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7,8-Dihydroxyflavone, a Small-Molecule TrkB Agonist,
Reverses Memory Deficits and BACEI Elevation
in a Mouse Model of Alzheimer’s Disease
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Increasing evidence suggests that reductions in brain-derived neurotrophic factor (BDNF) and its receptor tyrosine receptor kinase B
(TrkB) may have a role in the pathogenesis of Alzheimer's disease (AD). However, the efficacy and safety profile of BDNF therapy
(eg, gene delivery) remains to be established toward clinical trials. Here, we evaluated the effects of 7,8-dihydroxyflavone (7,8-DHF),
a recently identified small-molecule TrkB agonist that can pass the blood—brain barrier, in the 5XFAD transgenic mouse model of AD.
5XFAD mice at 12—15 months of age and non-transgenic littermate controls received systemic administration of 7,8-DHF (5 mg/kg, i.p.)
once daily for 10 consecutive days. We found that 7,8-DHF rescued memory deficits of 5XFAD mice in the spontaneous alternation
Y-maze task. 5XFAD mice showed impairments in the hippocampal BDNF-TrkB pathway, as evidenced by significant reductions
in BDNF, TrkB receptors, and phosphorylated TrkB. 7,8-DHF restored deficient TrkB signaling in 5XFAD mice without affecting
endogenous BDNF levels. Meanwhile, 5XFAD mice exhibited elevations in the ff-secretase enzyme (BACEI) that initiates amyloid-f8
(AP) generation, as observed in sporadic AD. Interestingly, 7,8-DHF blocked BACEI elevations and lowered levels of the -secretase-
cleaved C-terminal fragment of amyloid precursor protein (C99), Af40, and AB42 in 5XFAD mouse brains. Furthermore, BACE|
expression was decreased by 7,8-DHF in wild-type mice, suggesting that BDNF-TrkB signaling is also important for downregulating
baseline levels of BACEI. Together, our findings indicate that TrkB activation with systemic 7,8-DHF can ameliorate AD-associated
memory deficits, which may be, at least in part, attributable to reductions in BACEI expression and fi-amyloidogenesis.
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INTRODUCTION that BDNF administration or gene delivery to in vivo AD
models such as amyloid precursor protein (APP) transgenic
mice produces beneficial effects including improvements in
learning and memory (Arancibia et al, 2008; Nagahara et al,
2009). Furthermore, neural stem cell transplantation is
shown to rescue impaired spatial learning and memory of
triple transgenic (3xTg-AD) mice in the Morris water maze
probably by elevating hippocampal BDNF levels (Blurton-
Jones et al, 2009). However, molecular mechanisms, by
which BDNF-TrkB deficiency may contribute to the
pathogenesis of AD and its restoration may counteract
AD-related phenotypes, are poorly understood. Moreover,
although these gain-of-function experiments suggest the
possibility of developing BDNF therapy for AD treatments,
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Levels of brain-derived neurotrophic factor (BDNF) and its
receptor tyrosine receptor kinase B (TrkB) are decreased in
the hippocampus and cerebral cortex early in the progres-
sion of Alzheimer’s disease (AD) (Hu and Russek, 2008;
Schindowski et al, 2008; Tapia-Arancibia et al, 2008;
Zuccato and Cattaneo, 2009; Ginsberg et al, 2010). As
BDNF-TrkB signaling is crucial for neuronal plasticity
(Minichiello, 2009; Pang and Lu, 2004), it is hypothesized
that deficient BDNF-TrkB pathways may underlie amyloid-
p (Ap)-induced neurotoxicity, synaptic dysfunction, and
memory deficits in this devastating neurodegenerative
disorder. This hypothesis is supported by recent findings
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regulated release of BDNF in gene delivery and neural stem
cell strategies (Zuccato and Cattaneo, 2009).

Recent screening of a chemical library has identified a
flavone derivative 7,8-dihydroxyflavone (7,8-DHF) as the
first small-molecule compound that binds with high affi-
nity and specificity to the TrkB receptor, provokes its
dimerization and autophosphorylation, and activates its
downstream signaling cascade (Jang et al, 2010; Liu et al,
2010). Remarkably, systemic administration of 7,8-DHF
can activate TrkB receptors in brains as evidenced by
increases in phosphorylated TrkB, and induce BDNF-like
behavioral phenotypes such as enhanced learning and
memory, and antistress or antidepressant-like effects in
rodents (Andero et al, 2010; Andero et al, 2011; Choi et al,
2010; Jang et al, 2010; Liu et al, 2010). Therefore, the
small-molecule TrkB receptor agonist 7,8-DHF represents
a novel and useful tool to investigate the role of BDNF-
TrkB signaling in vivo. However, it has not been examined
whether this compound may exert beneficial effects against
AD-related pathology or neuronal dysfunction.

