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The novel squamosamide derivative FLZ enhances
BDNF/TrkB/CREB signaling and inhibits neuronal
apoptosis in APP/PS1 mice
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Aim: The aim of this study was to study the effects of compound FLZ, a novel cyclic derivative of squamosamide from Annona glabra,
on brain-derived neurotrophic factor (BDNF)/tropomyosin receptor kinase B (TrkB)/cAMP response element-binding protein (CREB) sig-
naling and neuronal apoptosis in the hippocampus of the amyloid precursor protein (APP)/presenilin-1 (PS1) double transgenic mice.
Methods: APP/PS1 mice at the age of 5 months and age-matched wild-type mice (WT) were intragastrically administered FLZ (150
mg/kg) or vehicle [0.05% carboxymethyl cellulose sodium (CMC-Na)] daily for 20 weeks. The levels of BDNF in the hippocampus of WT
and APP/PS1 mice were then measured by immunohistochemistry and Western blot analysis. Neuronal apoptosis in mouse hippocam-
pus was detected by Nissl staining. Expression of NGF, NT3, pTrkB (Tyr515)/TrkB, pAkt (Ser473)/Akt, pERK/ERK, pCREB (Ser133)/
CREB, Bcl-2/Bax, and active caspase-3 fragment/caspase-3 in the hippocampus of WT and APP/PS1 mice was detected by Western

blot analysis.

Results: Compared with vehicle-treated APP/PS1 mice, FLZ (150 mg/kg) significantly increased BDNF and NT3 expression in the hip-
pocampus of APP/PS1 mice. In addition, FLZ promoted BDNF high-affinity receptor TrkB phosphorylation and activated its downstream
ERK, thus increasing phosphorylation of CREB at Ser133 in the hippocampus of APP/PS1 mice. Moreover, FLZ showed neuroprotec-
tive effects on neuronal apoptosis by increasing the Bcl-2/Bax ratio and decreasing the active caspase-3 fragment/caspase-3 ratio in

the hippocampus of APP/PS1 mice.

Conclusion: FLZ exerted neuroprotection at least partly through enhancing the BDNF/TrkB/CREB pathway and inhibiting neuronal
apoptosis in APP/PS1 mice, which suggests that FLZ can be explored as a potential therapeutic agent in long-term Alzheimer’s disease

therapy.
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Introduction

Alzheimer’s disease (AD), an age-related neurodegenerative
disorder, is characterized by progressive neuronal loss and
cognitive impairment. Two pathological features character-
ize AD besides amyloid plaques and neurofibrillary tangles.
One feature is the selective loss of neurons, including basal
forebrain cholinergic neurons and neurons in the cortex, hip-
pocampus and certain subcortical regions. This neuronal loss
contributes to progressive cognitive deficits" . Another fea-
ture is synaptic loss, including decreased neuronal plasticity™,
probably attributable to the aberrant increase of f-amyloid
(AP) deposits in the brain® . The pathogenesis of AD remains
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unclear, and the available treatments are somewhat limited.
All current treatments approved by Food and Drug Adminis-
tration (FDA) for AD only have moderate efficacy in slowing
the rate of cognitive decline in patients and do not halt pro-
gression of the disease!”.

Neurotrophins (NTs), including nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin 3
(NT3), and NT4/5, which are critical molecules supporting the
development, differentiation, maintenance and plasticity of
brain function throughout life®, have been implicated in the
pathophysiology of neurodegenerative and psychiatric disor-
ders. Several studies reported that neurotrophic starvation,
including NGF or BDNF deficiency, begins in the early stage
of AD and eventually causes neuronal degeneration, cell death
and loss of cholinergic neurotransmission in the late stage of
ADP . Neuronal plasticity is directly affected by the levels
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of several neurotrophins, especially BDNF, and evidence has
proven that expression of BDNF is impaired in AD patients
and AD-like animal models". Exogenous addition of BDNF
can rescue neurons from death by preventing Ap-induced neu-
rodegeneration in vitro and in vivo. BDNF exerts its promot-
ing effect mainly by binding to tropomyosin receptor kinase
B (TrkB), leading to TrkB autophosphorylation of tyrosine
residues and activation of signaling molecules, including the
mitogen-activated protein kinases (MAPK)/extracellular sig-
nal-regulated kinases (ERK) and phosphatidylinositol 3 kinase
(PI3K)/ Akt pathways™. cAMP response element-binding
protein (CREB), one of the phosphorylated substrates of ERK,
is critical for long-term memory formation. The activation of
CREB through phosphorylation of Ser133 controls the induc-
tion of many genes, including BDNF and Bcl-2" %1 In addi-
tion, evidence suggests a proapoptotic state in neurons of the
AD brain!®. Bcl-2 plays an important role in inhibiting both
apoptosis and necrosis of central nervous system cells against

