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Abstract The hippocampus is vulnerable to damage under
conditions of ischemia and hypoxia, causing multiple mental
illnesses. cCAMP response element-binding protein (CREB)
plays a pivotal role in preventing the apoptosis of neurons
and many other cells. Here, we found that AMP-activated
protein kinase (AMPK) and CREB are oppositely regulated
in mouse primary hippocampal neurons impaired by hypoxia-
hypoglycemia. AMPK overexpression reduced the CREB
level by upregulating SIRT1 and was negatively
posttranscriptionally regulated by miR-134, suggesting a neg-
ative regulatory role of AMPK in the expression of CREB.
Interestingly, the downstream genes of CREB, brain-derived
neurotrophic factor (BDNF), and Bcl-2 remained unchanged
when CREB was downregulated by AMPK expression. In
addition, in AMPK ™~ primary hippocampal neurons, compar-
isons between the effect of upregulation and silencing of miR-
134 on the expression of CREB, BDNF, and Bcl-2 were made.
The results reveal that AMPK is crucial for the activation of
CREB via phosphorylation. Therefore, AMPK plays a dual
role in the regulation of CREB in mouse primary hippocampal
cells: a negative effect on total CREB expression by elevating
SIRT1/miR-134 and a positive effect on activity via
phosphorylation.
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Introduction

The hippocampus is a major component of the brains of
higher animals and plays important roles in recognition, mem-
ory, and spatial memory. Owing to its active metabolism, high
oxygen consumption, and large blood flow volume, the hip-
pocampus is vulnerable to damage under conditions of ische-
mia and hypoxia, causing mental illness like Alzheimer’s dis-
ease, epilepsy, etc. Our understanding of the cell and molecu-
lar mechanisms of hippocampal neuron damage in the
hypoxic-ischemic state remains incomplete.

The cAMP response element-binding protein (CREB) is an
important cellular transcription factor which binds to certain
DNA sequences called cAMP response elements. Evidence is
emerging that CREB plays a pivotal role in preventing apo-
ptosis in neurons and other cells (Aggarwal et al. 2008; Kim
et al. 2009; Ozgen et al. 2009). CREB is regarded as a key
intracellular target of biological or physicochemical factors in
studies on neuron apoptosis and repair (Chun et al. 2009;
Lebesgue et al. 2009; Li and Liu 2010). Currently, several
CREB-mediated signaling pathways have been reported to
be activated or dysregulated in impaired neurons: aluminum
chloride impaired mouse long-term memory through down-
regulating the cAMP-PK A-CREB signaling pathway (Zhang
et al. 2014); serotonin transporter interactions with the
CREB/brain-derived neurotrophic factor (BDNF) signaling
pathway changes the risk of developing a major depressive
disorder (Ignécio et al. 2014); benzyl butyl phthalate exposure
attenuates neurotransmission through the cAMP-PKA-CREB
signaling pathway and impairs learning and memory (Min
et al. 2014); estradiol treatment stimulates the ERK/MAPK
signaling pathway, which in turn maintains CREB activity in
the ischemic CAl, rescuing hippocampal neurons from
ischemia-induced cell death (Lebesgue et al. 2009). In these
signaling pathways, cell proliferation and apoptosis were
modulated by the CREB upregulation or downregulation, or
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CREB phosphorylation promotion or suppression. Recently, a
novel pathway regulating memory and plasticity was con-
firmed. In this pathway, activation of SIRT1 enhanced, where-
as its loss-of-function impaired, synaptic plasticity mediated
via negative posttranscriptional regulation of CREB expres-
sion by brain-specific miR-134 (Gao et al. 2010). This SIRT1/
miR-134/CREB pathway was the source of inspiration for our
study.

AMP-activated protein kinase (AMPK) is a typical meta-
bolic fuel gauge in eukaryotes which senses changes in the
intracellular AMP/ATP ratio (Hardie 2007). In general, acti-
vation of AMPK acts to maintain cellular energy stores and
enhances oxidative metabolism and mitochondrial biogenesis
in adipose tissue, muscle, or liver (Fryer et al. 2002; Zhou
et al. 2001; Zong et al. 2002). Evidence also indicates that
AMPK can activate the NAD1-dependent type III deacetylase
SIRT1 to control the expression of genes involved in energy
metabolism in mouse skeletal muscle and adipocytes (Cantd
et al. 2009; Chau et al. 2010). Additionally, AMPK is impor-
tant for phosphorylation-mediated activation of a few genes
including CREB, but in non-nervous tissues or cells (Mair
et al. 2011; Salminen and Kaarniranta 2012).

