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Background: Resveratrol has been suggested to
have protective effects against many diseases, but
its biological actions on brain in healthy subjects
are unclear.

Results: Resveratrol impaired hippocampal
neurogenesis and memory acquisition by AMPK
activation and suppression of pPCREB and BDNF.
Conclusion: Resveratrol impairs hippocampal
neurogenesis and cognitive function.
Significance: Unlike DR and exercise, resveratrol
can adversely affect neurogenesis and cognition.

SUMMARY

Resveratrol is a phytoalexin and
natural phenol that is present at relatively high
concentrations in peanuts and red grapes and
wine. Based upon studies of yeast and
invertebrate models, it has been proposed that
ingestion of resveratrol may also have anti-
aging actions in mammals including humans. It
has been suggested that resveratrol exerts its
beneficial effects on health by activating the
same cellular signaling pathways that are
activated by dietary energy restriction (DR).
Some studies have reported therapeutic actions
of resveratrol in animal models of metabolic
and neurodegenerative disorders. However, the
effects of resveratrol on cell, tissue and organ
function in healthy subjects are largely
unknown. In the present study, we evaluated

the potential effects of resveratrol on the
proliferation and survival of neural progenitor
cells (NPCs) in culture, and in the
hippocampus of healthy young adult mice.
Resveratrol reduced the proliferation of
cultured mouse multi-potent NPCs, and
activated AMP-activated protein Kinase
(AMPK), in a concentration-dependent manner.
Administration of resveratrol to mice (1 — 10
mg/kg) resulted in activation of AMPK, and
reduced the proliferation and survival of NPCs
in the dentate gyrus of the hippocampus.
Resveratrol down-regulated the levels of the
phosphorylated form of cyclic AMP response
element-binding protein (pCREB) and brain-
derived neurotrophic factor (BDNF) in the
hippocampus. Finally, resveratrol-treated mice
exhibited deficits in hippocampus-dependent
spatial learning and memory. Qur findings
suggest that resveratrol, unlike DR, adversely
affects hippocampal neurogenesis and cognitive
function by a mechanism involving activation
of AMPK and suppression of CREB and BDNF
signaling.

Resveratrol (trans-3, 5, 4’-
trihydroxystilbene) is a phenolic phytoalexin that
is a constituent of grapes, raspberries, mulberries,
pistachios and peanuts. Resveratrol is generally
present in its trans- and cis- forms, but only the
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trans- form has known biologic activities.
Previous findings have suggested that resveratrol
has anti-cancer and anti-inflammatory properties
(1-3), related to an ability to modulate
intracellular signaling pathways including those
involving cellular stress-responsive transcription
factors such as NF-kB and kinases such as ERK,
JNK and p38 (4-6). In addition, it has been
reported that resveratrol can protect neurons
against dysfunction and degeneration in
experimental models of ischemic stroke,
Alzheimer’s disease (AD), and Parkinson’s
disease (PD) (7-9). However, adverse effects of
resveratrol on neurons have been reported in other
models of neurodegeneration (10), and the actions
of resveratrol on cells in the healthy brain are
unknown.

The generation of newborn cells is
maintained throughout life in the hippocampus of
the mammalian brain by the proliferation,
differentiation and migration of adult neural
progenitor cells (NPCs), and their eventual
integration into neural networks (11). This process
of neurogenesis is regulated by various signals in
the local environment (niche) of the NPCs
including fibroblast growth factor 2 (FGF2),
Notch  ligands, Wnt and  brain-derived
neurotrophic factor (BDNF) (12-17). Increasing
evidence suggests that newborn neurons
contribute to new memories and stabilize old
memories by making connections with existing
neurons in the hippocampus and adjacent
entorhinal cortex (18).

Interestingly, resveratrol can extend the
lifespans of yeast, C. elegans and Drosophila, and
it has been proposed that such ‘anti-aging’ effects
of resveratrol are mediated by a mechanism
similar to that by which dietary energy restriction
(DR) extends lifespan (19-21). We previously
reported that DR enhances hippocampal
neurogenesis in mice by increasing NPCs survival;
the underlying mechanism involves up-regulation
of the expression of BDNF (22-24).

We therefore undertook this study to
determine if and how resveratrol might influence
hippocampal neurogenesis.

