Marutle et al. Journal of Neuroinflammation 2013, 10:90 JOURNAL OF
http://www.jneuroinflammation.com/content/10/1/90 JN NEUROINFLAMMATION

RESEARCH Open Access

H-Deprenyl and *H-PIB autoradiography show
different laminar distributions of astroglia
and fibrillar B-amyloid in Alzheimer brain

Amelia Marutle', Per-Goran Gillberg', Assar Bergfors', Wenfeng Yu*, Ruiging Ni', Inger Nennesmo®,
Larysa Voytenko' and Agneta Nordberg'?"

Abstract

Background: The pathological features in Alzheimer’s disease (AD) brain include the accumulation and deposition
of B-amyloid (AB), activation of astrocytes and microglia and disruption of cholinergic neurotransmission. Since the
topographical characteristics of these different pathological processes in AD brain and how these relate to each
other is not clear, this motivated further exploration using binding studies in postmortem brain with molecular
imaging tracers. This information could aid the development of specific biomarkers to accurately chart disease
progression.

Results: /n vitro binding assays demonstrated increased [*H]-PIB (fibrillar AR) and [*H]-PK11195 (activated microglia)
binding in the frontal cortex (FC) and hippocampus (HIP), as well as increased binding of PH]-L-depreny! (activated
astrocytes) in the HIP, but a decreased [*H]-nicotine (a4@2 nicotinic acetylcholine receptor (NAChR)) binding in the
FC of AD cases compared to age-matched controls. Quantitative autoradiography binding studies were also
performed to investigate the regional laminar distributions of [*H]-L-deprenyl, [*H]-PIB as well as ['*°l]-a-
bungarotoxin (a7 NAChRs) and [*H]-nicotine in hemisphere brain of a typical AD case. A clear lamination pattern
was observed with high [*H]-PIB binding in all layers and [*H]-deprenyl in superficial layers of the FC. In contrast,
[*H]-PIB showed low binding to fibrillar AR, but [*H]-deprenyl high binding to activated astrocytes throughout the
HIP. The [PH]-PIB binding was also low and the [H]-deprenyl binding high in all layers of the medial temporal gyrus
and insular cortex in comparison to the frontal cortex. Low [*H]-nicotine binding was observed in all layers of the
frontal cortex in comparison to layers in the medial temporal gyrus, insular cortex and hippocampus.
Immunohistochemical detection in the AD case revealed abundant glial fibrillary acidic protein positive (GFAPY)
reactive astrocytes and a7 nAChR expressing GFAP™ astrocytes both in the vicinity and surrounding AB neuritic
plagues in the FC and HIP. Although fewer AR plaques were observed in the HIP, some hippocampal

GFAP™ astrocytes contained AB-positive (6 F/3D) granules within their somata.

Conclusions: Astrocytosis shows a distinct regional pattern in AD brain compared to fibrillar AB, suggesting that
different types of astrocytes may be associated with the pathophysiological processes in AD.
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Introduction

The gradual accumulation of B-amyloid (AP) peptides in
the brain, varying in size and state of aggregation, is sug-
gested to play a central role in Alzheimer’s disease (AD),
triggering a cascade of neurodegenerative changes in the
brain. These include neurofibrillary tangle formation, the
activation and exacerbation of inflammatory processes,
impairment of neurotransmitter signaling, and the per-
turbation of synaptic functions resulting in the death of
neurons in brain areas associated with learning and
memory [1,2].

The rapid development of molecular imaging in the
past decade has provided valuable new tools for the
understanding of complex disease mechanisms in AD.
Positron emission tomography (PET) imaging of the
brain using amyloid tracers has provided evidence that
the accumulation of fibrillar AP in the brain occurs early
on in the disease course, preceding progressive changes
in metabolic activity and structure, which occur closer
to the manifestation of clinical symptoms in AD [3-9].

AD-associated inflammation has been widely described
by pathological examination of brain tissue from AD
patients demonstrating abundant activated microglia in
AP plaques and increased numbers of reactive astrocytes
surrounding A} plaques [10-15]. However, it is not clear
whether the inflammatory response detected in postmor-
tem brain was a cause or a consequence of disease pro-
gression. It is suggested that the inflammatory processes
in AD may have contrasting roles where, for instance,
activated glia not only eliminate AP plaques via phago-
cytosis but may also initiate a proinflammatory cascade
that results in the release of potentially neurotoxic sub-
stances such as cytokines, complement components,
various free radicals, and nitric oxide, all of which may
contribute to further neuronal dysfunction and cell death
[16]. Findings from the most recent multitracer PET stud-
ies in patients with mild cognitive impairment (MCI) and
mild AD indicate that astrocytosis is similar to Ap accu-
mulation, an early phenomenon in AD, but follows a
different spatial and temporal pattern than fibrillar Ap
deposition and impaired synaptic activity as measured by
glucose metabolism [17].

Although in vivo imaging methods provide valuable
quantitative information with regards to disease progres-
sion and understanding the complex pathology in AD
neurodegeneration, it is also important to study in aut-
opsy brain how the different pathological processes are
related.

In the present study, we investigated the relationship
between regional neuroinflammatory processes, fibrillar
AP deposition, and disturbances in cholinergic neuro-
transmission in AD brain. Binding studies were carried
out in postmortem brains from a group of age-matched
AD and non-demented control cases with the radioligands
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[BH]—L—deprenyl (activated astrocytes), [H]-PIB (fibrillar
AP), [PH]-PK11195 (microglia) as well as [*’I]-a-bungaro-
toxin (a7 nicotinic receptors, nAChRs) and [*H]-nicotine
(a4B2 nAChRs). We also applied an in vitro imaging mul-
titracer concept in order to characterize and compare the
laminar distributions of activated astrocytes, fibrillar A,
as well as a7 and a4Pp2 nAChRs in hemisphere brain
sections of an AD patient who was clinically followed
at regular intervals until death.

Methods

Subjects

Postmortem brain tissues from the superior frontal gyrus
and the hippocampus from 11 AD cases (age 75.2 + 2.7
years; postmortem delay 15.9 + 3.2 h; Braak stages 5 to
6), and 13 age-matched controls (age 73.9 + 3.0 years;
postmortem delay 18.5 + 2.5 h; Braak stages 1 to 2) were
obtained from the Brain Bank at Karolinska Institutet
and the Netherlands Brain Bank. Each AD case had a clin-
ical diagnosis of AD confirmed by pathological examin-
ation according to criteria from the National Institute
of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s disease and Related Disorders Associ-
ation (NINCDS-ADRDA) and Consortium to Establish a
Registry for Alzheimer’s disease (CERAD) workgroups.
The control cases had no history of psychiatric or neuro-
logical disorders or neuropathology indicating dementia.
The main cause of death among the AD cases was bron-
chopneumonia and for controls, myocardial infarction.
Permission to use autopsy brain material in experimental
procedures was granted by the Regional Human Ethics
committee in Stockholm and the Swedish Ministry of
Health. All material and data collected by the Netherlands
Brain Bank were obtained on the basis of written informed
consent.

