort of
cooperativity between Ab42 and PHF-tau.39 Our data are
consistent with these proposals in MFG but not in striatum.
Indeed, MFG synaptic particles colabeled with Ab42 and
PHF-tau were more robustly correlated with clinical
expression than were þPHF-tau alone (Figure 4), and
percentage particles þAb42 correlated positively with
þPHF-tau in MFG (Figure 5). This was not the case in the
striatum, where there was at least as abundant percentage
particles þAb42 as in MFG but PHF-tau was lower than the
limit of detection. How cooperativity between synaptic
Ab42 and PHF-tau might take place in MFG but not striatum
cannot be determined from our observational data but may
involve transynaptic routes of transmission from the medial
temporal lobe.40

In summary, we have demonstrated the fidelity of
synaptosome preparations from Hu rapid brain autopsy by
close comparison with NHP brain prepared under
optimal experimental conditions, and observed two types of
selective synaptic degeneration in Hu striatum: dopami-
nergic degeneration with LBD and regional serotonergic
degeneration with inheritance of APOE ε4; the former was
previously validated in a toxic Mu model,15 and the latter
was validated herein in a TR APOE Mu model. Expanding
on the results of others, we did not observe selective syn-
aptic degeneration in MFG with AD dementia, AD neuro-
pathologic features, synaptic Ab42, or synaptic PHF-tau. By
comparing MFG with striatum, our results are consistent
with lost apparent trophic effect associated with increasing
synaptic Ab42 with AD in MFG. Although speculative, lost
Ab42-associated trophism, perhaps related to cooperative
action with PFH-tau, in cerebral cortex might explain our
inability to detect selective synaptic degeneration in MFG in
contrast to striatum.
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