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Brain-derived neurotrophic factor (BDNF) is a versatile neurotrophic factor that has been implicated in cell survival, cell differentiation,
axonal growth, and activity-dependent synaptic plasticity. Changes in BDNF expression have also been reported during the course of
several neurological disorders, including Alzheimer’s disease (AD). The role of BDNF in AD, however, has remained elusive. To learn
more about this neurotrophic factor, we investigated BDNF expression in brain of amyloid precursor protein overexpressing mice
(APP23 transgenic mice). In situ hybridization revealed BDNF mRNA signals associated with amyloid plaques. Laser microdissection in
combination with quantitative RT-PCR demonstrated a sixfold increase of BDNF mRNA in the immediate plaque vicinity, a threefold
increase in a tissue ring surrounding the plaque, and control levels in interplaque areas comparable with those measured in age-matched
nontransgenic mice. Double immunofluorescence localized BDNF to microglial cells and astrocytes surrounding the plaque. Cortical
BDNF protein levels were quantified by ELISA demonstrating a >10-fold increase compared with age-matched controls. This upregula-
tion of BDNF protein significantly correlated with the 8-amyloid load in the transgenic animals. Taken together, our data demonstrate a
plaque-associated upregulation of BDNF in APP23 transgenic mice and implicate this neurotrophin in the regulation of inflammatory

and axonal growth processes in the plaque vicinity.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a versatile member
of the neurotrophin family that is expressed widely and highly in
brain (Barde et al., 1982; Barde, 1989; Ernfors et al., 1990; Hofer
et al,, 1990; Ghosh et al., 1994; Murer et al., 2001). Although
initially considered a neuronal differentiation and survival-
promoting molecule, recent research has implicated BDNF in
immune processes (Neumann et al., 1998), axonal growth
(Alsina et al., 2001; Tucker et al., 2001), activity-dependent syn-
aptic plasticity (Korte et al., 1995; Vicario-Abejon et al., 2002;
Zhang and Poo, 2002), dendritic plasticity (McAllister et al.,
1995, 1997; Murphy etal., 1998), and learning and memory (Lin-
narsson et al., 1997; Ma et al., 1998; Mu et al., 1999). After CNS
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injury, BDNF expression is increased (Lindvall et al., 1992;
Hughes et al., 1999). After a lesion, it plays a role in rescuing
neurons from damage (Sendtner et al., 1996) and in promoting
neuronal network reorganization (Fusco et al., 1993; Mamounas
etal., 1995). This spectrum of biological actions, as well as the fact
that BDNF levels are reduced in neurodegenerative diseases
(Phillips et al., 1991; Murray et al., 1994; Mogi et al., 1999), has
raised considerable interest in BDNF as a potential therapeutic
agent for neurodegenerative disorders (Thoenen and Sendtner,
2002).

In brains of patients suffering from Alzheimer’s disease (AD),
BDNF has been studied in considerable detail. Nevertheless, its
role in the pathogenesis of the disease and its potential therapeu-
tic value have remained unclear. Overall decreases in BDNF
mRNA and protein have been reported for the hippocampus and
several cortical areas (Phillips et al., 1991; Murray et al., 1994;
Connor et al., 1997; Holsinger et al., 2000). Additionally, some
authors described an association of BDNF with amyloid plaques
(Ferrer et al., 1999; Murer et al., 1999), whereas others published
negative results (Soontornniyombkij et al., 1999). Because the de-
tailed analysis of cellular and molecular events in human post-
mortem tissue is intricate and often impossible, data on BDNF in
AD have not yet been sufficiently conclusive.

The genetic mouse model is a useful tool for learning more
about BDNF in AD. Mice overexpressing the human B-amyloid
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precursor protein (APP23 transgenic mice) carrying the Swedish
mutation (Sturchler-Pierrat et al., 1997; Staufenbiel and Som-
mer, 1998; Sturchler-Pierrat and Staufenbiel, 2000) impressively
replicate the amyloid pathology of the human disease. These an-
imals show increased B-amyloid plaque formation during aging,
region-specific neuron loss (Calhoun et al., 1998; Bondolfi et al.,
2002), cholinergic changes (Boncristiano et al., 2002), progres-
sive age-related impairment of cognitive behavior (Lalonde et al.,
2002; Kelly et al., 2003; Van Dam et al., 2003), amyloid-associated
activation of glial cells (Stalder et al., 1999; Sturchler-Pierrat and
Staufenbiel, 2000; Bornemann et al., 2001), and aberrant axonal
sprouting in the immediate plaque vicinity (Phinney et al., 1999).
Because of their prominent amyloid pathology, these mice are
particularly suited to clarify the relationship between BDNF and
amyloid plaques. Therefore, this study analyzes the expression of
BDNF protein as well as of BDNF mRNA in the brain of these
mice.

Materials and Methods

Animals and tissue preparation

Generation and genotyping of APP23 transgenic mice has been described
previously (Sturchler-Pierrat et al., 1997). These mice express human
APP751 cDNA with the Swedish double mutation under control of the
neuron-specific mouse Thy-1 promoter fragment. APP23 mice were es-
tablished on a B6D2 background and continuously back-crossed to
C57BL/6. For the most part, male transgenic mice (1 and 21 months old,
heterozygous; n = 16) and age-matched nontransgenic C57BL/6 mice of
the same breed (controls; n = 13) were used. For the BDNF ELISA in
brain homogenates and AB determinations, we used 5-, 10.5-, and 20-
month-old transgenic mice (heterozygous; n = 21) and the correspond-
ing number of nontransgenic littermate controls. For the BDNF ELISA in
mouse serum and cerebrospinal fluid, 4- and 20-month-old control and
transgenic mice were used (n = 5 for each group). All animals were
housed under standard laboratory conditions.