EXPERIMENTAL PROCEDURES

Chemicals

Resveratrol and 3-[4, 5-dimethylthiazol-
2-yl]-2, 5 diphenyl-tetrazolium bromide (MTT)
were obtained from Sigma Chemical Company (St.

Louis, MO, USA). 5’-Bromo-2’-deoxyuridine
(BrdU) was purchased from ACROS organics
(Fair Lawn, NJ, USA). 2’-7’-Dichlorofluorescin
diacetate (DCFDA), Hoechst 33342, and
propidium iodide (PI) were purchased from
Invitrogen Molecular Probes (Eugene Oregon,
USA). Compound C was obtained from
Calbiochem (Darmstadt, Germany).

Cell Culture Methods

To investigate the potential effects of
resveratrol on NPCs, we used two different NPCs
types: 1) C17.2 NPCs, which are multipotent
and can differentiate into several cell types,
including neurons, astrocytes and
oligodendrocytes (25); these cells are able to
integrate into the adult brain and differentiate into
neurons and glia after grafting (26,27). C17.2
NPCs (a generous gift from C. Cepko at Harvard
University) were maintained in plastic culture
flasks in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, 5%
horse serum, and 2 mM glutamine in a humidified
5% C0,/95% air atmosphere at 37°C. Resveratrol
(trans-3,4',-5-trihydroxystilebene; purity > 99%)
was dissolved with dimethylsulfoxide (DMSO);
an equivalent amount of DMSO (0.1% final
concentration) was added to control cultures. 2)
Primary embryonic mouse cerebral cortical NPCs
were maintained as self-renewing stem cells
within neurospheres. To establish cultures of
primary embryonic cortical NPCs, pregnant
C57BL/6 mice were sacrificed on gestational day
13 by cervical dislocation. Embryos were
collected and excised brains were placed in ice-
cold Ca*'- and Mg*'-free Hank’s Balanced Saline
Solution (HBSS; WelGENE Inc., Korea)
containing 0.1 mg/ml gentamycin. Meninges were
removed and cortical neuroepithelium was
dissected and placed in cold HBSS. After
centrifugation (75 g, 10 min), brain tissues were
resuspended in 2 mg/ml trypsin/EDTA solution.
Trypsinization was performed under gentle
agitation for 12-15 min at room temperature, and
the reaction was stopped by adding 1.5 mg/ml of
trypsin inhibitor in HBSS. Cells were then
dissociated by gentle trituration using a fire-
polished Pasteur pipette to yield suspensions of
single cells or small cell clusters. These
dissociated cells were diluted in culture medium
(DMEM/F12 containing B27 supplements and 40
ng/ml of basic fibroblast growth factor) and plated
into 24-well plates or plastic culture dishes at
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desired cell densities. For primary cortical neuron
cultures, embryonic mouse cortex was established
from the 18-day embryos of C57BL/6 mice
(Daehan Biolink Co. Ltd, Chungbuk, Korea).
Briefly, cortex was removed and incubated for 15
min in HBSS containing 2 mg/ml trypsin. Cells
were then dissociated by trituration and plated (1
x 10° cells/ml) into poly-L-Lysine-coated plastic
culture dishes containing Neurobasal Medium
supplemented with 2% B27, 0.5 mM L-glutamine,
and 25 uM glutamate. Following cell attachment
(24 hr post-plating), the culture medium was
replaced with Neurobasal Medium without
glutamate. Experiments were performed using 7-9
day-old cultures.

MTT assay

Cell proliferation was measured using an
MTT assay. Briefly, cells (1 x 10* cells/ml) were
seeded in 96-well plates, and after 24 hr, treated
with different concentrations of resveratrol (0.1 ~
50 uM). After treatment, media was removed,
cells were washed twice with PBS, and 200 pl of a
0.5 mg/ml MTT solution in PBS was added to
each well. Plates were incubated at 37°C for 4 hr,
MTT solution was removed, and cells were lysed
using a solubilization solution (1:1
DMSO:ethanol). The formazan dye product was
quantified using an ELISA microplate reader at an
absorbance of 560 nm. To examine the protective
effect of the AMPK inhibitor (Compound C), cells
were pretreated with Compound C 1 hr before
being treated with resveratrol.