Binding assays

Brain samples from the frontal cortex and hippocampus
of AD and control cases were homogenized in cold phos-
phate-buffered saline (PBS) pH 7.0 containing protease
inhibitors. Triplicate samples of prepared crude homoge-
nates were incubated with 1 nM [*H]-PIB (SA 68 Ci/
mmol), 10 nM [*H]-L-deprenyl (SA 80 Ci/mmol), 5.0 nM
[PH]-PK11195 (specific activity 834 Ci/mmol, American
Radiolabeled Chemicals, St. Louis, MO, USA), as previ-
ously described [6,18]. For the [®H]-nicotine (5 nM; SA 75
Ci/mmol) and [**’I]-a-bungarotoxin (2 nM; SA 108.8 Ci/
mmol) binding assays to a4f2 and a7 nAChRs, res-
pectively, membrane fractions were prepared by ho-
mogenization in 0.32 M sucrose, centrifugations and
resuspension in binding buffer prior to incubations.
Specific binding was expressed in fmol/mg tissue or
fmol/mg protein.
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Cryosectioning

From the set of AD cases described above, a 61-year-old
AD case (17 h postmortem delay; Braak stage 6) was
selected for large-section cryomicrotomy.

Guided by an atlas of the human brain [19], 5-mm thick
coronal planes situated at a distance of 30 to 40 mm from
the most anterior part of the brain were chosen for this
study. From these planes, 80-pm thick sections from the
left hemisphere were cut at —20°C and thaw-mounted on
gelatin-coated 200 x 150 mm? glass plates, as described
previously [20].

Whole hemisphere autoradiography

Brain sections were thawed at room temperature (RT)
prior to incubations. Autoradiography binding studies
were performed by preincubating sections for 15 minutes
in PBS buffer (pH 7.4) followed by incubation with 5 ml of
respective ligand; 1 nM [®H]-PIB (specific activity, SA 68
Ci/mmol, custom synthesis; GE Healthcare, Freiburg,
Germany) for 45 minutes [21]; 10 nM [3H]-L-depreny1
(specific activity 80 Ci/mmol, Larodan Fine Chemicals AB,
Malmé, Sweden) for 1 h [22]; 5.0 nM [°H]-nicotine (spe-
cific activity 75 Ci/mmol, NEN Life Science Products,
Dreiech, Germany) for 40 minutes [23]; and 2 nM %1 «-
bungarotoxin (specific activity 108.8 Ci/mmol, Perkin
Elmer, Waltham, MA, USA) for 30 minutes [24]. To deter-
mine non-specific binding for each radioligand, adjacent
sections were incubated with 1 uM of unlabeled PIB, 1
puM unlabeled deprenyl, 100 uM (=) nicotine or 1 pM un-
labeled a-bungarotoxin (Tocris Bioscience, Bristol, UK),
respectively. The binding reactions were terminated by
rinsing sections 3 x 5 minutes in cold buffer and a brief
rinse in deionized distilled water. Sections were air dried
for at least 48 h and placed together with calibrated trit-
jum standards in autoradiography cassettes and exposed
to Fujifilm BAS-2500 imaging plates (Science Imaging
Scandinavia AB, Nacka, Sweden) or to tritium-sensitive
film (Amersham Hyper film MP; GE Healthcare) for the
appropriate length of time. For ['*°I]-a-bungarotoxin
autoradiography, different concentrations of [***I]-a-bun-
garotoxin (0.5 to 5 nM), serving as a standard, were ap-
plied onto a filter paper and exposed together with the
sections to Kodak Biomax MR film (Sigma, St Louis, MO,
USA) for 14 days.

Quantitative analysis of autoradiographic images
All laminar identification examinations were carried out
with guidance of a classical atlas Brodman [25] and Nissl
stained sections, and further assisted by autoradiograms
of [*H]-L-deprenyl binding, since [*H]-L-deprenyl has
earlier been shown to have a clear demarcation between
different laminae in human brain cortex [22,26].

For quantification, the optical densities were measured
using computer-assisted image analysis that digitized the
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light intensity into 256 levels (Imteck Vision, Uppsala,
Sweden). A calibration curve was obtained from a set
of films with known optical densities (OD) (KODAK
Wratten gelatin filters). The unit area (pixel) of meas-
urement was about 180 um?® The digitized picture was
displayed on a color monitor and regions for calculation
of mean OD were selected. For each region, three autora-
diograms were analyzed and two readings were taken.
The binding density (fmol/mg tissue) corresponding to
the autoradiography obtained gray values in the cortical
areas was determined from the micro scale standards that
contained a known amount of radioactivity per mass of
tissue, and divided by the specific radioactivity of each
ligand. To measure the laminar distribution of binding
densities in the cortex, averaged gray levels of 20 or
more consecutive lines (corresponding to a total width
of 20.65 mm) perpendicular to the entire cortical depth
from the pial surface to the white matter were determined
as described by [23]. Profiles were created at the position
of each examined cortical area where the highest quality
of tissue was observed. Accordingly, differences could
occur in the width of the same layer within one cortical
region. The entire depth of the cortex was standardized to
100% to account for variances in the absolute cortical
depth, due to a slight change of angle during tissue
sectioning. The non-specific binding, which did not show
any laminar pattern, was subtracted.

Immunohistochemistry
Immunohistochemistry was performed on the single AD
case by pretreating sections with formic acid (88%) for 10
minutes or with ethylenediaminetetra-acetic acid, (EDTA)
for 20 minutes. For antigen retrieval, sections were heated
in a microwave oven (700 W) for 10 minutes in 0.05 M
citrate-buffered saline (pH 6.0) followed by a blocking
step. The sections were incubated with antibodies specific
for AB 6 F/3D (1:200 to 1:400; Dako, Glostrup, Denmark)
or 4G8 (1:200, Chemicon International, Temecula, CA,
USA), Tau AT8 (1:500, Innogenetics, Gent, Belgium),
microglia CD68 (1:100, Dako), glial fibrillary acidic pro-
tein (GFAP; 1:300 to 1:500, Dako), mouse monoclonal
a7 nAChR mAb 306 antibody (1:1,000, Sigma-Aldrich), and
biotin-conjugated «-bungarotoxin (Invitrogen, Carlsbad,
CA, USA). Following incubation with biotinylated second-
ary antibodies and washes, the VECTASTAIN Elite ABC
(Vector Laboratories, Burlingame, CA, USA), chromogen
Vector SG substrate or EnVision™ G|2 System/AP Rabbit/
Mouse (Permanent Red visualization (Dako) kits, respect-
ively were used for detection. Controls consisted of brain
sections treated with either non-immune serum or omission
of primary antibody.

For analysis of histological findings, an image analysis
system was utilized that allowed processing of images
from a video camera attached to a microscope. The
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percentage of astrocytes expressing the a7nAChR sub-
unit was assessed in double-stained sections as previ-
ously described [27]. For each brain section, six strips
(with a total width of 600 um) that extended from the
pial surface to the border with the white matter were
chosen from the top, middle, and bottom of the sections
for evaluation.

