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Sections from the middle frontal gyrus (Brodmann area 46) of autopsy-confirmed
Alzheimer’s disease (AD) patients and non-demented subjects were examined for the
prevalence of hallmark AD pathology, including amyloid-β (Aβ) plaques, phosphorylated
tau (pTau) tangles, neuroinflammation and synaptic loss (n = 7 subjects/group).
Dense-core deposits of Aβ were present in all AD patients (7/7) and some non-
demented subjects (3/7), as evidenced by 6E10 immunohistochemistry. Levels of
Aβ immunoreactivity were higher in AD vs. non-AD cases. For pTau, AT8-positive
neurofibrillary tangles and threads were exclusively observed in AD patient tissue. Levels
of [3H]PK11195 binding to the translocator protein (TSPO), a marker of inflammatory
processes, were elevated in the gray matter of AD patients compared to non-demented
subjects. Levels of [3H]UCB-J binding to synaptic vesicle glycoprotein 2A (SV2A),
a marker of synaptic density, were not different between groups. In AD patients,
pTau immunoreactivity was positively correlated with [3H]PK11195, and negatively
correlated with [3H]UCB-J binding levels. No correlation was observed between Aβ

immunoreactivity and markers of neuroinflammation or synaptic density. These data
demonstrate a close interplay between tau pathology, inflammation and SV2A density in
AD, and provide useful information on the ability of neuroimaging biomarkers to diagnose
AD dementia.

Keywords: neuroinflammation, translocator protein, [3H]PK11195, synapses, synaptic vesicle glycoprotein 2A,
[3H]UCB-J, amyloid, tau

INTRODUCTION

Despite considerable advances in biological fluid and brain imaging biomarkers, autopsy remains
the most reliable means of obtaining a definitive diagnosis of dementia due to Alzheimer’s disease
(AD). The diagnosis is based on the microscopic identification of hallmark AD pathology in the
brain, most notably the deposition of amyloid-beta (Aβ) peptides into plaques, the accumulation of

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 December 2019 | Volume 13 | Article 538

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2019.00538
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncel.2019.00538
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2019.00538&domain=pdf&date_stamp=2019-12-05
https://www.frontiersin.org/articles/10.3389/fncel.2019.00538/full
http://loop.frontiersin.org/people/816000/overview
http://loop.frontiersin.org/people/633915/overview
http://loop.frontiersin.org/people/832364/overview
http://loop.frontiersin.org/people/307592/overview
http://loop.frontiersin.org/people/7841/overview
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00538 December 3, 2019 Time: 17:28 # 2

Metaxas et al. TSPO & SV2A Binding in AD

hyperphosphorylated tau (pTau) protein into neurofibrillary
tangles and neurodegeneration (Jack et al., 2018). In addition, a
brain-specific form of low-grade, chronic inflammation is known
to accompany the progression of AD (Heneka et al., 2015).

It is now recognized that symptomatic AD is preceded by a
long preclinical phase, which is characterized by the insidious
accumulation of AD neuropathologic lesions. Biomarker studies
in subjects with normal cognition indicate that the accumulation
of Aβ may precede the onset of memory decline by at least
a decade (Jansen et al., 2018). Moreover, autopsy studies
demonstrate that aggregated Aβ and pTau can be detected in
certain brain areas of cognitively intact individuals by the third to
fourth decades of life (Braak and Braak, 1997; Braak et al., 2011).
As the pathognomonic lesions of AD are present in a significant
proportion of individuals with normal cognition, dissociating AD
from physiological brain aging represents a major challenge in
the dementia research field. Of note, the assumption that Aβ and
pTau biomarker-positive subjects are on a path to developing
dementia remains a point of contention (Nelson et al., 2011;
Franceschi et al., 2018).

In the present study, markers of neuroinflammation and
synaptic density were evaluated for their ability to distinguish
between autopsy-confirmed AD patients and non-AD subjects.
Levels of the translocator protein (TSPO) and synaptic vesicle
glycoprotein 2A (SV2A) were measured by autoradiography in
sections from the middle frontal gyrus (Brodmann area 46) of
AD patients and non-demented subjects. The middle frontal
gyrus was chosen for examination based on its susceptibility
to both age- and AD-related atrophy (Bakkour et al., 2013),

and because of its enhanced vulnerability to Aβ deposition in
both cognitively impaired and healthy individuals (Rodrigue
et al., 2009). Our results show that there is increased
inflammation in Brodmann area 46 in AD, while SV2A levels
remain unchanged. These data provide useful insights into
the molecular neuropathology of AD and can inform the
debate over the ability of imaging biomarkers to confirm a
clinical AD diagnosis.

MATERIALS AND METHODS

Ethics Statement
The study was carried out in accordance with the
recommendations of the Danish Biomedical Research Ethical
Committee for the Region of Southern Denmark (Project Id.
S-20160036) and the Nova Scotia Health Authority Research
Ethics Board in Halifax, NS, Canada. Written, informed consent
forms were obtained for all subjects, in accordance with the
Declaration of Helsinki. Samples were transported to the
University of Southern Denmark from the Maritime Brain
Tissue Bank, Department of Medical Neuroscience, Faculty of
Medicine, Dalhousie University, Halifax, Canada.