several kinds of insults'”.

Bcl-2 inhibits cytochrome c release
from mitochondria elicited by the proapoptotic molecule Bax,
resulting in inhibition of caspase activation and apoptotic
death™ ™,

Compound FLZ (chemical name N-[2-(4-hydroxy-phenyl)-
ethyl]-2-(2,5-dimethoxy-phenyl)-3-(3-methoxy-4-hydroxy-
phenyl)-acrylamide) is a cyclic analogue of squamosamide
found in Annona glabra®™. Our previous studies demonstrated
that compound FLZ improved the learning and memory defi-
cit in several experimental animal models of dementia, includ-
ing APP/PS1 mice™ . FLZ exerted most of its neuroprotec-

R and tau

tive effects by reducing Af level and aggregation
hyperphosphorylation (unpublished data), as well as by pro-
tecting mitochondrial function™!, Here, we used the APP/
PS1 mouse model, a model that recapitulates many of the
salient features of AD™, to directly investigate whether mod-
ulation of the hippocampal BDNF signaling pathway and/or

neuronal apoptosis is involved in FLZ neuroprotection.

Materials and methods

Materials

FLZ is a water-insoluble white powder with 99% purity. The
rabbit anti-active caspase-3 fragment antibody was purchased
from Abcam (Cambridge, UK). Rabbit anti-TrkB, anti-p-TrkB
(Thr515), and anti-pAkt (Ser473) antibodies were purchased
from Signalway Antibody (Pearland, USA). Rabbit anti-
PCREB (Ser133) and anti-CREB antibodies were obtained from
Bioworld Technology (MN, USA). Goat anti-Aktl/2 antibody
was provided by Boaosen Co (Beijing, China). Mouse anti-
Bcl-2, anti-Bax and rabbit anti-p-ERK, anti-ERK1/2, anti-NGF,
anti-BDNF, anti-NT3, and anti-caspase-3 antibodies were
products of Santa Cruz Biotechnologies (Heidelberg, Ger-
many).

Animals and FLZ treatment

The APP/PS1 mice (Tgs) were provided by Prof Lian-feng
ZHANG of the Institute of Laboratory Animal Science, Chi-
nese Academy of Medical Science. The animals were gen-
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erated by co-injection of chimeric mouse/human APP695
harboring the Swedish mutation and human PS1-dE9 vectors,
both controlled by their own mouse prion protein promoter
element™.,
Mice were approximately 4 months old upon their arrival in

Wild-type (WT) siblings were used as controls.

the laboratory. They were acclimated for 1 month to their new
environment before treatments. Nineteen APP/PS1 mice (ten
male and nine female mice) and ten WT mice (five male and
five female mice) were used in the present study. Nine APP/
PS1 mice (at the age of 5 months) were intragastrically (ig)
administered FLZ (150 mg/kg in 0.05% carboxymethyl cellu-
lose sodium (CMC-Na)) daily for 20 weeks. APP/PS1 control
and WT control mice were given vehicle (0.05% CMC-Na) ig at
the same time. Housing, breeding and experimental use of the
animals were performed strictly based on the NIH guidelines
for animal care.

