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Synaptic loss in the brain correlates well with disease severity in Alzheimer disease (AD). Deficits in brain-derived neurotrophic factor/

tropomyosin-receptor-kinase B (TrkB) signaling contribute to the synaptic dysfunction of AD. We have recently identified 7,8-

dihydroxyflavone (7,8-DHF) as a potent TrkB agonist that displays therapeutic efficacy toward various neurological diseases. Here we

tested the effect of 7,8-DHF on synaptic function in an AD model both in vitro and in vivo. 7,8-DHF protected primary neurons from Ab-

induced toxicity and promoted dendrite branching and synaptogenesis. Chronic oral administration of 7,8-DHF activated TrkB signaling

and prevented Ab deposition in transgenic mice that coexpress five familial Alzheimer’s disease mutations (5XFAD mice). Moreover, 7,8-

DHF inhibited the loss of hippocampal synapses, restored synapse number and synaptic plasticity, and prevented memory deficits. These

results suggest that 7,8-DHF represents a novel oral bioactive therapeutic agent for treating AD.
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INTRODUCTION

The etiology and pathogenesis of Alzheimer disease (AD)
have not been fully elucidated. Neuritic plaques and
neurofibrillary tangles are the two major pathological
hallmarks of AD. However, they are only weakly correlated
with the degree of dementia in AD patients (Berg et al,
1998). It has been demonstrated that synaptic loss is the
major correlate of cognitive impairment and acts as the
pathological basis of cognitive alteration in AD brain (Sze
et al, 1997; Terry et al, 1991).

Brain-derived neurotrophic factor (BDNF) is the most
wildly distributed neurotrophin in the central nervous
system. By binding to its specific cognate receptor tropo-
myosin-receptor-kinase B (TrkB), BDNF triggers the activa-
tion of Ras/Raf/MAKP, PLCg, and PI3K/Akt signaling
cascades, which have critical roles in neuronal plasticity,
survival and neurogenesis (Diniz and Teixeira, 2011; Zuccato
and Cattaneo, 2009). It has been documented that BDNF
expression is reduced in the hippocampus, dentate gyrus,
neocortex, and in the nucleus basalis of Meynert of AD
patients (Murer et al, 2001; Narisawa-Saito et al, 1996;

Phillips et al, 1991). Interestingly, neurons containing
neurofibrillary tangles do not contain BDNF immunoreac-
tivity, whereas intense BDNF-positive neurons are devoid of
tangles (Murer et al, 1999). These studies suggest that BDNF
may have a protective role against AD pathogenesis. In
agreement with this hypothesis, BDNF gene delivery reversed
synapse loss and cognitive deficits in both a rodent and a
primate model of AD (Nagahara et al, 2009). However, the
outcomes of several clinical trials using recombinant BDNF
to treat amyotrophic lateral sclerosis have been disappointing
(Beck et al, 2005; Ochs et al, 2000), presumably due to poor
delivery and the short in vivo half-life of BDNF.

To search for a TrkB agonist with better bioavailability,
blood–brain barrier penetration, and half-life than BDNF,
we screened thousands of compounds from a chemical
library. After extensive validation, we identified 7,8-
dihydroxyflavone (7,8-DHF) as a selective small-molecular
TrkB agonist that mimics the physiological actions of
BDNF. Our pharmacokinetic experiments found that the
oral bioavailablity of 7,8-DHF is about 5%, and its half-life
is about 134 min in the plasma after oral gavage of 50 mg/kg.
Furthermore, it can penetrate the blood–brain barrier (Liu
et al, 2013). Remarkably, systemic administration of 7,8-
DHF can activate TrkB receptors in the brain as evidenced
by increases in phosphorylated TrkB in rodents (Andero
et al, 2012; Andero et al, 2011; Choi et al, 2010; Jang et al,
2010; Liu et al, 2010). These findings provide a proof-of-
concept demonstration that 7,8-DHF is a novel small
molecule for the therapeutic intervention of AD.

*Correspondence: Dr K Ye, Department of Pathology and Laboratory
Medicine, Emory University School of Medicine, 145 Whitehead Bldg.,
615 Michael St, Atlanta, GA 30322, USA, Tel: +404 712 2814, Fax:
+404 712 2979, E-mail: kye@emory.edu
5These authors contributed equally to this work.
Received 14 June 2013; revised 29 August 2013; accepted 4
September 2013; accepted article preview online 11 September 2013

Neuropsychopharmacology (2014) 39, 638–650

& 2014 American College of Neuropsychopharmacology. All rights reserved 0893-133X/14

www.neuropsychopharmacology.org

http://dx.doi.org/10.1038/npp.2013.243
mailto:kye@emory.edu
http://www.neuropsychopharmacology.org


It was recently reported that 7,8-DHF, when administered
to the 5XFAD mouse model of AD at 12–15 months of age
via daily intraperitoneal (i.p.) injection for 10 days, restored
TrkB signaling, decreased b-secretase, reduced Ab levels,
and rescued Y-maze performance (Devi and Ohno, 2012). In
the present study, we first examined the effect of 7,8-DHF on
Ab-induced neurotoxicity and synaptogenesis in vitro. Nest,
we administered 7,8-DHF orally via drinking water to the
5XFAD transgenic mouse model of AD, which contains five
familial Alzheimer’s disease mutations (Swedish, Florida,
and London human APP 695 mutations and M146L and
L286V PS1 mutations). Treatment started at 2 months of
age, before plaque deposition, and mice were assessed for
AD-like neuropathology and cognitive performance at 6
months of age. We found that 7,8-DHF protected the
primary cortical neurons and locus coeruleus (LC) neurons
from Ab-induced toxicity and promoted dendritic growth
and synaptogenesis. In 5XFAD mice, chronic oral adminis-
tration of 7,8-DHF prevented Ab deposition, the loss of
hippocampal synapses, synaptic dysfunction, and spatial
memory deficits.

