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Abstract Chronic cerebrovascular hypoperfusion is a
high-risk factor for Alzheimer’s disease (AD) as it is
conducive to beta amyloid (AB) over-production. Brain-
derived neurotrophic factor (BDNF) is a member of the
neurotrophin family widely expressed in the central ner-
vous system. The structure of the rat BDNF gene is com-
plex, consisting of eight non-coding exons (I-VIII) and one
coding exon (IX). The BDNF gene is transcribed from
multiple promoters located upstream of different 5’ non-
coding exons to produce a heterogeneous population of
BDNF mRNAs. S-adenosylmethionine (SAM) produced in
the methionine cycle is the primary methyl donor and the
precursor of glutathione. In this study, a cerebrovascular
hypoperfusion rat model and an AP intrahippocampal
injection rat model were used to explore the expression
profiles of all BDNF transcripts in the hippocampus with
chronic cerebrovascular hypoperfusion or AP injection as
well as with SAM treatment. We found that the BDNF
mRNAs and protein were down-regulated in the hip-
pocampus undergoing chronic cerebrovascular hypoperfu-
sion as well as AP treatment, and BDNF exons IV and VI
played key roles. SAM improved the low BDNF expression
following these insults mainly through exons IV and VI.
These results suggest that SAM plays a neuroprotective
role by increasing the expression of endogenous BDNF and
could be a potential target for AD therapy.
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Introduction

Alzheimer’s disease (AD) is the most common neurode-
generative disease of the central nervous system and the
causes are not very clear. It is well known that beta amy-
loid (AP) is the main component of senile plaques, one of
the pathological features of AD. AP, derived from beta
amyloid precursor protein, is a strong inducer of oxidative
stress that results in oxidative damage of membranes,
proteins, lipids, and nucleic acids [1]. Meanwhile, glial
cells can be activated by AP to release various inflamma-
tory mediators, leading to neuronal degeneration and
necrosis [2, 3]. Although this amyloid hypothesis has
recently been challenged, the fact that AP plays important
roles in neuronal damage, especially in the early stage of
AD, cannot be ignored. A persistent decline of cerebral
blood flow due to neurovascular dysfunction is associated
with cognitive decline, and is a high-risk factor for AD.
Evidence from epidemiological, neuroimaging, and clinical
studies suggests that sporadic AD is a vascular disorder
caused by impaired cerebral perfusion [4]. Overproduction
of AP, progressive spatial memory deficits, and hyper-
phosphorylation of tau, as well as dysregulation of synaptic
proteins are also found in rat brains undergoing cerebral
hypoperfusion [5, 6].

Brain derived neurotrophic factor (BDNF) is an impor-
tant member of the neurotrophin family, and is widely
expressed in the central nervous system. It plays important
roles in learning and memory, maintaining the functions of
neurons and protecting them from diverse injuries such as
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cerebrovascular hypoperfusion or AP accumulation. The
structure of the rat BDNF gene is complex. It consists of at
least eight 5’ non-coding exons (I-VIII) and one 3’ coding
exon (IX), each of which has an individual promoter region
[7, 8]. This special gene structure determines that different
promoters may affect its transcription. External stimulation
can regulate the different promoters of BDNF non-coding
exons, causing alterations in the expression of BDNF
mRNAs and protein [9, 10]. Accumulating evidence has
demonstrated that BDNF is down-regulated in AD patients
and rodent models of AD. In vivo and in vitro studies have
shown that AP can inhibit the expression of BDNF and
intracellular transport through the oxidative stress-related
signaling pathway [11]. Our previous studies revealed that
chronic cerebrovascular hypoperfusion can reduce BDNF
expression in cortex and the hippocampus [5].

S-adenosylmethionine (SAM) produced in homocys-
teine metabolism is the primary methyl donor and the
precursor of glutathione (GSH). As a critical antioxidant,
SAM is mainly used in the treatment of liver disease and
arthritis [12, 13]. Animal experiments and clinical studies
suggest that SAM can be used for the treatment of nervous
system diseases, since it can pass through the blood-brain
barrier (BBB). Recently, curative effects of SAM on
depression, drug addiction, and cognitive dysfunction have
been reported [14-16]. Significantly low SAM has been
found in the cerebrospinal fluid of AD patients [17]. SAM
may be beneficial for improving spatial memory in patients
suffering from many types of dementia, including AD.
Furthermore, SAM supplementation reduces the progress
of AD-like features induced by a vitamin B-deficient diet in
mice by preventing oxidative stress and regulating GSH
metabolism [18, 19]. SAM can improve spatial learning
and memory through the up-regulation of BDNF in the
hippocampus of rats undergoing chronic cerebral hypop-
erfusion [5, 18].