Subjects and Tissue Sectioning
Snap-frozen samples from the middle frontal gyrus of autopsy-
confirmed AD patients and non-demented subjects were used
(n = 7/group; Table 1). The groups were matched for sex
(3 females, 4 males) and age (median: AD = 79 years, range:

TABLE 1 | Subject characteristics.

No Age range (years) Brain weight (g) PMI (h) CERAD Braak Cause of death Co-morbidities Study group

1 61–65 1100 24 Frequent (C3) VI N/A N/A AD

2 76–80 1250 9.5 Moderate (C2) VI Pneumonia,
Dehydration

Type-2 diabetes, HTN AD

3 81–85 950 9 Frequent (C3) V Inanition None AD

4 91–95 1149 64 Frequent (C3) VI N/A None AD

5 76–80 1200 9 Frequent (C3) IV N/A Emphysema,
hyperthyroidism

AD

6 71–75 1151 6.5 Frequent (C3) VI Sepsis Cardiovascular
(atherosclerosis)

AD

7 81–85 1293 17.5 Moderate-Frequent
(C2-3)

V N/A Giant cell arteritis AD

8 46–50 1275 N/A None (C0) 0 N/A None Non-AD

9 81–85 1210 5.5 Sparse (C1) 0 Surgery
complications

Type-2 diabetes,
HTN, cardiovascular

(atrial fibrillation)

Non-AD

10 81–85 1235 N/A Moderate (C2) II Cancer (breast) None Non-AD

11 71–75 1350 36 Sparse (C1) 0 Pancreatitis None Non-AD

12 86–90 1300 24 Sparse (C1) 0 Cancer
(abdominal)

None Non-AD

13 46–50 1410 N/A None (C0) 0 Myocardial
infarction

Type-1 diabetes, HTN Non-AD

14 71–75 1451 68.5 Sparse-moderate
(C1-2)

I–II Pulmonary
embolism

None Non-AD

PMI, post-mortem interval; N/A, information not available; HTN, hypertension.
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64–92; non-AD = 73 years, range: 47–86; U = 19.5, P = 0.56).
Brain weight at time of removal was lower for AD, compared
to non-demented subjects (median: AD = 1151 g, range: 950–
1293; non-AD = 1300 g, range: 1210–1451; U = 5.0, P = 0.01).
Histopathological examination of the brain was performed
for all subjects.

Consecutive, 20 µm-thick sections were collected at −20◦C
using a Leica CM3050S cryostat (Leica Biosystems). The sections
were mounted onto SuperfrostTM Plus slides and kept at
−80◦C until use.

Aβ and pTau Immunohistochemistry
Frozen sections were fixed in 4% paraformaldehyde overnight
and processed for Aβ and pTau immunohistochemistry using
standard protocols (Metaxas et al., 2018). Biotinylated mouse
primary antibodies against human Aβ (clone 6E10, 2 µg/mL;
803008, BioLegend R©) and pTau (clone AT8, 0.2 µg/mL;
MN1020B, Thermo Fisher Scientific) were diluted in Tris–
buffered saline (TBS; pH 7.4), containing 10% fetal bovine
serum. Sections were incubated with primary antibodies at
−4◦C overnight, followed by washing and incubation for 2 h
at room temperature with HRP-Streptavidin (1:200; RPN1231V,
GE Healthcare). The slides were developed in TBS (pH 7.4),
containing 3,3’-diaminobenzidine (DAB; 0.05%) and H2O2
(0.01%). Biotin-labeled mouse IgG1 (MG115, Thermo Fisher
Scientific), diluted to the same concentration as the primary
antibodies, was used for isotype control. The sections were
dehydrated in ascending concentration of ethanol, cleared in
xylene and cover-slipped with PERTEX R© (Histolab Products
AB). Digital images were obtained under the 4x objective of
an Olympus DP80 Dual Monochrome CCD camera, mounted
on a motorized BX63 Olympus microscope. For analysis, the
images were converted to 8-bit and manually thresholded
in ImageJ (version 1.51; National Institutes of Health, MD,
United States). The particle analysis plugin was used to measure
the percentage of immunoreactive area relative to total image area
(% area fraction).

TSPO and SV2A Autoradiography
Sections were thawed to room temperature and prewashed in
50 mM Tris–HCl buffer (pH 7.4), containing 150 mM NaCl,
5 mM KCl, 1.5 mM MgCl2, and 1.5 mM CaCl2 (assay buffer;
2 × 10 min). For TSPO, the sections were incubated for
2 h in assay buffer, containing 3 nM [3H]PK11195 (specific
activity 82.7 Ci/mmol; NET885, PerkinElmer). To determine
non-specific binding (NSB), adjacent sections were incubated
with 3 nM [3H]PK11195 in the presence of 10 µM unlabeled
PK11195 (C0424; Sigma-Aldrich). Incubations were terminated
by three 1-min washes into ice-cold 50 mM Tris–HCl buffer (pH
7.4), followed by a rapid rinse in ice-cold deionized H2O (dH2O).
The sections were rapidly dried and laid down to Carestream R©

Kodak R© BioMax MR film for 4 weeks. To allow quantification,
3H microscales of known radioactive concentration were also
exposed to film (American Radiolabeled Chemicals, Inc). The
films were developed with KODAK substitute D-19 developer
(TED PELLA, Inc), washed in dH2O, and fixed in Carestream R©

autoradiography GBX fixer. Images were digitized using a white

sample tray and the Coomassie Blue settings on a ChemiDocTM

MP imaging system (BIO-RAD). Values of specific binding were
derived after subtraction of non-specific from total binding
images, using ImageJ software.