MATERIALS AND METHODS

Mice and Reagents

5XFAD mice on a C57BL/6J background were obtained from
the Jackson laboratory (Bar Harbor, ME) and were bred in a
pathogen-free environment in accordance with Emory
Medical School guidelines. The mice received vehicle or
7,8-DHF in their drinking water. To dissolve 7,8-DHF in
water, 1M NaOH was added drop wise to the water and
stirred at room temperature overnight. The final concentra-
tion of 7,8-DHF was 22 mg/l (pH 7.6–7.8). Water (pH 7.6–
7.8) was used as vehicle control. As the daily water intake of
C57BL/6J mice is about 7 ml/30 g body weight (Bachmanov
et al, 2002), the oral dose of 7,8-DHF is B5 mg/kg/day. The
treatment started at 2 months of age, and mice were
subjected to Morris water maze tests at 6 months of age.
After behavior testing, the mice were killed for immuno-
blotting, immunohistochemistry, and ELISA experiments.
Anti-TrkB antibody was purchased from Biovision (Milpi-
tas, CA). Anti-phospho-TrkB Y816 antibody was raised
against [H]-CKLQNLAKASPV-pY-LDILG-[OH] (a.a. 806–
822)(EM437 and EM438) as rabbit polyclonal antibody.
Anti-synaptotagmin, anti-MAP2, anti-Ab, and anti-tubulin
were purchased from Sigma-Aldrich (St Louis, MO). Anti-
synapsin I, anti-PSD95, anti-spinophilin, anti-Akt, anti-p-
Akt, anti-ERK, and anti-phospho-ERK1/2 antibodies were
purchased from Cell Signaling (Boston, MA). Anti-vesicular
GABA transporter (VGAT) was purchased from Thermo
Scientific (Hudson, NH). Anti-bassoon was purchased from
Stressgen (Kampenhout, Belgium). Anti-VGAT was pur-
chased from Thermo Scientific. Anti-bassoon was pur-
chased from Stressgen. Anti-tyrosine hydroxylase (TH) was
from Calbiochem (Darmstadt, Germany). Synthetic Ab (1–
42) was purchased from rPeptide (Bogart, GA) and was
dissolved in N2 medium at 0.5 mg/ml and incubated for
4 days at 37 1C to pre-aggregate the peptide. Histostain-SP
and Ab 1–42 ELISA kits were purchased from Invitrogen
(Grand Island, NY). The In situ cell death detection kit was
purchased from Roche (Indianapolis, IN). 7,8-DHF was

purchased from TCI (Portland, OR). All chemicals not
included above were purchased from Sigma-Aldrich.

Primary Neuron Culture

Primary rat cortical neurons and LC neurons were cultured
as previously described (Chan et al, 2011). To measure the
effect of 7,8-DHF on dendrite elongation, neurons cultured
3 days in vitro (DIV 3) were exposed to 500 nM 7,8-DHF or
vehicle for 3 days, the neurons were then fixed in 4%
formaldehyde, permeabilized, and immunostained with anti-
MAP2 antibody. Pictures of the neurons were taken by
fluorescence microscopy. Dendritic length and complexity
were scored using computer software ImageJ (National
Institute of Health, USA) as described (Chan et al, 2011).
Data analysis were performed using Student’s t-test. To
assess the effect of 7,8-DHF on Ab-induced toxicity, 7,8-DHF
(500 nM) was added to the medium 20 min before Ab
treatment. Then cortical neurons and LC neurons were
exposed to 20mM pre-aggregated Ab (1–42) and Ab (25–35),
respectively and incubated for 18 h. Neuronal apoptosis was
detected with the in situ cell death detection kit. The
apoptotic index was expressed as the percentage of TUNEL-
positive neurons out of the total number of MAP2-positive
neurons.

Immunofluorescence and Immunohistochemistry

For immunofluorescence and TUNEL staining, the sections
were incubated overnight at 4 1C with anti-MAP2 antibody.
After being washed with tris-buffered saline, the sections
were incubated with Alexa Fluor 488-coupled secondary
antibodies. The sections were then incubated with TUNEL
reagent for 1 h at room temperature. After a phosphate-
buffered saline (PBS) wash, images were acquired through
an AxioCam camera on an Axiovert 200M microscope
(Zeiss). For the analysis of synaptogenesis in primary
cultured neurons, the neurons were costained with anti-
VGAT and anti-bassoon antibody. The number and size of
the synapses were analyzed with ImageJ software. Immuno-
histochemistry was performed according to the manufac-
turer’s instructions (no. 956143 and no. 956543, Invitrogen).
Briefly, tissue sections were deparaffinized and hydrated.
After antigen-retrieval in boiling 10 mM sodium citrate (pH
6.0) for 20 min, the sections were incubated with primary
antibodies (anti-trkb, anti-p-TrkB, or anti-Ab) overnight at
4 1C. The signal was developed using Histostain-SP kit. The
number of positive cells or plaques was analyzed using
ImageJ software (National Institute of Health) and color
deconvolution plugin as described previously (Josephs et al,
2008). First, color deconvolution was used to isolate AEC
stain, which represents the positive area from the hematox-
ylin stain that represents the nuclei. Image was changed into
8-bit type (gray), and then processed into binary color
image. Number of positive neurons or plaques was
calculated using the ‘analyze particles’ plugin of Imagine J.

Golgi Stain

Mice brains were fixed in 10% formalin for 24 h and then
immersed in 3% potassium bichromate for 3 days in the
dark. The solution was changed each day. Then the brains
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were transferred into 2% silver nitrate solution and
incubated for 24 h in the dark. Vibratome sections were
cut at 60 mm, air dried for 10 min, dehydrated through 95
and 100% ethanol, cleared in xylene, and coverslipped. For
measurement of spine density, only spines that emerged
perpendicular to the dendritic shaft were counted.

Western Blot Analysis

The mice brain tissue was lysed in lysis buffer (50 mM Tris,
pH 7.4, 40 mM NaCl, 1 mM EDTA, 0.5% Triton X-100,
1.5 mM Na3VO4, 50 mM NaF, 10 mM sodium pyropho-
sphate, 10 mM sodium b-glycerophosphate, supplemented
with protease inhibitors cocktail) and centrifuged for
15 min at 16 000 g. The supernatant was boiled in SDS
loading buffer. After SDS-PAGE, the samples were trans-
ferred to a nitrocellulose membrane. Western blotting
analysis was performed with a variety of antibodies.