Immunohistochemical analysis

Mice were anesthetized and transcardially perfused with 200
mL normal sodium (NS) followed by 400 mL 4% paraform-
aldehyde solution at 24 h after behavior tests. The brain was
post-fixed in the same fixation fluid for another 24 h at 4 °C.
The brain was then sliced coronally into 20 pm sections with
a Vibratome (Leica, VT1000S, Germany). The frozen sections
were permeabilized with 0.3% H,O, (in absolute methanol)
for 10 min to block endogenous peroxidase. Then, the sec-
tions were blocked with 5% BSA for 1 h at 37 °C and incubated
with BDNF (1:100, Santa Cruz) for 48 h at 4 °C. After being
washed with PBS, sections were subsequently incubated with
horseradish peroxidase (HRP)-labeled secondary antibodies
for 1 h at 37 °C. The immunoreactivity was visualized with
the diaminobenzidine tetrachloride system. All immunoreac-
tive areas were quantified using ImagePro Plus 6.0 software
(Media Cybernetics, Silver Spring, MD). Data were expressed
as integrated optical density (IOD), which is equal to the
areaxaverage density of the hippocampus occupied by immu-
noreactivity and represented as the mean+SEM.

Western blotting

The frozen hippocampal samples were homogenized for 20
min at 4 °C in a buffer containing 1% Nonidet NP-40, 1%
Triton-100, 5 mmol/L EDTA, 50 mmol/L Tris-HCI (pH 7.4),
150 mmol/L NaCl, and a cocktail of protease inhibitors (100x)
(Amersco). Extracts were centrifuged at 11430xg for 20 min
at 4 °C, and the total amount of protein from each sample was
determined using the BCA Protein assay kit (Pulilai, Beijing,
China). Equal amounts of protein were subjected to SDS-poly-
acrylamide gel electrophoresis (PAGE) on an 8% (TrkB), 12%
(BDNF, NT3) or 10% (Akt, ERK, CREB and caspase-3) acrylam-
ide gel. The resolved proteins were transferred electrophoreti-
cally to 0.45 pm PVDF membranes (Invitrogen). Membranes
were blocked with 5% (w/v) low-fat milk in 20 mmol/L Tris,
500 mmol/L NaCl, and 0.05% (w/v) Tween-20 (pH 7.5) for
1 h. Immunoblotting was performed using antibodies against
Bcl-2 (1:1000), Bax (1:1000), active caspase-3 fragment (1:1000),
caspase-3 (1:1000), NGF (1:500), BDNF (1:500), NT3 (1:500),



pAktl (Ser473) (1:1000), Aktl/2 (1:1000), pERK (1:1000), ERK
(1:1000), pCREB (Ser133) (1:1000) and CREB (1:1000). Mem-
branes were incubated with HRP-conjugated IgG (1:4000), and
labeled proteins were detected using the ECL Plus kit (Pulilai
Company). The bands were visualized using a Kodak Digital
Science ID and quantified with Image Pro Plus 4.0 software.
Anti-B-actin antibody (Santa Cruz) was used as a loading con-
trol. All samples were analyzed at least in triplicate.

Statistical analysis
Statistical analysis was carried out using one-way ANOVA
by SPSS 10.0 statistical software. One-way ANOVA was used
followed by Dunnett’s multiple comparison tests. Data were
presented as means+*SEM, and statistical significance was
assumed if P<0.05.

Results

FLZ treatment increased BDNF levels in the hippocampus of
APP/PS1 mice

To test the potential neuroprotective effects of FLZ in APP/
PS1 mice, they were treated with FLZ (n=9 mice) at a dose of
150 mg/kg or 0.05% CMC-Na (1n=10 mice) alone starting at 5
months of age for 20 weeks. The mice were then sacrificed,
and the brains were processed for immunohistochemistry
(n=4 mice) and western blot analysis (n=5 or 6 mice). The
immunohistochemical analysis showed that FLZ treatment of
the APP/PS1 group (Figure 1) significantly increased the IOD
of the BDNF-immunoreactive neurons (P<0.05). Consistent
with the immunostaining result, the immunoblot analysis per-
formed with the anti-BDNF antibody demonstrated that FLZ
significantly increased BDNF expression in the hippocampus
of APP/PS1 mice (P<0.05).