In this study, we found that AMPK was upregulated,
whereas CREB was downregulated, in mouse primary hippo-
campal neurons in a hypoxic-hypoglycemic (HO-HG) state.
AMPK overexpression reduced the CREB level via upregu-
lating SIRT1 and negative posttranscriptional regulation by
miR-134, suggesting a negative regulatory role of AMPK in
the expression of CREB. However, it was interesting that the
downstream genes, BDNF and Bcl-2, remained unchanged. In
AMPK "~ hippocampal neurons, a comparison between the
effect of upregulation and silencing of miR-134 on the expres-
sion of CREB, BDNF, and Bcl-2 revealed that AMPK is cru-
cial for the phosphorylation and activation of CREB.
Therefore, AMPK plays a dual role in the regulation of
CREB in mouse primary hippocampal cells: negative in terms
of total CREB expression through elevating SIRT1/miR-134,
while positively influencing CREB activity via
phosphorylation.

Materials and Methods
Ethics Statement

All animal procedures described herein were approved by the
Shaanxi Laboratory Animal Surveillance and Detection
Center. Due to the nature of the experimental design, the an-
imals were subjected to a restraint stress procedure. At other
times, the mice were monitored in their home cage in a stress-
free environment where they were given food and water ad
libitum in a humidity- and temperature-controlled room under
a 12-h light-dark cycle. After experimentation, to minimize

pain without drugs, the mice were rapidly euthanized by cer-
vical dislocation and decapitation by an experienced animal
handler.

Hippocampal Neuron Culture

Six C57BL/6J wild-type suckling mice and six systemic
AMPK«2 "~ suckling mice (purchased from the Institute of
Zoology, Chinese Academy of Medical Sciences) born within
a 24-h period were sacrificed by cervical dislocation, and their
hippocampi were collected in a sterile cabinet. The hippocam-
pi without meninges were rinsed twice and dissected in anat-
omy liquid at 2 °C. Then, 0.1 % collagenase I (Invitrogen) and
0.1 % trypsin (Invitrogen) were added to digest the hippocam-
piat37 °C for 15 min in 15-mL Falcon tubes. The hippocampi
were washed twice with DF12 containing 10 % FBS to stop
the digestion. Next, 2 mL of DF12 containing 10 % FBS was
added, and the digest was triturated using a 0.1-1000-uL
Finnpipette. After 2 min, the upper layer was transferred to a
new tube. Another 1 mL of DF12 was added, and the sublayer
was triturated again to get more cells. The cells were trans-
ferred into the same tube. After the cell number was counted,
the cells were seeded on poly-D-lysine-treated 6-well plates at
the density of 10°/mL. The cells were cultured in DF12 with
10 % FBS at 37 °C, with 5 % carbon dioxide.

Constructs and Transfection

The full length cds sequence of SIRT1 mRNA was amplified
by PCR using primers containing Kpn I and Xho T sites.
SIRT1 F: 5-CGG GGT ACC TAT GCT ATG AAC AAT
GGA AG-3', R: 5'-CCG CTC GAG TTG CCT GTT GAG
GAT TTG GT-3'. The product was cleaved and ligated onto
corresponding sites of the pcDNA3.1 plasmid, confirmed by
sequencing.

pcDNA-AMPK was kindly gifted by Prof. Antero
Salminena from the Department of Neurology, Institute of
Clinical Medicine, University of Eastern Finland.

To perform the transfection, 2 pug of pcDNA-SIRTI, 2 ug
of pcDNA-AMPK, or 6 pmol of miR-134 inhibitor (in a 6-
well plate) was, respectively, transfected or cotransfected into
the cells with Lipofectamine3000 (Invitrogen) according to
the manufacturer’s instructions. The miR-134 inhibitor was a
specific single-strand oligonucleotide inhibitor for miR-134,
which was chemically modified, and was of high structural
stability.

Hypoxia-Hypoglycemia Treatment
After culture for 24 h, the medium was replaced with low

glucose DF12 (1 mg/mL) supplemented with 300 uM CoCl,
(to simulate a hypoxic environment in vitro). Hippocampal
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neurons cultured in DF12 with 4.5 mg/mL glucose and
300 uM DMSO were regarded as the control.