Electron Microscopy

Synaptic density was determined by electron microscopy as
described previously (Hongpaisan et al, 2011). After deep
anesthesia, mice were perfused transcardially with 2%
glutaraldehyde and 3% paraformaldehyde in PBS. Hippo-
campal slices were postfixed in cold 1% OsO4 for 1 h. Samples
were prepared and examined using standard procedures.
Ultrathin sections (90 nm) were stained with uranyl acetate
and lead acetate and viewed at 100 kV in a JEOL 200CX
electron microscope. Synapses were identified by the
presence of synaptic vesicles and postsynaptic densities.

Electrophysiological Analysis

Electrophysiological analysis was carried out as previously
described (Hong et al, 2012). Briefly, vehicle- and 7,8-DHF-
treated 5XFAD mice were anaesthetized with isoflurane,
decapitated, and the hippocampi were cut into 400-mm thick
transverse slices with a vibratome. After incubation at room
temperature in a-CSF for 60–90 min, slices were placed in a
recording chamber on the stage of an upright microscope
(Olympus CX-31) and perfused at a rate of 3 ml per min
with a-CSF (containing 1 mM MgCl2) at 23–24 1C. A 0.1 MO
tungsten monopolar electrode was used to stimulate the
Schaffer collaterals. The field excitatory postsynaptic poten-
tials (fEPSPs) were recorded in CA1 stratum radiatum by
a glass microelectrode filled with a-CSF with resistance of
3–4 MO. The stimulation output (Master-8; AMPI, Jerusa-
lem) was controlled by the trigger function of an EPC9
amplifier (HEKA Elektronik, Lambrecht, Germany). fEPSPs
were recorded under current-clamp mode. Data were
filtered at 3 kHz and digitized at sampling rates of 20 kHz
using Pulse software (HEKA Elektronik). The stimulus
intensity (0.1 ms duration, 2–4 V) was set to evoke 40% of
the maximum fEPSP and the test pulse was applied at a rate
of 0.033 Hz. Field potential input-output curves were
constructed by measuring fEPSP slope responding to the
stimulus intensity increased from 1 to 7 V, with an 0.5 V
increment. LTP of fEPSPs was induced by 3 theta-burst-
stimulation (TBS), it is 4 pulses at 100 Hz, repeated 3 times
with a 200-ms interval). Paired-pulse facilitation (PPF) was
examined by applying pairs of pulses, which were separated

by 20–500 ms intervals. The magnitudes of LTP are expressed
as the mean percentage of baseline fEPSP initial slope.

Ab Plaque Staining

Amyloid plaques were stained with Thioflavin-S. The
deparaffinized and hydrated sections were incubated in
0.25% potassium permanganate solution for 20 min, rinsed
in distilled water, and incubated in bleaching solution
containing 2% oxalic acid and 1% potassium metabisulfite
for 2 min. After rinsing in distilled water, the sections were
transferred to blocking solution containing 1% sodium
hydroxide and 0.9% hydrogen peroxide for 20 min. The
sections were incubated for 5 s in 0.25% acidic acid, then
washed in distilled water and stained for 5 min with
0.0125% Thioflavin-S in 50% ethanol. The sections were
washed with 50% ethanol and placed in distilled water. Then
the sections were covered with a glass cover using mounting
solution. Quantitative assessment of plaque areas was done
using ImageJ software as described previously (Heneka
et al, 2013). Briefly, the images were normalized and an
automatic thresholding on the basis of the entropy of the
histogram was used to identify the plaques. The pictures
were converted to a binary, and then the plaque number
and the plaque area were calculated using the ‘analyze
particles’ plugin of Imagine J.

Ab42 ELISA

The mice brains were homogenized in 8X mass of 5 M
guanidine HCl/50 mM Tris HCl (pH 8.0) and incubated at
room temperature for 3 h. Then the samples were diluted
with cold reaction buffer (PBS with 5% BSA and 0.03%
Tween-20, supplemented with protease inhibitor cocktail),
and centrifuged at 16 000 g for 20 min at 4 1C. The super-
natant was analysed with a human Ab42 ELISA kit
according to the manufacturer’s instructions (KHB3441,
Invitrogen). The Ab42 concentrations were determined by
comparison with the standard curve.

Morris Water Maze

Female wild-type and 5XFAD mice maintained on standard
drinking water or 7,8-DHF were trained in a round, water-
filled tub (52 inch diameter) in an environment rich with
extra maze cues. An invisible escape platform was located in
a fixed spatial location 1 cm below the water surface
independent of a subjects start position on a particular
trial. In this manner, subjects needed to utilize extra maze
cues to determine the platform’s location. At the beginning
of each trial, the mouse was placed in the water maze with
their paws touching the wall from one of four different
starting positions (N, S, E, and W). Each subject was given
four trials/day for 5 consecutive days with a 15-min
intertrial interval. The maximum trial length was 60 s and
if subjects did not reach the platform in the allotted time,
they were manually guided to it. Upon reaching the invisible
escape platform, subjects were left on it for an additional 5 s
to allow for survey of the spatial cues in the environment to
guide future navigation to the platform. After each trial,
subjects were dried and kept in a dry plastic holding cage
filled with paper towels to allow the subjects to dry off. The
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temperature of the water was monitored every hour so that
the mice were tested in water that was between 22 and 25 1C.
Following the 5 days of task acquisition, a probe trial was
presented during which time the platform was removed and
the percentage of time spent in the quadrant that previously
contained the escape platform during task acquisition was
measured over 60 s. All trials were analysed for latency,
swim path length, and swim speed by means of MazeScan
(Clever Sys).

Statistical Analysis

All of the data were presented as mean±SEM. Statistical
analysis were performed using either Student’s t-test (two-
group comparison) or one-way ANOVA followed by the
Dunnett’s post hoc multiple comparison test (more than two
groups). The level of significance was set for P-valueo0.05.