For SV2A, sections were incubated for 2 h in assay buffer,
containing 1 nM [3H]UCB-J (specific activity 82.0 Ci/mmol;
NT1099, NOVANDI Chemistry AB). NSB was determined in the
presence of 500 µM Levetiracetam (TOCRIS). The films were
developed after 5 weeks of exposure using a PROTEC OPTIMAX
2010 automatic film processor. All remaining procedures were as
described for TSPO autoradiography.

Statistical Analysis
Data were analyzed with GraphPad Prism (v. 8.2.0; GraphPad
Software), using non-parametric statistics. Age, brain weight,
6E10- and AT8-positive area fractions, [3H]UCB-J and
[3H]PK11195 binding levels, were compared between AD
and non-AD subjects by unpaired, two-tailed Mann-Whitney U
tests. Spearman’s correlation was used to examine the association
between radioligand binding levels and 6E10- or AT8-positive
area fractions in the gray matter of AD patients. In all cases,
the significance level was set at 5%. Results are presented as the
median and interquartile range of n = 7 subjects/group.

RESULTS

Prevalence of Aβ and pTau Pathology
Representative photomicrographs of Aβ and pTau
immunostainings are shown in Figure 1. Dense-core plaques
were present in all AD cases and in 3 out of 7 non-demented
individuals (No. 10, 12, 14; Figure 1A). Variable levels of diffuse,
ill-contoured deposits were present in all subjects. There was no
association between age at death and 6E10 immunoreactivity
(Spearman r = −0.07, P = 0.82). The 6E10-positive area fraction
was higher in AD patients compared to non-AD subjects
(U = 7.0, P < 0.05). For pTau, AT8-immunoreactive tangles
and threads were exclusively observed in material from AD
patients (U = 6.5, P < 0.05; Figure 1B). There was no significant
association between age at death and the percent area occupied
by AT8 immunoreactivity (Spearman r =−0.57, P = 0.20).

Increased [3H]PK11195 Binding
Levels in AD
Representative autoradiograms of [3H]PK11195 binding sites
are shown in Figure 2A. Specific binding amounted to 63%
of total binding levels and was primarily observed in the gray
matter. There were increased [3H]PK11195 binding levels in the
gray matter of AD patients compared to non-demented subjects
(U = 5.0, P = 0.01; Figure 2B). No between-group differences
were observed in the white matter (U = 19.0, P = 0.52). In
the gray matter, [3H]PK11195 binding density was positively
correlated with AT8 immunoreactivity (Spearman r = 0.89;
P = 0.01; Figure 2C). There was no correlation between levels of
[3H]PK11195 binding and the Aβ-immunoreactive area fraction
(Spearman r =−0.28; P = 0.33).
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FIGURE 1 | Immunohistochemical analysis of Aβ and pTau. Representative photomicrographs and quantification of 6E10-positive Aβ plaques (A) and AT8-positive
pTau lesions (B) in the middle frontal gyrus of non-demented subjects and AD patients. Arrows in (A) point to dense-core plaques. No signal was observed in the
IgG1 isotype controls. Levels of Aβ and pTau immunoreactivity were higher in AD vs. non-AD subjects (∗P < 0.05, Mann-Whitney U tests, two-tailed). Results are
presented as the median and interquartile range of n = 7 subjects/group. Scale bars: 50 µm.

Unaltered [3H]UCB-J Binding Levels
in AD
Representative autoradiograms of [3H]UCB-J binding sites
are shown in Figure 3A. Specific binding amounted to
81% of total binding levels and was exclusively observed
in the gray matter. There were no differences in [3H]UCB-
J binding levels between AD and non-demented subjects
(U = 23.0, P = 0.87; Figure 3B). In AD patients, [3H]UCB-
J binding density was negatively correlated with both AT8
immunoreactivity (Spearman r = −0.89; P = 0.01; Figure 3C)
and [3H]PK11195 binding levels (Spearman r = −0.78;
P < 0.05; Figure 3D). No correlation was observed between
[3H]UCB-J binding and the Aβ-immunoreactive area fraction
(Spearman r =−0.00; P = 0.99).

DISCUSSION

We have compared levels of the presynaptic marker [3H]UCB-J
and the inflammation marker [3H]PK11195 between autopsy-
confirmed AD patients and non-demented subjects in the middle
frontal gyrus, a region that is vulnerable to Aβ deposition and
atrophy in cognitively intact individuals (Oh et al., 2011; Fjell
et al., 2014). While binding levels of [3H]UCB-J correlated with
pTau load and [3H]PK11195 in AD patients, there was no
difference in SV2A density between groups. In addition to Aβ and
pTau, increased levels of the inflammatory marker TSPO were
observed in AD patients vs. non-AD subjects.