FLZ treatment promoted TrkB receptor phosphorylation and
activated downstream ERK in APP/PS1 mice

To further investigate whether FLZ affected the BDNF/TrkB
pathway to exert its neuroprotection, immunoblot analysis
was performed using the antibodies against pTrkB (Thr515)
and TrkB. This study showed that, compared with WT mice,
the pTrkB (Thr515) levels and the pTrkB (Thr515)/TrkB ratio
both decreased in the hippocampus of APP/PS1 mice (Tgs)
(P<0.05). pTrkB expression and the pTrkB (Thr515)/TrkB
ratio increased in the brains of the APP/PS1 mice after FLZ
(150 mg/kg) treatment for 20 weeks (P<0.05). However, the
levels of TrkB did not change among the three groups (P>0.05)
(Figure 2).

To further investigate the mechanism involved in FLZ-me-
diated neuroprotection, the activation/phosphorylation of the
PI3K/ Akt and MAPK (MEK/ERK) pathways were studied. In
APP/PS1 mice, the ratios of pAkt (Ser473) to Akt (P<0.05) and
PERK to ERK (P<0.05) were both decreased notably compared
with the WT group. These findings suggested that, compared
with the WT groups, Akt and ERK were both inactivated in
the hippocampus of the APP/PS1 mice. Strikingly, after FLZ
treatment, the APP/PS1 mice showed a remarkable increase
in the expression of phosphorylated ERK (P<0.05) but not Akt
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Figure 1. FLZ treatment increased the expression of BDNF in the
hippocampus of APP/PS1 mice. Five-month-old mice were treated
with vehicle (0.05% CMC-Na) or FLZ (150 mg/kg) daily for 20 weeks.
(A) Representative immunohistochemistry images of BDNF in the
hippocampus of wild type (WT) and APP/PS1 (Tgs) mice (4 mice per
group). BDNF immunoreactivity was quantification by Image Pro Plus 6.0
software. 0D, integrated optical density. (B) Representative Western blot
bands showing BDNF expression in the hippocampus of WT and Tgs mice
treated with vehicle or FLZ (150 mg/kg). n=5-6 mice per group. Three
representative Western blots for each group are shown. The integrated
density value was determined using densitometry. IDV, integrated density
value. WT, wild-type mice; Tgs, APP/PS1 mice treated with 0.05 CMC-Na;
FLZ-treated Tgs, APP/PS1 mice treated with FLZ (150 mg/kg). Results are
expressed as means+SEM. "P<0.05 vs WT. °P<0.05 vs Tgs.
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(P>0.05). These results suggested that activation of ERK might
contribute to the neuroprotection imparted by FLZ treatment
(Figure 3).

FLZ treatment increased pCREB (Serl133) expression and the
PCREB (Ser133)/CREB ratio in the hippocampus of APP/PS1
mice

An increased Af level downregulates CREB phosphoryla-
tion, leading to a decrease in BDNF expression™], we detected
the pCREB (Ser133) and CREB expressions by Western blot
analysis in order to explore whether FLZ treatment enhanced
the BDNF protein level through affecting pCREB (Ser133)
level in the mouse hippocampus. The present results have
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Figure 2. FLZ treatment increased pTrkB (Tyr515) levels and the pTrkB
(Tyr515)/TrkB ratio in the hippocampus of APP/PS1 mice. Five-month-old
mice were treated with vehicle (0.05% CMC-Na) or FLZ (150 mg/kg) for
20 weeks. Levels of TrkB and pTrkB (Tyr515) were detected by Western
blot and analyzed by Gel Pro Plus 4.0. n=5-6 mice per group. Three
representative Western blots for each group are shown. DV, integrated
density value. Data are expressed as means+SEM. °P<0.05 Tgs vs WT.
°P<0.05 FLZ-treated Tgs vs Tgs.

showed that in the hippocampus of APP/PSI mice, compared
with the WT group, pCREB (Ser133) decreased markedly
(P<0.01) whereas no change in CREB expression (P>0.05).
FLZ increased pCREB (Ser133) expression and the ratio of
PCREB (Ser133)/CREB in the hippocampus of APP/PS1 mice
(P<0.05), suggesting that FLZ increases BDNF expression by
activating CREB (Figure 4).