RESULTS

7,8-DHF Protects Primary Cortical Neurons and LC
Neurons from Ab-Induced Toxicity in a TrkB-Dependent
Manner

We previously reported that 7,8-DHF displays protective
effect at 500 nM, and it induces TrkB tyrosine phosphoryla-
tion in hippocampal neurons (Jang et al, 2010; Liu et al,
2013). To examine whether 7,8-DHF has protective effects
on neurons against Ab-induced toxicity, we prepared rat
primary cortical neurons and challenged them with pre-
aggregated Ab (1–42). The slides were immunostained with
the neuronal marker MAP2 and then stained with TUNEL
in situ cell death detection Kit. Ab treatment provoked
neuronal apoptosis as indicated by TUNEL assay. Neuronal
apoptosis induced by Ab was substantially blocked by
500 nM 7,8-DHF (Figures 1a and c). Some of the positive
TUNEL signals were not overlapped with MAP2 (white
arrow), indicating that other cell types but not neurons were
dead. It has been demonstrated that AD patients present
with an early and prominent loss of LC neurons
(Chalermpalanupap et al, 2013; Matthews et al, 2002;
Weinshenker, 2008). Accordingly, we also tested the effect
of 7,8-DHF on Ab-induced toxicity in LC neurons. 7,8-DHF
significantly attenuated neuronal death induced by pre-
aggregated Ab. To determine whether the protective effect
of 7,8-DHF is dependent on TrkB activity, we pretreated the
neurons with K252, a Trk receptor inhibitor 30 min before
7,8-DHF introduction. K252 pretreatment completely
blocked the protective effect of 7,8-DHF (Figures 1b and
d), demonstrating that the protective effect of 7,8-DHF is
dependent on TrkB activity.

7,8-DHF Promotes Dendrite Branching and Synaptic
Formation in vitro

BDNF is required for normal dendritic morphology and
synapse formation and maintenance (Gomes et al, 2006;
Hiester et al, 2013). In order to test whether 7,8-DHF affects
dendrite elongation, we assessed the dendritic length in the
presence or absence of 7,8-DHF. We found that exposure to
500 nM 7,8-DHF for 3 days significantly increased the total
dendritic length of primary cultured neurons (Figures 2a

and b). We also tested the number of crossings between
dendrites and calculated the area under the curve (AUC).
The number of dendritic crossings was significantly
increased by 7,8-DHF. These results indicate that 7,8-DHF
promotes dendritic branching (Figure 2c).

To further address the effect of 7,8-DHF on synaptic
formation and maintenance in vitro, we stained vehicle- or
7,8-DHF-treated neurons with the presynaptic markers
VGAT and bassoon. The density and structure of pre-
synaptic structures were examined using immunofluores-
cent confocal microscopy. 7,8-DHF treatment increased the
number of presynaptic structures expressing VGAT and
bassoon. 7,8-DHF also increased synapse size (Figures
3d–f). These results suggest that 7,8-DHF promotes
dendritic arborization and facilitates the formation and
maintenance of synapses in vitro.

Chronic Oral Administration of 7,8-DHF Activates TrkB
and Downstream Signaling Pathways in 5XFAD Mice

To explore whether oral administration of 7,8-DHF can
activate TrkB in mouse brain, we supplied 7,8-DHF or
vehicle in the drinking water of non-transgenic beginning at
2 months of age. After 4 months of drug treatment, we
monitored TrkB activation in the brain by immunohisto-
chemistry with anti-phosphorylated TrkB (p-TrkB) anti-
body. Quantitative analysis revealed that p-TrkB-positive
neurons in 5XFAD mice appeared to be fewer compared with
non-transgenic control, but the decrease was not statistically
significant. However, 7,8-DHF treatment significantly ele-
vated p-TrkB but not total TrkB levels in 5XFAD mice
(Figures 3a and b). This result was confirmed by immuno-
blotting of the brain lysates. BDNF treatment elicits robust
TrkB tyrosine phosphorylation and activates several down-
stream signaling pathways, such as PI3K/AKT and Ras/Raf/
MAPK pathways. As expected, the TrkB receptor was more
prominently phosphorylated in 5XFAD mice treated with
7,8-DHF than vehicle control, as were the downstream AKT
and ERK/MAPK pathways (Figure 3c). Given the fact that
7,8-DHF can pass the blood–brain barrier (Liu et al, 2013),
these results suggest that chronic oral administration of 7,8-
DHF directly activates TrkB receptor and its downstream
signaling pathways in the brain.

Chronic Oral Administration of 7,8-DHF Prevents
Synaptic Loss in 5XFAD Mice

Synaptic loss is believed to be the basis of cognitive
impairment in the early phase of AD (Scheff et al, 2011). In
5XFAD mice, significant synaptic loss and behavior deficits
were detected at 5 months of age, in the absence of
detectable neuronal loss (Hongpaisan et al, 2011). We first
assessed the density of dendritic spines along individual
dendrites of pyramidal neurons by Golgi stain. The density
of dendritic spines was markedly decreased in the 5XFAD
mouse model compared with the non-transgenic group, and
this deficit was markedly rescued by 7,8-DHF treatment
(Figures 4a and b). As each dendritic spine can form more
than one synapse, we directly quantified the density of
synapses in the CA1 area of 5XFAD mice brain by electron
microscopy. 5XFAD mice showed a significant reduction
in synaptic density compared with non-transgenic control

7,8-DHF protects synapses in Alzheimer’s disease
Z Zhang et al

641

Neuropsychopharmacology



mice. 7,8-DHF treatment notably reversed the loss of
synaptic density (Figures 4c and d). We further confirmed
these findings by immunoblotting using presynaptic
markers (synaptotagmin and synapsin I) and postsynaptic
markers (PSD95 and spinophilin). 5XFAD mice showed a
significant decrease in these synaptic markers, indicating
synaptic degeneration. 7,8-DHF treatment reversed the
decrease of synaptic markers (Figure 4e). These results
suggest that activation of TrkB receptors by 7,8-DHF
inhibits the loss of synapse in 5XFAD mice.

