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Impaired TrkB receptor signaling contributes to memory impairment
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Abstract

Brain-derived neurotrophic factor (BDNF) plays an important role in neuronal plasticity, learning, and memory. Levels of BDNF and its
main receptor TrkB (TrkB.TK) have been reported to be decreased while the levels of the truncated TrkB (TrkB.T1) are increased in
Alzheimer’s disease. We show here that incubation with amyloid-f increased TrkB.T1 receptor levels and decreased TrkB.TK levels in
primary neurons. In vivo, APPswe/PSI1dE9 transgenic mice (APdE9) showed an age-dependent relative increase in cortical but not
hippocampal TrkB.T1 receptor levels compared with TrkB.TK. To investigate the role of TrkB isoforms in Alzheimer’s disease, we crossed
AP mice with mice overexpressing the truncated TrkB.T1 receptor (T1) or the full-length TrkB.TK isoform. Overexpression of TrkB.T1
in APdE9 mice exacerbated their spatial memory impairment while the overexpression of TrkB.TK alleviated it. These data suggest that
amyloid- changes the ratio between TrkB isoforms in favor of the dominant-negative TrkB.T1 isoform both in vitro and in vivo and
supports the role of BDNF signaling through TrkB in the pathophysiology and cognitive deficits of Alzheimer’s disease.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction most likely proximal cause for the most characteristic symp-
tom of the early stage of the disease, impaired memory for
recent events, is loss of synapses (Selkoe, 2002). The molec-
ular mechanisms whereby accumulation of amyloid-@ into the
brain leads to synaptic loss are still incompletely known.
—_— ) ) o Neurotrophins, in particular brain-derived neurotrophic
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Neuropathologically, Alzheimer’s disease (AD) is charac-
terized by amyloid plaques and neurofibrillary tangles, but the
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through TrkB leads to impaired spatial memory (Minichiello,
2009; Minichiello et al., 1999; Saarelainen et al., 2000b), while
overexpression of TrkB enhances memory (Koponen et al.,
2004). These observations have led to the suggestion that
TrkB signaling might be involved in the pathophysiology of
AD (Arancio and Chao, 2007; Castrén and Tanila, 2006;
Schindowski et al., 2008; Zuccato and Cattaneo, 2009).
BDNF messenger RNA (mRNA) and protein levels as well
as protein levels for the full-length TrkB isoform have been
found to be reduced in postmortem brain samples of AD
patients (Connor and Dragunow, 1998; Connor et al., 1997;
Ferrer et al., 1999; Phillips et al., 1991). In contrast, the
truncated, dominant-negative isoform of TrkB (TrkB.T1)
(Eide et al., 1996; Haapasalo et al., 2001) has been found to
be increased (Connor et al., 1996; Ferrer et al., 1999).
Importantly, BDNF levels are already reduced at the pre-
clinical stages of the disease (Peng et al., 2005). Taken
together, these findings implicate that BDNF signaling is
impaired in AD patients. In contrast, studies in amyloid
precursor protein (APP) transgenic mice modeling AD have
yielded mixed results regarding brain BDNF levels (either
mRNA or protein) with 2 lines displaying decreased levels
(Peng et al., 2009), 1 line no change (Peng et al., 2009), and
2 lines showing increased levels (Burbach et al., 2004;
Schulte-Herbriiggen et al., 2008; Szapacs et al., 2004).
BDNF levels were reported to be increased in the APdE9
mouse line used in the present study. We are not aware of
any study so far investigating TrkB receptor levels in trans-
genic AD mouse models.

The APPswe/PS1dE9 double transgenic (APdE9) mouse
line is a widely used model of AD. These mice develop
amyloid plaques in the cortex and hippocampus starting at 4
months of age (Garcia-Alloza et al., 2006), but memory
impairment manifests only between 8 and 12 months of age
(Minkeviciene et al., 2008; Savonenko et al., 2005). Thus
these mice recapitulate the order of pathological events in
AD patients (amyloid plaques develop gradually over years
before memory impairment leads to the clinical diagnosis)
as revealed by recent positron-emission tomography (PET)
imaging studies with amyloid binding a ligand (Aizenstein
et al., 2008; Kadir et al., 2012), in contrast to most other
APP transgenic mice in which memory impairment usually
precedes amyloid plaque formation (Van Dam et al., 2003;
Westerman et al., 2002). This mouse line therefore offers an
excellent model for studying molecular mechanisms down-
stream of amyloid plaque formation leading to memory
impairment.

We have here investigated the role of TrkB signaling in
amyloid-induced neuropathology leading to memory loss in
the APdE9 mouse model of AD. We found that increased
amyloid-beta (A ) peptide levels increase the expression of
the truncated TrkB.T1 isoform in vitro in cultured neurons
and in vivo in the brains of APdE9 mice. To further mimic
impaired signaling through TrkB receptors as it occurs in
AD, we cross-bred APdE9 mice with TrkB.T1 mice (Saare-
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lainen et al., 2000a, 2000b), while crossing of APdE9 mice
with those overexpressing the full-length TrkB.TK receptor
(Koponen et al., 2004) was used to counteract the disturbed
balance between truncated and full-length TrkB receptor. Im-
portantly, all these mouse lines shared the same C57BL6/J
background and had robust transgene expression in the cortex
and hippocampus. Our results lend support to the idea that
impaired TrkB signaling contributes to the memory impair-
ment in AD.

2. Methods
2.1. Animals

The APPswe/PS1dE9 (APdE9) founder mice were ob-
tained from Johns Hopkins University, Baltimore, MD,
USA (D. Borchelt and J. Jankowsky, Dept. Pathology) and
a colony was established at the University of Kuopio. These
mice were generated by coinjection of chimeric mouse/
human APPswe (mouse APP695 harboring a human A
domain and mutations K595N and M596L linked to Swed-
ish familial AD pedigrees) and human PS1-dE9 (deletion of
exon 9) vectors controlled by independent mouse prion
protein promoter elements (Jankowsky et al., 2004). This
line was originally maintained in a hybrid C3He] X
C57BL6/] F1 background, but the mice used in the present
study were derived from backcrossing to C57BL6/J for 12
generations.

The development of mice overexpressing the truncated
TrkB (TrkB.T1) or the full-length TrkB (TrkB.TK) recep-
tors specifically in neurons (= 2-fold overexpression
throughout cortex and hippocampus) have been described
previously by Saarelainen et al. (2000a, 2000b) and Kopo-
nen et al. (2004), respectively. Expression of the transgenic
receptor in both the TrkB.T1 and TrkB.TK mouse lines is
highest in the cerebral cortex and hippocampus (Koponen et
al., 2004; Saarelainen et al., 2000a), thus overlapping with
the brain areas with the highest amyloid load in the APdE9
mouse (Jankowsky et al., 2004). In addition, both TrkB
transgenic lines have moderate transgene expression in the
thalamus, and the TrkB.TK line also moderate expression in
the amygdala and cerebellum (Koponen et al., 2004; Saare-
lainen et al., 2000a). These mouse lines were originally
maintained in a hybrid BALB/c X DBA/2 background, but
the mice used in the present study were derived from back-
crossing to C57BL6/J for 10 generations.