In this study, we performed preclinical evaluation of the
TrkB agonist 7,8-DHF in a mouse model of AD. We used
5XFAD transgenic mice that co-overexpress human APP
and presenilin 1 (PS1) harboring five familial AD (FAD)
mutations under control of the neuron-specific Thy-1
promoter (Oakley et al, 2006; Ohno et al, 2006). 5XFAD
mice start to develop visible amyloid deposition as early
as 2 months of age consistent with their dramatically
accelerated Af42 production because of a combination of
the multiple FAD mutations, thus representing an early
onset and aggressive amyloid mouse model (Oakley et al,
2006). At 4-6 months of age, 5XFAD mice start to show
impairments in hippocampus-dependent learning and
memory as tested by the Y-maze, Morris water maze, and
contextual or trace fear conditioning paradigms (Kimura
and Ohno, 2009; Oakley et al, 2006; Ohno et al, 2006). These
behavioral deficits are observed concomitant with the onset
of hippocampal CA1 synaptic dysfunctions such as reduced
basal transmission and long-term potentiation (LTP: a synap-
tic plasticity model for learning and memory) (Kimura and
Ohno, 2009). Furthermore, 5XFAD mice begin to exhibit
elevations in expression levels of the S-secretase (f3-site APP
cleaving enzyme 1: BACEL), which is responsible for initi-
ating the production of Af, at 6-9 months of age (Devi and
Ohno, 2010b; Ohno et al, 2007; Zhang et al, 2009; Zhao et al,
2007), as observed in sporadic AD brains (Fukumoto et al,
2002; Li et al, 2004; Yang et al, 2003). To rigorously test the
therapeutic potential of 7,8-DHF, we used the advanced
stage of 5XFAD transgenic mice (12-15 months of age) that
is more relevant to clinic AD cases manifesting robust
amyloidosis, BACE1 elevations, BDNF-TrkB dysfunction,
and profound memory impairments. The results provide
novel and important insights into the use of 7,8-DHF or
related small-molecule TrkB agonists as one of the promis-
ing and feasible approaches for BDNF-based AD therapy.

MATERIALS AND METHODS
Animals

We used 5XFAD transgenic mice (Tg6799 line) that co-
express and co-inherit FAD mutant forms of human APP
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(the Swedish mutation: K670N, M671 L; the Florida muta-
tion: I1716V; the London mutation: V717I) and PS1 (M146L;
L286V) transgenes under transcriptional control of the
neuron-specific mouse Thy-1 promoter (Oakley et al, 2006;
Ohno et al, 2006). 5XFAD lines (B6/SJL genetic background)
were maintained by crossing hemizygous transgenic mice
with B6/SJL F1 breeders (Taconic, Hudson, NY). 5XFAD
transgenic mice used were hemizygotes with respect to the
transgene and non-transgenic wild-type littermate mice
served as controls. Genotyping was performed by PCR
analysis of tail DNA, as described previously (Oakley et al,
2006). Both male and female animals were used for the
experiments as previous studies indicate that there is no sex
difference in cerebral Af levels in 5XFAD mice except for
the younger age (<3 months) (Oakley et al, 2006). All
experiments were done blind with respect to the genotype of
the mice. Procedures were conducted in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Nathan Kline
Institute Animal Care and Use Committee.

Drug Treatments

7,8-DHF (Sigma-Aldrich, St Louis, MO) was dissolved in
phosphate-buffered saline (PBS) containing 17% dimethyl-
sulfoxide (DMSO). 5XFAD transgenic and wild-type control
mice at 12-15 months of age received repeated intraperi-
toneal injections of 5 mg/kg 7,8-DHF or 17% DMSO vehicle
once daily for 10 consecutive days. Two hours after the last
administration, the mice were subjected to behavioral
testing. The dosage of 5mg/kg 7,8-DHF and a 2-h interval
between the last drug treatment and assays were chosen on
the basis of previous in vivo studies (Andero et al, 2010;
Andero et al, 2011; Jang et al, 2010; Liu et al, 2010), which
demonstrated central TrkB activation, enhanced neurogen-
esis, and related behavioral changes in mice or rats treated
with systemic 7,8-DHF administration.

Spontaneous Alternation Y-Maze Test

Spontaneous alternation performance was tested using a
symmetrical Y-maze, as described previously (Kimura et al,
2010; Ohno et al, 2004). Each mouse was placed in the center
of the Y-maze and was allowed to explore freely through the
maze during an 8-min session. The sequence and total number
of arms entered were recorded. Arm entry was considered
to be complete when the hind paws of the mouse had been
completely placed in the arm. Percentage alternation is the
number of triads containing entries into all three arms divided
by the maximum possible alternations (the total number of
arms entered—2) x 100. As the reentry into the same arm was
not counted for analysis, the chance performance level in this
task was 50% in the choice between the arm mice visited more
recently (non-alternation) and the other arm they visited
less recently (alternation). After behavioral testing, some
mice were killed for immunoblotting and ELISA experiments,
and others were perfused for immunohistochemistry.