In the present study, rat models of cerebrovascular
hypoperfusion (bilateral carotid occlusion) and the
intrahippocampal injection of AP were used to explore
their effects on the expression profiles of all BDNF
transcripts.

Materials and Methods
Animals

Adult (12 weeks old) male Sprague-Dawley rats (Beijing
Vital River Experimental Animal Technology Co., Ltd,
Beijing, China) were used for all experiments. All the
animals were housed under standard conditions in the
Experimental Animal Center of Capital Medical Univer-
sity. All experimental procedures were approved by the
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Animal Care and Use Committee of Capital Medical
University and complied with the Guide for the Care and
Use of Laboratory Animals formulated by the Ministry of
Science and Technology of China.

Two-Vessel Occlusion Surgery and SAM Treatment

The rats were randomly divided into sham, experimental,
and SAM-treated groups. Animals in the experimental
group were subjected to permanent bilateral common car-
otid occlusion (two-vessel occlusion, 2-VO) carried out as
previously described [20]. The animals in the sham group
received the same surgery except for carotid artery ligation.
Two days after 2-VO surgery, the rats received an
intraperitoneal injection of either SAM (10 mg/kg, Yuanye
Bio, Shanghai, China) or saline every other day for 90
days.

Intrahippocampal Ap Injection and SAM Treatment

ABj.4> (China Peptides Co., Ltd, Shanghai, China) was
aggregated by incubation in distilled water (20 mg/mL) at
37 °C for 72 h, and diluted to the final concentration with
saline immediately before surgery. The rats were anaes-
thetized by intraperitoneal injection of chloral hydrate
(350 mg/kg) and microcannulae were stereotaxically
implanted into the bilateral hippocampus (4.3 mm poste-
rior to bregma; 3.5 mm lateral to midline; and 3.3 mm
ventral to bregma). AB; 4 (20 pg/5 pL) or the same vol-
ume of saline was injected using a 10 pL stepper-motor-
ized micro-syringe (Pigeon, Shanghai, China) at a rate of
1 pL/min. Then the rats received an intraperitoneal injec-
tion of either SAM (10 mg/kg, Yuanye Bio, Shanghai,
China) or saline each day for 6 weeks after surgery.

RT-PCR

Total RNA was extracted from the hippocampus using an
RNAsimple Total RNA kit (TIANGEN, Beijing, China) and
cDNA was generated from 2 pg of total RNA using a Fas-
tQuant RT kit (Tiangen, Beijing, China). The RT-PCR reaction
was performed at 95 °C for 5 min, followed by 45 cycles of
95 °C for 30 s, 60 °C for 30 s and 72 °C for 60 s, and the
products were analyzed in 1.5% agarose gel containing ethid-
ium bromide. DNA bands were photographed using Alpha
FluorChem FC3 (ProteinSimple, CA). The optical density of
DNA bands was quantified using ImageJ 16.0 (NIH, Bethesda,
MD). The primer sequences are listed in Table 1.

Quantitative Real-Time PCR (q-PCR)

RNA was extracted from the hippocampus with an
RNAsimple Total RNA kit (Tiangen, Beijing, China).
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Table 1 Primer sequences used in RT-PCR.