Chronic Oral Administration of 7,8-DHF Restores
Synaptic Plasticity in 5XFAD Mice

Long-term potentiation (LTP) is a measure of synaptic
plasticity that underlies learning and memory. 5XFAD mice

show significantly impaired LTP at the Schaffer collateral-
CA1 pathways compared with non-transgenic mice (Kimura
and Ohno, 2009). We examined whether chronic oral 7,8-
DHF treatment can rescue LTP deficit observed in
hippocampal slices from 5-month-old 5XFAD mice. As
shown in Figure 5a, LTP magnitude was significantly
decreased compared with the non-transgenic control mice,
and the decreased LTP magnitude in 5XFAD mice was
significantly reversed by 7,8-DHF treatment, suggesting a
definite enhancement in synaptic plasticity by 7,8-DHF. We
also tested PPF, which represents a short-term form of
synaptic plasticity reflecting presynaptic function. Consis-
tent with the previous report that PPF was not affected in
5XFAD mice (Kimura and Ohno, 2009), we found that the
ratio of paired pulse was similar when comparing non-
transgenic control, vehicle- and 7,8-DHF-treated 5XFAD

Figure 1 7,8-dihydroxyflavone (7,8-DHF) prevents Ab-induced neurotoxicity in cultured cortical neurons and locus coeruleus (LC) neurons. (a) 7,8-DHF
protected cortical neurons form Ab toxicity. Cultured cortical neurons (DIV 12) were exposed to pre-aggregated Ab (1–42, 20mM) for 18 h in the presence
or absence of 7,8-DHF (500 nM). Neurons were immunostained with neuronal marker MAP2. Neuronal apoptosis was detected by TUNEL staining. The
neurons in apoptosis were indicated by white arrows. (b) 7,8-DHF protects LC neurons from Ab toxicity. LC neurons were exposed to pre-aggregated Ab
(25–35, 20mM) for 18 h in the presence or absence of 7,8-DHF (500 nM) and the Trk receptor inhibitor K252 (100 nM), and stained with tyrosine
hydroxylase (TH) (red), DAPI (blue) and TUNEL (green). The percentage of apoptotic cells was determined by TUNEL staining. (c) Quantification of
TUNEL-positive cells show that 7,8-DHF decreased the apoptotic rate of cortical neurons induced by Ab. Data represent the mean±SEM from three
independent experiments. *Po0.01. (d) Quantification of TUNEL-positive neurons shows that 7,8-DHF attenuated Ab-induced apoptosis in LC neurons.
The protective effect of 7,8-DHF was abolished by K252. Data represent the mean±SEM from three independent experiments. *Po0.01.
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mice (Figure 5b). Then we tested the basal synaptic
transmission at CA1 synapses by measuring the input/
output (I/O) curves. We found that the basal synaptic
transmission was impaired in 5XFAD mice, and the I/O
curve was not affected by 7,8-DHF treatment, indicating
that 7,8-DHF did not rescue the basal synaptic transmission
in 5XFAD mice (Figures 5c and d).

Chronic Oral Administration of 7,8-DHF Alleviates Ab
Deposition But not The Concentration of Total Ab

We further investigated the effect of 7,8-DHF treatment on
senile plaque formation by Thioflavin-S staining. 5XFAD
mice show significant plaque deposition at 6 months of age.
Strikingly, the number of plaques in the hippocampus was
significantly decreased in 7,8-DHF-treated mice as com-
pared with vehicle control (Figures 6a and b). We further
tested the deposition of Ab by immunohistochemistry with
anti-Ab antibody. Ab deposition was lower in 7,8-DHF-
treated group when compared with mice given standard
drinking water (Figures 6c and d). We also measured the
concentrations of total Ab42 by ELISA. Interestingly, total
Ab42 concentration in 5XFAD mice was not affected by
7,8-DHF treatment (Figure 6e). These results suggest that

chronic oral 7,8-DHF may prevent Ab deposition and
plaque formation but not Ab production.

Chronic Oral Administration of 7,8-DHF Rescues
Memory Deficits in 5XFAD Mice

Hippocampal-dependent spatial memory of 5XFAD mice at
6 months of age was tested with the invisible platform task
in the Morris water maze test. The average latency
(Figure 7a), swim path length (Figure 7b), and swim speed
(Figure 7c) for each of the 5 acquisition days were calculated
and plotted. A two-way mixed analysis of variance
(ANOVA) (Group�Training Day (repeated measure)) on
latency revealed a main effect of training day (F (4,
156)¼ 15.29, Po0.05) and group (F (3, 39)¼ 3.88,
Po0.05) but not interaction (F (12, 156)¼ 0.4423, ns). A
mixed two-way ANOVA on swim path distance revealed a
significant main effect of training day (F (4, 156¼ 14.81,
Po0.05)) but no effect of group (F (3, 39)¼ 0.84, ns) or
interaction (F (12, 156)¼ 1.16, ns). Separate one-way
repeated measures ANOVAs on swim path distance revealed
a significant effect of training day for water-treated wild-
type (F (4, 40)¼ 2.77, Po0.05), 7,8-DHF-treated wild-type
(F (4, 28)¼ 10.71, Po0.05), and 7,8-DHF-treated 5XFAD

Figure 2 7,8-dihydroxyflavone (7,8-DHF) promotes synaptogenesis in primary cultured neurons. (a) Representative image of primary cortical neurons.
The neurons were cultured in the presence or absence of 7,8-DHF (500 nM) for 3 days and immunostained with antibody to neuronal marker MAP2.
(b) Quantification of total dendritic length. 7,8-DHF promoted dendritic elongation in primary neurons. (c) The number of crossings and area under the
curve (AUC) following 7,8-DHF treatment.(d) The presynaptic structure of cultured neurons. Vehicle- or 7,8-DHF-treated neurons were double stained
with the presynaptic markers VGAT (green) and bassoon (red). The number of synapses (e) and synapse size (f) was quantified. 7,8-DHF significantly
promoted the number and size of neurons. Data represent the mean±SEM from three independent experiments. *Po0.01.
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(F (4, 52)¼ 6.48, Po0.05) mice, indicating significant
learning over the 5 days of water maze training. Conversely,
water-treated 5XFAD mice (F (4, 36)¼ 0.58, ns) did not
demonstrate this improvement. These results indicate that
5XFAD mice had impaired acquisition of the spatial
learning task that was corrected by 7,8-DHF. A two-way
mixed ANOVA on swim speed revealed a significant
interaction between group and training day (F (12,
156)¼ 2.387, Po0.05), and post hoc analysis revealed some
small but inconsistent differences on various days. Analysis
of the main effects of group on swim speed (F (3,
39)¼ 3.412) revealed that, collapsed over the 5 training
days, the only consistent effect of group on swim speed was
that 7,8-DHF-treated wild-type mice swam significantly
slower than 7,8-DHF-treated 5XFAD mice. Thus, it is highly
unlikely that genotype or treatment effects on swim speed
contributed to overall task performance, particularly as
swim path distance is independent of swim speed.