For histochemical staining and subsequent laser microdissection, mice
were killed by an overdose injection of pentobarbital (300 mg/kg body
weight, i.p.). The brain was then removed, embedded in tissue-freezing
medium (Leica, Bensheim, Germany), and immediately flash-frozen in
2-methyl-butane at —40°C for short-term storage at —70°C or instant
sectioning. Cryostat sections (thickness, 12 um) were cut and mounted
on polytarthalene (PET)-foil stretched on a metal frame (Leica). Sections
were then fixed in 100% ethanol for 20 sec, dried on a heater at 40°C for
10 min, and subjected to histochemical staining.

For in situ hybridization histochemistry, immunohistochemistry, and
double-immunofluorescence studies, mice were anesthetized deeply
with pentobarbital (300 mg/kg body weight) and transcardially perfused
with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (PB), pH 7.4. For in situ hybridization studies, all solutions were
prepared in RNase-free DEPC water. Brains were removed and postfixed
in 4% paraformaldehyde in 0.1 M PB for 5 hr followed by cryoprotection
in 20% sucrose in 0.1 M PB at 4°C overnight. Brain tissue was then
flash-frozen in 2-methyl-butane at —40°C for short-term storage or in-
stant sectioning. Cryostat sections (thickness, 40 wm) were collected in
2X SSC (1X SSC = 0.15 m NaCl, 0.015 M sodium citrate, pH 7.0) for
further processing.

For immunostaining and double-immunofluorescence studies, brains
were fixed overnight in 4% paraformaldehyde in 0.1 M PB, rinsed in PB,
and embedded in 5% agar. Coronal sections (50 wm) were cut on a
Vibratome (VT 1000S; Leica).

Histochemistry

A 0.2% solution of Congo Red (Merck, Darmstadt, Germany) was pre-
pared in 0.9% NaCl in 80% ethanol in RNase-free DEPC water. The
solution was then applied directly onto the mounted section, incubated
for 12 min at room temperature, and rinsed briefly in DEPC water. After
another briefrinse in 80% ethanol in DEPC water, the sections were dried
on a heater at 40°C for 10 min and immediately subjected to laser
microdissection.
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Immunohistochemistry

The monoclonal AB antibody 4G8 (Senetek, Maryland Heights, MO)
recognizing AB17-24 fragments is known to strongly and specifically
stain compact and diffuse B-amyloid deposits (Thal et al., 2002). To
avoid reactivity with endogenous mouse immunoglobulin, the Dako
ARK Animal Research Kit (Dako, Hamburg, Germany) was used. Briefly,
free-floating sections were quenched in a 0.3% hydrogen peroxide—
methanol solution for 30 min, incubated in formic acid for 10 min, and
subsequently blocked in a 5% bovine serum albumin solution. Before
application of the primary AB antibody to the specimen, the antibody
was biotinylated according to the manufacturer’s recommendations. The
biotinylated antibody (1:2500) was then applied to the section for 18 hr at
room temperature. After several rinses in PB, sections were incubated
with streptavidin—peroxidase for 30 min. Immunoreactivity was visual-
ized using a 0.8% 3,3-diaminobenzidine solution (Sigma, St. Louis, MO)
in conjunction with nickel-cobalt enhancement (1% NH,NiSo, and 1%
CoCl,). Sections were photographed with a digital camera mounted on
an Olympus BX61 microscope (Olympus, Hamburg, Germany).

Immunofluorescence studies and confocal laser

scanning microscopy

Because the polyclonal anti-BDNF antibody used (Santa Cruz Biotech-
nology, Santa Cruz, CA) was raised in the same species (rabbit) as the
anti-glial fibrillary acidic protein (GFAP) antibody (Dako) for labeling
astrocytes and the ionized calcium-binding adaptor molecule 1 (Ibal)
antibody (generously provided by Dr. Yoshinori Imai, National Institute
for Neuroscience, Tokyo, Japan) (Imai et al., 1996; Ito et al., 1998) as a
marker for microglial cells, the tyramide signal amplification (TSA)
method was used (TSA-Kit, MoBiTec, Gottingen, Germany). Tyramide
deposition catalyzed by horseradish peroxidase (HRP) is generally used
to strongly amplify signals in various applications. A modification of the
TSA protocol has been developed for the simultaneous immunofluores-
cence determination of two antigens with antisera raised in the same
species (Shindler and Roth, 1996; Botchkarev et al., 1999). Briefly, after
quenching of endogenous peroxidases, unspecific binding sites were
blocked by incubating sections in 10% goat serum for 30 min. Next,
antisera against GFAP (1:128,000) or Ibal (1:4000) were applied over-
night. At these dilutions, antigen-antibody complexes were undetectable
with a fluorochrome-labeled secondary goat anti-rabbit antibody.
Antigen-antibody complexes became visible when using HRP-labeled
goat anti-rabbit antiserum and the TSA Kit. Sections were incubated with
the HRP-labeled secondary antibody overnight followed by incubation
with an Alexa488-labeled tyramide derivative. Next, sections were
washed, again blocked with 10% goat serum for 30 min, and then incu-
bated with the BDNF antibody (1:100) overnight. After incubation with
an Alexa568-labeled goat anti-rabbit antibody (MoBiTec), sections were
scanned with a confocal laser scanning system (LSM 510, Zeiss, Jena,
Germany). To ensure the specificity of the double-immunostaining pro-
cedure, control experiments were performed in which the two primary
antibodies were omitted. No staining occurred under these conditions.
In addition, double immunostaining was considered specific only if the
two chromogens could be visualized independently in plaque-free areas
of the brain (supplemental Fig. 1, available at www.jneurosci.org). Im-
munofluorescence studies for BDNF only were performed on free-
floating sections without using the tyramide amplification method.
Briefly, sections were blocked in 10% goat serum for 30 min and incu-
bated with the BDNF antibody (Santa Cruz Biotechnology; 1:100) over-
night. Antigen-antibody complexes were visualized by incubation with
an Alexa568-labeled goat anti-rabbit antibody (1:1000) for 2 hr and em-
bedded in fluorescent mounting medium (Dako).