The housing conditions (National Animal Center, Kuo-
pio, Finland) were controlled (temperature 22 °C, light from
7:00-19:00; humidity 50%—60%), and fresh food and water
were freely available. The experiments were conducted ac-
cording to the Council of Europe (Directive 86/609) and
Finnish guidelines, and approved by the State Provincial
Office of Eastern Finland.
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Table 1
Number of animals involved in behavioral testing by gender and genotype
Age (months) Males Females
TrkB.T1 AwTw AwT]I A+Tw A+TI AwTw AwT1 A+Tw A+TI
12 14 15 13 11 12 12 12
TrkB.TK AwTw AwWTK A+Tw A+TK AwTw AwWTK A+Tw A+TK
15 14 12 11 15 14 12 10

Codes for genotypes resulting from cross-breedings: APdE9 +/w X TrkB.T1 +/w breeding: AwTw = APdE9 w/w X TrkB.T1 w/w = double wild-type;
AwT1 = APdE9 w/w X TrkB.T1 +/w = only TrkB.T1 transgenic; A+Tw = APdE9 +/w X TrkB.T1 w/w = only APdE9 transgenic; A+T1 = APdE9 +/w X
TrkB.T1 +/w = double transgenic; APdE9 +/w X TrkB.TK +/w breeding: AwTw = APdE9 w/w X TrkB.TK w/w = double wild-type; AWTK = APdE9 w/w X
TrkB.TK +/w = only TrkB.TK transgenic; A+Tw = APdE9 +/w X TrkB.TK w/w = only APdE9 transgenic; A+TK = APdE9 +/w X TrkB.TK +/w =

double transgenic.
Key: +, transgene; w, wild type allele.

2.2. Behavioral testing

APdE9 X TrkB.T1 crossed mice underwent a neurolog-
ical test battery at 12 months of age, while mice of the
APdE9 X TrkB.TK crossing were tested at an older age, 15
months, based on the primary hypothesis that overexpres-
sion of the catalytic TrkB receptor would alleviate the
neurological phenotype of APdE9 mice while overexpres-
sion of the truncated TrkB.T1 receptor would exacerbate the
phenotype. Both males and females were included.

The number of animals and the abbreviations used for
various genotypes in each test series and their genotypes are
summarized in Table 1.

The Morris swim navigation task (water maze) was used
to test spatial learning and memory. The apparatus was a
black plastic pool with a diameter of 120 cm. A black
escape platform (14 cm X 14 cm) was hidden 1.0 cm below
the water surface. The temperature of the water was kept at
20 = 0.5 °C throughout the experiment, and a 5- to 10-
minute recovery period was allowed between the training
trials. First, the mice were pretrained (2 days) to find and
climb onto the submerged platform, aided by a guiding alley
(1 m X 14 cm X 25 cm) leading to the platform. In the
testing phase (days 1-4), five 60-second trials per day were
conducted with a hidden platform. The platform location
was kept constant and the starting position varied between 4
constant locations at the pool edge, with all mice starting from
the same position in any single trial. Each mouse was placed in
the water with its nose pointing towards the wall. If the mouse
failed to find the escape platform within 60 seconds, it was
placed on the platform for 10 seconds by the experimenter. On
day 5 the trial length was set to 40 seconds. The last trial on
that day was run without the platform to test the search bias.
The experimenter marked the start and the end of each test
using a remote controller. A computer connected to an image
analyzer (HVS Image, Hampton, UK) calculated the escape
latency (time between the start and the end), swim path length,
and the swimming speed.

Thigmotaxis was assessed by dividing the pool into 3
concentric zones of equal surface area, and calculating the
time spent in the outer zone. The search bias during the
probe trial was measured by calculating the time the mice
spent in the vicinity of the former platform position. We

defined this as a target area, centered on the platform, with
a diameter of 30 cm. This target area comprised 6.25% of
the total surface, which means that a mouse swimming
randomly in the pool would be expected to spend 3.75
seconds in the target area during the 60-second probe trial.

Spontaneous explorative activity was tested using an auto-
mated activity monitor (TruScan, Coulbourn Instruments,
Whitehall, PA, USA) based on infrared photo detection. The
system consisted of an observation cage with white plastic
walls (26 X 26 X 39 cm) and 2 rings of photo detectors
enabling separate monitoring of horizontal (XY-move time)
and vertical activity (rearing). Males were tested first. The test
cage was cleaned with 70% ethanol before each mouse to
avoid odor traces. The test session took 10 minutes and was
replicated after 48 hours to assess the extent of habituation to
the test cage.

2.3. Histology

At the end of the experiment all male mice were deeply
anesthetized with pentobarbiturate-chloral hydrate cocktail
(60 mg/kg each) and perfused transcardially with 50 mL
heparinized ice-cold 0.9% saline (10 mL/min) followed by
4% paraformaldehyde. Brains were transferred to a 30%
sucrose solution overnight and finally stored in a cryopro-
tectant in —20 °C for later immunohistology. The brains
were cut on a sliding/freezing microtome into 35-um cor-
onal sections and selected sections at the level of the septal
half of the hippocampus stained for human amyloid-f3 se-
lective antibody W02 (Genetics, Switzerland).

For T1 mice, 2 sections with a distance of 420 wm, and
for TK mice, 3 sections with 210 wm between them (out of
total 28 hippocampal sections) were selected from the septal
half of the hippocampus. The sections were photographed
using the Olympus BX40 microscope (Tokyo, Japan) with
DP50 camera attached and images were treated and ana-
lyzed using Photoshop CS3 program (Adobe Systems Inc.,
San Jose, CA, USA). The images were transformed to
grayscale and their brightness and contrast was changed
using the shadow-highlight command (3 times for T1 and 1
time for TK, maintaining the same threshold for all sub-
groups in a series). The area of the hippocampus was mea-
sured using the lasso-tool and hippocampal amyloid plaques
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were measured using the color range command (using
threshold 200 for T1 and 140 for TK). The final value was
obtained by dividing the amyloid plaque area by the total
hippocampal area.

2.4. Analysis of TrkB receptor levels in vitro and in vivo

2.4.1. Neuronal culture

Neurons were isolated from fetuses of 18-day pregnant
Sprague-Dawley rats (Harlan Interfauna Iberica, SL, Barce-
lona, Spain), as described previously (Brewer et al., 1993).
The animals were handled according to European Union
guidelines and Portuguese law on Animal Care, and anes-
thetized with halothane before decapitation. The fetuses
were collected in Hanks’ balanced salt solution (HBSS-1,
Gibco, Paisley, UK), the cerebral cortex (in cortical cul-
tures) or the hippocampus (in hippocampal cultures) were
mechanically fragmented, and the fragments transferred to a
0.025% (wt/vol) trypsin in HBSS without Ca®" and Mg**
(HBSS-2, Gibco) solution and incubated for 15 minutes at
37 °C. After trypsinization, cells were washed twice in
HBSS-2 containing 10% (vol/vol) fetal bovine serum, and
resuspended in Neurobasal medium (Gibco) supplemented
with 0.5 mM L-glutamine, 25 uM L-glutamic acid, 2%
B-27 supplement (Gibco), and 2 U/mL PenStrep (Sigma,
Steinheim, Germany). Cells were cultured at a plating den-
sity of 6 X 10* cells/cm® on poly-p-lysine coated plastic
dishes and maintained at 37 °C in a humidified atmosphere
of 5% CO,. At 4 days in vitro (DIV) half of medium was
changed by medium without L-glutamic acid. In experi-
ments with pure neuronal cultures, the antimitotic drug
5-fluouraucil was added to medium during 4—7 DIV. Incu-
bations with A 3,5 55 peptide (Bachem, Bubendorf, Switzer-
land) or with AB, 4, (rPeptide, Bogart, GA, USA) were
performed at 7 DIV (from stock solutions of 1 mg/mL in
Mili-Q water for both peptides).