Assessment of memory recall for the platform location on
the probe trial revealed impaired memory in water-treated

5XFAD mice and its rescue by 7,8-DHF (Figure 7d). A two-
way ANOVA (Genotype�Treatment) performed on the
percentage of time spent in the target quadrant during the
60 s probe trial indicated a significant interaction (F (1,
41)¼ 2.293, Po0.05). Sidak’s multiple comparisons re-
vealed that, when compared with water-treated wild-type
mice, water-treated 5XFAD mice spent a significantly lower
percentage of their time in the quadrant that formerly
contained the hidden platform. Comparison of the percen-
tage of time spent in the target quadrant between water- and
7,8-DHF-treated 5XFAD mice revealed a significant differ-
ence between these groups (t (1,22)¼ 2.293, Po0.05),
demonstrating rescue of spatial memory recall by 7,8-DHF.

DISCUSSION

Our results in the present study demonstrate that 7,8-DHF
mimics BDNF and displays neurotrophic actions by
protecting cortical neurons and LC neurons from

Figure 3 7,8-dihydroxyflavone (7,8-DHF) elicits tropomyosin-receptor-kinase B (TrkB) and downstream signaling activation in 5XFAD mice.
(a) Immunohistochemistry staining for TrkB and p-TrkB in 5XFAD brain sections. Two months old 5XFAD mice were treated with 7,8-DHF (5 mg/kg/day)
or vehicle consecutively for 4 months. The phosphorylation of TrkB in dentate gyrus was detected by immunohistochemistry with anti-TrkB and anti-p-TrkB
816 antibody. Arrows indicate the p-TRKB-positive cells. Scale bar, 50 mm. (b) Quantification of p-TrkB-positive neurons in the dentate gyrus. Note that
7,8-DHF treatment elicited the phosphorylation of TrkB in 5XFAD mice. Data are shown as mean±SEM (n¼ n¼ 3 mice per group). *Po0.01.
(c) Immunoblotting analysis of the phophorylation of TrkB and its downstream signaling pathways Akt and ERK/MAPK. The level of p-TrkB, p-AKT and
p-ERK/MAPK was increased by 7,8-DHF treatment, indicating that 7,8-DHF elicits TrkB and its downstream signaling pathways. n¼ 3 mice per group.
*Po0.05.
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Ab-induced toxicity, promotes dendritic arborization, and
synaptogenesis in vitro. In the 5XFAD mouse model,
chronic oral administration of 7,8-DHF activated TrkB
signaling pathways in the brain, attenuated synaptic loss,
reversed synaptic plasticity, Ab deposition, and rescued
spatial memory deficits. These results suggest that 7,8-DHF
simulates the physiological actions of BDNF and prevents
the synaptic dysfunction and cognitive deficits in a rodent
model of AD.

Impairment of the BDNF-TrkB pathway has long been
believed to have an essential role in AD pathogenesis.
Accumulating evidence supports that BDNF provides a
novel therapeutic strategy for AD treatment (Arancibia

et al, 2008; Nagahara et al, 2009). Nevertheless, BDNF is
a 25 KDa protein, and as such, possesses the intrinsic
drawbacks of any polypeptide as a pharmacological agent,
including in vivo instability and poor pharmacokinetics.
To circumvent these issues, we screened thousands of
compounds and successfully identified a small molecule
7,8-DHF, which selectively provokes TrkB but not TrkA
activation in mouse brain upon i.p. or oral administration
(Andero et al, 2012; Andero et al, 2011; Jang et al, 2010;
Liu et al, 2010). We also found many flavone derivatives,
such as chrysin (5,7-DHF) fails to active TrkB receptor,
indicating that the 8-position hydroxy group is essential for
flavone derivatives to bind TrkB receptor (Jang et al, 2010).

Figure 4 7,8-dihydroxyflavone (7,8-DHF) prevents the synaptic loss in hippocampal CA1 area of 5XFAD mice. (a) Golgi staining reveals the dendritic spines
from apical dendritic layer of the CA1 region. Scale bar, 5mm. (b) Quantitative analysis of the spine density. The decreased spine density in 5XFAD mice was
reversed by 7,8-DHF. n¼ 6 in each group, *Po0.01. (c) Quantitative analysis of the synaptic density in non-transgenic, vehicle- and 7,8-DHF-treated 5XFAD
mice. 5XFAD mice show decreased synaptic density, which was reversed by 7,8-DHF. Data are shown as mean±SEM (n¼ 3 mice per group). *Po0.01.
(d) Representative electron microscopy of the synaptic structures. Arrows indicate the synapses. (e) Immunoblot analysis of synaptic markers in brain
homogenates from mice treated with vehicle or 7,8-DHF. The expression of presynaptic markers (synaptotagmin and synapsin I) and post-synaptic markers
(PSD95 and spinophilin) were reduced in 5XFAD mice, indicating synaptic degeneration. 7,8-DHF reversed the decrease of synaptic markers.
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Figure 5 7,8-dihydroxyflavone (7,8-DHF) restores synaptic plasticity in 5XFAD mice. (a) Long-term potentiation (LTP) of field excitatory postsynaptic
potentials (fEPSPs) was induced by 3xTBS (theta-burst-stimulation) (four pulses at 100 Hz, repeated three times with a 200-ms interval). Shown traces are
representative fEPSPs recorded at the time point 1 and 2 (vehicle treated), 3 and 4 (7,8-DHF-treated mouse). The magnitude of LTP in 5XFAD mice is
significantly lower than in non-transgenic control mice, and 7,8-DHF treatment reversed the LTP impairment. n¼ 6 in each group. Data are presented as
mean±SEM. *Po0.05 vs vehicle-treated mice. (b) The paired-pulse facilitation (PPF) of non-transgenic, vehicle-treated 5XFAD, and 7,8-DHF-treated
5XFAD mice. The ratio of paired pulse is similar between two groups. The inter-pulse interval for paired pulse is 20, 50, 100, 200, and 500 ms. n¼ 6 in each
group. (c) Synaptic transmission assessed by input/output (I/O) relation between stimuli intensity and fEPSP slope. I/O curves obtained in hippocampal slices
prepared from non-transgenic, vehicle-, and 7,8-DHF-treated 5XFAD mice. (d) Averaged slope of I/O curves is significantly greater in non-transgenic mice
(Po0.05, vs vehicle- or 7,8-DHF-treated 5XFAD mice). There is no difference between vehicle- and 7,8-DHF-treated 5XFAD mice. n¼ 6 in each group.
Data are presented as mean±SEM and analyzed with two-way ANOVA.