In situ hybridization studies

Preparation of cRNA probes. Digoxigenin-labeled cRNA probes were gen-
erated by in vitro transcription from appropriate plasmids. A 0.52 kb rat
BDNF cDNA fragment (Hofer et al., 1990) inserted into the Apal site of
pBluescript SK ™ (Stratagene, La Jolla, CA) was linearized with either
HindllI to serve as template for T7 RNA polymerase (sense orientation)
or with Kpnl for T3 RNA polymerase (antisense orientation). The re-
stricted DNA was purified by phenol extraction and ethanol
precipitation.
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In vitro transcription was performed with 1 ug of linearized plasmid
template (50 ul reaction) in the presence of ATP, GTP, CTP, and digoxi-
genin (DIG)-11-UTP (Roche, Mannheim, Germany), RNasin, transcrip-
tion buffer, and T3 or T7 RNA polymerase (Roche) for 2 hr at 37°C
according to the manufacturer’s reccommendations. DIG-labeled cRNAs
were purified by ethanol precipitation with LiCl and resuspended in 40
wl of DEPC-treated H,O. The yield of both BDNF cRNA probe prepa-
rations was determined by dot blot analysis and was usually ~20 ug.

In situ hybridization histochemistry. Cryostat sections of aged APP23
transgenic (n = 5) and age-matched control mouse brains (n = 5) were
pretreated in hybridization buffer (50% formamide, 4X SSC, 50 mm
NaH,PO,, 250 pg/ml heat-denatured salmon sperm DNA, 100 pg/ml
tRNA, 5% dextransulfate, and 1% Denhardt’s solution) diluted with 2X
SSC (1:1) for 15 min and prehybridized in hybridization buffer for 60
min at 55°C. Hybridization was performed in the same buffer with the
addition of 250 ng/ml of DIG-labeled BDNF antisense or sense cRNA
probes at 55°C overnight. After hybridization, the brain sections were
washed in 2X SSC (two times for 15 min each) at room temperature, 2 X
SSC and 50% formamide, 0.1 X SSC and 50% formamide for 15 min
each, and in 0.1X SSC (two times for 15 min each) at 65°C. For the
immunological detection of DIG-labeled hybrids, the sections were
rinsed in buffer 1 (100 mm Tris/HCI, pH 7.5) two times for 10 min each
at room temperature, blocked in buffer 2 (1% blocking reagent in buffer
1) for 60 min, and incubated overnight with the anti-DIG antibody from
sheep conjugated with alkaline phosphatase (Roche) diluted 1:1500 in
buffer 2. For the color reaction, tissue sections were equilibrated in buffer
1 (two times for 10 min each) and in buffer 3 (100 mm Tris/HCI, pH 9.5,
100 mm NaCl, 50 mm MgClL,) for 10 min before the addition of nitroblue
tetrazolium salt (0.34 mg/ml) and 5-bromo-4-chloro-3-indolyl-
phosphate (0.17 mg/ml) diluted in buffer 3. Development of the color
reaction was performed in the dark and stopped by transfer into buffer 4
(10 m™ Tris/HCL, pH 8.0; 1 mm EDTA) when the desired intensity of the
precipitate was reached. Tissue sections were mounted on glass slides,
air-dried, and embedded in Kaiser’s glycerol gelatin (Merck).

Laser microdissection, RNA isolation, and reverse transcription
Laser microdissection (LMD) was performed as described (Burbach et
al., 2003), although study-specific adaptations of the published protocol
were required. Briefly, PET-foil metal frames were mounted on a Leica
AS LMD system with the section facing downward. After intensity, aper-
ture, and cutting velocity were adjusted, the pulsed UV laser beam was
carefully directed along the borders of Congo Red-stained cerebral cortex
amyloid- plaques in 21-month-old transgenic mice (n = 3). In addi-
tion, 30-um-wide tissue rings around each individual plaque as well as
plaque-free tissue commensurate to the plaque area were defined for
separate collection. A total of ~200 plaques were picked in serial sections.
Proportional tissue amounts were isolated in the aforementioned regions
as well as in the plaque-free cortex of transgenic (1 month old; n = 3) and
nontransgenic mice (1 and 21 months old; # = 3, respectively). The cut
area was then transferred by gravity alone into a microcentrifuge tube cap
placed directly underneath the section. The tube cap was filled with a
guanidine isothiocyanate-containing buffer (Buffer RLT, RNeasy Mini
Kit, Qiagen, Hilden, Germany) to ensure isolation of intact RNA. Tissue
collection was verified by inspecting the tube cap. Microcentrifuge tubes
were immediately transferred on ice after tissue collection followed by
three freeze-thaw cycles in a dry ice—ethanol bath. Total RNA was iso-
lated using the RNeasy Mini Kit (Qiagen) according to the manufactur-
er’s recommendations, including on-column DNase digestion and a 2 X
30 wl elution step. Integrity of the isolated RN A was determined using the
Agilent RNA 6000 Pico LabChip (Agilent Technologies, Waldbronn,
Germany). Only RNA with clearly distinguishable ribosomal peaks and
without a shift in RNA size distribution to small size fragments was used.
RNA was then reverse transcribed using TagMan Reverse Transcription
Reagents (Applied Biosystems, Darmstadt, Germany).