Biomarker studies highlight the early involvement of amyloid
in the pathologic changes of AD. In longitudinal investigations

(Sutphen et al., 2015), the concentration of soluble Aβ42 is
decreased in the cerebrospinal fluid (CSF) of cognitively intact
subjects, starting in the early middle-age (45–54 years). The
reduction is associated with the aggregation and subsequent
deposition of Aβ42 into cerebral plaques (Vlassenko et al.,
2016). Positron emission tomography (PET) studies show that
up to 35% of elderly individuals with normal scores in cognitive
tests have fibrillar Aβ plaques in the brain (Villemagne et al.,
2018). Thus, amyloid positivity is not only required for a
definitive diagnosis of AD, but is also important for identifying
asymptomatic individuals with neuropathologic evidence of AD
(Jack et al., 2018). In our small cohort of non-demented cases,
dense-core plaques were observed in 3 out of 7 subjects, a
proportion that is within the range of amyloid positivity reported
by PET studies. Diffuse Aβ deposits, however, were detected in all
cases, irrespective of dementia state. Although the pathological
(Abner et al., 2018) and practical (Ikonomovic et al., 2018)
significance of diffuse Aβ is being investigated, these observations
imply that the prevalence of amyloid positivity among people
without dementia may be higher than what is currently being
detected by imaging biomarkers. Similarly, tau imaging agents
are unlikely to detect AT8-positive pretangle material, which is
present in all individuals by the 5th decade of life, primarily in
subcortical regions (Braak et al., 2011). Determining how these
pervasive neuropathologic changes culminate to dementia in the
AD continuum will require longitudinal studies and the earliest
detection of disease-relevant biomarkers.

Levels of TSPO are low in the neuropil under physiological
conditions, but increase in response to acute or chronic injury,
rendering TSPO a key biomarker of inflammatory processes

Frontiers in Cellular Neuroscience | www.frontiersin.org 4 December 2019 | Volume 13 | Article 538

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00538 December 3, 2019 Time: 17:28 # 5

Metaxas et al. TSPO & SV2A Binding in AD

FIGURE 2 | Autoradiography of [3H]PK11195 binding sites. (A) Representative autoradiograms of TSPO binding sites in the middle frontal gyrus of non-demented
subjects and AD patients. The scale bar represents an interpretation of black and white image density, calibrated in fmol/mg of tissue equivalent. (B) Increased
binding levels were observed in the gray matter of AD patients, compared to non-AD subjects (∗∗P = 0.01, Mann-Whitney U tests, two-tailed). (C) In AD patients,
levels of [3H]PK11195 binding were positively correlated with pTau immunoreactivity. Results are presented as the median and interquartile range of n = 7
subjects/group.

in the brain. Although not a universal finding (Xu et al.,
2019), most autoradiography studies indicate that the binding
of [3H]PK11195 is elevated in the postmortem frontal cortex
of AD patients compared to non-AD subjects (Diorio et al.,
1991; Venneti et al., 2009). Increased uptake of [11C]PK11195
in the AD brain has been also reported by several imaging
studies (reviewed in Edison et al., 2018). The increased TSPO
signal may reflect both pro- and anti-inflammatory processes,
depending on age (Schuitemaker et al., 2012), AD stage (Fan
et al., 2017) and the dynamic roles that TSPO-expressing glia play
in the course of disease (Guilarte, 2019). In the present study,
[3H]PK11195 binding levels were associated with increased pTau
load and reduced SV2A density in the AD group, indicating
that the elevated TSPO signal is likely representative of a pro-
inflammatory environment. Our observations are in line with
studies showing that microgliosis and astrocytosis correlate

positively with the burden of neurofibrillary tangles in the AD
brain (Serrano-Pozo et al., 2011). They are further consistent
with longitudinal PET studies, showing that TSPO levels correlate
positively with tau aggregation (Dani et al., 2018), and negatively
with synaptic function in AD (Fan et al., 2015). These findings
imply that reducing inflammation could play a beneficial role
in attenuating tau pathology and synaptic dysfunction in AD. It
should be mentioned that a positive correlation between TSPO
and pTau immunoreactivity was not observed in the postmortem
temporal cortex of AD patients (Gui et al., 2019), suggesting that
the interplay between inflammation and tau pathology may occur
in a region-specific manner.