Immunoblot Analysis

Hemibrain or hippocampal samples were taken from the
mice under deep isoflurane anesthesia and were snap-frozen
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for biochemical assays. For western blot analysis, each sample
was homogenized in five volumes of modified RIPA buffer
containing 150 mM NaCl, 50 mM Tris HCl (pH 8.0), 1 mM
EDTA, 1% IGEPAL, 0.5% sodium deoxycholate, 0.1% SDS,
and protease/phosphatase inhibitor cocktail (Calbiochem,
La Jolla, CA), and centrifuged at 10 000 g for 10 min to remove
any insoluble material. Protein concentrations were deter-
mined by a BCA protein assay kit (Pierce, Rockford, IL),
and 20-50 pug of protein was run on 4-12% NuPAGE gels
(Invitrogen, Carlsbad, CA), and transferred to nitrocellulose
membrane. After blocking, membranes were probed with
anti-BDNF that is raised against the mature BDNF domain
(130-247) (1:1000, sc-20981, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-TrkB that is raised against non-
phosphopeptide derived from TrkB around the phosphor-
ylation site of Tyrosine 515 (1:1000, ab51190, Abcam,
Cambridge, MA, USA), an antibody against phosphorylated
TrkB (Y705) (1:500, ab52191, Abcam), anti-BACE1 (1: 1000,
MAB5308, Millipore, Billerica, MA), an antibody that recog-
nizes C-terminal epitope in APP (1:1000, C1/6.1, kindly
provided by Dr Paul Mathews, Nathan Kline Institute) to
detect full-length APP/C-terminal fragments, or anti-f-actin
(1:15000, AC-15, Sigma-Aldrich). They were then incu-
bated with horseradish peroxidase-conjugated secondary IgG.
Immunoblot signals were visualized by an ECL chemilumi-
nescence substrate reagent kit (Pierce), and were quantified
by densitometric scanning and image analysis using Quantity
One software (Bio-Rad Laboratories, Hercules, CA).

Immunofluorescence Labeling

Mice were transcardially perfused with 0.1 M PBS (pH7.4),
followed by 4% paraformaldehyde in PBS under deep
isoflurane anesthesia. Brains were postfixed for 24h in 4%
paraformaldehyde in PBS at 4°C, and transferred to PBS.
The brain was sectioned coronally at 25 um on a vibratome
(VT1200, Leica Microsystems, Wetzlar, Germany), and
successive sections were stored in PBS containing 0.01%
sodium azide at 4°C. Two to three sections per mouse were
taken at levels between -1.7 and -1.9mm to bregma
according to the mouse brain atlas of Franklin and Paxinos
(2008), and incubated in blocking solution containing 10%
purified goat serum and 0.05% Triton X-100 for 2h. The
sections were then incubated overnight at 4°C in PBS
containing a primary rabbit antibody against phosphory-
lated TrkB(Y705) (1:200, ab52191, Abcam), 10% goat
serum, and 0.05% Triton X-100. Immunofluorescence
labeling was performed by a 2-h reaction with Alexa Fluor
594-conjugated anti-rabbit IgG (1:500, Invitrogen) at room
temperature. The sections were then washed three times in
PBS and mounted with anti-fading medium. Control
sections were processed with the omission of the primary
antibody in the incubation buffer, and these controls
yielded no specific labeling in brain sections. Immuno-
stained sections were imaged with a confocal fluorescence
microscope (LSM 510 Meta, Zeiss, Oberkochen, Germany)
with a 40X objective.

ELISAs of Af40 and Ap42

Sandwich Af ELISAs were performed as described pre-
viously (Devi and Ohno, 2010a; Devi and Ohno, 2010b;
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Kimura et al, 2010). Briefly, each hemibrain sample was
extracted in 8X cold 5M guanidine HCl plus 50 mM Tris
HCI (pH 8.0) buffer, and centrifuged at 20000g for 1h at
4°C to remove insoluble material. Final guanidine HCI
concentrations were below 0.1 M. Protein concentrations
were determined by a BCA kit (Pierce). To quantitate total
levels of cerebral Af40 and Af42, supernatant fractions
were analyzed by a well-established human Af40 and Af42
ELISA kits (KHB3481 and KHB3441, Invitrogen), respec-
tively, according to the protocol of the manufacturer.
Optical densities at 450nm of each well were read on a
VersaMax tunable microplate reader (Molecular Devices,
Sunnyvale, CA), and sample Af40 and Af42 concentrations
were determined by comparison with the respective
standard curves. Af/40 and Af42 concentration values were
normalized to total brain protein concentrations and
expressed as the percentage of vehicle controls.

In Vitro BACE1 Activity Assay

In vitro [-secretase activities were assessed by the
SensiZyme BACEl Activity Assay kit (CS1060, Sigma-
Aldrich) according to the protocol of the manufacturer.
Briefly, different concentrations of soluble recombinant
BACEI standard (0, 2.5, 5, and 10 ng/ml) were coincubated
with 7,8-DHF or vehicle (0.25% DMSO). Using a proenzyme
substrate that contains a BACEl-specific cleavage site,
BACEl activities were measured, in duplicate, as the
absorbance at 405nm on a VersaMax tunable microplate
reader (Molecular Devices).

Statistical Analysis

Data were analyzed by a one-way or two-way ANOVA, and
post-hoc Bonferroni comparisons were performed to
determine the significance of differences between the
groups when appropriate. Data were presented as mean +
SEM, and the level of significance was set for p-value <0.05.

