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Abstract: Background: Alzheimer’s disease (AD) is one of the leading causes of dementia in elderly people. The hip-
pocampal amyloid-B (AB) accumulation was recognized as the pathological basis for AD. FGF2 showed therapeutic
effects in neurodegenerative diseases. However, FGF2’s effects on AD and specific mechanism are still unclear.
Methods: APP/PS1 transgenic mice were selected as the AD animal model. Mice received intranasal administra-
tion of FGF2 and oral administration of PI3K inhibitor GDC-0941. Morris water maze test was utilized to assess
the spatial learning ability; ELISA was used to detect the concentration of FGF2 in CSF; immunofluorescence was
applied to evaluate the neurogenesis; the hippocampal CA1 region synaptic transmission and plasticity was evalu-
ated by long-term potentiation (LTP); Western blotting was used to exam the expressions of AB species, activation
of ER stress, PI3K/Akt pathway and PERK/BACE1 pathway. Results: FGF2 administration dramatically improved the
spatial learning ability as well as hippocampal LTP of APP/PS1 transgenic mice. Pathologically, FGF2 treatment at-
tenuated AP species accumulation in hippocampus. Mechanically, PI3K/Akt pathway was activated while ER stress
was suppressed. As a result, PERK signaling of ER stress was inhibited, leading to down-regulation of BACE1.
Moreover, PI3K was recognized as the target for FGF2 which was testified by GDC-0941 treatment. The PI3K inhibi-
tor significantly impaired FGF2's effects on spatial learning ability, hippocampal LTP and AB species accumulation.
Furthermore, after treatment of the PI3K inhibitor, ER stress was less affected and PERK/BACE1 pathway was then
activated. Conclusions: FGF2 treatment could be used as a potential alternative therapy for AD, PI3K/Akt pathway
regulated ER stress is involved in the mechanism.

Keywords: Alzheimer’s disease, fibroblast growth factor2, PI3K/Akt, endoplasmic reticulum stress

Introduction and y-secretase complexes, AB species includ-
ing AB40, AB42 and smaller peptides such as
Tau are formed [4]. These peptides are neuro-

toxic and induce pathological changes of AD.

In worldwide, Alzheimer’s disease (AD) is one
of the most frequent neurodegenerative dis-
eases and takes responsibility for over 80%

dementia in elderly population [1]. Loss of
mental and behavioral function and decline of
learning ability are the featured clinical mani-
festations of AD. It is now generally accepted
that beta-amyloid plaques accumulation, neu-
rofibrillary tangles and neuron loss are the
characterized pathological features of AD [2].
It was found that amyloid-p peptides aggrega-
tion is one of the key initiators inducing the
onset of AD [3]. After APP (amyloid-3 precursor
protein) are cleaved by BACE1l (B3-secretase)

As one of the important organelles, endoplas-
mic reticulum (ER) executes fundamental bio-
logical progresses such as calcium homeosta-
sis, protein folding and post-translational modi-
fication. Under certain pathological conditions,
oxidative stress for instance, the normal func-
tion of ER could not be maintained and ER
stress is induced [5]. It was reported that ER
stress was triggered in the brains of AD which
was evidenced by up-regulation of ER stress
markers [6]. These results suggested that ER
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stress is probably involved in the onset of AD.
In several recent studies, it was showed that
one of the ER stress transducers, PERK (RNA-
activated protein kinase-like ER kinase), could
elevate the expression of BACEL [7] which sub-
sequently enhance the levels of AB species.

Fibroblast growth factor2 (FGF2) belongs to a
large protein family which bind to heparin and
heparan sulfate [8]. It is believed that FGF2
could modulate various biological functions in a
wide range of cell types. FGF2 is one of the typi-
cal neurogenic factors that regulate the adult
neurogenesis by affecting proliferation and cell
fate in central nerve system [9]. It was reported
by several studies that exogenous FGF2 exert-
ed neuroprotective effects against neurodam-
age and neurogeneration in vivo and in vitro
[10, 11]. Though several mechanisms were
indicated, the specific mechanisms were still
unclear. Moreover, the exact therapeutic effect
of FGF2 in AD remains unknown. In a recent
study, notably, it was suggested that FGF inhib-
ited ER stress by activating PI3K/Akt signaling
pathway. This result provided us clues to per-
form the further investigation.