FLZ treatment increased NT3, but not NGF, expression in the
hippocampus of APP/PS1 mice

Because NGF and NT3 play vital roles in neuroplasticity and
neuronal fate, we measured NGF and NT3 expressions by
Western blot analysis. The data showed that, compared with
the WT group, there was no significant change in NGF expres-
sion (P>0.05) but a significant decrease in NT3 expression
(P<0.01) in the hippocampus of APP/PS1 mice. Compared
with the transgenic control group, the FLZ-treated transgenic
group had significantly increased NT3 expression (P<0.01) but
only a non-significant tendency toward increased NGF expres-
sion in the APP/PS1 mouse hippocampus (Figure 5).

FLZ treatment inhibited neuronal apoptosis in the hippocampus
of APP/PS1 mice

Nissl body staining is a marker of mature neurons and can
be used to detect neuronal apoptosis. Our Nissl staining
analysis showed that, compared with the WT mice, typical
neuropathological changes were observed in the CA1 region
of hippocampus in APP/PS1 mice, including neuron loss and
nucleus shrinkage or disappearance. Furthermore, the num-
bers of Nissl bodies significantly decreased by 38.15% (P<0.05)
in APP/PS1 mice relative to WT mice. FLZ treatment for 20
weeks significantly decreased the neuropathological changes
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Figure 3. FLZ treatment activated ERK but not Akt in the hippocampus
of APP/PS1 mice. Five-month-old mice were treated with vehicle (0.05%
CMC-Na) or FLZ (150 mg/kg) for 20 weeks. The levels of pERK, total
ERK, pAkt (Ser473) and Akt (1/2) were detected by Western blot and
analyzed by Gel Pro Plus 4.0. Figure A, Representative western blot bands
of pERK and ERK in the hippocampus of WT and Tgs mice. Figure B,
Representative Western blot bands of pAkt and Akt in the hippocampus of
different groups treated with vehicle or FLZ (150 mg/kg). IDV, integrated
density value. n=5-6 mice per group. Three representative Western blot
for each group are shown. Means+SEM. °P<0.05 vs WT. °P<0.05 vs Tgs.

and increased the density of healthy neurons in the CA1l
region in APP/PS1 mice by 34.05% (P<0.05). These findings
indicate that FLZ protected against neuronal apoptosis in the
hippocampus of APP/PS1 mice (Figure 6).

FLZ showed potential anti-apoptotic activity by increasing the
Bcl-2/Bax ratio and decreasing the active caspase-3 fragment/
caspase-3 ratio in APP/PS1 mice

The expression of apoptotic proteins, including Bcl-2, Bax,
active caspase-3 fragment and caspase-3, was detected by
Western blot analysis. Compared with the WT group, there
was a significant decrease in the Bcl-2/Bax ratio (P<0.05) and a
significant increase in the active caspase-3 fragment/caspase-3
ratio (P<0.05) in APP/PS1 mice. These results are consistent
with the result of the Nissl staining, further supporting the
evidence of neuronal apoptosis in the hippocampus of APP/
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Figure 4. FLZ increased pCREB (Ser133) expression in the hippocampus
of APP/PS1 mice. Five-month-old mice were treated with vehicle (0.05%
CMC-Na) or FLZ (150 mg/kg) for 20 weeks. pCREB (Ser133) levels were
detected by Western blot and analyzed by Gel Pro Plus 4.0. n=5-6 mice
per group. Three representative Western blots for each group are shown.
Data are expressed as means+SEM. °P<0.01 Tgs vs WT. °P<0.05 FLZ-
treated Tgs vs Tgs.
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Figure 5. FLZ treatment increased NT3 expression but not NGF
expression in the hippocampus of APP/PS1 mice. Five-month-old mice
were treated with vehicle (0.05% CMC-Na) or FLZ (150 mg/kg) for 20
weeks. (A) Representative Western blot bands of NGF and NT3 in the
hippocampus of WT and Tgs mice. (B) Densitometric quantification of
NGF and NT3 expression in the hippocampus of WT and Tgs mice. IDV,
integrated density value. n=5-6 mice per group. Three representative
Western blots for each group are shown. Results are expressed as
means+SEM. °P<0.01 Tgs vs WT. ‘P<0.01 FLZ-treated Tgs vs Tgs.