BrdU Immunocytochemistry

Cells were labeled by adding BrdU to
culture medium to a final concentration of 20 uM
at 37°C for 2 hr, washed with BrdU-free culture
medium, and treated with either vehicle or
resveratrol. Twenty-four hours later, cells were
fixed in PBS (pH 7.3) containing 4%
paraformaldehyde, and washed with PBS. For

immunostaining, fixed cells were postfixed in 70%

ethanol (in 50 mM glycine buffer, pH 2.0) at -
20°C for 20 min, and then 0.6% H,0O, in Tris-
buffered saline (TBS; pH 7.5) was added to block
endogenous peroxidase activity, DNA was
denatured by sequentially exposing cells to heat
(65°C), acid (2 M HCI), and base (0.1 M borate
buffer). Primary BrdU antibody was then added,
and plates were incubated overnight at 4°C. Cells
were then washed with TBS, incubated for 2 hr
with biotinylated secondary antibody, and treated

with ABC solution (Vector Laboratories, Inc. CA,
USA) for 1 hr at room temperature. Color
development was performed using a DAB kit
according to the manufacturer’s instructions. Cells
were visualized and images were acquired using a
Nikon ECLIPSE TE 2000-U microscope (Nikon
Instruments Inc. Tokyo, Japan).

Nuclear staining with Hoechst 33342 and Pl

The plasma membrane of all cells is
permeable to the DNA-binding dye Hoechst
33342; this dye it emits blue fluorescence thus
allowing the visualization of nuclear DNA.
However, the polar nuclear stain propidium iodide
(PD) can only penetrate cells with damaged
membranes. NPCs were seeded in a 60-mm
culture dish and allowed to attach for 24 hr. The
cells were incubated in the presence or absence of
resveratrol for 24 hr, and Hoechst 33342 and PI
were added for 10 min at final concentrations of
10 uM and 50 pM, respectively. Images were
acquired using a Nikon ECLIPSE TE 2000-U
microscope (Nikon Instruments Inc. Tokyo,
Japan).

Flow cytometric analysis

FITC Annexin V Apoptosis Detection
Kit I (BD Biosciences, CA, USA) was used to
detect the cell death. In brief, after treatment with
vehicle or resveratrol, cells were trypsinized and
resuspended in binding buffer (0.1 M
HEPES/NaOH pH 7.4, 1.4 M NaCl and 25 mM
CaCl,). 5 ul of Annexin V-FITC and 5 pul of PI
were added and incubated for 15 min at room
temperature in the dark. Cells were analyzed using
flow cytometry (BD Accuri’” C6, BD
Biosciences, CA, USA).

Western blot analysis

After experimental treatments, cells and
tissue homogenates were solubilized in SDS-
polyacrylamide gel electrophoresis sample buffer
and protein concentrations in samples were
determined using a Bio-Rad protein assay kit with
bovine serum albumin as the standard. Samples
(50 pg protein per lane) were then separated in
SDS-  polyacrylamide gels and transferred
electrophoretically to Immobilon-P*? transfer
membranes (Millipore Corporation, Billerica, MA,
USA). Membranes were then placed immediately
into a blocking solution (5% nonfat milk) at room
temperature for 30 min, and incubated with the
following diluted primary antibodies; p-ERK, p-
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JNK and p-p38 (mouse, Santa Cruz
Biotechnology, Inc. CA, USA), B-actin (mouse,
Sigma), ERK, JNK, p38, p-AMPKa, AMPKa and
SIRT1 (rabbit, Cell Signaling technology, MA,
USA) in TBS-T buffer (Tris-HCI based buffer
containing 0.2% Tween 20, pH 7.5) overnight at
4°C. After washing membranes (4 x 10 min), they
were incubated with secondary antibody
(monoclonal anti-mouse antibody or polyclonal
anti-rabbit antibody (Santa Cruz Biotechnology))
in TBS-T buffer at room temperature for 1 hr.
Horseradish-conjugated  secondary  antibody
labeling  was detected by enhanced
chemiluminescence and blots were exposed to
radiographic film. Pre-stained blue markers were
used to determine molecular weights.

In vivo drug administration

Male C57BL/6 mice (4 weeks old) were
obtained from Daehan Biolink Co. Ltd.
(Chungbuk, Korea) and maintained under
temperature- and light-controlled conditions (20-
23°C, 12 hrs light/12 hrs dark cycle) with food
and water provided ad libitum. Mice were divided
randomly into four groups (proliferation group,
survival group, biochemical analysis group,

behavior group) containing five animals per group.