Results

Comparison of binding levels for fibrillar amyloid,
reactive astrocytes, and activated microglia in relation to
a4B2 and a7 nicotinic receptors in AD and control brain
Significantly higher binding levels of [*H]-PIB were
measured both in the frontal cortex (P <0.0007) and in
the hippocampus (P <0.002) of AD cases compared to
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age-matched controls (Figure 1A,F). Similarly, significant
increases in the binding of [*H]-L-deprenyl in the hippo-
campus (P <0.03) and [*H]-PK11195 in the frontal cortex
(P <0.002) were observed in AD cases (Figure 1C,G). [*H]-
Nicotine binding was significantly reduced in the frontal
cortex (P <0.02) of AD cases (Figure 1D), while no signifi-
cant changes in ['*’I]-a-bungarotoxin binding were ob-
served in either the frontal or hippocampus of AD cases
relative to controls (Figure 1E,J).

Laminar autoradiographical distributions fibrillar amyloid,
reactive astrocytes, and nicotinic receptor subtypes

in AD brain

Autoradiography binding in coronal hemisphere brain
sections from the AD case showed varied distribution
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Figure 1 Comparison of binding levels of (A, F) [HI-PIB (fibrillar B-amyloid), (B, G) [3H]-L-deprenyl (activated astrocytes), and (C, H)
[®H]-PK11195 (activated microglia), as well as (D, I) [*H]-nicotine and (E, J) ['**Il-a-bungarotoxin to a4 and a7 nicotinic acetylcholine
receptor (NAChR) subtypes, respectively, in the frontal cortex and hippocampus of Alzheimer’s disease (AD) cases (open circles) and
age-matched controls (filled circles). Data obtained from the binding assays are expressed in fmol/mg tissue or protein (means + SEM), and
were analyzed by one-way analysis of variance (ANOVA) followed by Bonnferroni’s or Dunnet’s post hoc tests to compare statistical differences
between control and AD cases. *P <0.05; **P <0.01; ***P <0.001.
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profiles for [*H]-PIB, [?’H]-L—deprenyl, [®*H]-nicotine, and
[**°I]-a-bungarotoxin as illustrated in the pseudocolored
images in Figure 2.

Next, we quantified the laminar distributions for each
ligand in different layers of the cerebral cortex. [*H]-PIB
showed high binding (350 to 500 fmol/mg tissue) in all
layers of the superior frontal cortex (Figure 3A), while in
contrast, [*H]-L-deprenyl binding showed high binding
levels (400 fmol/mg tissue) only in the superficial layers
(lamina I and II) of the frontal cortex (Figure 3B). The
medial temporal gyrus and insular cortex exhibited simi-
lar high [*H]-L-deprenyl binding densities (400 fmol/mg
tissue) in all layers, and equivalent lower [*H]-PIB bind-
ing densities (150 to 250 fmol/mg tissue) (Figures 4A,B
and 5A,B). Among the cortical regions, the frontal
cortex showed lower [*H]-nicotine binding (2 fmol/mg
tissue), and more equal laminar binding in comparison
to both the medial temporal gyrus and insular cortex
(Figures 3C, 4C and 5C). The [1251]—oc—bungarotoxin au-
toradiograms showed high background levels in cortical
regions, which prevented further quantitative analysis of
the specific binding (data not shown).

The hippocampal subregions examined are delineated
in Figure 6A. [®H]-PIB showed low and uniform binding
(180 to 200 fmol/mg tissue), while [*H]-L-deprenyl
showed uniformly high binding (400 fmol/mg tissue)
throughout the hippocampus (Figure 6B,C). [**I]-a-
Bungarotoxin binding was observed mainly in the dentate
gyrus, in contrast to [*H]-nicotine binding (Figure 6D,E).

Topographical distributions of reactive astrocytes within
the frontal cortex and hippocampus of AD brain by
immunohistochemical staining

Neuropathological confirmation of the AD case showed
characteristic AD neurodegenerative changes (deposition
of AP and phosphorylated tau protein, the presence of
activated microglia and reactive astrocytes) in the brain
(Additional file 1: Figure S1).

To relate the laminar [*H]-L-deprenyl autoradiography
binding, the distribution of reactive astrocytes within
different layers of the frontal cortex and hippocampal
subregions in the single AD case was examined by im-
munohistochemistry with GFAP as a marker for astro-
cytosis. Differences in the localization and intensity of
GFAP immunoreactive cells were found both within each
region as well as between the regions (Figure 7). The
distribution in the frontal cortex revealed a layer-specific
localization of GFAP' cells exhibiting heterogeneous
morphologies (Figure 7A). A uniform distribution of react-
ive astrocytes with small somata and dense staining of
GFAP" neuropil was detected in the superficial (Figure 7B).
In the deeper layers, GFAP" astrocytic somata and densely
stained neuropil were concentrated around AP plaques
(Figure 7C). GFAP" astrocytes were distributed more
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evenly in the cortical layer bordering the white matter
(lamina VI), and very few A plaques were observed in this
region (Figure 7D).

A different staining pattern was observed in the hip-
pocampus, where both GFAP" astrocyte somata and pro-
cesses surrounding 6 F/3D-positive AB plaques and GFAP*
astrocytes containing intracellular vesicles with 6 F/3D ag-
gregates detected (Additional file 2: Figure S2).

In the CA1 alveus and stratum oriens of the hippo-
campus, we observed intensely stained small somata of
GFAP" astrocytes with immunoreactivity for a7 nAChRs
as well as dense GFAP*/a7 nAChR-positive cellular net-
works (Figure 7E,F). Throughout the CA1 stratum pyr-
amidal, large somata of GFAP" astrocytes displaying no
immunoreactivity for a7 nAChRs were found as well as
dispersed GFAP" network fibers (Figure 7G). Differences
in the intensity of immunoreactivity and the number of
GFAP" astrocytes were detected in the CA1 stratum lacu-
nosum-molecular and the molecular layer of the dentate
gyrus (Figure 7H). In the granular layer, light brown
stained somata of GFAP + astrocytes and weakly stained
GFAP" network fibers (top layer) were accompanied by
very strong staining of a7 nAChR positive/GFAP" astro-
cytes (gray hue, bottom layer) (Figure 71).

Discussion

AP deposition in the brain is a pathological hallmark of
AD. In the present study in vitro binding studies in
tissue homogenates showed significantly higher [*H]-PIB
binding in the brain of a cohort of AD subjects com-
pared to non-demented controls and thereby confirmed
earlier observed high in vivo ''C-PIB PET retention in
cortex of AD patients compared to healthy controls [3].
Furthermore, in the current study in vitro imaging of
the cortical laminar distribution pattern for fibrillar Ap
with [*H]-PIB autoradiography in a single AD case showed
high binding in all layers of the frontal cortex. Earlier
observations from quantitative immunohistochemical
studies in AD autopsy brain have revealed high Ap-
plaque densities in layers II and III of the temporal and
occipital cortices, while lower densities were reported
in layers V and IV [10,28-31], but with larger plaque
size in layer V [10], suggesting that Ap plaque deposition
may be intricately linked with cortical organization.
Since *H-PIB has been found to bind to multiple binding
sites in AD frontal cortex; this could underlie the dif-
ferences between *H-PIB binding data and quantitative
morphological measurement of AP plaques [10,32].