RESULTS

BDNF Declines Early During the Disease Progression in
5XFAD Mice

A growing body of evidence indicates that BDNF levels are
decreased in brains of AD patients (Hu and Russek, 2008;
Peng et al, 2005; Zuccato and Cattaneo, 2009) and APP
transgenic mice (Francis et al, 2010; Peng et al, 2009). We
first characterized changes in BDNF levels in the 5XFAD
transgenic mouse model at different ages ranging from 3 to
18 months (Figure 1). Western blot analysis of hippocampal
homogenate samples demonstrated dramatic reductions
in baseline levels of mature BDNF (14kDa) in 5XFAD
mice (Figure la). A two-way ANOVA for mature BDNF
levels revealed a significant main effect of genotype
(F(1,27) =56.34, p<0.05) in the absence of a main effect
of age or a significant age X genotype interaction
(Figure 1b). Post-hoc Bonferroni tests showed that mature
BDNF levels were significantly reduced in 5XFAD mice
at 3 months of age (p<0.05) as well as at 6 months and
15-18 months of age (p<0.05) compared with the respec-
tive age-matched wild-type controls. It has been reported
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Figure | Reductions of mature BDNF in 5XFAD mice. (a) Immunoblot
analysis of hippocampal lysates from 5XFAD and age-matched wild-type
control mice at different ages. (b) Immunoreactive bands for mature BODNF
(14kDa) were quantified and expressed as the percentage of wild-type
control levels at 3 months of age (n=5-6 mice per group). Hippocampal
mature BDNF levels are significantly reduced as early as 3 months of
age in 5XFAD mice (*»<0.05 vs wild-type). All data are presented as
mean * SEM.

that 3-month-old 5XFAD mice exhibit little or only faint
amyloid pathology in brain (Devi et al, 2010; Oakley et al,
2006); therefore, our results are consistent with clinical
observations that the reduction of mature BDNF starts to
occur early in the course of AD (Peng et al, 2005).

Systemic 7,8-DHF Ameliorates Memory Deficits in
5XFAD Mice

To address the direct relationship between hippocampal
BDNF deficiency and memory dysfunction, we examined
whether systemic administration of the TrkB agonist
7,8-DHF could improve hippocampus-dependent memory
decline in 5XFAD mice (Figure 2). 5XFAD mice at 12-15
months of age and their wild-type littermate controls
received repeated injections of 7,8-DHF (5 mg/kg, i.p.) or
vehicle (17% DMSO) once daily for 10 consecutive days,
and were tested with the spontaneous alternation Y-maze
paradigm that assesses spatial working memory function
(Lalonde, 2002; Ohno et al, 2004). The dosage of 7,8-DHF
was determined based on previous in vivo studies demon-
strating that systemic administration of this compound
activates central TrkB receptors and rescues memory
deficits in BDNF-knockout mice (Choi et al, 2010; Jang
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Figure 2 Effects of systemic 7,8-DHF on memory deficits in 5XFAD
mice. 5XFAD and wild-type control mice at 12—15 months of age received
repeated administration of 7,8-DHF (5 mg/kg, i.p.) or vehicle (17% DMSO)
once daily for 10 consecutive days. Two hours after the last injection, the
mice were tested for memory using the spontaneous alteration Y-maze
task. (@) Spatial working memory, as assessed by the spontaneous
alternation performance, is impaired (around 50% chance levels) in
5XFAD mice compared with wild-type controls (*p <0.05). Note that 7,8-
DHF-treated 5XFAD mice are rescued completely back to wild-type levels
of alternation performance (*p <0.05 vs vehicle-treated 5XFAD). n=5-12
mice per group. (b) Total number of arm entries reflecting exploratory
activities of mice in the Y-maze does not differ between the groups,
suggesting that the effect of 7,8-DHF is memory-specific. n = 5—12 mice per
group. All data are presented as mean £ SEM.

et al, 2010). A two-way ANOVA revealed a significant
genotype x drug interaction for the percent alternation
performance (F(1,28)=9.34, p<0.05) with a significant
main effect of drug (F(1,28)=9.51, p<0.05) (Figure 2a).
The spontaneous alternation behavior relies on the inher-
ent tendency of mice to enter a less recently visited arm
compared with the other one; therefore, ~67% alternation
in wild-type controls reflects the mouse’s ability to
remember which arm they visited more recently during
the successive arm entries in the Y-maze (spatial working
memory). Levels of spontaneous alternation in vehicle-
treated 5XFAD mice were reduced to ~50% corresponding
to the random performance level in this memory assay
(p<0.05). Notably, post-hoc Bonferroni tests showed that
the reduced spontaneous alternation was restored to
wild-type control levels in 7,8-DHF-treated 5XFAD mice
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(p<0.05), whereas the alternation performance of wild-type
mice was indistinguishable between 7,8-DHF- and vehicle-
treated groups. Therefore, 7,8-DHF specifically improved
the impaired spatial working memory in 5XFAD mice
without affecting the normal working memory performance
in wild-type mice (Figure 2a). Furthermore, neither
significant genotype x drug interaction nor main effect of
genotype or drug was found for exploratory activities as
assessed by the number of arm entries during Y-maze
testing (Figure 2b), indicating that the effect of 7,8-DHF in
5XFAD mice is memory-specific.