The mice were acclimatized for one week prior to
intraperitoneal (i.p.) injection of resveratrol at 1 or
10 mg/kg daily for 14 days. Mice in the vehicle
group were administered same volume of PBS
containing 2% ethanol and 0.1% Tween 20. To
evaluate new cell generation, mice in each group
were administered six i.p. injections of BrdU (100
mg/kg twice daily for 3 days) on the last three
days of resveratrol administration, and to evaluate
new cell survival, mice were administered BrdU
for three consecutive days prior to resveratrol
administration. Mice were euthanatized one day
after the final BrdU injection (day 15). The
institutional animal care committee of Pusan
National University approved the experimental
protocol (#PNU-2008-06).

Tissue preparation

For biochemical analyses, hippocampi
were removed, snap-frozen in liquid nitrogen, and
stored at -80°C until required for analysis. The
tissues were homogenized in a buffer (50 mM Tris
buffer, pH 8.0) containing 6 mM MgCl,, | mM
EDTA, 10% sucrose, 1% SDS and protease
inhibitor cocktail (Roche, Mannheim, Germany).
For histological analyses, mice were anesthetized

and  perfused intracardially  with 4%
paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4).
After fixative perfusion, brains were removed,
placed in the same fixative at 4°C overnight, and
transferred to a 30% sucrose solution.
Cryoprotected brains were sectioned serially at
40-um in the coronal plane using a freezing
microtome (MICROM, Germany). All sections
that included the hippocampus were collected in
Dulbecco’s PBS (DPBS) solution containing 0.1%
sodium azide and stored at 4°C. Sections
containing the hippocampal formation were saved.

Immunohistochemistry

Staining for newly-generated cells in the
dentate gyrus, was performed by treating them
with 0.6% H,O, in TBS (pH 7.5) to block
endogenous peroxidases, and denaturing DNA by
exposing them sequentially to heat (65°C), acid (2
N HCI), and base (0.1 M borate buffer). Sections
were then blocked in TBS/0.1% Triton X-100/3%
goat serum (TBS-TS) for 30 min and incubated
with primary anti-BrdU antibody (rat, Abcam,
Cambridge, MA, USA) or anti-pCREB antibody
(rabbit, Cell Signaling) in TBS-TS overnight at
4°C. The sections were incubated with a
biotinylated secondary goat anti-rat or rabbit IgG
antibody (Vector Laboratories) for 3 hr at room
temperature, and then with ABC solution
(Vectastain ABC reagent Elite Kit, Vector
Laboratories) for 1 hr at room temperature. They
were then treated with diaminobenzidine (DAB)
solution for 5 min, and imaged under a Nikon
ECLIPSE TE 2000-U microscope. Cells in every
sixth section throughout the entire rostro-caudal
region of the hippocampus were counted. The
reference region consisted of the granular cell
layer of the dentate gyrus. All cell counts were
performed by an investigator (HRP) blinded as to
the treatment history of the mice.

Double-label immunohistochemistry

For double-label immunohistochemistry,
brain sections were blocked with TBS/0.1%
Triton X-100/3% goat serum (Gibco, Grand Island,
NY, USA) and incubated with primary antibodies
against BrdU or the neuronal marker NeuN
(mouse monoclonal; 1:500, Millipore Corporation)
overnight at 4°C. They were then washed with
TBS and incubated for 3 hours in presence of anti-
mouse IgG labeled with Alexa Fluor-568 or anti-
rat IgG labeled with Alexa Fluor-488. Images
were acquired using a FV10i FLUOVIEW
Confocal Microscope (Olympus, Tokyo).
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BDNF ELISA

BDNF protein levels were quantified
using a commercially available kit (Promega
Coporation, Madison, WI, USA). Briefly,
hippocampus homogenates or cell lysates were
processed by acidification and subsequent
neutralization. Flat-bottom 96-well plates (Nunc-
Immuno™ Maxisorp Plates, Roskilde, Denmark)
were pre-coated with monoclonal BDNF antibody,
blocked with block & sample buffer, and washed
in TBS/0.05 % Tween 20 (TBST). Recombinant
BDNF standard (0-500 pg/ml) and test samples
were added to duplicate wells in each plate. Plates
were incubated for 2 hr, washed five times with
TBST, and incubated in a solution containing with
anti-Human BDNF polyclonal antibody for 2 hr.
Wells were washed five times with TBST and
incubated with anti-IgY HRP conjugate for lhr at
room temperature. Plates were then emptied,
washed five times with TBST, TMB One Solution
was added and incubated at room temperature
with shaking for 10 min, and the reaction was
stopped with 1 N HCI. Absorbance was measured
at 450 nm using a plate reader. Duplicate
determinations per sample were averaged, and
levels of BDNF protein were determined using the
standard curve.