In agreement with results from SV2A imaging studies in AD
patients (Chen et al., 2018) and models of AD (Toyonaga et al.,
2019), we observed no differences in the neocortical binding
levels of [3H]UCB-J between AD and non-AD subjects. As AD
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FIGURE 3 | Autoradiography of [3H]UCB-J binding sites. (A) Representative autoradiograms of SV2A binding sites in the middle frontal gyrus of non-demented
subjects and AD patients. (B) There were no differences in [3H]UCB-J binding levels between AD and non-AD subjects (P > 0.05, Mann-Whitney U tests,
two-tailed). (C,D) In AD patients, [3H]UCB-J binding density was negatively correlated with AT8 immunoreactivity (C) and [3H]PK11195 binding levels (D). Results
are presented as the median and interquartile range of n = 7 subjects/group.

is a neurodegenerative disorder, several mechanisms have been
put forward to explain the apparent preservation of neocortical
presynaptic elements in [11C]UCB-J PET studies. These include
compensatory mechanisms, which can maintain the numbers
of synaptic vesicles in the frontal cortex of AD patients (Scheff
and Price, 2006), as well as mechanisms that may obscure the
extent of SV2A loss in the plaque-rich AD neocortex (Snow
et al., 1996). In addition, while SV2A is equally expressed
by excitatory and inhibitory synapses (Gronborg et al., 2010),
evidence suggests that there is preferential loss of glutamatergic
rather than GABAergic nerve terminals in AD (Kirvell et al.,
2006; Govindpani et al., 2017). This asymmetric loss may
reduce the ability of [11C]UCB-J to detect decreases in SV2A
density. Of note, SV2A-targeting drugs have been shown to
preferentially disrupt GABAergic neurotransmission in epilepsy
studies (Ohno and Tokudome, 2017). Additional explanations for
the unchanged levels of SV2A density in this study include the
presence of SV2A protein in mitochondria (Stockburger et al.,
2016), which may mask reductions in SV2A levels in synaptic
vesicles, and the fact that not all presynaptic proteins are equally
reduced in AD (Poirel et al., 2018). For example, “general”
markers of the presynaptic compartment, such as synaptophysin,
are relatively spared compared to neurotransmitter-specific
markers, even at the late AD stages. Moreover, synapses in
Brodmann area 46 are known to be particularly susceptible
to the effects of aging. Electron microscopy studies indicate
that aging reduces the density of synapses in the primate

prefrontal cortex by at least 30% (Morrison and Baxter, 2012).
This extensive physiological reduction may explain why meta-
analysis reveals limited decrease of synapse numbers in the
postmortem frontal cortex of AD patients compared to age-
matched, non-AD subjects (de Wilde et al., 2016). Despite
comparable [3H]UCB-J binding levels between AD and non-
AD cases in our study, the observation that SV2A density was
inversely correlated with increases in tau phosphorylation and
neuroinflammation, indicates that SV2A levels are regulated by
AD-associated processes.

CONCLUSION

In conclusion, we have examined markers of neuroinflammation
and synapses in the middle frontal gyrus of autopsy-confirmed
AD patients and non-demented subjects. Our small exploratory
study provides evidence of tight associations between
inflammation levels, tau pathology, and SV2A density in
AD. Studies with larger sample sizes, including more brain
regions, are warranted.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 December 2019 | Volume 13 | Article 538

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00538 December 3, 2019 Time: 17:28 # 7

Metaxas et al. TSPO & SV2A Binding in AD

ETHICS STATEMENT

The study was carried out in accordance with the
recommendations of the Danish Biomedical Research Ethical
Committee for the Region of Southern Denmark (Project Id. S-
20160036) and the Nova Scotia Health Authority Research Ethics
Board in Halifax, NS, Canada. Written, informed consent forms
were obtained for all subjects, in accordance with the Declaration
of Helsinki. Samples were transported to the University of
Southern Denmark from the Maritime Brain Tissue Bank,
Department of Medical Neuroscience, Faculty of Medicine,
Dalhousie University, Halifax, Canada.

AUTHOR CONTRIBUTIONS

AM wrote the manuscript and performed the SV2A
autoradiography and data analysis. CT performed the
immunohistochemistry experiments. SB performed the tissue

sectioning and TSPO autoradiography. AL and SD provided
the reagents and tissue. BF supervised the project. All authors
made substantial contributions to study design, participated in
drafting and critically reviewing the manuscript, and approved
its final version.

FUNDING

This study was supported by the University of Southern Denmark
(SDU2020; CoPING AD: Collaborative Project on the Interaction
between Neurons and Glia in AD).

ACKNOWLEDGMENTS

We thank Andrew Reid, senior technician and manager of the
Maritime Brain Tissue Bank, for organizing the transportation
of human tissue.

REFERENCES
Abner, E. L., Neltner, J. H., Jicha, G. A., Patel, E., Anderson, S. L., Wilcock, D. M.,

et al. (2018). Diffuse amyloid-beta plaques, neurofibrillary tangles, and the
impact of apoe in elderly persons’ brains lacking neuritic amyloid plaques.
J. Alzheimers Dis. 64, 1307–1324. doi: 10.3233/JAD-180514

Bakkour, A., Morris, J. C., Wolk, D. A., and Dickerson, B. C. (2013). The effects
of aging and Alzheimer’s disease on cerebral cortical anatomy: specificity and
differential relationships with cognition. Neuroimage 76, 332–344. doi: 10.1016/
j.neuroimage.2013.02.059

Braak, H., and Braak, E. (1997). Frequency of stages of Alzheimer-related lesions
in different age categories. Neurobio.l Aging 18, 351–357. doi: 10.1016/s0197-
4580(97)00056-0