The detection of cerebral P-amyloidosis in vivo in
patients with PET amyloid imaging tracers such as [*'C]-
PIB have been shown to correlate well with levels of
fibrillar AP measured in AD brain at autopsy [6,33].
Measurement of the distribution of [''C]-PIB retention
based on cytoarchitectonic subtypes of the cerebral cortex
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Figure 2 Representative pseudocolored autoradiographical distributions of (A,B) [HI-PIB, (C,D) [3H]-L-deprenyl, (E,F) [3H]-nicotine, and
(G,H) ['**I]-a-bungarotoxin binding in coronal sections obtained from the frontal cortex and hippocampus of a typical Alzheimer's
disease (AD) patient at autopsy. The density of the binding increases along the sequence of blue, green, yellow, and red. The pseudocolored
figures are not standardized to each other, since the series of autoradiograms for each ligand were created individually.
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Figure 3 Laminar distribution of total binding for (A) [*H]-PIB, (B) [*H]-L-deprenyl, and (C) [*H]-nicotine throughout the entire cortical
depth of the superior frontal gyrus in an Alzheimer’s disease (AD) case. The binding profiles are means created from three consecutive sections.

demonstrated that the neocortex with more fully lam-
inar differentiation showed abundant ['C]-PIB retention,
while phylogenetically older limbic areas, such as the

allocortex and the periallocortex, with fewer laminae
appeared less vulnerable to [''C]-PIB retention, when
comparing AD patients with healthy control subjects [34].
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could imply that specific neurons or spatial arrangements  tion of Af, in turn determines the amount of plaque load
of neuronal networks can serve as a substrate for plaque in a given area, while the local architectonics of the cortex
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Figure 5 Laminar binding distributions for (A) [*H]-PIB, (B) [*H]-L-deprenyl, and (C) [*H]-nicotine throughout the entire cortical depth
of the insular cortex in an Alzheimer’s disease (AD) case. The binding profiles are means created from three consecutive sections.

determines the distribution pattern among brain regions.
This differential cytoarchitectonic vulnerability to AR de-
position may underlie the progressive neuropathological
alterations involved in the hierarchical organized central
nervous system in the pathogenesis of AD.

Different forms of AP in the brain can elicit activation
and recruitment of microglia and astrocytes. These cells
play a central role in the cellular response to patho-
logical lesions and exercise both neuroprotective and
neurotoxic functions in the brain, mediated by the
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Figure 6 Subregional binding distributions for [3H]-PIB, [3H]-L-deprenyl, and [3H]-nicotine and [125I]-a-bungarotoxin within the
hippocampus of an Alzheimer’s disease (AD) case. (A) An illustrative photomicrograph of a Nissl-stained section delineating the
cytoarchitectonic layers of the hippocampus including the alveolar (a), stratum oriens (so), the stratum pyramidale (sp), stratum radiutum (sr),
molecular layer of the dentate gyrus (m), and the Cornu Ammonis areas CA1 to CA4. Modified with permission from Teaktong et al. [65]. The
binding distribution of (B) [*H]-PIB, (C) [*HI-L-deprenyl, (D) *H]-nicotine, and (E) ['**J-a-bungarotoxin in the hippocampus of an Alzheimer's
disease (AD) case. The binding profiles are means created from three sections.
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(B-D, F-l) objective lenses magnification.

Figure 7 The topographical distribution of reactive astrocytes within the superior frontal gyrus and hippocampus in an Alzheimer's
disease case. (A) Histological reconstruction of frontal gyrus gray matter made by the superimposition of identical areas of adjacent sections
displaying reactive astrocytes with heterogenous morphologies in the different layers. 6F/3D B-amyloid (AB) plaques are in red color, reactive
astrocytes positive for glial fibrillary acidic protein (GFAP+) are brown. Representative areas (B-D) are in the right column. (B) A uniform distribution of
GFAP+ astrocytes (arrows) with small somata and densely stained neuropil in the superficial layers. (C) In the deeper layers, densely stained

GFAP+ astrocytes and neuropil are concentrated around AB-neuritic plagues (arrows). (D) In the cortical lamina-VI bordering the white matter,
GFAP+ astrocytes (arrows) were distributed more evenly as very few AB-neuritic plaques were observed in this region. (E) Histological reconstruction of
the hippocampal CA1 and the dentate gyrus showing differences in the localization and intensity of immunoreactivity of GFAP+ astrocytes.

GFAP+ astrocytes are brown, the a7nAChRs are gray. Representative areas are displayed in the corresponding inserts (F-I). (F) In the CA1 alveus and
stratum oriens, intensely stained small somata of GFAP+/a7nAChRs astrocytes and networks were observed. (G) Throughout the stratum pyramidale,
large somata of GFAP+ astrocytes without a7nAChRs (arrows) were found dispersed throughout GFAP+ network. (H) Differences in the intensity of
immunoreactivity and the number of GFAP+ astrocytes were detected in the stratum lacunosum-moleculare (upper layer, strong staining) and the
molecular layer of the dentate gyrus (bottom layer, weak staining). (I) In the granular layer, weakly stained GFAP+ astrocytes and network (top layer)
were accompanied by very strong stained a7nAChR/GFAP+ astrocytes (bottom layer, gray). Videocapture was performed with x10 (A, E) and x20

p

secretion of cytokines and chemokines and the binding
of these to their specific receptors [34-37]. Here, we
demonstrated increased levels of both activated micro-
glia and reactive astrocytes in AD frontal cortex and
hippocampus as measured by [*H]-PK11195 and [*H]-L-
deprenyl binding, respectively. In vivo PET studies with
[1'C]-PK11195 have demonstrated both increased and
unchanged binding in AD patients compare to healthy
subjects [38,39] and there might be different explana-
tions for discrepancies in findings such as different used

PET protocols, variation in sensitivity of the PET tracer
as well as differences in patient material. Deprenyl is a
selective irreversible monoamine oxidase B (MAO-B) in-
hibitor and is considered to be a sensitive marker for
measuring astrocytosis in the brain, since the MAO-B
enzyme is upregulated in reactive astrocytes, giving rise
to increased regional uptake of deprenyl [40]. A strong
correlation between [*H]-L-deprenyl binding and MAO-
B activity in both AD and non-demented control aut-
opsy brain tissue has previously been reported [41,42].
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Interestingly enough in vivo PET studies have shown
higher ' C-deuterium-L-deprenyl binding in brain of pa-
tients with mild cognitive impairment (MCI) than AD
and controls [17]. The observation might indicate a dif-
ference in astrocytes’ properties in early and later stages
of disease. In the present study, we observed a regional
difference between [*H]-L-deprenyl and [*H]-PK11195
in increase in binding sites in AD brains in comparison
to control brains. Interestingly, [*H]-L-deprenyl laminar
binding in the single AD case was found to be relatively
higher in the superficial cortical layers of the frontal
cortex in comparison to binding in the deeper cortical
layers. Immunohistochemical staining in the same AD case
confirmed abundant GFAP" reactive astrocytes surroun-
ding AP plaques in the superficial layers of the frontal cor-
tex. These findings are in agreement with earlier reports on
the pattern of gliosis in AD in layers II to Ill and V [15].