Morris water maze (MWM) behavior test

The MWM procedure was performed as
described (28). The spatial reference memory test
is commonly used to examine impairments of
spatial learning and memory, and requires mice to
find a hidden platform (10 cm in diameter) just
below the surface (1 cm) of a circular pool of
opaque water (120 cm in diameter x 35 cm high,
maintained at 23~25 °C). Accurate navigation to
the platform is rewarded by escape from the water.
The maze was placed in a room with dimmed
lights, and visible cues were placed on walls
adjacent to the pool to aid the mice in determining
the location of the platform. Mice were given 4
consecutive days of training (6 trials/day) after
vehicle or resveratrol treatment for 14 days. At the
beginning of each trial, mice were immersed in
the water, facing the wall, at one of three
randomly assigned start positions (located in the
center of each quadrant not containing the
platform). Mice were allowed 60 sec to find the
platform; if mice failed to find the platform even
after 60 sec, they were guided to the platform by
the investigator. Once a mouse reached the

platform, it was allowed to remain there for 10 sec.

At the end of each trial, mice were towel-dried
and returned to their home cages for
approximately 15-20 min before being returned to
the maze for the next trial. During each trial the
mouse was videotaped and its swim path was
recorded with image tracking software, which
allowed determination of the time taken (latency)
to find the platform (sec), the path length (cm),
and the swimming speed (cm/sec), and to obtain
information during spatial reference memory test
(trials conducted after the above-mentioned trials
with the platform removed), namely, the number
of platform location crossings and the time spent
in the quadrant which previously contained the
platform (Noldus EthoVision® XT, Noldus
Information Technology, Wageningen,
Netherlands).

Statistical analysis

The statistical significances of
differences between the vehicle and resveratrol-
treated groups were determined by analysis of
variance (ANOVA) with Fisher’s protected least
significant difference (PLSD) procedure. The
analysis was performed using Statview software”.
Results are expressed as means + standard errors
(SE), and p values of < 0.05 were considered
significant.

RESULTS
Resveratrol decreases NPCs proliferation.

We first performed a concentration —
response experiment to determine whether
resveratrol modifies the proliferation of C17.2
NPCs. Resveratrol concentrations of up to 10
uM  had no significant effect on NPCs
proliferation. =~ However, higher concentrations
(20 and 50 pM) significantly reduced cell
proliferation (Fig. 1A). BrdU
immunocytochemistry was performed to confirm
the inhibitory effects of these concentrations on
NPCs proliferation (Fig. 1B). Quantification of
BrdU-positive cells showed a significant decrease
in NPCs proliferation in response to 20 and 50
uM (Fig. 1C). In order to evaluate whether
resveratrol induced the cell death in NPCs, we
performed PI/Hoechst 33342 staining and flow
cytometric analysis. Treatment of NPCs with 20
and 50 uM resveratrol clearly decreased the cell
number. However, some of the cells in cultures
treated with 50 uM resveratrol were stained with
PI, indicating that resveratrol can induce necrotic
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cell death in NPCs (Fig. 1D). Furthermore, we
confirmed resveratrol-induced necrotic cell death
by flow cytometry analysis with PI and Annexin
V (Fig. 1E).

Resveratrol impairs NPCs proliferation by
activating AMPK.

The mitogen-activated protein kinase
(MAPK) signaling pathway is known to be
involved in the regulation of NPCs proliferation
and stress responses (29,30). Recently, it was
reported that curcumin modulates extracellular
signal regulated kinases (ERKs) and p38 MAP
kinase to stimulate NPCs proliferation (30), and
we therefore examined how resveratrol modulates
the proliferation-related MAPK signaling pathway,
as well as the energy metabolism-responsive
SIRT1 deacetylase and AMP-activated protein
kinase a (AMPKa). We found that resveratrol did
not activate MAPK signaling or SIRT1 in NPCs
(data not shown). However, resveratrol did
increase  phosphorylated =~ AMPKa  levels
significantly at high concentrations (20 and 50
uM) (Fig. 2A), which concurs with a previous
report that resveratrol at 50 pM activates AMPKa
in Chinese hamster ovary (CHO) cells and in
C2C12 myotubes (31,32). Furthermore,
compound C (an AMPK inhibitor) effectively,
albeit incompletely, restored NPCs proliferation
(Fig. 2B). There was no significant difference in
cell viability between the absence and presence of
compound C in vehicle-treated group. These
observations indicate that AMPK activation is
partially mediated by the suppression of NPCs
proliferation induced by resveratrol.