2.4.2. Thioflavin T binding

The presence of fibrillary A species was confirmed by
thioflavin T (ThT) binding assay (Nilsson, 2004). Briefly,
ThT was incubated at a final concentration of 20 uM with
3 uM of AB,_4, and AB,5 35 species in 50 mM Tris-HCI
pH 7.4. Emission wavelength scan was performed with an
excitation wavelength of 450 nm using a plate reader (Tecan
Infinite 200, Mannendorf, Switzerland) with the typical
490-nm maximum emission wavelength.

2.4.3. Atomic force microscopy

Atomic force microscopy (AFM) was used to character-
ize the morphology of Af3, 4, and AP ,5 35 species. Sam-
ples for AFM were prepared as follows: 10 uL of protein
sample at a concentration of 30 uM was applied on a freshly
cleaved mica substrate previously glued to a glass coverslip
and allowed to adsorb for 5 minutes. Unbound protein was
rinsed 5 times with 10 uL Mili-Q water (resistivity > 18
MW cm) 0.22 mm filtered. The sample was then mounted
on the AFM stage in 60 uL of Mili-Q water.
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AFM imaging was performed with uncoated silicon ni-
tride cantilevers OMCL-TR800PSA-1 from Olympus with a
typical stiffness of 0.57 N/m for intermittent contact mode.
The scan rate was set to less than 1 Hz and the force applied
on the sample was maintained at the lowest possible value
by continuously adjusting the set point and gain during the
imaging. The cantilever oscillation was turned to a fre-
quency of 15-20 kHz. Height and error signals were col-
lected and images were line-fitted as required. Tip artifacts
were ruled out by image analysis. All AFM images have
512 X 512 pixels and acquired at a typical scan speed of 0.7
mm/s.

2.4.4. Analysis of TrkB receptor levels in neuronal
cultures

Sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) was used to determine the density of
TrkB immunolabeling. Briefly, after washing once with
ice-cold phosphate-buffered saline (PBS), cells were lysed
on ice in a lysis buffer containing (in mM): 50 Tris-HCI (pH
7.5), 150 NaCl, 5 ethylenediamine tetra-acetic acid
(EDTA), 1% NP-40 and 1X protease inhibitor mixture
(Roche, Penzberg, Germany). Cell lysates were clarified by
centrifugation, and an equal amount of protein for each
sample (40 wg) was separated on 10% SDS-polyacrylamide
electrophoresis gels, and then transferred onto nitrocellulose
membranes. After blocking with a 5% nonfat dry milk
solution, the membranes were incubated (overnight at 4 °C)
with primary antibodies against TrkB receptors (BD Bio-
sciences, San Jose, CA, USA) and a-tubulin (Abcam, Cam-
bridge, UK), and then with horseradish peroxidise (HRP)-
conjugated secondary antibodies (Santa Cruz, Heidelberg,
Germany) for 1 hour at room temperature. Finally, the
membranes were developed using ECL-plus (Amersham
Biosciences, Buckinghmashire, UK) and bands were quan-
tified by digital densitometry (ImageJ 1.45 software). a-tu-
bulin was used as a loading control.

2.4.5. Cell death evaluation

Global cell death was evaluated by the lactate dehydro-
genase (LDH) assay (Sigma, Steinheim, Germany) accord-
ing to the manufacturer’s instructions and using 120 uL of
the incubation medium. To specifically evaluate the degree
of cell death induced by apoptosis, caspase-3 activation was
measured in 50 pg of total protein from cell lysates. General
caspase-3-like activity was evaluated by enzymatic cleav-
age of p-nitroanilide chromophore (pNA) from the substrate
N-acetyl-Asp-Glu-Val-Asp (DEVD) pNA (Sigma). The
proteolytic reaction was preceded in lysis buffer containing
50 uM DEVD-pNA (Sigma). The reaction mixtures were
incubated at 37 °C for 1 hour, and the release of pNA was
determined by measuring absorbance at 405 nm using a
96-well plate reader.

2.4.6. Brain tissue samples
At the end of the experiment all female mice (12 months)
and a separate group of 3- and 14-month-old APdE9 (n = 6
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per age) and 6 wild type (n = 6 per age) male mice were
deeply anesthetized with pentobarbiturate-chloral hydrate
cocktail (60 mg/kg each) and perfused transcardially with
50 mL heparinized ice-cold 0.9% saline (10 mL/minute).
Brains were then removed and dissected on ice into frontal
cortex, parietal cortex, and hippocampus (bilateral). The
brain blocks were snap-frozen in liquid nitrogen and stored
at —70 °C for biochemical assays. The protein levels of
full-length TrkB and truncated TrkB.T1 were analyzed from
raw lysate samples with Western blotting as described ear-
lier (Saarelainen et al., 2003; Rantamiki et al., 2007).
Briefly, equal amount of protein were loaded and separated
in 7.5% SDS-PAGE. Next the proteins were blotted onto
polyvinylidene fluoride (PVDF) membrane (300 mA, 1
hour, 4 °C), membranes blocked with 5% nonfat dry milk
(in Tris-buffered saline [TBS] + 0.1% Tween (TBST); 1
hour, room temperature) and incubated overnight at 4 °C
with an antibody directed against the extracellular portion of
TrkB (1:1000 in blocking solution; BD Biosciences, Frank-
lin Lakes, NJ, USA). The next morning, membranes were
washed with TBST and incubated with horseradish perox-
idase conjugated secondary antibody (1:10,000 in blocking
solution, 1 hour, room temperature, BioRad Laboratories,
Hercules, CA, USA). After subsequent TBST washes, sec-
ondary antibodies were visualized using electrochemilumi-
nescence kit (ECL+; GE Healthcare, Piscataway, NJ, USA)
followed by an exposure to Fuji LAS-3000 camera (Tamro,
Vantaa, Finland). For loading and normalization control the
membranes were incubated with Ponceau S solution (0.01%
[wt/vol] Ponceau S, 5% acetic acid [vol/vol]) to visualize
proteins. The mRNA levels of TrkB.TK and TrkB.T1 were
analyzed with real time-polymerase chain reaction (PCR) as
described in Karpova et al. (2009).

2.5. Phosphoprotein analysis

The dissected brain blocks of 12-month-old female mice
were used for the phosphoprotein assay (8 animals for each
genotype). In these animals, the hippocampus was further
dissected into CA1, CA3, and dentate gyrus (DG) samples.
The samples were snap-frozen in liquid nitrogen and stored
at —70 °C. Frozen tissue was lysed at 4 °C (20 seconds,
5000 rpm) in a solubilization buffer (10 mM Tris-Cl, 50
mM NaCl, 1% Triton X-100, 30 mM sodium pyrophos-
phate, 50 mM NaF, 5 mM ZnCl2, 100 mM Na;VO,, 1 mM
dithiothreitol (DTT), 5 nM okadaic acid and Complete an-
tiprotease mix (1 tab/10 mL; Roche) using an automated
sample lyzer (Precellys, Bertin Technologies, France). Ho-
mogenates were kept on ice for 30 minutes and insoluble
material removed by centrifugation (13,000 rpm for 15
minutes at 4 °C). Total protein quantification was assessed
by bicinchoninic acid (BCA) assay against a standard of
bovine serum albumin (1, 2, 5, 10, 15, 20, and 30 ug/uL)
using a Bio-Rad BCA reagent. Sample optical density was
measured in a plaque spectrophotometer at 594 nm. Sam-
ples were then equalized in the solubilization buffer and
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denatured in 2X Laemmli’s loading buffer by boiling sam-
ples at 95 °C for 5 minutes. Denatured samples (30 wg)
were then separated on SDS-PAGE gels (8% to 12%) and
transferred onto nitrocellulose membrane.