Quantitative PCR

c¢DNAs were subjected to PCR using the Abi Prism 7000 Sequence De-
tection System (Applied Biosystems) and TagMan Universal PCR Master
Mix (Applied Biosystems). The following BDNF primers within the 3’
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exon of the mouse BDNF gene encoding the mature protein were selected
using Primer Express software (Applied Biosystems): BDNF sense
primer 5'-GGGTCACAGCGGCAGATAAA-3"; BDNF antisense primer
5'-GCCTTTGGATACCGGGACTT-3'; BDNF probe 5'-TCTGGCGGGA-
CGGTCACAGTCCTA-3'. For normalization of cycle threshold values to an
endogenous control, the following eukaryotic 18S ribosomal RNA primers
were used: 18S rRNA sense primer 5 -CGGCTACCACATCCAAGGAA-
3’; 18S rRNA antisense primer 5'-GCTGGAATTACCGCGGCT-3'; 18S
rRNA probe 5'-TGCTGGCACCAGACTTGCCCTC-3'. Probes were la-
beled with 6-carboxyfluorescein at the 3’ end and with 6-carboxy-
tetramethyl-rhodamine at the 5’ end. For the amplification of both
mouse BDNF and 18S ¢cDNA, a standard amplification program was used
(1 cycle of 50° for 2 min, 1 cycle of 95°C for 10 min, 45 cycles of 95°C for
15 sec and 60°C for 1 min). Direct detection of the PCR product was
enabled by the 5'— 3’ exonuclease activity of Taq polymerase, thereby
terminating the close proximity of the reporter dye to the quencher dye
by reporter fluorochrome cleavage and leading to an increase of reporter
dye fluorescence equivalent to the increase of amplified PCR product.
Using standard curves of serial cDNA dilutions, a relative quantitation of
target cDNA expressed in x-fold differences was performed. All quanti-
tations were normalized to an endogenous control (18S rRNA) to ac-
count for variability in the initial concentration and quality of total RNA
and in the conversion efficiency of the reverse transcription reaction
(Burbach et al., 2003). Statistical analysis was performed using SPSS for
Windows (SPSS, Miinchen, Germany).

ELISA studies

Frontal cortex as well as cerebellum as control tissue were dissected from
one brain hemisphere of APP23 mice (5, 10.5, and 20 months old). The
tissue pieces were weighed, immediately frozen on dry ice, and stored at
—80°C until use. The samples were homogenized by ultrasonication in
10-20 vol of lysing buffer containing 0.1 m Tris-HCI, pH 7.0, 0.4 M NaCl,
0.1% NaNj, and various protease inhibitors (Hellweg et al., 1989). In
addition, mouse blood and cerebrospinal fluid were collected. The blood
was left at ambient temperature for 30 min and centrifuged (500 X g for
15 min) to obtain serum. Samples were stored at —80°C until analysis.
Endogenous concentrations of BDNF were measured in the rethawed
homogenates or rethawed serum and cerebrospinal fluid samples (di-
luted with assay buffer 2:7 and 1:200, respectively) using commercial
ELISA Kkits, in principle according to the manufacturer’s instructions
(Promega, Mannheim, Germany) but adapted as described previously in
detail (Hellweg et al., 2003). Recombinant human BDNF (Sigma) was
used as a standard. The detection limit of the assay was 1 pg/ml. Deter-
mination of recovery and specific and unspecific neurotrophin binding
(the latter against mouse IgG, obtained from MOPC 21) involved qua-
druplicate fluorescence determinations for each tissue sample. The
BDNF concentration was expressed as picograms per milligram (wet
weight; brain tissue) or picograms per milliliter (cerebrospinal fluid and
serum). Student’s ¢ test was used to determine significance ( p = 0.05).

Determination of AP concentrations

AB1-40 and APB1-42 concentrations were measured by quantitative
Western blotting in the remainder of the homogenates that had been
prepared for ELISA analysis (10.5- and 20-month-old mice only). Ho-
mogenate proteins were separated on 10% Tris-Bicine gels containing 8
M urea (Staufenbiel and Paganetti, 1999). For standard curve generation,
known amounts of synthetic AB1-40 and AB1-42 peptides in control
mouse brain homogenate were loaded on each gel. After blotting, AB
peptides were detected using 6E10 antibody (Signet Laboratories, Ded-
ham, MA), goat anti-mouse IgG coupled to horseradish peroxidase
(Chemicon, Temecula, CA), and the chemiluminescent substrate ECL
(Amersham Biosciences, Little Chalfont, UK). Signals on film were quan-
tified using the MCID software (Imaging Research, St. Catherines, On-
tario, Canada). The correlation of A and BDNF concentrations was
tested after logarithmic transformation of the data using the Pearson
method and Systat software (Systat Software, London, UK).

Digital illustrations
Figures were prepared digitally using a commercially available graphics
software (Photoshop 6.0, Adobe). Fluorescent images were acquired us-
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Figure 1. Amyloid plague pathology in cortex of APP23 transgenic mice. Cerebral cortex
from 21-month-old APP23 transgenic ( a) and age-matched C57BL/6 ( b) mice immunostained
for B-amyloid (4G8 antibody). Although C57BL/6 mouse tissue showed no specific staining ( b),
cortex from APP23 transgenic mice revealed numerous amyloid plaques (a). Scale bars: a, 50
um; b, 100 em.

inga Zeiss LSM 510 laser scanning microscope (Zeiss). Single fluorescent
images of the same section were digitally superimposed. Images were
adjusted for contrast, brightness, and sharpness.

Results

Amyloid plaque pathology in APP23 transgenic mouse cortex
The distribution of B-amyloid plaques in aged APP23 transgenic
mice was similar to the one described previously (Sturchler-
Pierrat et al., 1997). B-amyloid immunostaining revealed several
intensely stained dense-core plaques as well as numerous blotchy
stains in the brain parenchyma representing diffuse B-amyloid
(Fig. la). Furthermore, numerous blood vessels were also
B-amyloid positive (Calhoun et al., 1999; Burgermeister et al.,
2000). Nontransgenic control mice from the same breed did not
show B-amyloid staining (Fig. 1b).

Plaque-associated BDNF mRNA expression: evidence for a
BDNF mRNA gradient

In situ hybridization for BDNF mRNA revealed a normal BDNF
mRNA expression pattern in brain of 21-month-old control mice
(Fig. 2a,c). BDNF mRNA was widely and strongly expressed
throughout the entire brain, as described previously (Hofer et al.,
1990). BDNF mRNA signals were found primarily in neuronal
cell layers, which is compatible with the predominantly neuronal
localization of this neurotrophin (Hofer et al., 1990). Staining
was absent in the sense control.