PS1 mice. In the FLZ treated group, the expression of Bcl-2
increased (P<0.05) and the level of Bax decreased (P<0.05).
In addition, compared with the transgenic group, the Bcl-2/
Bax ratio in the FLZ-treated APP/PS1 group was markedly
upregulated (P<0.05, Figure 7A and B). Finally, FLZ treat-
ment decreased the active caspase-3 fragment/caspase-3 ratio
in the hippocampus of APP/PS1 mice (P<0.05, Figure 7C and
D). These results suggest that FLZ might have potential anti-
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Figure 6. FLZ treatment inhibited neuronal apoptosis in the hippocampus
of APP/PS1 mice by Nissl staining. Five-month-old mice were treated
with vehicle (0.05% CMC-Na) or FLZ (150 mg/kg) for 20 weeks. (A)
Representative Nissl staining images showing Nissl bodies in the
hippocampal CA1 regions of WT and Tgs mice. (B) Quantification of Nissl
bodies in the hippocampus of WT and Tgs mice (4 mice per group) by
Image Pro Plus 6.0 software. |0D, integrated optical density. "P<0.05,
Tgs vs WT. °P<0.05, FLZ-treated Tgs vs Tgs.

apoptotic activity on neurons by increasing the Bcl-2/Bax ratio
and decreasing the active caspase-3 fragment/caspase-3 ratio.

Discussion

Our previous studies showed that FLZ improved cognitive
deficit and reduced AP deposits in APP/PS1 mice®. In this
study, the results demonstrated that chronic treatment with
FLZ for 20 weeks enhanced BDNF/TrkB/CREB signaling
pathway and inhibited neuronal apoptosis in the hippocam-
pus of APP/PS1 mice.

In the present study, APP/PS1 mouse model was used to
investigate the beneficial effect of FLZ. Transgenic mouse
model, which associated with familial forms of AD, offered a
new powerful animal model to study the pathogenesis of AD
and to explore the new therapeutic strategy for this disease.
Mutations in the APP, presenilin-1, and presenilin-2 genes
have been identified as one of the causes of familial forms of
ADP!. All of the three gene mutations have been shown to
increase the AP burden markedly™. Mice carrying both APP
Swedish mutation and PS1-A246E mutation are developed as
a model of AD with more severe pathology than single trans-
genic for APP or PS1 mutation mice. Such APP/PS1 mice
develop large numbers of AP deposits in cerebral cortex and
hippocampus much earlier than age-matched mice expressing
the APP or PS1 mutation alone®™. In view of A deposition is
an early and central event in the pathogenesis of AD, the early
appearance of AP deposition in APP/PS1 mouse brain devel-
oped many other facets of AD neuropathology, such as tau
hyperphosphorylation, neuron loss in hippocampus, changes
in neurotrophins, deficit in synaptic transmission, changes in
behavior and deficits in lone-term potentiation®.
Neurotrophins, especially BDNF, regulate long-term poten-
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Figure 7. FLZ treatment increased the Bcl-2/Bax ratio and decreased the
active caspase-3 fragment/caspase-3 ratio in the hippocampus of APP/
PS1 mice. Five-month-old mice were treated with vehicle (0.05% CMC-
Na) or FLZ (150 mg/kg) for 20 weeks. (A) Representative Western blot
bands of Bcl-2 and Bax in the hippocampus of WT and Tgs mice. (B)
Representative Western blot bands of active caspase-3 fragment and
caspase-3 in the hippocampus of different groups. IDV, integrated density
value. n=5-6 mice per group. Three representative Western blots for
each group are shown. Data are expressed as means+SEM. °P<0.05,
°P<0.01 Tgs vs WT. °P<0.05, FLZ-treated Tgs vs Tgs.