Blots were saturated 1 hour in TRIS-buffered saline
[Euromedex] + 0.1% Tween 20 (TBS-T) containing 5%
low fat dry milk (Bio-Rad). After 3 washes in TBS-T (5
minutes) blots were incubated (4 °C, overnight) with
primary antibodies in 5% bovien serum albumin (BSA)
TBS-T (see Supplementary Table 1 for the list of anti-
bodies and dilutions). The second day blots were washed
3 times in TBS-T (10 minutes) and incubated (1 hour,
room temperature) with the secondary antibodies diluted
(see supplementary Table 1) in 5% low fat dry milk
TBS-T. After 3 washes in TBS-T (10 minutes), mem-
branes were exposed to ECL or ECL+ reagent and then
exposed to photographic film (GE Healthcare). Films
were processed by hand. When needed, membranes were
stripped of antibodies (10-minute incubation in Reblot
strong solution [Millipore]), washed twice in TBS-T and
reprocessed with another antibody. Phosphorylated forms
of proteins were always probed first, followed by the total
protein. The efficacy of the stripping step was assessed
by omitting the first antibody and verifying the lack of
signals on the blot. Films were imaged using a charge-
coupled device (CCD) camera and optical density of the
bands was quantified using Genetools analysis soft-
ware (Syngene). Optical density values for total proteins
were normalized to [-actin whereas phosphoproteins
were normalized to total protein.

2.6. Statistics

The effect of AB incubation on TrkB receptor density
in neuronal cultures and the comparison between APdE9
versus wild type mice was done with Student ¢ test. For
multiple comparisons, statistical significance was as-
sessed by the 1-way analysis of variance (ANOVA) with
Bonferroni’s correction. The statistical analysis of behav-
ioral test was done using SPSS for Windows 14.0 soft-
ware (SPSS Inc., Chicago, IL, USA). The normal distri-
bution of values for selected parameters in separate
groups was tested using Kolmogorov-Smirnov Z 1-sam-
ple test. The main means of analysis was 2-way ANOVA
with APdE9 (transgenic A+ vs. wild type Aw) and TrkB
(full-length TK or dominant negative T1 vs. wild type
Tw) as between subjects factors. When several time
points were included as a within-subject factor, ANOVA
for repeated measures was used with the same A and T
factors. The impact of APdE9 genotype to the studied
parameter was assessed by comparing AwTw versus
A+Tw groups with Student ¢ test. Post hoc analyses were
done using Dunnett’s test with the AwTw groups as the
reference. Statistical significance was set at p < 0.05.
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Fig. 1. Amyloid beta (AB),_4, and AB,5 35 peptides have fibrillary structures. (A) Thioflavin T (ThT) fluorescence assay with excitation and emission
wavelengths of 450 nm and 490 nm, respectively. Both peptides interacted with ThT, indicating increased -sheet structure, typical of amyloid-like fibrillar
species. (B) Atomic force microscopy (AFM) analysis of the AB;_,, and Af3,s_ 55 peptides. Both peptides appear as heterogeneous population with both

protofibrillar and fibrillar structures (scale bar 2 wm).

3. Results

3.1. AB,_4 and AB,s_;s peptides show fibrillary
structures

To analyze the structural properties of the different spe-
cies applied to neuronal cultures in the study, we performed
both ThT binding assays and AFM. Both A(B,_,, and
AB,s 35 peptides showed a ThT emission wavelength shift
followed by a fluorescence intensity enhancement, typical
of [(-sheet amyloid structures interaction (Fig. 1A). By
AFM the AB,_4, and AB,s 35 peptides show similar struc-
tures as a heterogeneous population exhibiting protofibrillar
and fibrillar ones (Fig. 1B).

3.2. AB increases truncated TrkB levels in vitro

Because decreased full-length TrkB (TrkB.TK) and in-
creased truncated TrkB receptor levels have been reported
in AD brain, we hypothesized that amyloid-beta peptide
(AP), by itself, might induce similar changes in TrkB re-
ceptor isoforms. To test this hypothesis, cortical and hip-
pocampal cells were cultured for 7 DIV, treated with Af3
peptides and TrkB receptor immunoreactivity was evaluated
by Western blotting.

Incubation of cortical cells with AB,s 35 (25 uM) (as
described in Rodrigues et al., 2000) induced a dramatic
increase in truncated TrkB receptor levels compared with
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and hippocampal cells (lower left panel) were incubated at 7 days in vitro (DIV) with AB,5 35 (25 uM) for 24 hours and levels of full-length (TrkB.TK) and
truncated TrkB (TrkB.T1) were determined by Western blotting. Average data from 8 independent cortical cultures is shown in right panel (** p < 0.01
compared with control [Ctrl], Student ¢ test). (B) Time-dependent changes in TrkB.TK and TrkB.T1 densities after 3, 8, 24, and 48 hours of incubation of
7 DIV cortical cultures with AB,5 35 (25 uM). (C) Dose-dependent changes in TrkB.TK and TrkB.T1 levels after 24 hours of incubation of 7 DIV cortical
cultures with AB,5_35. (D) Comparison of the influence of AB,5 35 (25 uM) exposure in nontreated cortical cultures and in cultures treated with 5-fluorouracil
(5-FU) (upper left panel), to markedly decrease glial cells number as confirmed by glial fibrillary acidic protein levels (GFAP) (lower left panel). Average
effect of AB,s 35 (25 uM) on truncated TrkB levels in 3 independent cultures; both conditions were shown in the right panel (* p < 0.05 as compared with
nontreated control, Student ¢ test). (E) Dose-dependent changes on TrkB.TK and TrkB.T1 levels on 7 DIV cortical cultures exposed for 24 hours to AB,_4,

peptide.

control cells (100 = 2.3% vs. 223 = 199%; n = 8, p <
0.01, Student ¢ test; Fig. 2A, upper left and right panels),
whereas the levels of TrkB.TK receptors were decreased
(100 £ 1.7% vs. 61 = 6.3%; n = 8; p < 0.01, Student 7 test;
Fig. 2A, upper left and right panels). The same pattern of
alteration in TrkB receptor isoforms was also observed in
hippocampal cultures (Fig. 2A, lower left panel). The ef-
fects of AB,5_35 exposure on TrkB receptors were time and
concentration-dependent (Fig. 2B and C), so that longer
incubation times with A or higher concentrations of Af
produced a more robust change on TrkB isoforms levels.
Because glial cells are enriched in truncated TrkB.T1
isoform (Rose et al., 2003), we tested the effect of the
APB,s 35 peptide on truncated TrkB in neuronal cultures
previously treated with the antimitotic drug 5-fluorouracil
(5-FU). Despite the marked reduction in the astrocytic
marker, the glial fibrillary acidic protein (GFAP), observed

in the cultures treated with 5-FU (Fig. 2D, lower left panel),
APB,s 35 treatment still increased truncated TrkB receptor
levels in a magnitude similar to that observed in cells from
the same culture but not treated with 5-FU (Fig. 2D, right
panel).