Systemic 7,8-DHF Activates Hippocampal TrkB
Receptors in 5XFAD Mice

To clarify whether hippocampal TrkB activation underlies
the changes in memory function in 5XFAD mice, we
conducted immunoblot analysis after behavioral testing
(Figure 3a). We first measured levels of phosphorylated
TrkB, an activated form of the TrkB receptor, in the
hippocampus of mice treated with 7,8-DHF once daily for
10 days (Figure 3b). A two-way ANOVA for phospho-TrkB
levels revealed a significant genotype x drug interaction
(F(1,24) =5.41, p<0.05) together with significant main
effects of genotype (F(1,24)=19.74, p<0.05) and drug
(F(1,24) =26.89, p<0.05). Post-hoc comparisons showed
that levels of phosphorylated TrkB were significantly
reduced in vehicle-treated 5XFAD mice compared with
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wild-type controls (~9%) (p <0.05), whereas this reduction
was rescued by 7,8-DHF treatments in 5XFAD mice
(p<0.05). In fact, 7,8-DHF elevated the phosphorylation
of TrkB in 5XFAD mice to levels that were significantly
higher than those of wild-type vehicle controls (~132%)
(p<0.05). Meanwhile, systemic administration of 7,8-DHF
induced robust activation of TrkB in wild-type mice as
assessed by dramatic increases in phosphorylated TrkB
levels compared with vehicle controls (~423%) (p<0.05).

Interestingly, a two-way ANOVA for total TrkB protein
levels also revealed a significant genotype x drug interac-
tion (F(1,24)=8.31, p<0.05) with a significant main effect
of genotype (F(1,24)=6.04, p<0.05) (Figure 3c). Post-hoc
comparisons showed that levels of total TrkB in vehicle-
injected 5XFAD were significantly reduced compared with
wild-type controls (~45%) (p<0.05), as is observed in AD
brains (Ginsberg et al, 2010; Tapia-Arancibia et al, 2008).
Notably, repeated administration of 7,8-DHF once daily for
10 days partially rescued the downregulation of hippocam-
pal TrkB receptors found in 5XFAD mice (~74%)
(p<0.05). In contrast, 10-day treatments with 7,8-DHF
showed a trend toward reducing total TrkB levels in wild-
type mice (~69%) (p=0.15), probably reflecting the
adaptive downregulation of receptors in response to
repeated exposures to the agonist. Meanwhile, a two-way
ANOVA for mature BDNF levels showed only a main effect
of genotype (F(1,24)=70.06, p<0.05) in the absence of
a main effect of drug or a significant genotype x drug
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Figure 3 Effects of systemic 7,8-DHF on BDNF-TrkB signaling in 5XFAD mice. 5XFAD and wild-type control mice at 12—15 months of age received
repeated administration of 7,8-DHF or vehicle (once daily for 10 consecutive days), and were killed 2 h after the last injection. (a) Immunoblot analysis of
hippocampal lysates from wild-type and 5XFAD mice treated with 7,8-DHF or vehicle. (b—d) Immunoreactive bands for phosphorylated TrkB (b), total TrkB
(c), and mature BDNF (d) were quantified and expressed as the percentage of vehicle-treated wild-type control levels (n = 6—9 mice per group). Note that
hippocampal phospho-TrkB levels are dramatically reduced in vehicle-treated 5XFAD mice (*p <0.05 vs wild-type, vehicle), and this reduction is completely
rescued by 7,8-DHF treatments (*p<0.05 vs 5XFAD, vehicle). In fact, phospho-TrkB levels in 7,8-DHF-treated 5XFAD mice are significantly higher than
those of wild-type vehicle controls (*p <0.05). Moreover, repeated 7,8-DHF treatments also rescues the downregulation of total TrkB protein levels in
5XFAD mice (*p <0.05); however, it shows a trend toward reducing TrkB receptors in wild-type controls (p = 0.15). Meanwhile, 7,8-DHF treatments do
not affect baseline levels of mature BDNF in the hippocampus of wild-type mice or BDNF reductions in 5XFAD mice. All data are presented as mean * SEM.
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Immunofluorescence labeling of phosphorylated TrkB in the hippocampus of 5XFAD mice. 5XFAD mice at |2—15 months of age received
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repeated administration of 7,8-DHF or vehicle (once daily for 10 consecutive days), and were perfused for immunostaining 2 h after the last injection (n=3
mice per group). Shown are representative photomicrographs of hippocampal CAl (a—c) and CA3 (d—f) regions. Note that phospho-TrkB staining is
dramatically reduced in vehicle-treated 5XFAD mice (b, €) compared with vehicle-treated wild-type controls (a, d), whereas TrkB activation is restored
back to wild-type levels in 7,8-DHF-treated 5SCFAD mice (c, f). Scale bar=50 pm.

interaction (Figure 3d). Post-hoc Bonferroni tests revealed
that levels of mature BDNF were similarly reduced in the
hippocampus of 5XFAD mice treated with vehicle (~49%)
(p<0.05) and 7,8-DHF (~46%) (p<0.05), as compared
with wild-type controls.

We further performed immunofluorescence staining of
hippocampal sections to investigate TrkB phosphorylation
provoked by systemic administration of 7,8-DHF in 5XFAD
mice (Figure 4). Consistent with western blotting data,
labeling for phosphorylated TrkB receptors was almost
abolished in the hippocampal CAl (Figure 4b) and CA3
(Figure 4e) regions of 5XFAD mice. Treatments with 7,8-
DHF restored TrkB activation in both regions of 5XFAD
mice (Figure 4c and f) almost completely back to wild-type
control levels (Figures 4a and d). Collectively, the results
clearly indicated that systemic administration of the TrkB
agonist 7,8-DHF rescued deficient hippocampal BDNF-TrkB
signaling through directly activating TrkB receptors in
5XFAD mice.