Thus, it is reasonable for us to speculate that
FGF2 exerts its neuroprotective in AD by inhibit-
ing PERK-induced A species formation in cen-
tral nervous system. This inhibiting effect was
possibly mediated by PI3K/Akt pathway. This
study was designed to testify the above hypoth-
esis. In this study, APP/PS1 transgenic was
used. Exogenous FGF2 was used to treat the
animals. The spatial learning, neurogenesis, AB
species clearance and hippocampal long-term
potentiation (LTP) were examined. Furthermore,
for mechanism, both of PISK/Akt and PERK/
BACE1 pathways were also evaluated. We be-
lieve that results from this study would not only
rich our knowledge of mechanism of AD, but
also provide novel basis for potential clinical
application of FGF2 in treatment of AD.

Material and methods
Animal and treatment

The double APP/PS1 transgenic male mice
were originated from Jackson Laboratory (Bar
Harbor, USA) and the wild type counterpart
were obtained from Animal Experimental Cen-
ter of Zhejiang University. The expressions of
APP and PSEN1 genes were confirmed by PCR
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prior to implement of the experiments. The
average age of the mice was (6.2+0.4) months.
The mice were raised in an artificial environ-
ment with controlled temperature and 12-hour
dark-light cycle. The mice got a free access to
standard food and tap water. In order to investi-
gate the effects of FGF2 on AD, dosages of 0.5
pg/g FGF2 (Sigma-Aldrich, USA) were adminis-
trated intraintranasally to the animals accord-
ing to the descriptions of several previous stud-
ies [12]. Before FGF2 administration, part of
mice were treated with the PI3K inhibitor GDC-
0941 (Sigma-Aldrich, USA) at 75 mg/Kg orally
for 21 days. All animal experimental procedures
were carried out according to the National
Institutes of Health (NIH) guideline for care and
use of laboratory animals.

Morris water maze test

The water maze test was carried out in accor-
dance with previous descriptions [13]. The
water maze test apparatus was a pool with 120
cm diameter and white interior walls, contain-
ing water at 24°C. A 10 cm-diameter platform
was submerged 1 cm under water surface in
the apparatus. The mice were trained to swim
and climb onto the platform before the tests.
120 seconds were allowed for the mice to
search the platform. The mice were gently guid-
ed to the platform if they failed to find the plat-
form within 120 seconds. 20 seconds were
allowed for the mice to stay on the platform.
Spending time for platform searching was re-
corded.

Hippocampal electrophysiology

Hippocampal slice was prepared in accordance
with previous studies [14]. The artificial cere-
brospinal fluid (ACSF) solution was prepared.
The ACSF was composed of 206 mmol/L su-
crose, 1.25 mmol/L NaH2PO4, 1mmol/L CaCIz,
2 mmol/L KCl, 2 mmol/L MgS0O,, 26 mmol/L
NaHCO,, 10 mmol/L D-glucose, 1 mmol/L
MgCl, with pH at 7.4 and mOsm at 315 mmol/L.
The brains from mice were removed after sacri-
fice and submerged in ice-cold ACSF. With a
vibroslicer, the hippocampal slices (350 um)
were made. Single slice was submerged in
continuously perfusing ACSF in the recording
chamber. Conditioning stimuli were delivered
by a bipolar stimulating electrode (FHC Inc,
USA) placed in the Schaffer collaterals. For
recording, borosilicate glass recording elec-
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Figure 1. Left part of the upper panel of this figure demonstrated the results from Morris water maze tests. The time
consumed by mice to locate the hidden platform was recorded. The longer time spend in locating hidden platform,
the more spatial learning ability was impaired. Columns on the right part of the upper panel indicate the ELISA
assay detected FGF2 concentrations in CSF collected from mice. The lower panel shows the FGF2 levels in hippo-
campus harvested from mice brain. On the left part, the immunoblots of FGF2 and the internal reference GAPDH
were shown. Columns on the right part indicated the quantification of the immunoblots, representing the relative
expression levels of FGF2 in hippocampus. [2Compared with APP/PS1; "Compared with APP/PS1+GDC, differences

were statistically significant (P<0.05)].

trodes were placed in the stratum radiatum of
hippocampal CA1 region. The field excitatory
postsynaptic potentials (fEPSP) in the hippo-
campal CA1 region was recorded after high fre-
quency stimuli (HFS) at 100 Hz. The initial slope
of the FESPS was expressed in a percentage
manner (fEPSP/basal level) in bar graphs which
quantified the magnitudes of LTP.
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ELISA assay

The concentration of FGF2 in cerebrospinal
fluid (CSF) was determined by ELISA assay. The
mice FGF2 ELSIA kit (R&D, USA) was used to
detect the FGF2 concentration in collected
mice CSF according to the instructions provid-
ed by the manufacturer.