Figure 6 7,8-dihydroxyflavone (7,8-DHF) alleviates Ab deposition but not the concentration of total Ab. (a) Thioflavin-S staining of amyloid plaques in
the hippocampus of 5XFAD mouse brain sections. Scale bar, 100 mm. (b and c) Quantitative analysis of amyloid plaques. The density of plaques (b) and the
percentage of area occupied by Ab deposits (c) in 5XFAD mouse brain were decreased by 7,8-DHF. n¼ 3 mice per group, three sections per mice were
analyzed. *Po0.01. (d) Immunohistochemistry of Ab deposits in 5XFAD mice. Scale bar, 100 mm. (e) Quantitative analysis of amyloid plaques. Amyloid
deposition in 5XFAD mice was significantly decreased by 7,8-DHF. n¼ 3 mice per group, three sections per mice were analyzed. *Po0.01. (f) Ab42 ELISA
in vehicle- and 7,8-DHF-treated 5XFAD mice. n¼ 4 in vehicle group, n¼ 9 in 7,8-DHF group. 7,8-DHF did not change the concentration of total Ab42.
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Here we show that 7,8-DHF promotes both cortical and LC
neuron survival in the face of Ab-induced neurotoxicity. LC
neurons are one of the earliest populations of neurons
affected in AD and Parkinson disease, probably because that
they are more vulnerable than other neuronal populations.
Nevertheless, our in vitro result suggests that 7,8-DHF may
be used to protect these neurons in the early phase of AD.

5XFAD mice have been shown to develop cerebral
amyloid plaques at 2 months of age and show memory
impairment at 4–5 months of age (Oakley et al, 2006). It has
also been shown that the level of mature BDNF is
dramatically reduced in 5XFAD mice, beginning at 3
months of age (Devi and Ohno, 2012). Given the key roles
that BDNF-TrkB signaling has in learning and memory, we
propose that our TrkB agonist 7,8-DHF may protect
memory decline in 5XFAD mice. Here we show that TrkB
receptors in the dentate gyrus were activated by 7,8-DHF
treatment. The activation of TrkB downstream Akt and
MAPK pathways were coupled to TrkB phosphorylation.
Therefore, chronic oral administration of 7,8-DHF activates
BDNF-TrkB signaling in the brain of 5XFAD mice. Finally,
our results are consistent with the previous report that
systematic administration of 7,8-DHF triggers TrkB activa-
tion in a transgenic mouse model of AD and in cognitively
impaired aged rats by activating the TrkB signaling pathway
(Devi and Ohno, 2012; Zeng et al, 2012). Interestingly, we
noticed that 5XFAD mice did not show significant impair-
ment of basal TrkB activity. Presumably, the decreased
BDNF level is compensated by TrkB receptor hypersensi-
tivity. However, we observed that 7,8-DHF triggered TrkB
activation and exerted the protective effect. It is worth
noting that in our experiment the increase of p-TrkB

signaling is not as robust as in the Devi and Ohno’s study.
This may be due to the different basal TrkB activity. They
used 12- to 15-month-old mice, which demonstrate
significant impairment of TrkB signaling. We previously
reported that 7,8-DHF binds to TrkB and quickly induces
TrkB dimerization, phosphorylation, and the activation of
downstream signaling pathways (Andero et al, 2011; Jang
et al, 2010). Many different labs have independently
reported that 7,8-DHF activates the TrkB signaling pathway
in cortical neurons, motor neurons, retinal ganglion cells,
dopaminergic neurons, and so on (Apawu et al, 2013; Gupta
et al, 2013; Mantilla and Ermilov, 2012). All of these data
suggest that 7,8-DHF exert its neurotrophic activity through
TrkB. To confirm a small molecule indeed acts as a receptor
agonist, the best evidence might be co-crystallization.
However, the crystal structure of TrkB extracellular domain
(ECD) has not been fully solved yet, we had not yet directly
observed the co-crystal structure of the 7,8-DHF and TrkB
complex.

Synaptic dysfunction is a major pathophysiological hall-
mark in AD and other neurodegenerative diseases. Sub-
stantial evidence indicates that there is a decrease in the
number of synapses in AD patients and in patients with
amnestic mild cognitive impairment (aMCI), a prodromal
stage of AD (Scheff et al, 2011; Selkoe, 2002). Hence,
synaptic dysfunction is an early event in AD pathogenesis.
Furthermore, synaptic loss appears to be the best pathologic
correlate of dementia in AD (Sze et al, 1997; Terry et al,
1991). It has been suggested that ‘synaptoprotective’ therapy
will probably be more clinical relevance than neuroprotec-
tive therapy (Coleman et al, 2004). BDNF/TrkB signaling
has a direct role in the formation and maintenance of