In situ hybridization for BDNF mRNA in aged APP23 trans-
genic animals revealed an expression pattern similar to the one
observed in controls (Fig. 2b). In addition, strong plaque-
associated BDNF mRNA signals were observed. Small cell-
shaped hybridization signals could be identified in the plaque and
in the plaque periphery (Fig. 2d). Because BDNF mRNA-
expressing cells were also observed within and around white mat-
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Figure2. BDNF mRNA is associated with amyloid plaques. /n situ hybridization histochem-
istry for BDNF was performed on cortical sections from 21-month-old C57BL/6 (a, ¢) and age-
matched APP23 transgenic (b, d) mice. BDNF in situ hybridization in (57BL/6 mice demon-
strated distinct BDNF mRNA signals in cortical neurons (g, ¢, arrow, arrowheads). In APP23
transgenic mice, a comparable BDNF mRNA expression was observed (b, arrow; d, arrowheads).
In addition, however, BDNF mRNA staining was also found within amyloid plagues, which
differed in their staining intensity. Although some plaques showed a strong BNDF mRNA signal
(b, long arrows), others were BDNF mRNA negative (b, pointed arrow). Inset shows sense
control with unlabeled plaques (arrowheads). Higher magnification of individual plaques (d)
showed small mRNA-positive cells (arrows) within the plaque as well asin the plaque periphery.
Note that numerous BDNF mRNA-positive neurons were also observed (arrowheads), demon-
strating the specificity of the in situ hybridization. Scale bars: a, b, 100 wm; ¢, d, 25 pm.

ter plaques, where BDNF mRNA-expressing neurons are absent,
these cells probably represented glial cells. Interestingly, a sub-
population of plaques was observed that was consistently BDNF
mRNA negative. These plaques were morphologically identical to
the BDNF mRNA-positive subgroup, and it remains unclear why
these plaques do not show a hybridization signal.

Although plaque-associated hybridization signals had a some-
what fuzzy appearance, in situ hybridization quality was excel-
lent, because the cellular resolution of BDNF mRNA was high in
plaque-free brain areas and in cell layers close to the plaques (Fig.
2d). In addition, we can exclude staining caused by unspecific
attachment of riboprobes to amyloid because the hybridization
signal was not observed around all plaques, and plaque-
associated staining was absent in the sense control (Fig. 2b, inset).
Nevertheless, we decided to verify the presence of BDNF mRNA
in the plaque vicinity with a different technique and used quan-
titative PCR (qPCR) for BDNF mRNA detection and quantifica-
tion. Therefore, congophilic plaques in aged APP23 transgenic
mice were collected by noncontact laser microdissection (Fig.
3a,b). Furthermore, a 30-um-wide tissue ring surrounding the
individual plaques (Fig. 3¢) as well as plaque-free tissue (Fig. 3d)
was microdissected. Additionally, corresponding regions in non-
transgenic mice of the same breed that did not bear any
B-amyloid plaques were collected and subjected to qPCR analy-
sis. Using this methodology, we could confirm a plaque-
associated BDNF mRNA expression that was sixfold higher in
congophilic B-amyloid plaques, threefold higher in the tissue
ring surrounding the plaque, and close to control levels in inter-
plaque areas in aged APP23 transgenic mice compared with cor-
responding areas in nontransgenic mice (Fig. 3e). These findings
demonstrate an increasing BDNF mRNA gradient from plaque-
free tissue to amyloid plaques. This gradient may be even more
pronounced, however, because BDNF mRNA-positive as well as
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Figure 3. Increasing BDNF mRNA expression toward amyloid plaques. Cortex from 21-

month-old APP23 transgenic and age-matched C57BL/6 mice subjected to Congo Red staining.
Congo Red-stained plaques were identified in APP23 transgenic mice (a). These plaques (b), a
30- m-wide tissue ring around these plaques (¢), and interplaque tissues ( d) were collected
using laser microdissection. Corresponding plaque-free regions were isolated in controls. Fur-
thermore, cortical tissue from 1-month-old APP23 transgenic mice, which had not yet devel-
oped plaques, and age-matched C57BL/6 mice was microdissected. Total RNA was isolated,
reverse transcribed, and subjected to quantitative PCR analysis. Insets in b and ¢ demonstrate
thetissue collected after completion of the laser microdissection procedure. Theinsetin d shows
the section before microdissection. Histogramsin e and fillustrate quantitative changes in BDNF
mRNA expression. Statistical analysis was performed using SPPS for Windows ( p = 0.05). Scale
bars: a—d, 50 pm.

BDNF mRNA-negative plaques could not be distinguished by
Congo Red staining and therefore were collected
indiscriminately.

To investigate whether BDNF mRNA expression levels are
affected by the expression of the transgene in the APP23 trans-
genic animals, BDNF mRNA expression levels were also quanti-
fied in 1-month-old APP23 transgenic animals as well as in age-
matched C57BL/6 mice. No significant differences were observed
in BDNF mRNA expression levels in these mice (Fig. 3f). In
addition, BDNF mRNA expression levels in the cortex of
1-month-old APP23 transgenic animals and in the interplaque
tissue of 21-month-old APP23 transgenic animals were compa-
rable. Thus, it can be excluded that an unknown effect of the
transgene or aging accounts for the increases in BDNF mRNA
levels observed in the present study.
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Figure4. Increased BDNF protein concentrations in the frontal cortex of aged APP23 mice.

BDNF was measured in APP23 and nontransgenic littermate (control) mice at the different ages
indicated using a sensitive ELISA. The top panel shows the values for individual animals (n = 7
per group) as well as the median (horizontal bar). Significant changes ( p < 0.005) are indi-
cated by brackets and asterisks. Note the increase in the old group as well as the individual
variation. The bottom panel shows the correlation of BDNF and A31—40and A31—42 concen-
trations, respectively. AB was determined in amyloid plaque-containing mice (10.5 and 20
months) as a measure of the amyloid content. A log scale was chosen to account for the large
differences in the values.