tiation and other types of synaptic plasticity-processes, which
have key roles in memory formation and storage. Increased
AP levels downregulates CREB phosphorylation, leading to a
reduction of CRE-dependent gene expression and a decrease
in BDNF level followed, and this interferes with induction of
synaptic plasticity and memory might contribute to the patho-
genesis of AD™. In our previous studies, we have shown that
FLZ 150 mg/kg treatment could improve behavior deficit in
water maze®”, reduce Ap production™, and tau hyperphos-
phorylation (unpublished data) in APP/PS1 mice. To further
explain the mechanisms underlying the beneficial effect of FLZ
in APP/PS1 mice, we investigated the potential implication
of BDNF. In this study, there was a decrease in BDNF expres-
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sion in the APP/PS1 mouse hippocampus compared with WT
group. We also observed that in the hippocampus of APP/
PS1 mice, TrkB autophosphorylation induced by BDNF was
downregulated and its downstream enzymes including Akt
and ERK were inactivated, which were detected by the phos-
phorylation forms of Akt and ERK. We also found a decrease
in pCREB expression activated by ERK. These results indicate
that AP deposition can cause dysfunction of the BDNF/TrkB/
CREB signaling pathway. Studies have shown that changes
in BDNF and its high-affinity receptor, TrkB, contribute to the
loss of synaptic plasticity. It has also been shown that changes
in the activity of Akt and ERK are involved in the neuronal
apoptosis seen in this AD mouse model™. FLZ treatment
may exert a protective effect by enhancing the expression of
BDNF, which, in turn, induces TrkB autophosphorylation,
activates ERK and increases CREB phosphorylation in the hip-
pocampus of APP/PS1 mice. The present results support this
hypothesis. First, both immunohistochemistry and Western
blot results indicated that administration of FLZ for 20 weeks
markedly increased the level of BDNF in the hippocampus
of APP/PS1 mice. The increased phosphorylation of TrkB at
Thr515, through which BDNF exerts its neuronal protective
functions coincided with increased expression of BDNF. Cor-
related with TrkB activation, FLZ treatment activated ERK but
not Akt in the hippocampus of APP/PS1 mice. As previously
described, activated TrkB interacts with and phosphorylates
several intracellular targets, including PI3K/ Akt, Ras/ MAPK/
ERK, CaM signal pathways®™. Activated Akt phosphorylates
its substrates and affects the activities of many kinases, includ-
ing the apoptotic factors BAD and p53. By comparison, acti-
vation of ERK by BDNF mediates mitogenesis, differentiation,
and cell survival through phosphorylation of its downstream
targets, including Rsks and CREB. CREB activation appears
to be a critical step in the signaling cascade that leads to the
structural changes underlying the development of long-term
memory”. Interestingly, despite the fact that BDNF can
induce the activation of CREB by activating ERK and generate
sustained CREB signaling, this CREB signaling loop ultimately
involves controlling the induction of BDNF®! and there are
evidence that pCREB is a key element in AP-induced neurotro-
phins (BDNF) gene expression reduction®”. The increased
CREB phosphorylation by FLZ treatment, in this study,
together with its inhibitory effect on AP might partly explain
the mechanisms of FLZ elevating BDNF expression in APP/
PS1 mice. The above data suggested that FLZ might have the
potency to affect neuroplasticity and the long term memory by
affecting BDNF/TrkB/CREB signaling pathway.