ABy_4 (1020 uM for 24 hours), the most frequent A3
peptide in AD, also produced a concentration-dependent in-
crease (approximately 28% for 20 uM) of the truncated TrkB
and a concentration-dependent decrease (approximately 40%
for 20 uM) in TrkB.TK levels in cortical cultures (7 DIV) (Fig.
2E). Therefore, our data suggest that AB3 peptide simultane-
ously increases the levels of the truncated TrkB receptors and
decreases levels of the full-length TrkB receptors in primary
neuronal cultures, producing a pattern of alterations similar to
that reported in the brain of AD patients.

Moderate cell death is expected to occur after Af
peptide incubation. Indeed, 24 hours after incubating the
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t test). (B) Caspase-3-like activity of cell lysates measured after 24 hours of AB,s 35 (25 uM) incubation of 7 DIV cortical cultures, in the presence and
absence of the pan-caspase inhibitor Z-VAD(OMe)-FMK (20 uM) (¥* p < 0.01 compared with control [Ctrl]; ¥ p < 0.01 compared with AB,s 55 alone;
analysis of variance [ANOVA] with Bonferroni’s correction). (C) Representative Western blot image of TrkB.TK and TrkB.T1 levels detected in neuronal
cultures from 7 DIV with AB,s 35 (25 uM) in presence or absence of Z-VAD(OMe)-FMK (20 uM). (D) Average data from densitometric quantification of
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neurons with AB,5 35 (25 uM) there was an increase Fig.
2A, 21 = 5%, p < 0.05, n = 6) in activity of LDH, a
soluble cytosolic enzyme that is released following loss
of membrane integrity resulting from either apoptosis or
necrosis (Bonfoco et al., 1995), into incubation medium.
The intracellular caspase-3 activity, a central effector of
apoptotic cell death, was even more markedly increased
(a 3-fold increase, Fig. 3B, p < 0.01, n = 4). However, the
cell-permeant pan-caspase inhibitor, (Z-VAD(OMe)-FMK),
known to inhibit apoptotic cell death (Slee et al., 1996), failed
to influence the AB,5 35 (25 uM) induced increase in TrkB.T1
and decrease in TrkB.TK levels (Fig. 3C and D, p < 0.05,n =
4), while it fully blocked the AB,s 55 (25 uM)-induced en-
hancement of caspase-3 activity (Fig. 3B, p < 0.01, n = 4).
These results suggest that the AB-induced alterations on TrkB
receptors are not a direct consequence of apoptotic cellular
death.

3.3. The expression of cortical TrkB.T1 receptors in
APdE9 mice increases with age and amyloid load

We next investigated whether increased Af3 levels might
influence the expression of TrkB isoforms in brain in vivo.
To this end, we investigated the expression of TrkB iso-

forms in the brains of APdE9 mice at different ages. At the
age of 3 months, when no amyloid plaques are yet present,
the expression levels of TrkB isoforms were the same as
those in wild type mice (Fig. 4A). However, at the age of
12—-14 months, when there is abundant amyloid load in the
cortical regions of APdE9 mice, the levels of the truncated
TrkB.T1 isoform were significantly increased in several
cortical regions, most pronounced in the frontal cortex (Fig.
4B), but not in the hippocampus (Table 2). The levels of the
full-length TrkB.TK isoform were also somewhat increased,
and the increase reached a statistically significant level in
the parietal cortex (Table 2). Nevertheless, the ratio of
TrkB.TK over TrkB.T1 was significantly decreased in the
frontal cortex and there was a trend toward lower values in
other cortical regions, too, indicating that there is a more
substantial increase in the truncated T1 isoform when com-
pared with the TrkB.TK isoform. Consistent with this, the
expression of TrkB.T1 mRNA, but not of TrkB.TK mRNA
was significantly upregulated in the parietal cortex of aged
female APdE9 mice compared with controls (TrkB.T1:
100.0 = 9.1% vs. 132.3 = 9.7%; TrkB.TK: 100.0 * 5.4%
vs. 103.5 = 8.7%; Student ¢ test). These data suggest that
the upregulation of cortical TrkB.T1 expression in APdE9
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error of the mean (SEM) are shown. *** p < 0.005, Student ¢ test.

mice was only evident in aged animals already showing
prominent A3 plaques and memory impairment, whereas at
3 months of age no significant changes in TrkB receptor
levels were observed.

3.4. TrkB.T1 and TrkB.TK overexpression have different
impact on signaling pathways downstream of the TrkB
receptor

To assess the functional significance of the changes we
observed in TrkB.T1 and TrkB.TK levels, we analyzed
protein and phosphoprotein levels of mediators of the main
signaling pathways downstream of the TrkB receptor,
namely the phosphoinositol kinase 3 (PI3K) and extracel-
lularly regulated kinase (ERK) signaling pathways. Results
from cortical and hippocampal (DG) samples are summa-
rized in Table 3. As expected TrkB.T1 overexpression alone
decreased TrkB signaling, which is most clearly seen as
suppression of Akt (protein kinase B) and glycogen syn-
thase kinase 33 (GSK-38) activity (measured as the ratio

Table 2
Levels of TrkB receptors in 12-month-old female APdE9 mouse brains
WT APdE9 p-value
Hippocampus
TrkB.TK 100.0 = 4.1% 106.1 = 9.1% 0.55
TrkB.T1 100.0 = 12.3% 92.6 + 7.6% 0.61
TrkB.FL/TrkB.T1 1.2+02 1.2+02 0.89
Frontal cortex
TrkB.TK 100.0 = 2.8% 107.6 = 6.0% 0.26
TrkB.T1 100.0 = 8.9% 157.1 = 15.4%** 0.004
TrkB.FL/TrkB.T1 1.1 = 0.1 0.8 £0.1* 0.016
Parietal cortex
TrkB.TK 100.0 = 4.9% 118.6 = 7.5%* 0.049
TrkB.T1 100.0 = 7.2% 143.3 = 17.8%* 0.034
TrkB.FL/TrkB.T1 1.0 = 0.1 0.9 £0.1 0.38

Group means + standard error of the mean (SEMs) are shown.
Key: +, transgene; w, wild type allele.
* p <0.05, ¥ p < 0.01, Student ¢ test.

between the active, phosphorylated form and the total levels
of the corresponding protein). On the other hand, the effect
of TrkB.TK overexpression was modest, and only having
significant inhibitory effect on cyclic adenosine monophos-
phate response element-binding protein (CREB) phosphor-
ylation. A complicating factor in this signaling pathway anal-
ysis is that APdE9 transgene itself increased both GSK-33 and
CREB phosphorylation, so that both TrkB.T1 and TrkB.TK
overexpression partially opposed the APdE9 effect and may
account for the modest effects observed (see Table 3).

3.5. Overexpression of full-length versus truncated TrkB
receptors has opposite effects on spatial learning and
memory in APdE9 mice

To investigate the effects of the expression of different
TrkB isoforms on the behavioral phenotype of the APdE9
mice, we crossed these mice with transgenic mice overexpress-
ing the TrkB.T1 (Saarelainen et al., 2000a, 2000b) or the
TrkB.TK isoform (Koponen et al., 2004) in adult neurons. The
cross-breeding resulted in 4 possible genotypes that were
coded as follows: APdE9 +/w X TrkB.T1 +/w breeding:
AwTw, AwT1, A+Tw, A+T1; APdE9 +/w X TrkB.TK +/w
breeding: AwTw, AWTK, A+Tw, A+TK (where w stands for
wild type allele and A+, T1, and TK for mice heterozygous for
the respective transgene, see Table 1 for details).