Correlation between BDNF protein concentration and
amyloid deposition in the frontal cortex of APP23 mice

The small amount of BDNF protein precludes its quantification
in and around isolated amyloid plaques as done for the mRNA.
We therefore determined BDNF concentrations during aging of
APP23 mice just before amyloid deposition (5 months) and at an
intermediate (10.5 months) and a high (20 months) amyloid
load. The frontal cortex and cerebellum, which do not develop
amyloid deposits, were prepared as control tissue from transgenic
and littermate mice, and the BDNF content was determined by
ELISA. BDNF concentrations in frontal cortex remained rela-
tively unchanged in control animals at all ages (Fig. 4). Compa-
rable values were found for APP23 mice aged 5 and 10.5 months,
although BDNF appeared slightly elevated in the young group. In
contrast, at 20 months all APP23 mice contained higher BDNF
concentrations than the nontransgenic animals, resulting in a
17-fold increase over control. No changes during aging or differ-
ences between transgenic and control mice were found for BDNF
in the cerebellum (data not shown).

The large variation in BDNF concentrations between individ-
ual animals may be related to the known variation in amyloid
deposition in APP transgenic mice. To test this hypothesis,
APB1-40 and AB1-42 concentrations were determined in fore-
brain homogenates of the plaque-containing groups (10.5- and
20-month-old mice) using Western blotting. Comparison with
the BDNF content showed a highly significant correlation with
both AB1-40 (Pearson correlation after log-transformation:
0.869; p = 0.00005) and APB1-42 (correlation: 0.882; p =
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0.00003) (Fig. 4). These data further indicate that amyloid plaque
deposition leads to an increased level of BDNF in neocortex.

In addition, BDNF concentrations were measured in the se-
rum and cerebrospinal fluid of young and aged control mice as
well as APP23 transgenic mice. Although the very sensitive ELISA
assay made it possible to measure very low serum levels of BDNF
(30—40 pg/ml), BDNF concentrations in the cerebrospinal fluid
were below the detection limit. No differences in the BDNF se-
rum levels were observed between the groups [control mice: 32 *
11 (4 months), 35 * 4 (20 months); APP23 tg mice: 39 * 12 (4
months), 29 = 11 pg/ml (20 months)]. Thus, elevated brain
BDNF levels in APP23 transgenic mice do not lead to a detectable
increase in serum or cerebrospinal fluid BDNF levels, which sup-
ports the concept that BDNF changes are local, i.e., plaque asso-
ciated, rather than global.

Plaque-associated astroglial and microglial cells express
BDNF protein

Immunostaining of BDNF, GFAP, and Ibal was performed to
localize BDNF protein in the plaque vicinity (Fig. 5). Confocal
laser scanning microscopy revealed an abundance of BDNF-
positive structures surrounding amyloid plaques in APP23 trans-
genic mouse cortex. Often, these BDNF-immunopositive struc-
tures resembled glial cells and their processes (Fig. 5a,b). Double
immunofluorescence with the microglial marker Ibal revealed
that some of these structures were BDNF-positive microglial cells
(Fig. 5a,c,e). Almost all microglial cells close to the plaque were
BDNF positive (Fig. 5), whereas microglial cells found in plaque-
free areas of the brain (supplemental Fig. 1a—f, available at ww-
w.jneurosci.org) did not show immunolabeling for BDNF. Spec-
ificity of the double-immunostaining procedure was verified, as
described in Materials and Methods. Because Ibal did not label
all plaque-associated BDNF-positive structures, double immu-
nofluorescence was also performed for the astrocytic marker
molecule GFAP. This approach revealed numerous BDNF-
positive astrocytes in addition to BDNF-positive microglial cells.
Astroglial cells found in plaque-free areas of the brain were BDNF
negative (supplemental Fig. 1g¢-I, available at www.jneuro-
sci.org). In addition, thin BDNF-positive processes were ob-
served extending from both microglial and astroglial cells toward
the plaque core. Although our immunocytochemical data and
immunocytochemical control experiments show specific immu-
nolabeling of glial cells in the plaque region, cross-reactivity with
an unknown antigen cannot be excluded completely. On the
whole, however, our data indicate that plaque-associated glial
cells express BDNF.

BDNEF-positive putative boutons surrounding

amyloid plaques

BDNF immunostaining around amyloid plaques also revealed
BDNEF-positive balloon-like structures in the plaque periphery
(Fig. 6a—c). These structures were unusually large (5-15 pum),
spherical or ovoid, and did not extend any processes. Their loca-
tion in the periphery of the plaque and their morphology closely
resembled that of dystrophic axonal boutons that we had ob-
served previously in APP23 transgenic animals using anterograde
tracing (Phinney et al., 1999). The number and size of immu-
nopositive boutons varied considerably between individual
plaques (Figs. 5b,f, 6a,c,d). High magnification confocal imaging
was used to reconstruct a large BDNF-positive bouton in three
dimensions (Fig. 6b). In this case, BDNF immunostaining was
unevenly distributed, and the center of the bouton contained
several unstained patches. In contrast, BDNF-positive dendrites
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Figure 5.  Plague-associated glial cells express BDNF protein. Double-immunofluorescence
studies for BDNF—Iba1 (g, ¢, e) and BDNF-GFAP (b, d, f) were performed on APP23 transgenic
mouse cerebral cortex (21 months old). High-magnification confocal laser scanning microscopy
revealed amyloid plaques surrounded by BDNF-positive fibers (a, b), Iba1-positive microglial
cells (¢), and GFAP-positive astroglial cells ( d). Digital merging of these fluorescentimages (e, f)
demonstrated BDNF-Iba1 double-labeled microglial cells (e, arrows), as well as BDNF-GFAP
double-labeled astrocytes ( f, arrows). Note a single BDNF-negative microglial cellin the plaque
periphery (c, e, arrowhead) and BDNF-negative peripheral astroglial processes (d, f), which
demonstrate the specificity of the double-immunolabeling procedure. In addition, BDNF-
positive dystrophic boutons were observed at the border of several plaques (b, f, short arrow).
Scale bars: a—f, 25 pm.