BDNF has already been as a key molecular target for drug
development in neurological disorders. Although there have
been some successes, the main problem related to technical
details, including a shorter in vivo half-life, a lower blood-
barrier penetrability, and limited diffusion®™ *!. Therefore,
identification of small molecules that mimic some or all of
the properties of neurotrophic factors could have significant
potential for treating AD. FLZ is a small molecule that is able
to cross the blood brain barrier and is concentrated in the
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brain when administrated systemically (unpublished data).
Furthermore, in this study, 20-week administration of FLZ had
no adverse effects on mice, including weight loss or locomotor
activity changes. All of the findings suggest that FLZ might be
a potential neuroprotective agent for AD.

We also observed the effect of FLZ on the other neurotro-
phins, including NGF and NT3. Regardless of the cause of the
cholinergic loss and its contribution to AD, NGF and NT3 lev-
els are diminished in the basal forebrain of AD patients*”
many studies have suggested that cognitive performance, neu-

, and

ronal health, and cholinergic activity are improved with NGF

treatment in animal models and AD patients!*"

. In this study,
there were a decrease in NT3 expression but had no change in
NGF expression in the hippocampus of APP/PS1 mice. Our
result did not show a significant improvement of NGF after
FLZ treatment. On the contrary, FLZ markedly increased NT3
expression in the hippocampus of APP/PS1 mice. Interest-
ingly, NT3 also exerts its neuroprotective effect on neuronal
survival and proliferation by binding and affecting TrkB signal
281 These data suggested that FLZ also exerts its
neuroprotection through affecting NT3 expression addition-

pathway!

ally. Although increased pCREB expression partly explains
the effect of FLZ on BDNF expression, the concrete mechanism
by which FLZ increased BDNF and NT3 expression remains to
be elucidated. Therefore, further work will be required.
APP/PS1 mice have been reported to show brain atrophy
and substantial cell loss by as early as 6 months of age®. And
a severe hippocampal cell loss (50%) has been reported at the
age of 10 months™!. In our study, we found that APP/PS1
mice displayed a significant decrease of hippocampal neurons
at the age of 10 months by Nissl staining. Compared with
WT mice, there were also markedly changes in the expres-
sions of the apoptotic related proteins, including a decrease
in the Bcl-2/Bax ratio and an increase in the active caspase-3
fragment/caspase-3 ratio in the APP/PS1 mouse hippocam-
pus. Previous studies showed that FLZ attenuated Ap25-
35-induced toxicity in SH-SY5Y cells and prevented the hip-
pocampus injury and cognitive deficits induced by Ap25-35
in mice™. Its anti-apoptotic activity might be related with its
regulation of the apoptosis protein (Bcl-2 and Bax) expression

and protection of the mitochondrial function*.

In agreement
with the previous results, we also found that FLZ treatment
inhibited the hippocampal neuronal apoptosis by increasing
the ratio of Bcl-2/Bax and decreasing the active caspase-3 frag-
ment markedly in APP/PS1 mice. It is reported that BDNF
protects neurons from Ap-induced neuronal apoptosis in vitro
and in vivo™. The Akt and the ERK pathways are two major
intracellular signaling network activated by BDNF involved
in cell survival. Furthermore, the phosphorylation of CREB
by BDNF can also induce Bcl-2 gene transcription™. The
previous studies suggested that increasing Bcl-2 leads to neu-
ronal resistance against apoptotic and oxidative injury*. The
present results suggested that it is possible, that there was a
relationship between FLZ-induced BDNF increase and the
reduced neuronal apoptosis.

In conclusion, the main finding of this study is that FLZ

enhanced BDNF/TrkB/CREB signaling pathway and inhib-
ited neuronal apoptosis. Such effects might partly explain
the persistent improvement in cognitive functions in APP/
PS1 mouse model following chronic FLZ treatment. Because
AD is a multifactorial disease with complicated pathogenesis,
exploring the multi-targets drugs might be an innovative and
perspective therapy strategy'’!. Considering that FLZ showed
several potentially beneficial effects on neurodegeneration pro-
cesses, together with the ability to decrease Ap production,
to cross the blood brain barrier and its lower toxicity, FLZ may
be explored as a potential therapeutic agent in long-term AD
therapy.
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