Braak, H., Thal, D. R., Ghebremedhin, E., and Del Tredici, K. (2011). Stages of
the pathologic process in Alzheimer disease: age categories from 1 to 100 years.
J. Neuropathol. Exp. Neurol. 70, 960–969. doi: 10.1097/NEN.0b013e318232a379

Chen, M. K., Mecca, A. P., Naganawa, M., Finnema, S. J., Toyonaga, T., Lin,
S. F., et al. (2018). Assessing synaptic density in alzheimer disease with synaptic
vesicle glycoprotein 2a positron emission tomographic imaging. JAMA Neurol.
75, 1215–1224. doi: 10.1001/jamaneurol.2018.1836

Dani, M., Wood, M., Mizoguchi, R., Fan, Z., Walker, Z., Morgan, R., et al.
(2018). Microglial activation correlates in vivo with both tau and amyloid in
Alzheimer’s disease. Brain 141, 2740–2754. doi: 10.1093/brain/awy188

de Wilde, M. C., Overk, C. R., Sijben, J. W., and Masliah, E. (2016). Meta-analysis of
synaptic pathology in Alzheimer’s disease reveals selective molecular vesicular
machinery vulnerability. Alzheimers Dement. 12, 633–644. doi: 10.1016/j.jalz.
2015.12.005

Diorio, D., Welner, S. A., Butterworth, R. F., Meaney, M. J., and Suranyi-Cadotte,
B. E. (1991). Peripheral benzodiazepine binding sites in alzheimer’s disease
frontal and temporal cortex. Neurobiol. Aging 12, 255–258. doi: 10.1016/0197-
4580(91)90106-t

Edison, P., Donat, C. K., and Sastre, M. (2018). In vivo imaging of glial activation
in alzheimer’s disease. Front. Neurol. 9:625. doi: 10.3389/fneur.2018.00625

Fan, Z., Brooks, D. J., Okello, A., and Edison, P. (2017). An early and late peak
in microglial activation in Alzheimer’s disease trajectory. Brain 140, 792–803.
doi: 10.1093/brain/aww349

Fan, Z., Okello, A. A., Brooks, D. J., and Edison, P. (2015). Longitudinal influence of
microglial activation and amyloid on neuronal function in Alzheimer’s disease.
Brain 138, 3685–3698. doi: 10.1093/brain/awv288

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M., Walhovd, K. B., Alzheimer’s
Disease, et al. (2014). What is normal in normal aging? effects of aging, amyloid
and alzheimer’s disease on the cerebral cortex and the hippocampus. . Prog.
Neurobiol. 117, 20–40. doi: 10.1016/j.pneurobio.2014.02.004

Franceschi, C., Garagnani, P., Morsiani, C., Conte, M., Santoro, A., Grignolio,
A., et al. (2018). The continuum of aging and age-related diseases: common
mechanisms but different rates. Front. Med. 5:61. doi: 10.3389/fmed.2018.
00061

Govindpani, K., Calvo-Flores Guzman, B., Vinnakota, C., Waldvogel, H. J., Faull,
R. L., and Kwakowsky, A. (2017). Towards a better understanding of gabaergic
remodeling in alzheimer’s disease. Int. J. Mol. Sci. 18:E1813. doi: 10.3390/
ijms18081813

Gronborg, M., Pavlos, N. J., Brunk, I., Chua, J. J., Munster-Wandowski, A., Riedel,
D., et al. (2010). Quantitative comparison of glutamatergic and GABAergic
synaptic vesicles unveils selectivity for few proteins including MAL2, a novel
synaptic vesicle protein. J. Neurosci. 30, 2–12. doi: 10.1523/JNEUROSCI.4074-
09.2010

Gui, Y., Marks, J. D., Das, S., Hyman, B. T., and Serrano-Pozo, A. (2019).
Characterization of the 18 kDa translocator protein (TSPO) expression in post-
mortem normal and alzheimer’s disease brains. Brain Pathol. [Epub ahead of
print],

Guilarte, T. R. (2019). TSPO in diverse CNS pathologies and psychiatric disease: a
critical review and a way forward. Pharmacol. Ther. 194, 44–58. doi: 10.1016/j.
pharmthera.2018.09.003

Heneka, M. T., Carson, M. J., El Khoury, J., Landreth, G. E., Brosseron, F.,
Feinstein, D. L., et al. (2015). Neuroinflammation in alzheimer’s disease. Lancet
Neurol. 14, 388–405. doi: 10.1016/S1474-4422(15)70016-70015

Ikonomovic, M. D., Fantoni, E. R., Farrar, G., and Salloway, S. (2018). Infrequent
false positive [(18)F]flutemetamol PET signal is resolved by combined
histological assessment of neuritic and diffuse plaques. Alzheimers Res. Ther.
10:60. doi: 10.1186/s13195-018-0387-386

Jack, C. R. Jr., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein,
S. B., et al. (2018). Nia-aa research framework: toward a biological definition of
alzheimer’s disease. Alzheimers Dement. 14, 535–562. doi: 10.1016/j.jalz.2018.
02.018