Cell Viability Assay

The cell viability assay was performed using a Cell Titer-Blue
H Cell Viability Assay Kit (Promega, Madison, Wisconsin)
according to the manufacturer’s instructions.

Real-Time Quantitative PCR

Extracted RNA was treated with DNasel (Fermentas) to ex-
clude the possibility of DNA contamination. The RNA con-
centration was quantified using a spectrophotometer measur-
ing the OD260/280 ratio (1.80—1.95). The integrity of RNA
was checked by electrophoresis on a 1.0 % agarose gel with
ethidium bromide staining. Real-time qPCR reactions were
carried out in a final volume of 25 pL, using SYBR Premix
Ex Taq (TaKaRa), with 0.4 mM of each primer and 200 ng of
the cDNA template. Primers applied in the reactions are as
follows: AMPK (5'-GCC GAG AAG CAG AAA C-3', 5-
TGT CAC CCA GAA TGT AGT G-3'); SIRT1 (5'-ATT
CTG CTAT TAC AAG TT-3', R: 5-AAG TAC ATG TCT
CCC AT-3"); CREB (5'-TCA GCC GGG TAC TAC CAT
TC-3, 5'-TTC AGC AGG CTG TGT AGG AA-3'); BDNF
(5'-ATG GGA CTC TGG AGA GCC TGA A-3', 5-CGC
CAG CCA ATT CTC TTT TTG C-3"); Bcel-2 (5'-ATT GTG
GCC TTC TTT GAG TTC G-3', 5'-CAT CCC AGC CTC
CGT TAT CC-3"); B-actin (5'-TTG TTG CCA TCA ACG
ACC CC-3', 5'-ATG AGC CCT TCC ACA ATG CC-3").
The miR-134 stem-loop primer and quantitative primers were
designed and produced by Invitrogen. Each individual sample
was run in triplicate wells. PCR amplification cycles were
performed using the iQ™5 Multicolor Real-Time PCR
Detection System (Bio-Rad) and SYBR Premix Ex Taq II
kit (Invitrogen). The reactions were initially denatured at
95 °C for 3 min followed by 40 cycles of 95 °C for 10 s,
55 °C for 30 s, and 72 °C for 20 s. The change in transcript
abundance of all tested genes was calculated using the 24
method. All mRNA levels were normalized to GAPDH.

Western Blotting

Cells were lysed in lysis buffer (Beyotime) supplemented with
1 mM PMSF. The protein concentration was determined using
the BCA protein assay (Tiangen). Twenty micrograms of pro-
tein in each sample were separated by 12 % SDS-PAGE and
electro-transferred to PVDF membranes (Millipore) for im-
munoblotting analysis. The following primary antibodies
were used: anti-AMPK «2 (1:300, ab3760, Abcam), anti-
CREB (1:300, ab32515, Abcam), anti-CREB phosphor
S133 (1:300, ab32096, Abcam), anti-SIRT1 (1:300,
ab32441, Abcam), anti-BDNF (1:200, ab6201, Abcam),
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anti-Bcl-2 (1:400, ab117115, Abcam), and anti-f-actin
(1:800, Santa Cruz), which was used as the internal reference.
After incubation with the appropriate HRP-conjugate second-
ary antibody, proteins were detected using a ChemiDoc XRS
imaging system and analysis software Quantity One (Bio-
Rad).

Statistical Analysis

All data were obtained from at least three independent exper-
iments. Values are expressed as mean + SEM. Statistics were
calculated using SPSS 19.0. Multiple comparisons were
assessed by one-way ANOVA followed by Dunnett’s tests.
Differences between groups were considered statistically sig-
nificant if P<0.05.