Gene Forward primer

Reverse primer

BDNF exon I

BDNF exon II
BDNF exon III
BDNF exon IV
BDNF exon VI
BDNF exon VIII
BDNF exon IX
HPRT 5'-GATGATGAACCAGGTTATGAC-3’

5'-GTGTGACCTGAGCAGTGGGCAAAGGA-3'

5'-GAAGTGTACAAGTCCGCGTCCTTA-3’ (Common
for exons I-VIII)

5'-GGAAGTGGAAGAAACCGTCTAGAGCA-3
5'-CCTTTCTATTTTCCCTCCCCGAGAGT-3’
5'-CTCTGCCTAGATCAAATGGAGCTTC-3'
5'-GCTGGCTGTCGCACGGTCCCCATT-3'
5'-GTGTGTGTCTCTGCGCCTCAGTGGA-3'
5'-GAAGTGTACAAGTCCGCGTCCTTA-3’

5'-TAAGGACGCGGACTTGTACACTTC-3’
5'-GTCCTTTTCACCAGCAAGCTTG-3'

Reverse transcription was performed using a FastQuant RT
kit (Tiangen, Beijing, China). The q-PCR reaction was
performed at 95 °C for 15 min, followed by 45 cycles of
95 °C for 10 s, 55 °C for 20 s and 72 °C for 20 s, and the
melting curve was analyzed. Each q-PCR was conducted in
triplicate in a CFX96 Touch system (Bio-Rad, CA). Data
were analyzed using the 2755C method with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as normaliza-
tion control. The primer sequences are listed in Table 2.

Western Blot Analysis

Hippocampal tissues were dissected out from each group
and homogenized in lysis buffer containing 50 mmol/L
Tris-HC1 (pH 7.5), 150 mmol/L. NaCl, 1% NP-40, 0.1%
SDS, and protease inhibitor cocktail (Pplygen, Beijing,
China). Routine procedures were carried out as described
previously [21]. Primary rabbit polyclonal BDNF antibody
(1:1000, Abcam, Cambridge, MA) and mouse monoclonal
B-actin (1:500, ZSGB-BIO, Beijing, China) were used.
Second peroxidase-conjugated AffiniPure goat anti-mouse
IgG antibody (1:5000, ZSGB-BIO) and peroxidase-

Table 2 Primer sequences used in q-PCR.

conjugated AffiniPure goat anti-rabbit IgG antibody
(1:5000, ZSGB-BIO) were used. Imaging of bands was
carried out using Alpha FluorChem FC3 (ProteinSimple,
CA) and quantified with Image] 16.0 (NIH, Bethesda,
MD).

Statistical Analysis

Statistical analysis was performed using SPSS software,
version 16.0 (SPSS Inc., Chicago, IL). Two-tailed, inde-
pendent samples 7-tests or variance (ANOVA) tests with
LSD post hoc tests were used. P <0.05 was considered as
statistically significant.

Results

Expression Profiles of All BDNF Transcripts in Rat
Hippocampus

The rat BDNF transcripts contained exons I-IX. We first
tested the expression profiles of all BDNF transcripts in rat

Gene

Forward primer

Reverse primer

BDNF exon I
BDNF exon IIA
BDNF exon IIB
BDNF exon IIC
BDNF exon III
BDNF exon IV
BDNF exon V
BDNF exon VI
BDNF exon VII
BDNF exon VIII
BDNF exon IX
GAPDH

5'-CAGGACAGCAAAGCCACAAT-3’
5'-GTGGAAGAAACCGTCTAGAGCA-3'
5'-AAGCTCCGGTTCCACCAG-3'
5'-GTGGTGTAAGCCGCAAAGA-3’
5'-ATGCTTCATTGAGCCCAGTTCCA-3’
5'-GCTGCCTTGATGTTTACTTTGA-3’
5'-AACCATAACCCCGCACACTC-3’
5'-TTTGGGGCAGACGAGAAAGC-3'
5'-TTTCATCCGGGATTCCACCA-3'
5'-CAGCGCACCTCTTTAGGCAT-3'
5'-CCATAAGGACGCGGACTTGTAC-3’
5'-GACCACCCAGCCCAGCAAGG-3’