Figure 7 Effects of 7,8-dihydroxyflavone (7,8-DHF) on spatial learning and memory of wild-type (WT) and 5XFAD mice. Female WT and 5XFAD mice
(n¼ 10–14/group) given standard drinking water or 7,8-DHF dissolved in their drinking water were trained in the water maze over 5 days. Shown are
mean±SEM latency to mount the escape platform (a), swim path length (b), and swim speed (c). A probe trial was performed on day 6 during which the
platform was removed. Shown is the mean±SEM percentage of time spent in the target quadrant (d). *Po0.05 compared with vehicle treated wild-type
mice, #Po0.05 compared with vehicle treated 5XFAD mice.
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synapses (Gomes et al, 2006; Hiester et al, 2013). Like
BDNF, 7,8-DHF can significantly promote dendritic elonga-
tion and arborization in primary cultured cortical neurons
(Figure 2). Dendrites constitute 490% of the neuronal
surface available for synaptic contact (Coleman et al, 2004).
We also show that 7,8-DHF promotes synaptogenesis.
Conceivably, our in vitro results indicate that 7,8-DHF
may provide protective effects on synapses in AD. Activa-
tion of TrkB is required for multiple aspects of neuronal
functions, including neuronal survival, morphological
change of neurons, and synaptic plasticity (Bekinschtein
et al, 2008; Diniz and Teixeira, 2011; Lu et al, 2013; Zuccato
and Cattaneo, 2009). TrkB signaling promotes the formation
of dendritic spines (Zeng et al, 2011). We observed a
decrease in dendritic spine density in the hippocampus of
5XFAD mice, and that TrkB agonist 7,8-DHF increased the
spine density in apical dendrites of CA1 neurons of
hippocampus. In agreement with this observation, 7,8-
DHF also exerted a beneficial effect on the number of
synapses in the CA1 area of 5XFAD mice. Furthermore, the
expression of synaptic markers was also increased by 7,8-
DHF treatment, indicating that 7,8-DHF possesses the
profound protective effects on synapses in vivo.

Several transgenic mouse models of AD show age-
dependent deficits in hippocampal LTP (Chapman et al,
1999; Oddo et al, 2003), which correlate with the impair-
ment in hippocampal-dependent memory. LTP is regarded
as cellular mechanism for learning and memory. In the
adult brain, the main functions of BDNF are to enhance
synaptic transmission, facilitate synaptic plasticity, and
promote synaptic growth. BDNF is also critical for LTP (Lu
et al, 2013). It has been reported that BDNF promotes
persistence of long-term memory storage through activation
of ERK signaling (Bekinschtein et al, 2008). Like BDNF, 7,8-
DHF can also promote the activation of ERK, a likely
mechanism by which 7,8-DHF rescues LTP impairments in
5XFAD mice. In the water maze test, 7,8-DHF improved
not only the acquisition of the spatial learning task but
also the spatial memory recall. This is consistent
with previous reports which demonstrated that 7,8-DHF
improves spatial memory in APP transgenic mice(Devi and
Ohno, 2012) and cognitively impaired aged rats (Zeng et al,
2012). We previously found that the brain 7,8-DHF
peaked at 10 min with a concentration of 50 ng/g of the
brain (about 200 nM) after oral administration of 50 mg/kg
dosage (Liu et al, 2013). Here the mice received
an approximate dose of 5 mg/kg/day. We estimate that
the brain concentration in the present study is lower than
the in vitro beneficial concentration of 500 nM. These
results suggest that chronic exposure of the brain to lower
concentration of 7,8-DHF is sufficient to exert the protective
effect in vivo.

Polymerization of Ab is believed to have a key role in the
pathogenesis of AD. We tested whether 7,8-DHF interferes
with Ab aggregation. We found that 7,8-DHF reduced the
formation of plaques as demonstrated by Thioflavin-S
staining and Ab immunohistochemistry. However, 7,8-
DHF treatment did not affect total cerebral Ab42 concen-
trations. Considering that numerous flavonoids exhibit
inhibitory activity against Ab42 aggregation (Sato et al,
2013). We cannot exclude the possibility that 7,8-DHF may
also directly inhibit the aggregation of Ab as well. Recently,

it was reported that 10 days of i.p. 7,8-DHF administration
decreased cerebral Ab concentration and BACE1 expression
in 5XFAD mice at 12–15 months old (Devi and Ohno, 2012).
One of the possible reasons for this discrepancy is the
different route of drug administration. Our oral adminis-
tration pharmacokinetics data show that 7,8-DHF’s oral
bioavailability is around 5% and i.p. injection may display
much higher levels of bioavailability (Liu et al, 2013). This
difference might explain why p-TrkB signals in 7,8-DHF i.p.
injected mouse brains are stronger than what we have
shown in the brain lysates when 7,8-DHF was orally
administrated. Moreover, 10 days of i.p. treatment may
lead to higher drug levels, which may then suppress BACE1
expression, resulting in blockade of Ab production,
although 7,8-DHF does not inhibit BACE1 activity
directly. On the other hand, the age of the mice may also
contribute to this discrepancy. The 12–15 months old
5XFAD mice in the Devi and Ohno’s study represent an
advanced age of AD, whereas in our study the 5XFAD mice
begun to receive 7,8-DHF at 2 months of age, which
represent an earlier stage of disease progression. The
expression of BACE1 in the brains of older 5XFAD mice
is much higher than that in younger mice, which may make
it easier to demonstrate the inhibitory effect of drugs
(Zhang et al, 2009). Together, the difference in mice age
and different routes of drug administration may result in
different drug exposure in the brain, contributing to the
different effects of 7,8-DHF on BACE1 expression in the two
studies. Except for these differences, the present study
differs from the Devi and Ohno’s work in several
ways. First, we focused on the effect of 7,8-DHF on synaptic
dysfunction, because synaptic loss is the physical basis of
cognitive alteration in AD. Demonstration of the ‘synapto-
protective’ effect of 7,8-DHF will provide more clinically
relevant information. In addition, we measured the effect of
7,8-DHF using the water maze test, because it is the most
widely used test to measure hippocampal-dependent
spatial-based learning and memory, which is early and
prominent memory loss in AD patients, whereas the Devi
and Ohno’s study used Y-maze to test the general cognitive
function.

In summary, this study demonstrates that chronic oral
administration of 7,8-DHF exerts therapeutic effect in
5XFAD mice. This effect can largely be attributed to the
protective effect of 7,8-DHF on synapses. Our study
identifies 7,8-DHF as a novel ‘synaptoprotective’ strategy
for the treatment of AD and other neurodegenerative
diseases.
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