We have used Morris swim task to investigate the effects
of TrkB modulation on the spatial memory impairment in
the APdE9 mice. At 12 months of age, APdE9 male mice
showed a robust impairment in escape latency to the hidden
platform (F(1,52) = 23.1, p < 0.001; Fig. 5A). TrkB.T1
overexpression alone had no effect on the escape latency (p =
0.26) (Fig. SA). However, double transgenic A+T1 mice
performed the worst (Fig. SA), suggesting that the overex-
pression of a dominant-negative TrkB aggravates the mem-
ory impairment in APdE9 mice. Similarly, among females,
A+T1 mice were the most impaired group but no main
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Table 3

Protein levels of main signaling peptides associated with the TrkB receptors given as percentage relative to the double wild type (AwTw) group means
Parietal cortex AwTw (n = 8) AwTl (n = 5) A+Tw (n = 8) A+TI (n = 8) ANOVA
Akt_act 1£0.02 0.85 = 0.03* 0.95 = 0.04 0.94 = 0.03% TrkB.T1*
pAkt_tot 1£0.03 0.92 =£0.02 1.04 = 0.08 0.98 = 0.05

GSK3p_act 1 £0.06 0.92 =£0.03 0.92 =0.03 0.96 = 0.05

pGSK3p_tot 1£0.09 0.86 = 0.06" 1.16 = 0.07° 0.93 + 0.09*° APdE9®, TrkB.T1?
ERK1_act 1£0.05 0.77 £ 0.02 0.99 = 0.07 0.96 = 0.05

pERKI _tot 1£0.04 1.16 = 0.07 1.15 £ 0.09 1.02 = 0.04

ERK2_act 1+£0.05 0.86 = 0.06" 0.99 £ 0.05 0.93 = 0.03* TrkB.T1?*
pERK2_tot 1£0.04 1.07 £ 0.06 1.08 £ 0.10 1.21 £0.10

CREB_act 1 £0.06 0.81 = 0.05 0.91 = 0.08 0.80 = 0.09

pCREB_tot 1£0.09 1.19 £ 0.04 1.11 £0.13 1.08 £0.14

Parietal cortex AwTw (n = 17) AWTK (n = 6) A+Tw (n = 5) A+TK (n = 6) ANOVA
Akt_act 1£0.04 0.98 +0.03 0.96 £ 0.04 1.01 £0.03

pAKkt_tot 1 £0.06 0.84 = 0.07 1.03 £ 0.10 1.01 =£0.09

GSK3p_act 1£0.03 0.98 = 0.03 0.94 £0.03 0.98 = 0.06

pGSK3p_tot 1*+0.11 0.87 £0.14 1.08 £0.16 0.78 = 0.08

ERK1_act 1 £0.06 0.90 = 0.04 1.05 £ 0.06 1.00 = 0.10

pERKI_tot 1+0.12 0.74 = 0.09 0.96 £0.11 0.94 +0.08

ERK2_act 1+£0.04 0.94 = 0.04 1.07 £ 0.04 1.08 = 0.08

pERK?2_tot 1£0.12 0.77 = 0.08 0.96 £0.10 0.89 +0.13

CREB_act 1+£0.05 1.05 £ 0.04 0.98 = 0.07 0.88 = 0.04

pCREB_tot 1£0.10 0.82 = 0.09* 1.51 = 0.20° 1.01 + 0.15%° APdE9®, TrkB.TK?*
Dentate gyrus AwTw (n = 5) AwTl (n = 5) A+Tw (n = 6) A+TI(n =17) ANOVA
Akt_act 1 £0.00 0.75 = 0.06* 0.88 = 0.05 0.84 = 0.07* TrkB.T1
pAKkt_tot 1+£0.04 0.92 = 0.05* 1.04 £ 0.05 0.92 = 0.05% TrkB.T1
GSK3p_act 1 £0.06 0.89 = 0.03* 0.89 = 0.04 0.82 = 0.04% TrkB.T1
pGSK3p_tot 1+£0.08 0.86 = 0.07 0.80 = 0.09 0.77 = 0.08

ERK1_act 1£0.10 0.97 £0.11 0.95 = 0.08 0.92 £0.12

pERKI _tot 1+£0.07 1.04 £0.13 0.98 = 0.07 0.94 = 0.08

ERK2_act 1£0.12 0.83 = 0.06 0.93 =£0.05 1.01 £ 0.05

pERK?2_tot 1£0.10 1.13 £ 0.16 1.16 £ 0.15 1.39 £ 0.14

Parietal cortical samples were analyzed for all mice while dentate gyrus samples were analyzed only in APdE9 X TrkB.T1 mice. Total protein levels are
given relative to B-actin (act) while phospholyrated protein levels are given relative to the total protein (tot). Group mean = standard error of the mean (SEM)
are shown. See Table 1 for group genetic codes. The analysis of variance (ANOVA) column denotes significant main genotype effects at the significance

levels of p < 0.05. There were no interactions between the genotypes.

Key: Akt = protein kinase B; GSK33 = glycogen synthase kinase 33; ERK = extracellularly regulated kinase; CREB = cyclic adenosine monophosphate
response element-binding protein; pAkt , pGSK3, pERK, pCREB: p = phospho; act = actin.

# Main effect of TrkB (T1 or TK vs. Tw).
® Main effect of APdE9 (A+ vs. Aw).

effects of either APdE9 (F(1,45) = 1.0, p = 0.32) or
TrkB.T1 (p = 0.40) came out in the statistical analysis due
to large within-group variation (Fig. 5B).

Analysis of escape latency was complicated by the fact
that A+ male mice swam more slowly than Aw mice
(F(1,52) = 7.6, p = 0.008). Therefore we also analyzed the
total path length. The APdE9 genotype was also associated
with a substantially increased path length in both males
(F(1,52) = 13.3, p = 0.001) and females (F(1,45) = 4.1,p <
0.05), whereas TrkB.T1 had no main effect (p > 0.79).
Again, the double transgenic A+T1 mice showed the
worst performance of all groups (Fig. 5C and D). One
essential component of successful performance in the
Morris swim task for mice is to avoid developing a thig-
motaxic strategy. Both male (F(1,52) = 27.6, p < 0.001) and
female (F(1,45) = 7.5, p = 0.009) A+ mice spent more time
in the wall zone than did Aw mice, and, although TrkB.T1
overexpression had no main effect by itself (p > 0.34), but the

A+T1 mice showed the most persistent thigmotaxic behavior
(Fig. 5E and F).

Spatial memory was assessed at the end of the test by a
probe trial without the platform and both male (F(1,52) =
8.7, p = 0.005) and female (F(1,45) = 4.9, p = 0.03) A+
mice showed a weaker search bias than corresponding Aw
mice, while TrkB.T1 overexpression alone had no effect
(p > 0.39; Fig. 5G and H).

We next investigated the effect of neuronal overexpres-
sion of the full-length TrkB on the spatial memory deficits
in the APdE9 mice. As we hypothesized that the TrkB.TK
overexpression might ameliorate the behavioral deficits
of the APdE9 mice, they were tested at the age of 15
months, when the memory impairment is fully evident.
Indeed, at 15 months these mice showed a robust spatial
learning impairment. Both male (F(1,46) = 17.6, p <
0.001) and female (F(1,45) = 8.3, p = 0.006) A+ mice
had increased escape latencies compared with Aw mice
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Fig. 5. Morris swim task in APdE9 X TrkB.T1 mice at 12 months of age. (A) Escape latency for males; and (B) females. (C) Swim path length for males;
and (D) females. (E) Time spent in the zone close to the pool wall (% time) for males; and (F) females. (G) Time spent in the near vicinity of the former platform
location during the probe test at the end of Day 5, for males; and (H) females. Group means + standard error of the mean (SEM) are shown. * p < 0.05, ** p <
0.01, *** p < 0.001, post hoc Dunnett’s test compared with AwTw controls.