Results

AMPK was upregulated, and CREB was downregulated in
hypoxia-hypoglycemia in primary hippocampal neurons.
Primary hippocampal neurons obtained from C57BL/6J
wide-type suckling mice were seeded onto poly-D-lysine-
treated 6-well plates at the density of 10°/mL and cultured in
DF12 with 10 % FBS at 37 °C, with 5 % carbon dioxide. After
culture for 24 h, the medium was replaced with low glucose
DF12 (1 mg/mL) supplemented with 300 uM CoCl, to sim-
ulate a hypoxic environment in vitro. Hippocampal neurons
cultured in DF12 with 4.5 mg/mL glucose and 300 pM
DMSO were regarded as the control. After another 4 h, the
viability of the cells and the expression of several genes were
assessed. The hippocampal neurons under hypoxia-
hypoglycemia (HO-HG) displayed significant lower viability
compared to the control (Fig. la). Real-time qPCR and
Western blotting analyses showed that the expression of
AMPK, SIRT1, and miR-134 were upregulated, while the
level of CREB, a target gene of miR-134 that has a protective
effect on hippocampal neurons, was dramatically decreased
(Fig. 1b, c). Expression of BDNF and the anti-apoptosis gene
Bcl-2 was resultantly decreased, suggesting that the cells were
induced to apoptosis under HO-HG condition (Fig. 1b, c).
AMPK overexpression reduced total CREB levels but did
not alter the levels of BDNF and Bcl-2. Next, pcDNA-AMPK
was transfected into primary hippocampal neurons under nor-
mal conditions to explore its effect on the expression of
CREB. After 48 h, in response to AMPK overexpression,
SIRT1 and miR-134 levels were upregulated, and as a result,
total CREB was reduced (Fig. 2a, b). Surprisingly, the levels
of Bcl-2 and the CREB downstream gene BDNF were not
changed (Fig. 2a, b). As aresult, cell viability was not changed
by AMPK overexpression (Fig. 2c). Phosphorylated CREB
(pCREB) elevation might be a legitimate interpretation
(Fig. 2b). These results suggested that AMPK negatively
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Fig. 2 AMPK overexpression reduced total CREB but did not alter cell
viability in mouse primary hippocampal neurons. After pcDNA-AMPK
was transfected into primary hippocampal neurons derived from WT
mice in a normal state for 48 h, then expression of AMPK, SIRTI,
miR-134, CREB, BDNF, and Bcl-2 and cell viability were detected. a
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Detection of gene expression on the mRNA level by real-time gPCR. b
Detection of gene expression on the protein level by Western blotting. ¢
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Kit. Asterisk indicates significantly different (P<0.05)
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regulated CREB expression through SIRT1/miR-134, but it
had a positive effect on phosphorylation of CREB.

SIRT1 Elevation Reduced CREB and BDNF in the Absence
of AMPK

To investigate the impact of the absence of AMPK, primary
hippocampal neurons were isolated from systemic
AMPK a2 mice. Then, pcDNA-SIRT1 was transfected into
AMPK " primary hippocampal neurons. As expected, the
total CREB level was reduced via miR-134-mediated post-
transcriptional regulation (Fig. 3a, b). But, unlike in the WT
neurons (Fig. 2a, b), in the absence of AMPK, CREB abate-
ment caused a reduction in BDNF and Bcl-2 expression
(Fig. 3b) and cell viability (Fig. 4b). Additionally, pPCREB
levels were very low in both pcDNA-SIRT1 transfected and
control cells (Fig. 3b). AMPK is crucial for the phosphoryla-
tion of CREB and hippocampal neuron growth.

Silencing miR-134 induced the expression of CREB but
had no effect on BDNF in AMPK "~ neurons under normal
condition and HO-HG condition.

Finally, an miR-134 inhibitor was applied to treat AMPK '
~ primary hippocampal neurons. Under normal condition, the
total CREB level was significantly increased by the miR-134
inhibitor (Fig. 4a), while the expression of BDNF was not
changed (Fig. 4a). Cell viability was also unchanged after
transfection with the miR-134 inhibitor (Fig. 4b).
Interestingly, AMPK overexpression caused a distinct

Fig. 3 SIRT1 overexpression A

reduced CREB and BDNF in 10.000

increase in the viability of AMPK '~ neurons, although we
knew that the total CREB level was decreased (Fig. 4b).
Under HO-HG condition, the changes of cell viability were
similar to those of normal condition, whereas the overall cell
viability was lower than that of normal condition (Fig. 4c).

These all data revealed a dual role of AMPK in the regula-
tion of CREB: negative in terms of total levels through ele-
vating SIRT1/miR-134, while positive in terms of activity via
phosphorylation (Fig. 4d).