Resveratrol decreases the proliferation of newly
generated cells in the hippocampal dentate gyrus.

In order to determine the effect of
resveratrol on NPCs residing in the dentate gyrus,
5-week-old C57BL/6 mice were administered
either resveratrol (1 or 10 mg/kg, i.p.) or vehicle
for 14 days. Body weights were measured every
three days. Both groups gained body weight
normally and no significant intergroup difference
was observed (data not shown). For labeling
newly generated cells in the hippocampus, six
doses of BrdU were administered i.p. for three
days starting on the 12" day of resveratrol
administration (Fig. 3A). Dividing cells labeled
with  BrdU were visualized by BrdU
immunohistochemistry  (see = Materials and
Methods). In the vehicle treated mice, newly

generated cells were observed in the subgranular
zone of the dentate gyrus. However, numbers of
newly generated cells were significantly lower in
the resveratrol-treated mice compared to the
vehicle treated mice, with the 10 mg/kg dose
causing a greater reduction in BrdU-labeled cells
than the 1 mg/kg dose (Fig. 3B and C). In addition,
resveratrol significantly increased the protein level
of phosphorylated AMPKa in the hippocampus
(Fig. 3D). As was indicated by our cell culture
experiments, this result suggests that the
resveratrol-induced inhibition of  NPCs
proliferation in the hippocampus is mediated by
AMPK activation. Since hippocampal
neurogenesis can be affected by neuronal damage-
mediated neuroinflammation (33), we evaluated
glial activation in resveratrol-treated mice.
Double-label fluorescence immunohistochemistry
was performed on hippocampal sections using
antibodies against the astrocyte marker (GFAP) or
endogenous microglia marker (Iba-1). However,
glial activation was not observed in the
hippocampus of resveratrol-treated mice, and
Nissl staining showed that resveratrol did not
affect neuronal density, nor cause any discernible
damage to neurons (data not shown). Therefore,
these findings show that resveratrol inhibits cell
proliferation in the hippocampus without
activating glial cells or causing neuronal damage.

Resveratrol decreases proliferation of primary
embryonic cerebral cortical NPCs.

To confirm that resveratrol can act
directly on NPCs to inhibit their proliferation, we
established primary NPCs from the cerebral
neuroepithelium of embryonic day 13 mice.
AMPK activation by resveratrol was also
observed in these primary cultured NPCs (Fig.
4A). To verify the anti-proliferative effect of
resveratrol, primary NPC neurospheres were
treated with 50 uM resveratrol for 24 hr, and
numbers and sizes of neurospheres were measured.
Resveratrol treatment resulted in a reduction in the
numbers of large neurospheres (especially those
larger than 81 wm) and cell proliferation (Fig. 4B,
C and D). Furthermore, the AMPK inhibitor
(compound C) significantly attenuated the
negative effect of resveratrol on NPCs
proliferation and neurosphere size (Fig. 4C and D).
These results indicate that AMPK signaling
participates in the anti-proliferative effect of
resveratrol on primary NPCs.
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Resveratrol reduces the survival of newly
generated  hippocampal cells and impairs
neurogenesis.

It was previously reported that DR
(alternate day fasting) enhances the survival of
newly-generated cells in the adult dentate gyrus of

mice, without affecting proliferation of NPCs (22).