It has been claimed that neurofibrillary tangles and Af
plaques should favor the same cortical layers as astroglia
[10,30,31,43]. The laminar pattern of [?H]-PIB binding
in cortex may thus suggest binding to additional forms
of AB than plaques. The high binding of both [*H]-PIB
and [*H]-deprenyl in the frontal cortex suggests that there
may be a close regional association between elevated
astroglia and fibrillar AP deposition, which is consistent
with our earlier observations in which a positive correl-
ation between regional brain ['C]-PIB retention, [*H]-PIB
binding, and the total number of GFAP* immunoreactive
astrocytes was found in the same patient [6].

The hippocampus, however, revealed a different lam-
inar pattern, where high [*H]-L-deprenyl, but low [*H]-
PIB binding densities were observed in all hippocampal
subregions. The observation is in agreement with the
low amyloid but high gliosis in the hippocampus as
described by Beach and colleagues [15]. The hypothesis
of Rogers and Morrison [10] predict a cascade of path-
ology wherever there is a cascade of convergent cortical
input, and this is precisely the case Hyman et al. [44],
showed with their findings of cell-specific pathology
isolates the hippocampal formation in AD cases. Soluble
AP oligomers have received much attention and it is
argued that these assemblies play a major role in mediat-
ing neuronal damage in comparison to their insoluble
counterparts [1,45]. It is not known whether the concen-
tration of A oligomers or intracellular A is significantly
greater in the hippocampus compared to cortical regions
since studies to date characterizing various A oligomer
assemblies in AD postmortem brain, have mostly been
performed using cortical brain extracts [46-48]. Non-
fibrillar AP aggregates are not readily detected in vivo with
the currently available amyloid PET tracers, and it is
possible that these soluble assemblies could underlie
the increased astrogliosis detected within the hippocam-
pus in the current study.
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Astrocytes can take up AP in complex with apolipo-
protein E (ApoE) as well as degrade AP by neprilysin
[49-51]. Different types of astroglial cells can be distin-
guished in AD brain, including reactive, hypertrophic
astrocytes in the vicinity of AP plaques [10] and neuro-
fibrillary tangles (NFTs) [52], AP-containing astrocytes
that may possibly be involved in the removal of diffuse
plaques and fleecy amyloid [29,53,54], and functionally
impaired astrocytes with deficits in gene or protein
expression [49]. Atrophy of astrocytes occurring in the
early stage of AD is suggested to influence synaptic func-
tion and cognition [55].

Neuropathological changes in the brain during the
course of AD may disrupt the columnar organization of
the cerebral cortex, which in turn result in changes in
interlaminar astrocytic processes and modulation of their
function [15,56]. A decline in regional cerebral glucose me-
tabolism, determined by ['*F]-fluorodeoxyglucose (FDG)
PET, in an AD patient 16 months before death correlated
with cortical neuronal loss and with intense staining of
GFAP" cells in cortical areas at autopsy [57].

In addition to their role in neuroinflammatory pro-
cesses, astrocytes in the central nervous system also
provide structural and trophic support and are actively
involved in the regulation of neuronal and synaptic
activity with the purpose of maintaining overall brain
homeostasis [58,59]. Astrocytes that undergo both mor-
phological and structural changes during AD neuro-
degeneration neglect their neurosupportive functions as
pathogenesis advances, rendering neurons vulnerable to
excitotoxicity and oxidative stress [49,50,60,61]. Therefore,
it is likely that a strong inflammatory response triggered
by the neurodegenerative changes in the AD brain, accel-
erate and drive the degenerative pathology, contributing
to disease progression and chronicity.

An increase in regional [*H]-L-deprenyl binding was
recently reported in autopsy cases with lower Braak
stages compared to cases with higher Braak stages [62].
However, astrocytosis is a complex process and poorly
understood. Whether the reactive astrocytes in AD brain
can adopt different states of activation and whether
increased MAO-B activation in vivo or [°H]-L-deprenyl
binding in vitro reflects a certain type of astrocytes war-
rants future study.

In a recent study using rodent models of ischemic
stroke and neuroinflammation, Barres and colleagues
performed gene expression profiling analysis of popula-
tions of reactive astrocytes isolated at various time
points after induction, and demonstrated that reactive
astrocyte phenotype strongly depended on the type of
inducing injury [63].

The different laminar distribution patterns for Ap and
astrocytosis in AD brain regions demonstrated in the
present study are indicative of two parallel processes,
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which may follow a different time course, and show a re-
gional variability that depends on the initiating insult
triggered in specific areas of the brain. Although the
postmortem imaging findings reported here were in line
with the homogenate binding studies, a weakness of the
current study is that the autoradiographical investigation
was carried out in solely a single AD case subject. How-
ever, this kind of technique examining laminar distribu-
tions in detail is a lengthy and time consuming process,
and does not allow simultaneous processing of many
cases. Our present findings in hemisphere brain have
also been validated in small tissue sections and gave
similar findings although the resolutions in the smaller
sections were lower (data not shown).

A growing number of studies have pointed to an
involvement of brain nAChRs and neuroinflammatory
processes in AP pathology. Both neurons and glia cells
express several nAChRs including the two major sub-
types in the brain, namely a4$2 and a7 nAChRs [64].
Earlier, we demonstrated that a reduction of o4f2
nAChRs in AD cortex is associated with high levels of fi-
brillar AP as well as higher molecular weight oligomeric
AP assemblies [6,46]. Interestingly, we observed in the
present study that increased distribution of fibrillar Ap
in the frontal cortex was associated with lower laminar
[®H]-nicotine binding compared to other cortical regions,
suggesting that AP may induce a selective vulnerability of
some areas of cortical projections in the brain involving
specific or discrete neural systems.

While there is a reduced density of «7 nAChRs on
neuronal cells, an increased number of these receptors
have been found on astrocytes as measured in AD autopsy
brains [27,65,66]. It is known that astrocytes modulate
neuronal activity partly via ion channels and through the
neurotransmitter receptors they express [67]. The a7
nAChRs expressed on astrocytes could, thus, influence the
excitability of astrocytes and their ability to propagate
Ca”**-mediated signaling mechanisms. The amount of
soluble and/or non-soluble AP forms as well as their in-
ternal versus external localization [68] in different brain
regions could also influence intermediate processes be-
tween a7 nAChRs, glia and neurons, as implicated by
recent findings from our group [6,69].

Conclusions

In summary, we demonstrate an elevation in astrogliosis
both in areas with high and low fibrillar Ap burden and
greater atrophy, which may suggest that different types
of reactive astrocytes are associated with the patho-
physiological processes in the AD brain. It is important
to continue to study these processes in vivo, in order to
obtain a better understanding of how astrocytes interact
with neuronal network function, and to resolve whether
these cells contribute to cognitive decline in AD.
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Additional files

Additional file 1: Figure S1. Neuropathology in the brain obtained
from an Alzheimer's disease case used for autoradiography studies
showing immunoreactivity in the frontal cortex and hippocampus,
respectively, for: (A-B) B-amyloid (AR), 6 F/3D; (C-D) hyperphosphorylated
tau protein, AT8; (E-F) activated microglia, CD68; and (G-H) reactive
astrocytes, glial fibrillary acidic protein (GFAP).