Jansen, W. J., Ossenkoppele, R., Tijms, B. M., Fagan, A. M., Hansson, O., Klunk,
W. E., et al. (2018). Association of cerebral amyloid-beta aggregation with
cognitive functioning in persons without dementia. JAMA Psychiatry 75, 84–95.
doi: 10.1001/jamapsychiatry.2017.3391

Kirvell, S. L., Esiri, M., and Francis, P. T. (2006). Down-regulation of vesicular
glutamate transporters precedes cell loss and pathology in alzheimer’s
disease. J. Neurochem. 98, 939–950. doi: 10.1111/j.1471-4159.2006.03
935.x

Metaxas, A., Vaitheeswaran, R., Jensen, K. T., Thygesen, C., Ilkjaer, L., Darvesh,
S., et al. (2018). Reduced serotonin transporter levels and inflammation in the
midbrain raphe of 12 month old appswe/psen1de9 mice. Curr. Alzheimer Res.
15, 420–428. doi: 10.2174/1567205014666171004113537

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 December 2019 | Volume 13 | Article 538

https://doi.org/10.3233/JAD-180514
https://doi.org/10.1016/j.neuroimage.2013.02.059
https://doi.org/10.1016/j.neuroimage.2013.02.059
https://doi.org/10.1016/s0197-4580(97)00056-0
https://doi.org/10.1016/s0197-4580(97)00056-0
https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.1001/jamaneurol.2018.1836
https://doi.org/10.1093/brain/awy188
https://doi.org/10.1016/j.jalz.2015.12.005
https://doi.org/10.1016/j.jalz.2015.12.005
https://doi.org/10.1016/0197-4580(91)90106-t
https://doi.org/10.1016/0197-4580(91)90106-t
https://doi.org/10.3389/fneur.2018.00625
https://doi.org/10.1093/brain/aww349
https://doi.org/10.1093/brain/awv288
https://doi.org/10.1016/j.pneurobio.2014.02.004
https://doi.org/10.3389/fmed.2018.00061
https://doi.org/10.3389/fmed.2018.00061
https://doi.org/10.3390/ijms18081813
https://doi.org/10.3390/ijms18081813
https://doi.org/10.1523/JNEUROSCI.4074-09.2010
https://doi.org/10.1523/JNEUROSCI.4074-09.2010
https://doi.org/10.1016/j.pharmthera.2018.09.003
https://doi.org/10.1016/j.pharmthera.2018.09.003
https://doi.org/10.1016/S1474-4422(15)70016-70015
https://doi.org/10.1186/s13195-018-0387-386
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1001/jamapsychiatry.2017.3391
https://doi.org/10.1111/j.1471-4159.2006.03935.x
https://doi.org/10.1111/j.1471-4159.2006.03935.x
https://doi.org/10.2174/1567205014666171004113537
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00538 December 3, 2019 Time: 17:28 # 8

Metaxas et al. TSPO & SV2A Binding in AD

Morrison, J. H., and Baxter, M. G. (2012). The ageing cortical synapse: hallmarks
and implications for cognitive decline. Nat. Rev. Neurosci. 13, 240–250. doi:
10.1038/nrn3200

Nelson, P. T., Head, E., Schmitt, F. A., Davis, P. R., Neltner, J. H., Jicha, G. A., et al.
(2011). Alzheimer’s disease is not “brain aging”: neuropathological, genetic, and
epidemiological human studies. Acta Neuropathol. 121, 571–587. doi: 10.1007/
s00401-011-0826-y

Oh, H., Mormino, E. C., Madison, C., Hayenga, A., Smiljic, A., and Jagust, W. J.
(2011). beta-amyloid affects frontal and posterior brain networks in normal
aging. Neuroimage 54, 1887–1895. doi: 10.1016/j.neuroimage.2010.10.027

Ohno, Y., and Tokudome, K. (2017). Therapeutic role of synaptic vesicle
glycoprotein 2a (sv2a) in modulating epileptogenesis. CNS Neurol. Disord.
Drug. Targets 16, 463–471. doi: 10.2174/1871527316666170404115027

Poirel, O., Mella, S., Videau, C., Ramet, L., Davoli, M. A., Herzog, E., et al. (2018).
Moderate decline in select synaptic markers in the prefrontal cortex (BA9) of
patients with alzheimer’s disease at various cognitive stages. Sci. Rep. 8:938.
doi: 10.1038/s41598-018-19154-y

Rodrigue, K. M., Kennedy, K. M., and Park, D. C. (2009). Beta-amyloid deposition
and the aging brain. Neuropsychol. Rev. 19, 436–450. doi: 10.1007/s11065-009-
9118-x

Scheff, S. W., and Price, D. A. (2006). Alzheimer’s disease-related alterations in
synaptic density: neocortex and hippocampus. J. Alzheimers Dis. 101–115. doi:
10.3233/jad-2006-9s312

Schuitemaker, A., van der Doef, T. F., Boellaard, R., van der Flier, W. M., Yaqub, M.,
Windhorst, A. D., et al. (2012). Microglial activation in healthy aging.Neurobiol.
Aging 33, 1067–1072. doi: 10.1016/j.neurobiolaging.2010.09.016