Int J Clin Exp Med 2016;9(2):2130-2138
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Figure 2. Left of this figure demonstrated the line chart presenting the time course and magnitude of LTP recorded
in the CA1 stratum radium of hippocampal slice prepared from APP/PS1 mice received different treatments in dif-
ferent colors. The black arrow is pointing at the time when HFS at 100 Hz was applied. Columns of the bar graph on
the right part of this figure demonstrated the average magnitude of recorded LTP in a mean + SD manner. [°Com-
pared with APP/PS1; "Compared with APP/PS1+GDC; °Compared with APP/PS1+FGF2, differences were statisti-

cally significant (P<0.05)].

Immunohistochemistry

1 hour prior to sacrifice, BudU (Sigma-Aldrich,
100 mg/Kg) was administrated intraperitone-
ally to mice. The neurogenesis in hippocampus
slice was evaluated by immunohistochemistry
using specific antibody against BrdU (Abcam)
and NeuN (Abcam). Corresponding Alexa Fluor
488 and Alexa Fluor 594 conjugated secondary
antibodies were used to incubate the slices of
hippocampus. The images were captured under
a fluorescent microscope. Mean fluorescent
intensity (MFI) was used to quantify the expres-
sion levels.

Western blotting

The harvested hippocampus tissue was homog-
enized and the total protein was extracted
by ProteoPrep” Total Extraction Sample Kit
(Sigma-Aldrich, USA) according to manufactur-
er’'s instructions. The concentration of protein
samples was detected by BCA method using a
BCA kit (Thermo, USA). After loaded to the SDS
(sodium dodecyl sulfate) gel, the protein was
separated by vertical electrophoresis and then
transferred to PVDF (polyvinylidene difluoride)
membranes. Antibodies against Akt (Abcam,
USA), phosphorylated Akt (p-Akt, Abcam, USA),
GRP78 (CST, USA), PERK (CST, USA), phosphor-
ylated PERK (p-PERK, CST, USA), BACE1 (Ab-
cam, USA), AB40 (Santa Cruz, USA), AB42 (San-
ta Cruz, USA) and GAPDH (Santa Cruz, USA) at
4°C overnight. Corresponding peroxidase- con-
jugated secondary antibodies were used to de-
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tect the specific bands which were observed by
using an enhanced chemiluminescence (ECL)
Western blotting analysis system (Bio-Rad,
USA).

Statistical considerations

The statistical analysis on the data acquired
from this study was processed by the statistics
software SPSS (ver.16.0). The differences bet-
ween groups were analyzed by using Student’s
t test and ANOVA. When P<0.05, the differenc-
es were considered statistically significant.

Results

FGF2 treatment significantly improved the
spatial learning ability of APP/PS1 transgenic
mice but impaired by GDC-0941 administra-
tion

As shown in Figure 1, intranasal treatment sig-
nificantly enhanced the FGF2 concentration in
CSF and hippocampus. Also shown in Figure 1,
The Morris water maze test for spatial learning
was performed 1 week after administration.
Time consumed by mice to locate the hidden
platform (latency to hidden) was recorded and
analyzed. The result showed that compared
with untreated APP/PS1 mice, mice received
FGF2 treatment showed significantly shorter
latency to hidden. However, after administrat-
ed with the PI3K inhibitor GDC-0941, the laten-
cy to hidden was dramatically prolonged com-
pared with FGF2 treatment. The intranasal

Int J Clin Exp Med 2016;9(2):2130-2138
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Figure 3. After the brains were harvested from APP/PS1 mice received different treatments, the hippocampus were
SLICED and subjected to immunofluorescence. The left part of this figure showed the captured fluorescent images
of NeuN and BrdU which were tagged by Alexa Fluor 594 and Alexa Fluor 488 respectively. The merged images were
also demonstrated. Columns on the right part of this figure indicated the mean fluorescent intensity of Alexa Fluor
488 calculated by software ImagePro. [*Compared with APP/PS1; °Compared with APP/PS1+GDC; °‘compared with
APP/PS1+FGF2, differences were statistically significant (P<0.05)].

administration elevated FGF2 concentration in
CSF and hippocampus tissue, which are also
demonstrated in Figure 1.