Additional file 2: Figure S2. Immunohistochemical staining of GFAP*
reactive astrocytes and AR aggregates in the hippocampus of the
Alzheimer’s disease case. In the hippocampus, both GFAP + astrocyte
somata and processes (brown) surrounding 6 F/3D-positive AR plaques
(red) (A) and glial fibrillary acidic protein-positive (GFAP™) astrocytes
containing intracellular vesicles with 6 F/3D AR (B) were detected. GFAP*
cells are indicated by arrows.

Competing interests
The authors declare that they have no competing interests or potential
conflict of interest related to this study.

Authors’ contributions

The work presented here was carried out in collaboration between all
authors. AM, P-GG and AB carried out most of the laboratory experiments. LV
and WY performed the immunohistochemical analysis and IN the
neuropathological investigation. All authors contributed to data analysis of
the data and interpretation of the results. AM, P-GG and AN conceived the
idea for the study, and helped in designing methods and experiments. AN
critically supervised the complete study. All the authors read and approved
the final revised manuscript.

Acknowledgments

This work was supported by grants from the Swedish Research Council
(project 05817), Swedish Brain Power, Stockholm County Council-Karolinska
Institutet (ALF grant), the Karolinska Institutet Strategic Neuroscience
Program, the Swedish Brain Foundation, The EC FP& project DIMI, LSHB
CT2005-512146, the European Union’s Seventh Framework Programme
(FP7/2007-2013) under grant agreement n° Health-F2-2011-278850 (INMIND),
the Alzheimer Foundation in Sweden, the Magnus Bergvalls Foundation, The
Dementia Association, the Foundation for Old Servants, Gun and Bertil
Stohnes Foundation, Ragnhild och Einar Lundstroms Memorial Foundation,
Karolinska Institutet's Foundation for Aging Research, the Lars Hierta
Memorial Foundation, Loo and Hans Ostermans Foundation, and the Olle
Engkvist Byggmadstare Foundation. The funders had no role in study design,
data collection and analysis, decision to publish, or in preparation of the
manuscript. We thank Professor Goran Sperber, Department of Neuroscience,
Uppsala University for developing the software used for evaluation of
laminar binding profiles and his kind help with the set up of the equipment
for the analysis; Professor Ingvar Brant, Department of Environmental
Toxicology, Uppsala University for facilitating the equipment for large
cryotissue sectioning; Dr Anders Juréus, Neuroscience Research and Therapy,
Astra Zeneca Research and Development, Sodertdlje, for helpful assistance
with the phosphor imaging scanning operations; and Dr Ahmadul Kadir,
Alzheimer Neurobiology Center, Karolinska Institutet, for his kind help with
figure preparations and fruitful discussions.

Author details

'Alzheimer Neurobiology Center, Department of Neurobiology, Care Sciences
and Society, Karolinska Institutet, Novum Floor-5, Stockholm S-14186, Sweden.
2Depar‘[mem of Geriatric Medicine, Karolinska University Hospital Huddinge,
Stockholm, Sweden. *Department of Pathology, Karolinska University Hospital
Huddinge, Stockholm, Sweden. 4Douglas Mental Health University Institute,
Department of Psychiatry, McGill University, Montreal, Quebec, Canada.

Received: 22 April 2013 Accepted: 1 July 2013
Published: 23 July 2013

References

1. Hardy J, Selkoe DJ: The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science 2002,
297:353-356.


http://www.biomedcentral.com/content/supplementary/1742-2094-10-90-S1.zip
http://www.biomedcentral.com/content/supplementary/1742-2094-10-90-S2.tiff

Marutle et al. Journal of Neuroinflammation 2013, 10:90
http://www.jneuroinflammation.com/content/10/1/90

20.

21,

22.

Hyman BT: Amyloid-dependent and amyloid-independent stages of
Alzheimer disease. Arch Neurol 2011, 68:1062—1064.

Engler H, Forsberg A, Almkvist O, Blomquist G, Larsson E, Savitcheva |, Wall
A, Ringheim A, Langstrom B, Nordberg A: Two-year follow-up of amyloid
deposition in patients with Alzheimer’s disease. Brain 2006,
129:2856-2866.

Kadir A, Almkvist O, Forsberg A, Wall A, Engler H, Langstrom B, Nordberg A:
Dynamic changes in PET amyloid and FDG imaging at different stages
of Alzheimer's disease. Neurobiol Aging 2012, 33:198 e114-198 e191.

Furst AJ, Rabinovici GD, Rostomian AH, Steed T, Alkalay A, Racine C,

Miller BL, Jagust WJ: Cognition, glucose metabolism and amyloid burden
in Alzheimer’s disease. Neurobiol Aging 2012, 33:215-225.

Kadir A, Marutle A, Gonzalez D, Scholl M, Aimkvist O, Mousavi M, Mustafiz T,
Darreh-Shori T, Nennesmo |, Nordberg A: Positron emission tomography
imaging and clinical progression in relation to molecular pathology in
the first Pittsburgh Compound B positron emission tomography patient
with Alzheimer’s disease. Brain 2011, 134:301-317.

Scheinin NM, Aalto S, Koikkalainen J, Lotjonen J, Karrasch M, Kemppainen N,
Viitanen M, Nagren K, Helin S, Scheinin M, Rinne JO: Follow-up of [11C] PIB
uptake and brain volume in patients with Alzheimer disease and
controls. Neurology 2009, 73:1186-1192.

Jack CR Jr, Wiste HJ, Vemuri P, Weigand SD, Senjem ML, Zeng G, Bernstein
MA, Gunter JL, Pankratz VS, Aisen PS, Weiner MW, Petersen RC, Shaw LM,
Trojanowski JQ, Knopman DS; Alzheimer's Disease Neuroimaging Initiative:
Brain B-amyloid measures and magnetic resonance imaging atrophy
both predict time-to-progression from mild cognitive impairment to
Alzheimer’s disease. Brain 2010, 133:3336-3348.

Jack CR Jr, Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS,
Shaw LM, Vemuri P, Wiste HJ, Weigand SD, Lesnick TG, Pankratz VS,
Donohue MC, Trojanowski JQ: Tracking pathophysiological processes in
Alzheimer’s disease: an updated hypothetical model of dynamic
biomarkers. Lancet Neurol 2013, 12:207-216.

Rogers J, Morrison JH: Quantitative morphology and regional and laminar
distributions of senile plaques in Alzheimer’s disease. J Neurosci 1985,
5:2801-2808.

McGeer PL, McGeer EG: Innate immunity, local inflammation, and
degenerative disease. Sci Aging Knowledge Environ 2002, 2002:re3.
Serrano-Pozo A, Mielke ML, Gémez-Isla T, Betensky RA, Growdon JH, Frosch
MP, Hyman BT: Reactive glia not only associates with plaques but also
parallels tangles in Alzheimer's disease. Am J Pathol 2011, 179:1373-1384.
Griffin WS, Sheng JG, Royston MC, Gentleman SM, McKenzie JE, Graham D,
Roberts GW, Mrak RE: Glial-neuronal interactions in Alzheimer’s disease:
the potential role of a ‘cytokine cycle’ in disease progression. Brain Pathol
1998, 8:65-72.

Itagaki S, McGeer PL, Akiyama H, Zhu S, Selkoe D: Relationship of microglia
and astrocytes to amyloid deposits of Alzheimer disease. J Neuroimmunol
1989, 24:173-182.