Systemic 7,8-DHF Reduces BACE1 and f-Amyloidogenesis
in 5XFAD Mice

To investigate the possibility that repeated treatments with
7,8-DHF could improve memory through affecting APP
processing in 5XFAD mice, we first conducted immunoblot
analysis to assess levels of BACEI, full-length APP, and its
f-cleaved fragments (Figure 5a). Previous studies from our
laboratory and others have demonstrated that 5XFAD mice
recapitulate significant elevations in BACEl expression
(Devi and Ohno, 2010b; Ohno et al, 2007; Zhang et al,
2009; Zhao et al, 2007) reminiscent of sporadic AD brains

(Fukumoto et al, 2002; Li et al, 2004; Yang et al, 2003).
A two-way ANOVA for BACEl protein levels revealed
significant main effects of genotype (F(1,24)=66.38,
p<0.05) and drug (F(1,24)=30.69, p<0.05), but not a
significant genotype x drug interaction (Figure 5b). Con-
sistent with previous findings, post-hoc comparisons
showed that BACELI levels were dramatically increased in
brains of vehicle-treated 5XFAD mice at 12-15 months of
age compared with wild-type controls (~166%) (p <0.05).
Notably, repeated administration of 7,8-DHF once daily for
10 days significantly reduced BACE1 expression in 5XFAD
brains (~124%) (p<0.05). Repeated 7,8-DHF injections
also significantly reduced BACEL1 levels in wild-type control
mice (~41%) (p<0.05). Therefore, our results indicated
that activation of the BDNF-TrkB signaling pathway not
only suppresses BACE1 elevations in AD conditions but also
downregulates baseline levels of BACEl expression in
normal brains.

In accordance with reductions in BACEL, a one-way
ANOVA showed that levels of the [-secretase-cleaved
C-terminal fragment of APP (C99) in 7,8-DHF-treated
5XFAD mice were significantly lower than those of vehicle-
treated 5XFAD controls (~58%) (F(1,13)=11.11, p<0.05)
(Figure 5c). Meanwhile, transgene-derived overexpression
of human full-length APP was not affected by repeated
administration of 7,8-DHF in 5XFAD mice (Figure 5a).
We further performed sandwich ELISAs to examine the
effects of 7,8-DHF on cerebral Af levels (Figures 5d and e).
Remarkably, repeated injections of 7,8-DHF once daily for
10 days significantly and almost equivalently lowered exces-
sive levels of AB40 (~47%) (F(1,13)=14.17, p<0.05) and
Ap42 (~44%) (F(1,13)=8.06, p<0.05) without affecting
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Figure 5 Effects of systemic 7,8-DHF on APP processing and Af levels in 5XFAD mice. 5XFAD and wild-type control mice at 12—15 months of age
received repeated administration of 7,8-DHF or vehicle (once daily for 10 consecutive days), and were killed 2 h after the last injection. (a) Immunoblot
analysis of hemibrain lysates from wild-type and 5XFAD mice treated with 7,8-DHF or vehicle. (b, ¢) Immunoreactive bands for BACEI (b) and C99 (c)
were quantified and expressed as the percentage of vehicle-treated wild-type and 5XFAD levels, respectively (n = 6-9 mice per group). Note that BACE|
levels are significantly elevated in vehicle-treated 5XFAD mice (*p <0.05 vs wild-type, vehicle), and this upregulation is suppressed by 7,8-DHF treatments
(*p<0.05 vs SXFAD, vehicle). Moreover, repeated 7,8-DHF treatment also significantly reduces baseline levels of BACE! in wild-type mice (*p<0.05).
Consistent with the BACE| reduction, C99 levels are significantly lowered by 7,8-DHF treatments in 5XFAD mice (p<0.05). (d, €) Levels of total AB40
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S5XFAD levels (n=6-9 mice per group). Repeated 7,8-DHF treatment almost equivalently reduced AB40 and AB42 levels in 5XFAD mouse brains

(*p <005 vs 5XFAD, vehicle). All data are presented as mean + SEM.

the ratio between Af40 and Af42 (F(1,13)=0.12, p=0.73)
in 5XFAD mouse brains, which was consistent with the
downregulation of BACE1 expression.

Effects of Acute 7,8-DHF Treatment on BACE1
Expression and Activity

As repeated administration of 7,8-DHF resulted in signifi-
cant reductions in BACE1 expression, we examined whether
an acute application of this compound may affect levels
of BACE1 expression and/or enzymatic activity (Figure 6).
A single injection of 5mg/kg 7,8-DHF induced robust
activation of TrkB receptors as measured by increases in

Neuropsychopharmacology

phosphorylated TrkB (~626%) (F(1,6)=70.97, p<0.05)
without affecting total TrkB levels in wild-type mice
(Figure 6a). This observation supports the idea that reduced
total TrkB in wild-type controls that received 10-day
7,8-DHF treatments (Figure 3c) may result from the compen-
satory downregulation of receptors in response to repeated
exposures to the agonist. Notably, single 7,8-DHF admin-
istration was sufficient to reduce BACE1 expression levels in
wild-type mouse brains (~41%) (F(1,6) =40.42, p<0.05)
(Figure 6b), which was equivalent to the reductions
following 10-day repeated injections (Figure 5b).