were not affected by plaques in their vicinity. This could be
readily seen in the CA1 region of the hippocampus, where BDNF-
positive pyramidal cells extend apical dendrites into stratum ra-
diatum and stratum lacunosum moleculare. These dendrites are
oriented in parallel and can be followed from the neuronal soma
to the plaque vicinity. Although BDNF-immunopositive den-
drites of CA1 pyramidal cells were clearly displaced by the plaque,
they did not form any pathological BDNF-positive boutons.
These observations are in line with previous reports that demon-
strated only limited dendritic pathology in APP23 mice using
MAP2 immunostaining (Phinney et al., 1999). Taken together,
these data indicate that BDNF-positive dystrophic axonal bou-
tons surround amyloid plaques in APP23 mice.

Discussion
In this study using a genetic model of AD we report plaque-
associated BDNF mRNA and protein expression. Our data indi-
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Figure 6.  BDNF-positive dystrophic boutons surrounding amyloid plaques. Confocal laser
scanning microscopy revealed dystrophic axonal boutons (a—c) surrounding amyloid plaquesin
cortical sections of 21-month-old APP23 transgenic mice. A large BDNF-positive dystrophic
bouton was observed in the plaque periphery (a, arrow). The bouton was reconstructed three-
dimensionally using a confocal stack (b). Note the patchy quality of BDNF immunostaining.
Other plaques were surrounded by similar but smaller BDNF-positive boutons (). No dendritic
pathology was observed in the stratum radiatum (sr) of the hippocampal CA1 subfield (d). In
this region, BDNF-positive apical dendrites of pyramidal neurons (d, short arrows) located in the
pyramidal cell layer (pcl) could be readily followed from the cell soma to the plague vicinity.
Scale bars: a, 50 wm; b, 10 wm; ¢, d, 25 wm.

cate increasing BDNF mRNA expression from plaque-free tissue
to amyloid plaques. A cortical increase in BDNF protein was
detected that correlated with the B-amyloid load. BDNF immu-
nostaining indicates that microglial and astroglial cells, as well as
putative dystrophic boutons surrounding the plaques, contain
BDNF.

Plaque-associated BDNF mRNA expression: evidence for a
BDNF mRNA gradient
The most striking changes were associated with amyloid plaques,
in which a strong BDNF mRNA in situ hybridization signal was
found (Fig. 2). Laser microdissection and qPCR confirmed these
qualitative findings and revealed a more than sixfold BDNF
mRNA upregulation in isolated amyloid plaques, a threefold in-
crease in a tissue ring surrounding the plaques, and control levels
in the interplaque area comparable with BDNF mRNA levels
obtained from control tissue (Fig. 3e). In young APP23 mice as
well as young control mice, BDNF mRNA levels were similar to
the levels in interplaque tissue of aged APP23 transgenic and
plaque-free cortex of aged control animals (Fig. 3f). Taken to-
gether, these data demonstrate that an increasing BDNF mRNA
gradient exists from plaque-free tissue toward an amyloid plaque.
Because all age groups and all genotypes showed comparable
levels of BDNF mRNA expression in plaque-free tissue, the
steady increase of BDNF mRNA toward an amyloid plaque can-
not be attributed to an unknown effect of the transgene or to
aging. Thus, the increases in BDNF mRNA observed in APP23
transgenic animals have to be considered plaque dependent.
The existence of a BDNF mRNA gradient implies a source of
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BDNF mRNA in the tissue areas that were microdissected. Evi-
dence for the cellular source was obtained by in situ hybridiza-
tion, which revealed small cells in the plaque area as well as in the
tissue rim surrounding the plaque (Fig. 2d). The shape and size of
these cells, which were smaller than BDNF mRNA-expressing
neurons and the fact that similar cells were observed around
white matter plaques, point to glial cells as the main source of
plaque-associated BDNF mRNA. Because glial activation is
strongest in the immediate plaque vicinity (Sturchler-Pierrat et
al., 1997), the BDNF mRNA gradient seen in our laser microdis-
section experiment could be caused by different numbers as well
as expression levels of BDNF mRNA containing glial cells in the
different tissue areas that were analyzed.

Plaque-associated BDNF protein expression

Using BDNF immunostaining, the most evident alterations were
observed in the vicinity of amyloid plaques, where BDNF-
immunoreactive glial cells as well as BDNF-positive putative dys-
trophic boutons could be identified (Figs. 5, 6). Our data dem-
onstrate that microglial as well as astroglial cells express BDNF in
the immediate plaque vicinity. Although almost all cells close to
the plaque were double-immunopositive for glial markers and
BDNF, the more peripheral glial cells were usually BDNF nega-
tive. In the interplaque area, BDNF immunostaining of glial cells
was also essentially absent (supplemental Fig. 1, available at
www.jneurosci.org). These observations correspond nicely to the
in situ hybridization data as well as the qPCR results.

In addition, large balloon-shaped BDNF-positive structures
were found around some but not all plaques. These structures did
not arise from BDNF-positive dendrites, because hippocampal
pyramidal cells did not show a plaque-associated dendritic pa-
thology (Fig. 6d). Because the BDNF-positive globular structures
correspond in size, shape, and location to dystrophic axonal bou-
tons surrounding plaques in APP23 mice (Phinney et al., 1999),
our data indicate that some of the dystrophic boutons surround-
ing plaques contain BDNF.