Beach TG, McGeer EG: Lamina-specific arrangement of astrocytic gliosis
and senile plaques in Alzheimer's disease visual cortex. Brain Res 1988,
463:357-361.

Schwab C, McGeer PL: Inflammatory aspects of Alzheimer disease and
other neurodegenerative disorders. J Alzheimers Dis 2008, 13:359-369.
Carter SF, Scholl M, Almkvist O, Wall A, Engler H, Langstrom B,
Nordberg A: Evidence for astrocytosis in prodromal Alzheimer
disease provided by 11C-deuterium-L-deprenyl: a multitracer PET
paradigm combining 11C-pittsburgh compound B and 18F-FDG.

J Nucl Med 2012, 53:37-46.

Guan ZZ, Miao H, Tian JY, Unger C, Nordberg A, Zhang X: Suppressed
expression of nicotinic acetylcholine receptors by nanomolar 3-amyloid
peptides in PC12 cells. J Neural Transm 2001, 108:1417-1433.

Mai JK, Assheuer J, Paxinos G: Atlas of the human brain. San Diego:
Academic; 1997.

Gillberg PG, Jossan SS, Askmark H, Aquilonius SM: Large-section
cryomicrotomy for in vitro receptor autoradiography. J Pharmacol
Methods 1986, 15:169-180.

Johnson AE, Jeppsson F, Sandell J, Wensbo D, Neelissen JAM, Juréus A,

Strom P, Norman H, Farde L, Svensson SPS: AZD2184: a radioligand for
sensitive detection of B-amyloid deposits. J Neurochem 2009, 108:1177-1186.
Jossan SS, Gillberg PG, Aquilonius SM, Langstrom B, Halldin C, Oreland L:
Quantitative localization of human brain monoamine oxidase B by large
section autoradiography using L-[3H] deprenyl. Brain Res 1991, 547:69-76.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

37.

38.

39.

40.

42.

43.

Page 14 of 15

Sihver W, Gillberg PG, d'Argy R, Nordberg A: Laminar distribution of
nicotinic receptor subtypes in human cerebral cortex as determined by
[3H](-)nicotine, [3H]cytisine and [3H]epibatidine in vitro
autoradiography. Neuroscience 1998, 85:1121-1133.

Zhang X, Paterson D, James R, Gong ZH, Liu C, Rosecrans J, Nordberg A:
Rats exhibiting acute behavioural tolerance to nicotine have more [125I]
a-bungarotoxin binding sites in brain than rats not exhibiting tolerance.
Behav Brain Res 2000, 113:105-115.

Brodman K: Vergleichende Lokalisationsleher der grobhirnrinde in ihren
prinzipien dargestellt auf grund des zellenbaues. Leipzig: Barth; 1909:127-197.
Ekblom J, Jossan SS, Gillberg PG, Oreland L, Aquilonius SM: Monoamine
oxidase-B in motor cortex: changes in amyotrophic lateral sclerosis.
Neuroscience 1992, 49:763-769.

Yu WF, Guan ZZ, Bogdanovic N, Nordberg A: High selective expression of
a7 nicotinic receptors on astrocytes in the brains of patients with
sporadic Alzheimer’s disease and patients carrying Swedish APP 670/671
mutation: a possible association with neuritic plaques. £xp Neurol 2005,
192:215-225.

Thal DR, Rub U, Orantes M, Braak H: Phases of AB-deposition in the
human brain and its relevance for the development of AD. Neurology
2002, 58:1791-1800.

Akiyama H, Yamada T, McGeer PL, Kawamata T, Tooyama |, Ishii T:
Columnar arrangement of B-amyloid protein deposits in the cerebral
cortex of patients with Alzheimer’s disease. Acta Neuropathol 1993,
85:400-403.

Pearson RC, Esiri MM, Hiorns RW, Wilcock GK, Powell TP: Anatomical correlates
of the distribution of the pathological changes in the neocortex in
Alzheimer disease. Proc Natl Acad Sci USA 1985, 82:4531-4534.

Duyckaerts C, Hauw JJ, Bastenaire F, Piette F, Poulain C, Rainsard V, Javoy-
Agid F, Berthaux P: Laminar distribution of neocortical senile plaques
in senile dementia of the Alzheimer type. Acta Neuropathol 1986,
70:249-256.

Ni R, Gillberg PG, Bergfors A, Marutle A, Nordberg A: Amyloid tracers
detect multiple binding sites in Alzheimer’s disease brain. Brain 2013,
136:2217-2227.

lkonomovic MD, Klunk WE, Abrahamson EE, Mathis CA, Price JC, Tsopelas
ND, Lopresti BJ, Ziolko S, Bi W, Paljug WR, Debnath ML, Hope CE, Isanski BA,
Hamilton RL, DeKosky ST: Post-mortem correlates of in vivo PiB-PET
amyloid imaging in a typical case of Alzheimer's disease. Brain 2008,
131:1630-1645.

Ng YB, Carter SF, Scholl M, Kadir A, Nordberg A: Amyloid deposits in the
cerebral cortex of patients with Alzheimer’s disease align with cytoarchitectonic
properties, Human amyloid imaging 2011 meeting abstracts, Jan 15.

Streit WJ, Walter SA, Pennell NA: Reactive microgliosis. Prog Neurobiol 1999,
57:563-581.

El Khoury J, Hickman SE, Thomas CA, Cao L, Silverstein SC, Loike JD:
Scavenger receptor-mediated adhesion of microglia to f-amyloid fibrils.
Nature 1996, 382:716-719.

Rogers J, Lue LF: Microglial chemotaxis, activation, and phagocytosis of
amyloid B-peptide as linked phenomena in Alzheimer's disease.
Neurochem Int 2001, 39:333-340.

Cagnin A, Brooks D, Kennedy A, Gunn R, Myers R, Turkheimer F, Jones T,
Banati R: In-vivo measurement of activated microglia in dementia. Lancet
2001, 358:461-467.

Wiley CA, Lopresti BJ, Venneti S, Price J, Klunk WE, DeKosky ST, Mathis CA:
Carbon 11-labeled Pittsburgh compound B and carbon 11-labeled
(R)-PK11195 positron emission tomographic imaging in Alzheimer
disease. Arch Neurol 2009, 66:60-67.

Ekblom J, Jossan SS, Bergstrom M, Oreland L, Walum E, Aquilonius SM:
Monoamine oxidase-B in astrocytes. Glia 1993, 8:122-132.

Jossan SS, Gillberg PG, Gottfries CG, Karlsson |, Oreland L: Monoamine
oxidase B in brains from patients with Alzheimer’s disease: a
biochemical and autoradiographical study. Neuroscience 1991, 45:1-12.
Saura J, Luque JM, Cesura AM, Da Prada M, Chan-Palay V, Huber G, Loffler J,
Richards JG: Increased monoamine oxidase B activity in
plaque-associated astrocytes of Alzheimer brains revealed by
quantitative enzyme radio autography. Neuroscience 1994, 62:15-30.
Lewis DA, Campbell MJ, Terry RD, Morrison JH: Laminar and regional
distributions of neurofibrillary tangles and neuritic plaques in
Alzheimer’s disease: a quantitative study of visual and auditory cortices.
J Neurosci 1987, 7:1799-1808.