Hippocampal LTP was improved by FGF2 treat-
ment which was reversed by PI3K inhibitor

It was believed that the LTP is one of the mark-
ers of experience- dependent modification of
behaviors. We examined the LTP in the Schaffer-
collateral pathway to hippocampal CA1 region
to evaluate the synaptic transmission and plas-
ticity which are involved in learning and memo-
ry abilities. According to several previous stud-
ies, the LTP was impaired in APP/PS1 transgen-
ic mice. In this study, as demonstrated in Figure
2, FGF2 treatment showed significant improv-
ing effects on LTP in hippocampal slice from
APP/PS1 transgenic mice. However, the GDC-
0941 oral treatment dramatically impaired this
improving effect.

PI3K inhibitor administration inhibited FGF2’s
effects of neurogenesis and AB species clear-
ance in APP/PS1 transgenic mice

The suppressed neurogenesis and increased

AB species accumulation in hippocampus are
believed as the pathological basis of AD. In this
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study, we assessed the neurogenesis by BrdU
assay and the AP species accumulation by
immunoblots. As demonstrated in Figure 3,
FGF2 intranasal treatment elevated neurogen-
esis and inhibited the expression of AR species
in hippocampal CA1 region. Nevertheless, the
following PI3K inhibitor GDC-0941 administra-
tion impaired FGF2’s neurogenesis improving
and AP species clearing effects in hippocam-
pus from APP/PS1 transgenic mice.

PI3K/Akt pathway activation and subsequent
PERK/BACE1 pathway inhibition were the
supposed mechanism of FGF2’s therapeutic
effects on AD

According to previous studies, activation of
PI3K/Akt could suppress the ER stress. As one
of the three signaling transducers of ER stress,
PERK signaling was supposed to be inhibited.
Indeed, as shown in Figure 4, after PI3K/Akt
pathway was activated by FGF2, the expres-
sion of ER stress marker, GRP78, was reduced.
Furthermore, the phosphorylation of PERK was
also suppressed. Correspondingly, as the down-
stream effecter of PERK, expression level of
BACE1 in hippocampal tissue was reduced. To
testify the signaling transduction, we intro-
duced the PI3K inhibitor GDC-0941 by oral

Int J Clin Exp Med 2016;9(2):2130-2138
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Figure 4. The expression levels of proteins extracted from hippocampal tissue were measured by Western blotting.
The left part of the upper panel of this figure demonstrated the immunoblots of p-Akt, Akt, GRP78, p-PERK, PERK,
BACE1 and GFPDH respectively. Columns on the right part of upper panel of this figure indicated the quantification
of Akt phosphorylation, PERK phosphorylation, relative expression of GRP78 and BACE1 respectively. The left part
of this figure showed the immunoblots of the AB proteins, namely AB40 and AB42 respectively. Columns on the
right part of the lower panel of this figure indicated the relative expression levels of AB40 and AB42 respectively.
[Compared with APP/PS1; "Compared with APP/PS1+GDC; ‘compared with APP/PS1+FGF2, differences were sta-

tistically significant (P<0.05)].

administration. The results turned out that the
inhibitor dramatically blocked the activation of
PI3K/Akt pathway and thus the activation of
PERK/BACE1 pathway was not restrained in
the ER stress.