5'-GCCTTCATGCAACCGAAGTA-3'
5'-TCTCACCTGGTGGAACTGGAT-3'
5'-CGTGGACGTTTGCTTCTTTC-3’
5'-GCCTTCATGCAACCGAAGTA-3'
5'-GTCCGTGGACGTTTGCTTCT-3’
5'-CGTGGACGTTTGCTTCTTTC-3'
5'-GGTGGAACTTCCCGCACCTT-3'
5'-GGCAGTGGAGTCACATTGTTGTC-3'
5'-CGTGCTCAAAAGTGTCAGCC-3'
5'-ACCTGGTGGAACTTTATGACACC-3’
5'-AGACATGTTTGCGGCATCCAGG-3'
5'-TCCCCAGGCCCCTCCTGTTG-3'
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hippocampus by semi-quantitative RT-PCR, and found low
mRNA levels of exons I, II, III, and VIII (Fig. 1). BDNF
exon II mRNA splice variants A, B, and C were expressed
at similar levels. The mRNA levels of exons IV and VI
were 4—6-fold those of exons I, II, III, and VIII. Since
exons V and VII were expressed at rather low levels, we
were unable to detect their mRNAs by RT-PCR.

Expression Profiles of All BDNF mRNAs
in the Hippocampus of Rats undergoing Chronic
Cerebrovascular Hypoperfusion

To explore the effect of chronic cerebrovascular hypoper-
fusion on BDNF transcripts, we examined the expression
of BDNF exon mRNAs by g-PCR in rat hippocampus after
surgery (Fig. 2A-D). Only exon IIC mRNA was increased
by 21% 1 day after surgery (Fig. 2A). Exon IIB mRNA
increased by 53%, exon IV mRNA by 36%, and exon IX
mRNA by 43% compared with the sham group on day 7
after surgery (Fig. 2B). However, on day 30 after surgery,
exon I mRNA had increased by 41%, while exon IV
mRNA had decreased by 31%. No significant change of
exon IX mRNA was found (Fig. 2C). In the late stage of
cerebrovascular hypoperfusion, most exons showed sig-
nificantly reduced mRNA levels on day 90 after surgery
[exon I (—47%), exon IIB (—41%), exon IIC (—42%), exon
IIT (—43%), exon IV (—36%), exon VI (—44%), and exon
IX (—45%)] (Fig. 2D). These q-PCR results indicated that
the expression of BDNF mRNAs increased at the early
stage of acute ischemia and then gradually decreased.
Meanwhile, this result was confirmed by BDNF protein
expression tested by western blot (Fig. 2E). Among all
BDNF exons, the IV transcript seemed to be the most
strongly induced in response to cerebrovascular
hypoperfusion.
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Fig. 1 mRNA expression of BDNF exons in rat hippocampus.
A Semi-quantitative RT-PCR analysis of exon transcripts. BDNF
exon II have three splice variants maked as A, B and
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SAM Improves the Expression of BDNF
in the Hippocampus of Rats undergoing Chronic
Cerebrovascular Hypoperfusion

Our previous study revealed that SAM improves spatial
memory deficits in rats 90 days after 2-VO surgery [5], so
the time-point of 90 days was selected to test the effect of
SAM treatment on the expression of BDNF exon mRNAs.
SAM treatment reversed the low mRNA expression of
several BDNF exons induced by chronic cerebrovascular
hypoperfusion. Compared with the 2-VO group, exon I
mRNA was increased by 47%, exon IIC by 46%, exon IV
by 107%, exon VI by 52%, and exon IX by 92% after SAM
treatment (Fig. 3A). Western blot analysis also confirmed
this effect (Fig. 3B). These results suggested that SAM can
enhance the expression of BDNF mRNAs that are inhibited
during chronic cerebrovascular hypoperfusion, and BDNF
exon IV might play an important role.

SAM Reversed the Reduction of BDNF Exon
mRNAs Caused by AP

Chronic cerebrovascular hypoperfusion can cause pro-
gressive spatial memory deficits and AP accumulation in
the brain is accompanied by BDNF down-regulation [22].
It is thus necessary to explore how A affects the expres-
sion of BDNF exon transcripts. In this study, down-regu-
lation of almost all the BDNF exon mRNAs was found in
rat hippocampus injected with AP [exon I (—51%), exon
1IB (—60%), exon IIC (—56%), exon IV (—74%), exon VI
(—58%), exon IX (—50%)] compared with the sham group
(Fig. 4A). Similarly, SAM improved the low expression of
BDNF mRNAs caused by AB. Compared with the AR
injection group, exon I mRNA was increased by 110%,
exon IIB by 252%, exon IIC by 125%, exon III by 164%),
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Fig. 2 Expression of BDNF exon mRNAs and protein in rat
hippocampus after 2-VO surgery. A-D g-PCR analysis of all BDNF
exon mRNA levels 1 (A), 7 (B), 30 (C), and 90 days (D) after surgery.

exon IV by 137%, exon V by 139%, exon VI by 264%,
exon VII by 202%, and exon IX by 158% after SAM
treatment (Fig. 4A). Moreover, SAM reversed the low
expression of BDNF protein induced by AP (Fig. 4B).
These results implied that BDNF exons IV and VI play
critical roles both in the down-regulation of BDNF by A
and its reversal by SAM in rat hippocampus.