ELISA measurements revealed a >10-fold increase in BDNF
protein in the frontal cortex of old APP23 mice (Fig. 4). This
corresponds to the mRNA data and shows that plaque-associated
BDNF mRNA is translated into biologically relevant amounts of
protein. Because mRNA levels are normal in the interplaque tis-
sue and the increase in BDNF protein correlated with the amyloid
plaque load, the increase of BDNF protein is dependent on amy-
loid deposition.

Changes of BDNF expression in AD

Several investigators have studied BDNF in brains of AD patients.
With only one notable exception (Durany et al., 2000), decreased
BDNF levels were reported (Phillips et al., 1991; Murray et al.,
1994; Connor et al., 1997; Ferrer et al., 1999; Hock et al., 2000;
Holsinger et al., 2000; Michalski and Fahnestock, 2003). In all
studies reporting decreased BDNF levels, however, late stages of
AD were studied in which considerable neuron loss has already
occurred (Braak and Braak, 1991; Hof et al., 1999). Because this
cell loss affects BDNF mRNA-expressing cells and non-BDNF
mRNA-expressing cells indiscriminately (Murer et al., 1999), de-
creased BDNF levels are a logical consequence. Most impor-
tantly, a decrease in neuronal BDNF expression may completely
mask local, ie., plaque-associated, increases in glial BDNF.
Whether BDNF is decreased in early AD patients, in which neu-
ronal cell loss is not yet pronounced, needs to be established. In
contrast, APP23 transgenic mice were analyzed in this study.
These mice show only mild neurodegeneration (Calhoun et al.,



2428 - ). Neurosci., March 10, 2004 - 24(10):2421-2430

1998) and have normal neuronal BDNF expression levels in in-
terplaque areas (Fig. 3e). Thus, plaque-associated increases in
glial BDNF expression can be detected because they are not
masked by a loss of neuronal BDNF.

As far as plaque-associated upregulation of BDNF is con-
cerned, data from human AD patients is controversial. Although
some have observed BDNF immunoreactivity closely associated
with plaques (Murer et al., 1999) or with plaques and dystrophic
boutons (Ferrer et al., 1999), others have reported negative re-
sults (Soontornniyomkij et al., 1999). In the present study, BDNF
mRNA as well as BDNF protein were unequivocally associated
with amyloid plaques. Immunocytochemistry indicates that
BDNF protein is present in glial cells and dystrophic boutons in
the immediate plaque vicinity. Our observations most closely
resemble those of Ferrer et al. (1999), who reported plaque-
associated BDNF immunoreactivity in dystrophic boutons, and
Murer et al. (1999, 2001), who reported BDNF-immunoreactive
cells, most likely glial cells, around plaques in human AD. Al-
though these authors could not unequivocally localize the BDNF
signals to specific glial cells in the postmortem tissue, their data
indicate that a plaque-associated glial BDNF upregulation is
present in human brain.

BDNF in AD: a role in inflammation and axonal sprouting?
So far, the relevance of BDNF changes in AD patients and APP23
transgenic mice is only poorly understood. Because BDNF has
been discussed as a potential therapeutic for AD patients (Ferrer
et al.,, 1999; Murer et al.,, 2001; Thoenen and Sendtner, 2002;
Russo-Neustadt, 2003), however, it is important to unravel the
biological role of this neurotrophin in animal models. As far as
changes in BDNF in the immediate plaque vicinity are concerned,
the expression of BDNF by microglial and astroglial cells links
BDNEF to inflammatory processes (Rogers et al., 2002). Activated
microglial and astroglial cells are found regularly in the plaque
vicinity (Stalder et al., 1999; Bamberger et al., 2003) and are be-
lieved to participate in the processing of amyloid (Rogers et al.,
2002). Because BDNF inhibits microglial major histocompatibil-
ity complex class IT molecule expression (Neumann et al., 1998),
an immunomodulatory function of BDNF in AD is conceivable.
A similar upregulation of BDNF in glial cells has been observed in
other neurological diseases, such as multiple sclerosis (Stadel-
mann et al., 2002; Gielen et al., 2003) and human immunodefi-
ciency virus—encephalitis (Soontornniyomkij et al., 1998), and
after brain injury (Batchelor et al., 1999; Dougherty et al., 2000;
Batchelor et al., 2002). Thus, changes in BDNF expression are
part of the inflammatory response of the brain, although the
precise role of BDNF in the inflammatory cascade has yet to be
unraveled.

Because of its role in neuronal plasticity and axonal growth,
BDNF may also be linked to aberrant regenerative processes oc-
curring around senile plaques. In AD brains (Geddes et al., 1985,
1986; Masliah et al., 1996) and brains of APP23 mice (Phinney et
al., 1999), extensive axonal sprouting has been reported, al-
though the molecular basis of this process has remained unclear.
Because BDNF induces axonal sprouting and synapse formation
in vivo (Mamounas et al., 2000; Alsina et al., 2001; Tucker et al.,
2001), it is also a prime candidate for the regulation of aberrant
sprouting in AD.

Taken together, our data regarding BDNF expression in
APP23 transgenic mice support the following sequence of events.
After deposition of amyloid in the brain, activated glial cells are
recruited to the plaque periphery. These cells synthesize and re-
lease BDNF to neighboring axons. BDNF, possibly in concert
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with other factors, could act as a trophic stimulus that induces
axonal growth along a BDNF gradient toward the amyloid
plaque. In an inflamed and potentially toxic environment, this
growth becomes aberrant. Furthermore, because BDNF has been
implicated in synaptic differentiation, local BDNF release could
explain why we observed an abortive synaptic differentiation of
axon terminals in the plaque vicinity (Phinney et al., 1999).
Through this hypothesized mechanism, BDNF could contribute
significantly to the pathogenesis of AD and thereby to the cogni-
tive decline seen in this neurodegenerative disorder. Whether
such a local inflammatory mechanism involving BDNF could
limit the usefulness of BDNF as a potential therapeutic in AD will
require further study.
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