Discussion

As one of the most common neurodegenerative
diseases, AD is causing dementia in mainly
elderly people. The progressive loss of mental,
learning, memory, behavioral and other basic
functions impaired the life quality of AD pati-
ents and causing heavy social burdens [15].
Continuous neurodegeneration and amyloid
plaques formation are generally considered as
the causes of AD [16]. It is believed that the
AB species deposition in the hippocampus is
not only the characterized both pathological
change and basis of AD. The APP/PS1 trans-
genic mice are well documented as an ideal
AD animal model, which is characterized by AB
species deposition in hippocampal area [17].
The spatial learning is disabled in APP/PS1
mice. In this study, APP/PS1 mice were used
to investigate the therapeutic effect on FGF2.
The results turned out that FGF2 intranasal
administration significantly improved the spa-
tial learning ability as well as hippocampal LTP
of APP/PS1 transgenic mice. Pathologically, AR
species expressions were reduced and neuro-
genesis was increased in hippocampal CA1
region. Further investigation indicated that
PI3K/Akt activation- induced PERK/BACE1l
deactivation was the one of the molecular
mechanisms involved.

As one of the members of FGF family, FGF2 was
documented to exert neuronal protective and
repairing effects in metabolic, ischemic and
traumatic brain injury [18]. In animal models of
stroke and excitotoxic neuronal damage, exog-
enous FGF2 supplementation has been proved
protective [19]. In a recent study, the FGF2
gene was transferred to APP/PS1 transgenic
mice, as a result, the gene transfer attenuated
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pathological status and improved neural func-
tion. These results indicated that FGF2 could
be a potential alternative therapy for AD and
possibly other neurogenerative diseases [20].
In the present study, we administrated FGF2 to
APP/PS1 transgenic mice intranasally which
elevated local FGF2 concentration in both CSF
and hippocampus. The results showed that the
spatial learning ability as well as hippocampal
LTP of AD animal model improved significantly.
Furthermore, the AP species accumulation and
neurogeneration were also dramatically attenu-
ated after FGF2 treatment. Though several
mechanisms such as NMDA receptor regula-
tion, calcium homeostasis attenuation and
detoxifying enzymes activity adjustment were
indicated, the specific molecular mechanisms
of FGF2’s neuroprotective effects are still un-
known.

During ER stress, multiple normal biological
processes, including protein folding, protein
post-translational modification and massive
gene translation are suspended. The stressful
signals are then transduced through mainly
three ER transducers, namely ATF6, IRE1 and
PERK, to initiate various biological effects [21].
Accumulating evidences have indicated that
the neuronal degeneration and dysfunction are
associated with ER stress. It was reported that
ER stress was activated in neurons from AD
brains [22]. Furthermore, neurons under ER
stress were found with abundant AR species
[23]. These results indicated that the APP was
cleaved into AP species in ER stress [24]. In this
study, we found that ER stress was activated,
and correspondingly, AB proteins were accumu-
lated in hippocampus of APP/PS1 transgenic
mice.

PI3K/Akt pathway is considered to participate
in regulating cell survival under stressful condi-
tions [25]. FGF2 is believed as one of the initia-
tor to activate PI3K/Akt pathway [26]. Activated
Akt is capable of activating a number of down-
stream biological responses including inhibit-
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FGF2 exerts therapeutic effects on AD animal model

ing ER stress. A previous study found that neu-
rons display elevated expression of p-PERK and
its down-stream effectors along with increased
Tau protein [27]. Moreover, a recent study
pointed out that PERK signaling activation
would lead to expression elevation of BACEL
which takes responsibility in cleaving APP into
AB proteins [28]. We speculate that FGF2 treat-
ment activates PI3K/Akt pathway which further
inhibits PERK signaling activation, resulting in
reduction of BACE1 and AP species accumu-
lation.

In this study, we testified our above speculation
with the introduction of PI3K inhibitor GDC-
0941. The inhibitor was administrated to APP/
PS1 transgenic mice orally after they received
FGF2 treatment. The inhibitor impaired FGF2’'s
therapeutic effects of improving spatial learn-
ing ability, increasing hippocampal neurogene-
ration and reducing AB accumulation. Moreover,
PI3K inhibitor also deactivated Akt and subse-
quently made FGF2 loss its inhibitory effects
on ER stress signaling transduction, leading to
elevated expression of BACE1 which cleaves
APP.

In conclusion, FGF2’s therapeutic effects in AD
animal model were observed and confirmed.
The spatial learning ability was improved while
hippocampal AB species accumulation was
attenuated by intranasal treatment of FGF2.
Mechanically, FGF2 was found to activate PI3K/
Akt pathway which further inhibited PERK/
BACE1 pathway, leading to impaired AB species
formation in hippocampus.
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