To further test whether 7,8-DHF may directly inhibit
BACEI! activity, we coincubated recombinant BACE1 with
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7,8-DHF or vehicle (0.25% DMSO) in in vitro assays
(Figure 6c). Enzyme activity was linear relative to the
amount of recombinant BACE1 protein added. 7,8-DHF at
concentrations of 1-10 uM had no effect on the catalytic
activity of BACEl. Therefore, 7,8-DHF reduced BACEI
expression through activation of TrkB receptors, while this
compound did not directly inhibit the enzymatic activity
of BACEL.

DISCUSSION

We demonstrate that repeated systemic administration of
the small-molecule TrkB receptor agonist 7,8-DHF rescues
hippocampus-dependent memory deficits in the 5XFAD
transgenic mouse model of AD. 5XFAD mice show impaired
hippocampal BDNF-TrkB signaling, as measured by reduc-
tions in BDNF, TrkB receptors, and phosphorylated TrkB.
Systemic 7,8-DHF can directly activate hippocampal TrkB,
as evidenced by dramatic increases in TrkB phosphoryla-
tion without changes in endogenous BDNF levels, leading to
complete reversal of deficient BDNF-TrkB signaling in
5XFAD mice. These findings provide a proof of concept that
pharmacological activation of central TrkB receptors with
non-peptide BDNF mimetic agents such as 7,8-DHF may
represent an efficacious therapeutic approach to treat AD-
related memory deficits. Af has been shown to decrease
BDNF mRNA levels (Garzon and Fahnestock, 2007), impair
BDNF retrograde trafficking (Poon et al, 2011), and

downregulate BDNF-TrkB signaling pathways (Tong et al,
2004). It is also well documented that genetic reductions of
BDNF or TrkB deteriorate basal synaptic transmission and/
or LTP at the hippocampal Schaffer collateral-CA1 pathway
and cause memory deficits in mice (Korte et al, 1995;
Linnarsson et al, 1997; Minichiello, 2009; Minichiello et al,
1999; Pang and Lu, 2004; Patterson et al, 1996). Consistent
with these results, we recently reported that partial
reductions of Af induced by heterozygous BACEl gene
deletion (BACE1*’") rescue synaptic and mnemonic
dysfunctions in 5XFAD mice with the restoration of reduced
hippocampal BDNF and TrkB phosphorylation to normal
levels (Kimura et al, 2010). Taken collectively, our results
indicate that BDNF-TrkB dysfunction is a crucial mechan-
ism downstream to Aff accumulation in 5XFAD mice, and
that reversal of the deficient BDNF-TrkB signaling with
7,8-DHF may be sufficient to directly ameliorate memory
impairments associated with AD.

When designing therapeutic strategies using BDNF or
mimetic drugs for AD, one important consideration is the
change of its receptor TrkB. TrkB levels are reported to
decrease at the relatively early stage of AD (Ginsberg et al,
2010; Hu and Russek, 2008; Schindowski et al, 2008; Tapia-
Arancibia et al, 2008; Zuccato and Cattaneo, 2009), which
may be of concern to the potential limitation of BDNF
therapy. Interestingly, we found that repeated treatments
with the TrkB agonist 7,8-DHF (once daily for 10 days)
partially but significantly rescued the decline in TrkB
expression by itself in the hippocampus of 5XFAD mice.
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In contrast, the same repeated administration of 7,8-DHF
significantly reduced total TrkB protein levels in the hippo-
campus of wild-type mice, probably reflecting the adaptive
downregulation of BDNF receptors as a consequence of
long-term activation with the agonist. Therefore, the upregu-
lation of TrkB receptor expression occurs specifically in
5XFAD brains following repeated 7,8-DHF treatments.
It seems reasonable to speculate that impaired BDNF
signaling input may cause reductions in the TrkB receptor
level during disease progression in 5XFAD mice, whereas
pharmacological activation of TrkB receptors with 7,8-DHF
may act to rescue the reduced expression of TrkB, allowing
the greater activation of BDNF-TrkB signaling pathway
for memory improvements in 5XFAD mice. Our results
strongly support the idea that reductions in baseline levels
of BDNF and TrkB associated with AD may be a critical
underlying mechanism for deficits in learning and memory.

Our current findings with 7,8-DHF are in agreement with
previous reports showing that central BDNF administration,
gene delivery, or neural stem cell transplantation exerts
neuroprotective effects by facilitating BDNF function and
ameliorates learning and memory deficits in various animal
models of AD including APP transgenic mice (Blurton-
Jones et al, 2009; Nagahara et al, 2009). However, these
therapeutic approaches need to overcome several problems
to start the clinical translational research (Zuccato and
Cattaneo, 2009); for example, the regulation of BDNF
production and toxicity or mutagenesis potentially induced
by the direct injection of viral vectors or neural stem cell
lines into the brain parenchyma. In this regard, the use of
7,8-DHF or other systemically applicable small-molecule
TrkB agonists may provide the more promising and feasible
strategies to rescue memory impairments through restoring
BDNEF-TrkB dysfunction in AD and avoid the potential
adverse effects associated with invasive methods of delivery
or uncontrolled dosing.