Serrano-Pozo, A., Mielke, M. L., Gomez-Isla, T., Betensky, R. A., Growdon, J. H.,
Frosch, M. P., et al. (2011). Reactive glia not only associates with plaques but
also parallels tangles in alzheimer’s disease. Am. J. Pathol. 179, 1373–1384.
doi: 10.1016/j.ajpath.2011.05.047

Snow, A. D., Nochlin, D., Sekiguichi, R., and Carlson, S. S. (1996). Identification
in immunolocalization of a new class of proteoglycan (keratan sulfate) to the
neuritic plaques of alzheimer’s disease. Exp. Neurol. 138, 305–317. doi: 10.1006/
exnr.1996.0069

Stockburger, C., Miano, D., Baeumlisberger, M., Pallas, T., Arrey, T. N., Karas, M.,
et al. (2016). A mitochondrial role of sv2a protein in aging and alzheimer’s

disease: studies with levetiracetam. J. Alzheimers Dis. 50, 201–215. doi: 10.3233/
JAD-150687

Sutphen, C. L., Jasielec, M. S., Shah, A. R., Macy, E. M., Xiong, C., Vlassenko,
A. G., et al. (2015). Longitudinal cerebrospinal fluid biomarker changes in
preclinical alzheimer disease during middle age. JAMA Neurol. 72, 1029–1042.
doi: 10.1001/jamaneurol.2015.1285

Toyonaga, T., Smith, L. M., Finnema, S. J., Gallezot, J. D., Naganawa, M., Bini, J.,
et al. (2019). In vivo synaptic density imaging with (11)c-ucb-j detects treatment
effects of saracatinib (azd0530) in a mouse model of alzheimer’s disease. J. Nucl.
Med. [Epub ahead of print].

Venneti, S., Lopresti, B. J., Wang, G., Hamilton, R. L., Mathis, C. A., Klunk,
W. E., et al. (2009). PK11195 labels activated microglia in alzheimer’s disease
and in vivo in a mouse model using pet. Neurobiol. Aging 30, 1217–1226.
doi: 10.1016/j.neurobiolaging.2007.11.005

Villemagne, V. L., Dore, V., Burnham, S. C., Masters, C. L., and Rowe, C. C. (2018).
Imaging tau and amyloid-beta proteinopathies in alzheimer disease and other
conditions. Nat. Rev. Neurol. 14, 225–236. doi: 10.1038/nrneurol.2018.9

Vlassenko, A. G., McCue, L., Jasielec, M. S., Su, Y., Gordon, B. A., Xiong,
C., et al. (2016). Imaging and cerebrospinal fluid biomarkers in early
preclinical alzheimer disease. Ann. Neurol. 80, 379–387. doi: 10.1002/ana.
24719

Xu, J., Sun, J., Perrin, R. J., Mach, R. H., Bales, K. R., Morris, J. C., et al. (2019).
Translocator protein in late stage alzheimer’s disease and dementia with lewy
bodies brains. Ann. Clin. Transl. Neurol. 6, 1423–1434. doi: 10.1002/acn3.50837

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Metaxas, Thygesen, Briting, Landau, Darvesh and Finsen. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 December 2019 | Volume 13 | Article 538

https://doi.org/10.1038/nrn3200
https://doi.org/10.1038/nrn3200
https://doi.org/10.1007/s00401-011-0826-y
https://doi.org/10.1007/s00401-011-0826-y
https://doi.org/10.1016/j.neuroimage.2010.10.027
https://doi.org/10.2174/1871527316666170404115027
https://doi.org/10.1038/s41598-018-19154-y
https://doi.org/10.1007/s11065-009-9118-x
https://doi.org/10.1007/s11065-009-9118-x
https://doi.org/10.3233/jad-2006-9s312
https://doi.org/10.3233/jad-2006-9s312
https://doi.org/10.1016/j.neurobiolaging.2010.09.016
https://doi.org/10.1016/j.ajpath.2011.05.047
https://doi.org/10.1006/exnr.1996.0069
https://doi.org/10.1006/exnr.1996.0069
https://doi.org/10.3233/JAD-150687
https://doi.org/10.3233/JAD-150687
https://doi.org/10.1001/jamaneurol.2015.1285
https://doi.org/10.1016/j.neurobiolaging.2007.11.005
https://doi.org/10.1038/nrneurol.2018.9
https://doi.org/10.1002/ana.24719
https://doi.org/10.1002/ana.24719
https://doi.org/10.1002/acn3.50837
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Increased Inflammation and Unchanged Density of Synaptic Vesicle Glycoprotein 2A (SV2A) in the Postmortem Frontal Cortex of Alzheimer's Disease Patients
	Introduction
	Materials and Methods
	Ethics Statement
	Subjects and Tissue Sectioning
	Aβ and pTau Immunohistochemistry
	TSPO and SV2A Autoradiography
	Statistical Analysis

	Results
	Prevalence of Aβ and pTau Pathology
	Increased [3H]PK11195 BindingLevels in AD
	Unaltered [3H]UCB-J Binding Levels in AD

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