Discussion

To simulate an environment of ischemia and hypoxia in vitro,
we treated primary hippocampal neurons with low glucose
(1 mg/mL) and 300 uM CoCl,. The neurons were seriously
impaired after treatment, with a marked decrease in the levels
of BDNF and Bcl-2 as well as decreased cell viability. In the
impaired neurons, we found a reverse change in the expres-
sion of total CREB and AMPK. Then, combined with the
AMPK overexpression study, we initially identified that
AMPK decreased the total CREB level through upregulating
SIRT1 and CREB-targeting miR-134. In addition, in one of
our previous studies, we had proven that miR-134 caused
ischemia/reperfusion injury-induced neuronal cell death by
directly targeting and negatively regulating CREB/BDNF
pathway (Huang et al. 2014). It has been reported that
AMPK is a gene upstream of SIRT1 in multiple metabolic
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Fig. 4 Silence of miR-134 induced expression of CREB but had no
effect on BDNF in AMPK ™™ neurons. A single-strand oligonucleotide
miR-134 inhibitor was transfected into AMPK "~ primary hippocampal
neurons. a After transfection for 48 h, protein levels of CREB, BDNF,
Bcl-2, and pCREB were detected by Western blotting. b Cell viability
after transfected with pcDNAs or anti-miR-134 for 48 h under normal
condition. WT primary hippocampal neurons and AMPK ™ primary
hippocampal neurons were transfected with pcDNA-AMPK, or
pcDNA-SIRTI, or anti-miR-134. After incubated under normal
condition (5 % CO,, 37 °C) for 48 h, cell viability of each group was
detected with the Cell Titer-Blue H Cell Viability Assay Kit. ¢ Cell

processes in non-nervous tissues or cells (Canté et al. 2009;
Chau et al. 2010). Our results here reveal that AMPK also
positively regulates SIRT1 in mouse nervous system cells
and has some relationship with hippocampal neuronal
damage.

AMPK is a well-studied phosphorylated kinase that con-
trols aging through multiple metabolic processes, such as au-
tophagy, oxidation stress, apoptosis resistance, and inflamma-
tion (Salminen and Kaarniranta 2012). The most recent re-
search has shown that activating AMPK slows aging in the
intestine, mediated by CREB-regulated transcriptional coacti-
vator 1 (CRTC-1), and CREB (Mair et al. 2011). In fact,
CREB is also a substrate of AMPK, and activation of CREB
depends on phosphorylation by AMPK. Here, in mouse pri-
mary hippocampal neurons, we found that phosphorylation of
CREB was severely affected in the absence of AMPK,
resulting in the downregulation of BDNF and reduced cell
viability. These results indicate that AMPK is very important
for the phosphorylation of CREB in hippocampal neurons.

CREB is necessary for the late stage of long-term potenti-
ation and is also important for the survival of neurons. Whole
body knockout of CREB in the mouse causes immediate death

BDNF D
E= pCREB @ miR-134
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Cell viability after transfection for 48
hours under HO-HG condition (%)

q )
< 0‘\\\‘“\ o>
<
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viability after transfected with pcDNAs or anti-miR-134 for 48 h under
HO-HG condition. WT primary hippocampal neurons and AMPK "~

primary hippocampal neurons were transfected with pcDNA-AMPK, or
pcDNA-SIRT], or anti-miR-134. After incubated under normal condition
(5 % CO,, 37 °C) for 48 h, cell viability of each group was detected with
the Cell Titer-Blue H Cell Viability Assay Kit. Different letters suggest
that there are statistically significant differences between the groups
(P<0.05). d AMPK plays a dual role in the regulation of CREB in
mouse primary hippocampal cells. On one hand, AMPK negatively
regulates total CREB expression through elevating SIRT1/miR-134; on
the other hand, it promotes the phosphorylation of CREB

after birth, highlighting the vital role of CREB (Arthur and
Cohen 2000). In the canonical cAMP-CREB signaling path-
way (Al-Wadei et al. 2006; Beyer and Karolczak 2000; Chen
etal. 2012; Vitolo et al. 2002), the cAMP responding element
modulates the effects of PKA and then regulates the
phosphorylation-activation of CREB. Sometimes,
phosphorylation-activation of CREB is mediated by MAPK
or AMPK (Al-Wadei et al. 2006; Delghandi et al. 2005; Mair
et al. 2011). Our data indicate that, in hippocampal neurons,
AMPK is very important for the phosphorylation of CREB.
However, the regulatory effects of AMPK on CREB involve
not only phosphorylation, but also SIRT1/miR-134-mediated
posttranscriptional suppression. Thus, hippocampal neurons
are affected by the balance of posttranscriptional suppression
and phosphorylation-activation. The absence of AMPK de-
stroys this balance, and thereby induces dysregulation in the
downstream genes of CREB and influences neuronal viability.

Collectively, we found that AMPK plays a dual role in the
regulation of CREB in mouse primary hippocampal cells:
negative in terms of total CREB expression through elevating
SIRT1/miR-134 and positive in terms of activity via
phosphorylation.
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