(Fig. 6A and B).

TrkB.TK overexpression tended to de-

crease escape latencies in both genders (Fig. 6A and B).
Among males, the effect did not reach significance (p >
0.07), but was significant among females (F(1,45) = 4.6,

p = 0.04). In addition, there was a significant interaction
between APdE9 and TrkB.TK genotypes (F(1,45) = 4.3,
p = 0.04) among females. This was due to the fact that
double transgenic A+TK mice had shorter escape latencies
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Fig. 6. Morris swim task in APdE9 X TrkB.TK mice at 15 months of age. (A) Escape latency for males; and (B) females. (C) Swim path length for males;
and (D) females. (E) Time spent in the zone close to the pool wall (% time) for males; and (F) females. (G) Time spent in the near vicinity of the former
platform location during the probe test at the end of Day 5 for males; and (H) females. See Fig. 3 legend for description of statistics.
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shown. * p < 0.05, ** p < 0.01, *** p < 0.001, Dunnett’s post hoc test compared with AwTw group.

(p = 0.04) than did A+Tw mice, while AWTK and AwTw
did not differ (»p > 0.90, Fig. 6B), suggesting that TrkB.TK
overexpression ameliorates the learning deficit in the female
APdE9 mice. A similar trend between the groups was also
observed in the path length analysis. Paths used by A+ mice
were longer (males: F(1,46) = 15.7, p < 0.001; females:
F(1,45) = 7.1, p = 0.01), while the path followed by the TK
mice was not significantly different from the other groups (p
> 0.39; Fig. 6C and D). However, among female mice the
A+TK group outperformed the A+Tw group, while AwTK
mice were inferior to AwTw mice (Fig. 6D). This resulted
in a significant interaction between the APdE9 and Trk-
B.TK genotypes (F(1,45) = 7.9, p = 0.007).

Both 15-month-old male (F(1,46) = 9.9, p = 0.003) and
female (F(1,45) = 7.1, p = 0.01) A+ mice spent more time
in the wall zone than did Aw mice, whereas TrkB.TK
overexpression had no effect (p > 0.35; Fig. 6E and F).
Analysis of search bias in the probe trial also showed both
male (F(1,46) = 7.0, p = 0.01) and female (F(1,45) = 3.6,
p = 0.06) A+ mice searched less time for the platform in its
right location than Aw mice Fig. 6G and H, whereas Trk-
B.TK overexpression had no effect on the search bias (p >
0.70).

Taken together, these data indicate that transgenic mod-
ulation of TrkB has a relatively small but consistent influ-
ence on the acquisition phase of a spatial navigation task,

while not influencing the final spatial search bias in the
probe task. Our observations lend support to the hypothesis
that enhanced TrkB signaling ameliorates spatial learning
impairment of APdE9 mice whereas inhibited TrkB signal-
ing aggravates it.

3.6. Overexpression of TrkB isoforms modulates the
APdE9-induced increase in exploratory activity

Mice carrying the APdE9 transgene showed significantly
increased exploratory activity compared with corresponding
wild type littermates, as revealed by the increase in ambu-
latory distance (gross horizontal locomotion) during the first
10-minute session in a new test cage (Fig. 7A and B). This
was observed in both sexes and both ages when A+Tw
were compared with AwTw mice (males 12 months: t,s =
2.3, p = 0.03; females 12 months: t,; = 2.6, p = 0.02;
males 15 months: t,; = 3.6, p = 0.001; females 15 months:
t,s = 2.6, p = 0.02).

In general, TrkB.T1 overexpression decreased locomo-
tion in both A+ and Aw mice (males 12 months: F(1,51) =
14.0, p < 0.001; females 12 months: F(1,43) = 16.2, p <
0.001; Fig. 7A and B). However, among male mice the
decrease was more pronounced in A+ than Aw mice, re-
sulting in significant interaction between APdE9 and
TrkB.T1 genotypes (F(1,51) = 7.5, p = 0.009). The same



1122.e36

trend was observed in female mice but it did not reach
significance (p > 0.07). Thus it appears that in the double
transgenic A+T1 mice, TrkB.T1 overexpression attenuated
the increased locomotor activity produced by the APdE9
genotype (Fig. 7A and B).

All mice moved significantly less during the second
session in the test cage 48 hours later, indicating habituation
to the environment. Notably, T1 females displayed less
habituation than Aw females, resulting in a significant
TrkB.T1 by session interaction (F(1,51) = 7.3, p = 0.01;
Fig. 7B), while APdE9 genotype had no effect on habitua-
tion (p > 0.82). No differences in habituation were found
among the male groups.

In general, TrkB.TK overexpression in 15-month-old
mice resulted in a moderate increase in exploratory loco-
motion during the first visit to the test cage in both A+ and
Aw groups; this effect was significant in males (F(1,47) =
7.2, p = 0.01) but not in females (p > 0.55). In addition, TK
mice habituated more rapidly to the novel environment and
reduced their exploratory activity more than Tw mice, re-
sulting in a TrkB.TK X day interaction (males: F(1,47) =
5.4, p = 0.03; females: F(1,46) = 3.7, p = 0.06; Fig. 7C
and D). There was no interaction between TrkB.TK and
APdE9 genotypes.

3.7. Neither TrkB.T1 nor TrkB.TK overexpression affects
amyloid accumulation in APdE9 mice

The amyloid plaque load in the septal (dorsal) hippocam-
pus of A+Tw male mice at 12 months of age was 2.9 *
0.2% (mean * standard error of the mean [SEM]) of total
area of the sections studied, and 3.1 = 0.3% in A+T1 mice.
This difference was not significant (p = 0.60). As expected,
a higher amyloid load was found in 15-month-old male
mice overexpressing the amyloid transgene alone (A+Tw:
5.7 £ 0.4%, mean = SEM). However, double transgenic
mice overexpressing the APdE9 and the full-length TrkB
transgenes showed a similar amyloid load (A+TK: 5.9 =
0.4%; p = 0.77), suggesting that overexpression of neither
TrkB.T1 nor TrkB.TK had any significant effect on the
amyloid accumulation in the brains of APdE9 mice.

4. Discussion

The present study investigated the potential role of
BDNF signaling in AD by crossing APPswe/PS1dE9 dou-
ble transgenic (APdE9) AD model mice with mice overex-
pressing either full-length TrkB receptor or its dominant-
negative TrkB.T1 isoform in the brain. Previous studies
have shown that overexpression of TrkB improves spatial
memory in mice (Koponen et al., 2004) whereas overex-
pression of TrkB.T1 slightly impairs it (Saarelainen et al.,
2000Db). Our results show that TrkB.T1 overexpression fur-
ther impairs cognitive function of APdE9 mice, whereas
overexpression of the functional TrkB isoform ameliorates
the cognitive deficit, which is consistent with the idea that
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the cognitive function of APdE9 mice is sensitive to the
level of TrkB signaling in brain. We also discovered an
age-dependent increase in the expression of TrkB.T1 in the
brains of APdE9 mice, which is in agreement with reports of
increased TrkB.T1 levels in postmortem findings in AD
brains (Connor et al., 1996; Ferrer et al., 1999). Further-
more, we found that exposure of cultured cortical neurons to
AP brought about a change in the ratio of full-length to
truncated TrkB isoforms to favor the dominant-negative T1
isoform. Collectively, these results are consistent with the
notion that interaction of Af3 and BDNF signaling may play
a significant role in the pathophysiology and cognitive def-
icits of AD.