Marutle et al. Journal of Neuroinflammation 2013, 10:90
http://www.jneuroinflammation.com/content/10/1/90

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hyman BT, Van Hoesen GW, Damasio AR, Barnes CL: Alzheimer’s disease:
cell-specific pathology isolates the hippocampal formation. Science 1984,
225:1168-1170.

Lambert MP, Viola KL, Chromy BA, Chang L, Morgan TE, Yu J, Venton DL,
Krafft GA, Finch CE, Klein WL: Vaccination with soluble A oligomers
generates toxicity-neutralizing antibodies. J Neurochem 2001, 79:595-605.
Bao F, Wicklund L, Lacor PN, Klein WL, Nordberg A, Marutle A: Different
B-amyloid oligomer assemblies in Alzheimer brains correlate with age of
disease onset and impaired cholinergic activity. Neurobiol Aging 2012,
33:825 e813-825 e821.

Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith |,

Brett FM, Farrell MA, Rowan MJ, Lemere CA, Regan CM, Walsh DM,

Sabatini BL, Selkoe DJ: Amyloid-B protein dimers isolated directly from
Alzheimer’s brains impair synaptic plasticity and memory. Nat Med 2008,
14:837-842.

Mc Donald JM, Savva GM, Brayne C, Welzel AT, Forster G, Shankar GM,
Selkoe DJ, Ince PG, Walsh DM: The presence of sodium dodecyl
sulphate-stable AB dimers is strongly associated with Alzheimer-type
dementia. Brain 2010, 133:1328-1341.

Mulder SD, Veerhuis R, Blankenstein MA, Nielsen HM: The effect of amyloid
associated proteins on the expression of genes involved in amyloid-f
clearance by adult human astrocytes. Exp Neurol 2012, 233:373-379.

Thal DR: The role of astrocytes in amyloid B-protein toxicity and
clearance. Exp Neurol 2012, 236:1-5.

Koistinaho M, Lin S, Wu X, Esterman M, Koger D, Hanson J, Higgs R, Liu F,
Malkani S, Bales KR, Paul SM: Apolipoprotein E promotes astrocyte
colocalization and degradation of deposited amyloid- peptides.

Nat Med 2004, 10:719-726.

Dickson DW, Farlo J, Davies P, Crystal H, Fuld P, Yen SH: Alzheimer's
disease. A double-labeling immunohistochemical study of senile
plaques. Am J Pathol 1988, 132:86-101.

Funato H, Yoshimura M, Yamazaki T, Saido TC, Ito Y, Yokofujita J, Okeda R,
Ihara Y: Astrocytes containing amyloid -protein (AB)-positive granules
are associated with AB40-positive diffuse plaques in the aged human
brain. Am J Pathol 1998, 152:983-992.

Thal DR, Schultz C, Dehghani F, Yamaguchi H, Braak H, Braak E: Amyloid
B-protein (AB)-containing astrocytes are located preferentially near
N-terminal-truncated AR deposits in the human entorhinal cortex.

Acta Neuropathol 2000, 100:608-617.

Verkhratsky A, Olabarria M, Noristani HN, Yeh CY, Rodriguez JJ: Astrocytes in
Alzheimer’s disease. Neurotherapeutics 2010, 7:399-412.

Colombo JA, Quinn B, Puissant V: Disruption of astroglial interlaminar
processes in Alzheimer's disease. Brain Res Bull 2002, 58:235-242.

McGeer PL, McGeer EG, Kamo H, Wong K: Positron emission tomography
and the possible origins of cytopathology in Alzheimer’s disease.

Prog Neuropsychopharmacol Biol Psychiatry 1986, 10:501-518.

Newman EA: New roles for astrocytes: regulation of synaptic
transmission. Trends Neurosci 2003, 26:536-542.

Paixao S, Klein R: Neuron-astrocyte communication and synaptic
plasticity. Curr Opin Neurobiol 2010, 20:466-473.

Steele ML, Robinson SR: Reactive astrocytes give neurons less support:
implications for Alzheimer’s disease. Neurobiol Aging 2012,
33:423.e413-423.2421.

Simpson JE, Ince PG, Lace G, Forster G, Shaw PJ, Matthews F, Sawva G,
Brayne C, Wharton SB: Astrocyte phenotype in relation to Alzheimer-type
pathology in the ageing brain. Neurobiol Aging 2010, 31:578-590.

Gulyas B, Pavlova E, Kasa P, Gulya K, Bakota L, Vérszegi S, Keller E, Horvéath
MC, Nag S, Hermecz |, Magyar K, Halldin C: Activated MAO-B in the brain
of Alzheimer patients, demonstrated by [11C]-I-deprenyl using whole
hemisphere autoradiography. Neurochem Int 2011, 58:60-68.

Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres BA: Genomic
analysis of reactive astrogliosis. J Neurosci 2012, 32:6391-6410.

Graham AJ, Martin-Ruiz CM, Teaktong T, Ray MA, Court JA: Human brain
nicotinic receptors, their distribution and participation in
neuropsychiatric disorders. Curr Drug Targets CNS Neurol Disord 2002,
1:387-397.

Teaktong T, Graham A, Court J, Perry R, Jaros E, Johnson M, Hall R, Perry E:
Alzheimer’s disease is associated with a selective increase in a7 nicotinic
acetylcholine receptor immunoreactivity in astrocytes. Glia 2003, 41:207-211.
Nagele R: Astrocytes accumulate APB42 and give rise to astrocytic
amyloid plaques in Alzheimer disease brains. Brain Res 2003, 971:197-209.

67.

68.

69.

Page 15 of 15

Verkhratsky A, Rodriguez JJ, Parpura V: Neurotransmitters and integration
in neuronal-astroglial networks. Neurochem Res 2012, 37:2326-2338.
Tampellini D, Gouras GK: Synapses, synaptic activity and intraneuronal a3
in Alzheimer’s disease. Front Aging Neurosci 2010, 2:13.

Lilia AM, Porras O, Storelli E, Nordberg A, Marutle A: Functional interactions
of fibrillar and oligomeric amyloid-B with a7 nicotinic receptors in
Alzheimer's disease. J Alzheimers Dis 2011, 23:335-347.

doi:10.1186/1742-2094-10-90

Cite this article as: Marutle et al: *H-Deprenyl and *H-PIB
autoradiography show different laminar distributions of astroglia

and fibrillar 3-amyloid in Alzheimer brain. Journal of Neuroinflammation

2013 10:90.

( R
Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at -
www.biomedcentral.com/submit () BiolVied Central

& J




	Abstract
	Background
	Results
	Conclusions

	Introduction
	Methods
	Subjects
	Binding assays
	Cryosectioning
	Whole hemisphere autoradiography
	Quantitative analysis of autoradiographic images
	Immunohistochemistry

	Results
	Comparison of binding levels for fibrillar amyloid, reactive astrocytes, and activated microglia in relation to α4β2 and α7 nicotinic receptors in AD and control brain
	Laminar autoradiographical distributions fibrillar amyloid, reactive astrocytes, and nicotinic receptor subtypes in AD brain
	Topographical distributions of reactive astrocytes within the frontal cortex and hippocampus of AD brain by immunohistochemical staining

	Discussion
	Conclusions
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