Discussion

In recent decades, numerous studies have demonstrated the
complexity of BDNF gene structure in rodents and humans.
According to the report by Aid et al. [7], the rat BDNF
gene consists of eight 5" untranslated exons and one pro-
tein-coding 3’ exon. Transcription of the gene results in
BDNF transcripts containing one of the eight 5 exons
spliced to the protein-coding exon and in a transcript
containing only the 3’ extended protein-coding exon. The
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present study revealed different expression levels of BDNF
exon mRNAs in rat hippocampus. Among them, exons IV
and VI were expressed at higher levels than other non-
coding exons, consistent with previous reports [8]. The
high expression of exon IV and VI mRNAs implied that the
changes in these two exon mRNAs might play key roles in
BDNEF translation in response to various stimuli.

A series of reports has demonstrated a significant ele-
vation of BDNF expression soon after ischemic stroke [23].
Using irreversible occlusion of multiple arterioles in the
left hemisphere and left common carotid artery, Béjot et al.
[24] showed that BDNF expression sustained high levels
from 24 h to 8 days later. Chronic cerebral ischemia caused
by blood flow insufficiency is a group of diseases mani-
fested by progressive cognitive dysfunction associated with
BDNF down-regulation. The 2-VO rat model used in the
current study is a well-established model to investigate the
effects of chronic cerebrovascular hypoperfusion on neu-
rodegenerative diseases [20]. In 2-VO rats, the cerebral
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Fig. 3 Effects of SAM on the expression of BDNF exon mRNAs and
protein in the hippocampus of rats undergoing chronic cerebrovas-
cular hypoperfusion. A g-PCR analysis of BDNF mRNAs 90 days

hypoperfusion is global and long-lasting, as the blood
vessels are permanently ligated [25]. After occlusion of the
bilateral common carotid arteries, the blood flow in the
brain decreases quickly and notably in the acute phase (2—7
days), then a chronic phase (2—3 months) follows and this
closely resembles the condition of reduced cerebral blood
flow in human aging and dementia. The results of this study
revealed different regulation patterns of BDNF transcripts
in different periods of ischemia. In the early stage of the
acute phase, no evident changes in BDNF expression were
found, while in the late stage of the acute phase, BDNF
expression was increased in association with high expres-
sion of exon IV mRNA. In the early stage of the chronic
phase, BDNF expression almost returned to normal levels
with low exon IV mRNA expression. In the late stage of
the chronic phase, the BDNF expression was significantly
decreased and almost all the BDNF exons contributed to
this low expression. Although the degree of reduced
expression of all BDNF exons mRNAs was similar, exons
IV and VI played major roles, as their original expression
was high. As to the transient increase of BDNF expression

@ Springer

] sham
m 2-VO
B 2-VO+SAM

o
o
]
H*

>
G 1
&
T 041
8 *
a
(o]
2 0.2
©
[0]
2
00
& O
s &
'QO
YV

after SAM treatment. B Western blot analysis of BDNF. The data,
normalized to B-actin, are shown as mean &+ SD (n = 3-6). *P <0.05,
#*P <0.01 vs sham group; *P <0.05, ¥P <0.01 vs 2-VO group.

in the acute stage, we speculate that this might be due to
endogenous compensation in response to the acute
stimulation.