It is also important to note that AD transgenic mice such
as J20 and 3xTg-AD, which receive BDNF gene delivery or
neuronal stem cell transplantation, show memory improve-
ments in the absence of reductions in amyloid or tau-tangle
pathology (Blurton-Jones et al, 2009; Nagahara et al, 2009).
These results are in sharp contrast with our data that the
repeated direct activation of TrkB with systemic 7,8-DHF
produces significant reductions of BACE1 expression, and
consequently of the f-secretase cleaved C-terminal frag-
ment C99, in 5XFAD mice. Moreover, repeated administra-
tion of 7,8-DHF once daily for 10 days significantly reduced
total AB40 and Af342 levels in brains of 5XFAD mice at the
advanced stage suffering from severe amyloid plaque
pathology. The discrepancy may arise from differences in
transgenic AD mouse models used for the experiments and/
or the extent to which individual treatments enhance BDNF-
TrkB function. First, it is possible that pharmacological
approaches with the potent agonist 7,8-DHF may activate
BDNEF-TrkB signaling more efficiently than gene delivery or
stem cell strategies. Furthermore, previous studies from our
laboratory and others have demonstrated that elevations in
BACEl have an important role in accelerating disease
progression in 5XFAD mouse brains (Devi and Ohno,
2010b; O’Connor et al, 2008; Ohno et al, 2007; Zhang et al,
2009; Zhao et al, 2007) as well as in sporadic AD brains
(Fukumoto et al, 2002; Li et al, 2004; Yang et al, 2003).

Neuropsychopharmacology

In this study, TrkB phosphorylation was almost abolished
(~9%) while BACE1 expression was significantly elevated
(~166%) in 5XFAD mice compared with wild-type
controls. Conceivably, robust TrkB activation, as evidenced
by the increase in its phosphorylated active form that was
higher than wild-type control levels (~132%), enabled
neurons to block BACE1 elevations in 7,8-DHF-treated
5XFAD mice. Multiple mechanisms are recently proposed to
mediate the upregulation of BACE1 associated with AD.
Those include the increased phosphorylation of the
translation initiation factor elF2uo (Devi et al, 2010; Devi
and Ohno, 2010b; O’Connor et al, 2008), caspase-3-
dependent inactivation of GGA3 leading to decreased
lysosomal degradation of BACE1l (Sarajarvi et al, 2009;
Tesco et al, 2007), changes in microRNA expression profiles
(Hebert et al, 2008; Wang et al, 2008), p25/cyclin-dependent
kinase 5 pathways (Cruz et al, 2006; Wen et al, 2008),
calpain activation (Liang et al, 2010), the receptor for
advanced glycation end products (RAGE) (Cho et al, 2009;
Guglielmotto et al, 2010), and oxidative stress or related
signals such as nuclear factor-kB, c-Jun N-terminal kinase,
and p38 MAPK (Chen et al, 2011; Chen et al, 2008; Coma
et al, 2008; Xiong et al, 2007). Further study will be needed
to determine the molecular pathways by which activation of
BDNEF-TrkB signaling may counteract the BACEI elevation
in 5XFAD mice. In any case, our findings suggest that long-
term TrkB receptor activation with systemic 7,8-DHF can
ameliorate memory deficits in 5XFAD mice, at least in part,
through mediation of reductions in BACEI expression and
p-amyloidogenesis. Although the current study shows the
positive effects of 7,8-DHF at the advanced phase of 5XFAD
mice, it will be important to further evaluate this compound
at different pathological stages and/or in other transgenic
mouse models of AD.

It is hypothesized that A accumulation induces BACE1
in plaque-surrounding neurons while the BACE1 elevation
further accelerates Aff production in 5XFAD mouse or AD
brains at advanced stages of disease (Devi and Ohno, 2010b;
Zhang et al, 2009; Zhao et al, 2007). Our results suggest that
deficient BDNF-TrkB signaling is important for this positive
feedback pathogenic mechanism in AD progression. How-
ever, it remains unclear whether BDNF-TrkB dysfunction
may be involved in triggering AD at the incipient stage. To
address this problem, we examined the effect of 7,8-DHF
treatments on baseline levels of BACE1 expression in wild-
type control mice. Remarkably, robust activation of TrkB
receptors with repeated administration of 7,8-DHF induces
significant reductions in BACE1 protein levels. Moreover, a
single injection of 7,8-DHEF is sufficient to similarly reduce
BACEl expression in brain. Meanwhile, in vitro assays
revealed that 7,8-DHF does not have direct inhibitory effects
on the enzymatic activity of BACEL. Together, the results
indicate that the BDNF-TrkB pathway has a critical role in
regulating baseline levels of BACE1 expression in normal
animals, which is independent of interactions with human
Af accumulation in disease conditions. It should be noted
that levels of BDNF and TrkB decline in brains of patients
with mild cognitive impairment or early AD (Ginsberg et al,
2010; Peng et al, 2005). Therefore, it seems likely that
deficient BDNF-TrkB signaling pathways may not only be a
mediator of memory impairments as a consequence of Af
accumulation but also have an important role in initiating



AD through the elevation of BACEl expression. In this
context, the use of TrkB receptor agonists may be beneficial
for preventing or slowing down the development of AD at
the incipient phase of disease.

In conclusion, our results strongly suggest that systemic
administration of small-molecule TrkB receptor agonists
such as 7,8-DHF may represent a promising and feasible
therapeutic strategy to reverse deficient BDNF-TrkB signal-
ing and memory impairments associated with AD. Although
additional investigation is required, the present findings
also provide preclinical evidence that activating TrkB
receptors with BDNF mimetics downregulates BACEI
expression and f-amyloidogenesis, and thereby may serve
as a disease-modifying approach in AD treatments.
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