Here we show that APdE9 mice mimic the increase in
proportion of nonsignaling truncated TrkB.T1 receptors
over full-length Trk.TK receptors as has been reported in
AD patients (Connor et al., 1996; Ferrer et al., 1999). This
increase is most likely associated with amyloid accumula-
tion as it is absent in 3-month-old mice with no amyloid
plaques and is most prominent in cortical areas with the
highest amyloid plaque load. This notion is in agreement
with postmortem findings in AD brains, where increased
levels of TrkB.T1 are found in senile plaques (Connor et al.,
1996) as well as reactive glial cells surrounding plaques
(Ferrer et al., 1999). Furthermore, the present findings in
cultured cortical and hippocampal neurons lend direct sup-
port to the primary role of AB in bringing about the increase
in TrkB.T1 levels. In contrast to reported AD brain pathol-
ogy, however, the full-length TrkB.TK receptor levels also
showed a tendency to increase with increasing amyloid load
in APdE9, but to a lesser extent than those of TrkB.T1
levels. Intriguingly, TrkB.TK immunoreactivity in AD
brains was largely decreased in tangle-bearing neurons (Fer-
rer et al., 1999) that are absent in APP transgenic mice,
which may fully account for this difference. In any event,
the amyloid accumulation in APdE9 mice resulted in the
same shift of TK/T1 balance as observed in AD brains.

Although overexpression of TrkB.T1 versus TrkB.TK
had in general the expected opposite effects on assessed
behavioral parameters, many of the effects are gender-de-
pendent. Whereas TrkB.TK overexpression enhanced spa-
tial learning mainly in APdE9 female mice, the TrkB.T1
effect on exploratory activity was much more pronounced in
males. Consistent with these behavioral observations, we
found that the effects of TrkB.T1 versus TrkB.TK overex-
pression on TrkB dependent signaling pathways were not
exactly opposite. We focused in our analysis the PI3K-Akt
and mitogen-activated protein kinase (MEK)-ERK path-
ways, dependent on the Shc docking protein that has been
pinpointed as the main interaction site for A with the TrkB
receptor (Tong et al., 2004). In general we found relatively
few changes in signaling phosphoproteins in comparing
TrkB.T1 and TrkB.TK effects. This may simply reflect the
fact that the brains were collected when the animals were
idling in their home cage and not immediately after a chal-
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lenging memory task. Furthermore, we have recently ob-
served that the behavioral and biochemical phenotype of
both of these mouse strains is reduced in the C57BL6/J
background used here when compared with the mixed
CDF1 background used in the previous studies (Koponen et
al., 2004; Saarelainen et al., 2000a, 2000b) the only signif-
icant effect we found related to TrkB.TK overexpression
was a change in the levels of phosphorylated CREB
(Ser'®?), which is consistent with our earlier observations
(Semenov et al., 2006). TrkB.T1 overexpression did not
affect signaling via MEK-ERK, but significantly changed
signaling in the PI3K-Akt pathway both in the cortex and
hippocampus. This is consistent with a report on the trisomy
16 mouse model of Down syndrome (also overexpressing
APP) demonstrating selective activation of PI3K-Akt path-
way with BDNF application to primary neurons of these
mice with robust upregulation of TrkB.T1 receptor (Dorsey
et al., 2006). In contrast to pathway selective effects of TrkB
receptor overexpression, APdE9 genotype was associated
with phosphoprotein changes in both PI3K-Akt and MEK-
ERK pathways.

The phenotype of APdE9 mice revealed in the present
study was consistent with earlier findings in APPswe trans-
genic mice showing age-independent hyperactivity (King
and Arendash, 2002; Ognibene et al., 2005) and impaired
spatial memory (Hsiao et al., 1996; Minkeviciene et al.,
2008; Puolivili et al., 2002). Both features were extremely
robust and could be observed in both genders. To date,
however there is little evidence to suggest what the molec-
ular neuropathology underlying this hyperactivity in
APPswe transgenic mice is, but its age-independent nature
suggests that it is independent of amyloid accumulation. In
support of this, a transgenic mouse expressing segmental
trisomy for all human chromosome 21-homologous regions
of mouse chromosome 16 including APP displays hyperac-
tivity in the absence of amyloid plaque formation (Sago et
al., 2000). Also our own unpublished findings in young
adult APPswe single mutant mice that develop amyloid
plaques only after 20 months of age (Borchelt et al., 1997)
confirm hyperactivity in this mouse independent of amyloid
plaques. Hyperactivity in APPswe mice has been linked
with general behavioral disinhibition and increased sero-
tonin turnover in the frontal cortex (Adriani et al., 20006),
and one of the earliest synaptic changes in APdE9 mice is
the loss of serotonin terminals in the neocortex (Liu et al.,
2008). The interaction of TrkB.T1 with the APdE9-linked
hyperactivity could thus happen at the level of cortical
monoamine terminals.

In contrast to hyperactivity, age-related spatial memory
deficit in APPswe mice is clearly related to the presence of
amyloid-f (A) in the hippocampus, but does not necessar-
ily correlate with the amyloid plaque load (Puolivili et al.,
2002; Westerman et al., 2002). There is accumulating evi-
dence to suggest that the amyloid plaque load may rather be
a surrogate marker for some toxic forms of soluble Af
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aggregates that account for the spatial memory deficit (Le-
sné et al., 2006). It is notable that the effects of manipulating
TrkB receptors were most obvious during the acquisition of
spatial navigation, which involves not only hippocampal-
dependent spatial memory but also adaptation of an effec-
tive coping strategy (thigmotaxis), which is more closely
related to frontal cortical functions. In contrast, TrkB recep-
tor manipulation did not affect search bias which is consid-
ered the most selective measure for hippocampal-dependent
spatial memory (Wolfer and Lipp, 1992). It is also worth
noting that in APdE9 mice the memory enhancing effect of
TrkB.TK was more robust than the memory impairing effect
of TrkB.T1. This is entirely consistent with the notion that
the T1/TK ratio was already significantly increased in the
APdE9 mice, particularly in the frontal cortex.

In conclusion, the present study lends support to the
contention that impaired BDNF signaling plays a role in
synaptic pathophysiology and memory loss in Alzheimer’s
disease. In particular, postmortem studies have indicated
that the number of tyrosine kinase coupled full-length TrkB
receptors decrease while the number of truncated TrkB
receptor increase in AD brains. The changes are likely
caused by accumulation of A peptide, as incubation of
cultured cortical neurons with A induced similar changes
in TrkB receptor levels. In addition, amyloid pathology in
the APdE9 transgenic mouse results in a similar imbalance
in the full-length/truncated TrkB receptor levels in an age-
dependent manner. A recent study (Nagahara et al., 2009)
showed that delivery of BDNF gene via a viral vector into
the entorhinal cortex reversed synaptic loss and restored
spatial learning deficit in another transgenic mouse model of
AD without altering brain amyloid load itself, thus demon-
strating the therapeutic potential of increasing brain BDNF
levels in AD. The present study complements these findings
by demonstrating the importance of TrkB receptor level
changes in terms of receptor isoforms. An increase in trun-
cated T1 receptors through a genetic manipulation impaired
the already compromised spatial memory of APdE9 mice,
whereas increase in full-length TK receptor ameliorates the
deficit. Treatments that could normalize the TK/T1 receptor
ratio would thus also likely have a beneficial effect in the
human disease.
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