Our previous studies suggested that chronic cere-
brovascular hypoperfusion leads to progressive spatial
memory deficits, increased AP levels associated with
increased production, decreased neprilysin, and impaired
clearance of AP from the brain [22]. In rats injected with
amyloid fibrils, BDNF mRNA exon VI and protein sig-
nificantly decrease in the hippocampal CA1 area [27]. Shin
et al. [28] have reported that the expression of BDNF
mRNA and protein are decreased in SH-SY5Y cells and
primary cultured neurons treated with AP. Our data are
consistent with the previous studies, and q-PCR revealed
that exons IV and VI play crucial roles. Chronic cerebral
hypoperfusion could reduce BDNF expression and increase
AP production, while AP could further aggravate the
down-regulation of BDNF.

As a member of the neurotrophin family, BDNF is
involved in neuronal survival, development, and synaptic
plasticity. A series of studies have demonstrated that it acts
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Fig. 4 Effects of SAM on the expression of BDNF exon mRNAs and
protein in hippocampus from rats injected with AB. A q-PCR analysis
of BDNF mRNA levels. B Western blot analysis of BDNF. The data,

as an endogenous repair agent after stroke [29]. However,
BDNF is hardly able to pass through the BBB, raising
difficulties for exogenous administration. Fortunately,
studies have demonstrated that SAM can cross the BBB
[16]. In this study, we showed that SAM improved
endogenous BDNF expression in both the 2-VO and AB-
injection rat models. Fuso et al. [18, 19] reported that SAM
supplementation can improve spatial memory deficits of
TgCRNDS8 mice induced by vitamin B deficiency via
several mechanisms: it affects presenilin 1 and BACE1 (-
Amyloid precursor protein cleavage enzyme 1) expression,
inhibits amyloid production and tau hyperphosphorylation,
increases GSH, and influences oxidative metabolism.
Recently a meta-analysis of the effect of SAM on cognitive
performance in mice suggested that it may be useful in
improving spatial memory in patients suffering from many
types of dementia, including AD [30]. The promotion of
BDNF expression by SAM shown in this study supports
this claim.

SAM is the primary methyl donor and the precursor of
GSH. As the precursor of GSH, SAM acts as the major
endogenous antioxidant protecting cells against injury in

&

normalized to [-actin, are expressed as mean £ SD (n = 3-6).
*P <0.05, **P <0.01 vs sham group; *P <0.05, P <0.01 vs Ap

group.

alcoholic liver disease [13]. SAM treatment is beneficial
for inflammation-induced colon cancer by inhibiting
inflammatory factors [31]. SAM administration can also
affect the intracellular methylation of DNA; SAM pre-
treatment can alter cocaine-induced gene expression in
mice by affecting the epigenome [15]. In this study, we
reported that SAM reversed the low BDNF expression
induced by hypoxia and AP, and this was mainly dependent
on BDNF exons IV and VI. The expression profiles of all
BDNF transcripts revealed high levels of expression of
exon IV and VI mRNAs, indicating that the changes of
BDNF mRNA and protein largely depend on these two
exons. Meanwhile, the transcripts of these two exons were
sensitive to the insults in this study, changing dramatically
compared with other exons. In recent years, many studies
on the regulation of the BDNF gene have revealed that
epigenetic modification plays an important role. Multiple
BDNF exon promoter regions are rich in CpG islands,
which are potential sites of epigenetic modification [32].
Early-life adversity, prenatal stress, and exercise regulate
the methylation of exon IV promoter DNA and BDNF
expression [33-35]. Methylation of exon VI promoter

@ Springer



160

Neurosci. Bull. April, 2016, 32(2):153-161

DNA increases after fear conditioning [26]. The expression
of exons IV and VI is regulated by modification of H3K9
methylation in the early stress response of rats [9]. Anier
and collogues [15] have reported that SAM pretreatment
modifies cocaine-induced gene expression and this is
associated with reduced DNA methyltransferase-3a and -3b
expression in the nucleus accumbens. All these data sug-
gest that exons IV and VI are key exons in BDNF protein
expression in the processes of BDNF transcription and
translation. The exact regulatory mechanisms acting on
BDNF expression need further investigation.

In summary, BDNF exons IV and VI may play key roles
in the BDNF protein down-regulation caused both by
chronic cerebrovascular hypoperfusion and AP in rat hip-
pocampus. SAM can improve the low BDNF expression
caused by these insults mainly via BDNF exons IV and VL.
SAM may play a neuroprotective role by increasing the
expression of the endogenous BDNF gene and be a
potential target for AD therapy.
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