Because resveratrol inhibited the proliferation of
cultured NPCs, we next asked whether resveratrol
might, nevertheless, mimic the effects of DR on
neurogenesis in vivo. In the present study, BrdU
was administered i.p. for three days before
resveratrol administration (Fig. 5A), and cells that
were dividing during this three day period were
visualized in brain sections immunostained with a
BrdU antibody (see Materials and Methods). Most
surviving cells had migrated into the granule cell
layer (GCL) of the dentate gyrus. Compared to
vehicle-treated mice, the numbers of surviving
cells in the dentate gyrus were significantly lower
mice treated with either 1 or 10 mg/kg of
resveratrol (Fig. 5B and C). Next, we examined
the effects of resveratrol on the differentiation of
NPCs into neurons by immunostaining brain
sections with antibodies against NeuN, a marker
of mature neurons, or doublecortin (DCX) which
is expressed in immature neurons. Compared to
vehicle-treated mice, resveratrol-treated mice
showed significantly fewer NeuN/BrdU double-
positive cells and DCX-positive cells in the
dentate gyrus (Fig. 5D, E). These results suggest
that  resveratrol  adversely  affects  the
differentiation and survival of newly-generated
cells in the hippocampi of young mice, which
contrasts with the neurogenic effects of DR.

Hippocampal BDNF and pCREB levels are
reduced in resveratrol-treated mice.

BDNF is known to play an important
role in the regulation of hippocampal
neurogenesis, and may mediate the neurogenic
effects of DR, exercise and enriched environments
(22,23,34). BDNF expression is up-regulated by
the transcription factor cyclic AMP response
element-binding protein (CREB) (35). Therefore,
we examined hippocampal BDNF and
phosphorylated CREB (pCREB) levels to
elucidate the mechanism by which resveratrol
suppresses hippocampal neurogenesis.
Administration of resveratrol for 14 days
significantly decreased levels of BDNF and of
pCREB in the hippocampus (Fig. 6A and B).
Interestingly, pCREB immunostaining was

relatively intense in the subgranular zone of the
dentate gyrus where neurogenesis occurs,
consistent with the possibility that this
transcription factor is highly activated in
differentiated NPCs in that region (Fig. 6B).
Because BDNF is produced primarily by neurons,
our findings suggest that resveratrol inhibits
hippocampal neurogenesis, in part, by reducing
BDNF levels. Consistent with the latter possibility,
we found that resveratrol significantly decreased
the production of BDNF in primary cultured
neurons (Fig. 6C). These findings suggest that
resveratrol inhibits hippocampal neurogenesis by
reducing BDNF production in neurons and by
reducing pCREB signaling in differentiated NPCs.

Resveratrol  impairs
learning and memory.

Because neurogenesis is associated with,
and may mediate aspects of, hippocampus-
dependent learning and memory, we determined
whether resveratrol treatment affected spatial
learning. We first trained vehicle-treated mice and
resveratrol-treated mice to find the hidden
platform in the MWM, a hippocampus-dependent
visuo-spatial learning and memory test. The mice
in the vehicle group learned the location of the
platform more quickly during the 4 day testing
period, compared to mice treated with either 1 or
10 mg/kg resveratrol (Fig. 7). There was no
significant difference in the magnitude of the
learning and memory impairment between the two
doses of resveratrol. During the spatial reference
memory test, swim speed and total distance were
no different in the resveratrol and vehicle groups
(data not shown).

hippocampus-dependent

DISCUSSION

The discovery of an ‘elixir of life’ has
long been an interest/dream of both the general
public and the scientific community. Resveratrol
has been touted as a dietary supplement that can
protect against a range of diseases including
cancers, diabetes, cardiovascular disease and
neurodegenerative disorders (36,37). There are
more than 4800 publications in the scientific
literature that describe effects of resveratrol on
biological systems which, when considered en
toto, reveal that this chemical exhibits a wide
range of activities that depend upon many factors
including the dose of resveratrol, the cell type, the
organism being studied, and the physiological or
pathological state of the organism (10). Here we
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extend this literature by showing that resveratrol
can have a negative impact on the proliferation,
survival and differentiation of NPCs. Our in vivo
studies show that suppression of hippocampal
neurogenesis by resveratrol is associated with
impaired spatial memory acquisition in a water
maze test that is known to be hippocampus-
dependent. The doses of resveratrol that inhibit
hippocampal neurogenesis (1 — 10 mg/kg body
weight) are within the range of concentrations that
have been previously reported to improve energy
metabolism (e.g., insulin sensitivity) (32), and
counteract disease processes in animal models of
cancers (38), cardiovascular disease (39) and
some neurodegenerative conditions (40). It was
also recently reported that resveratrol can promote
the survival of hippocampal NPCs in an animal
model of neuroinflammation (41). While
resveratrol may protect neurons against oxidative
and inflammatory stress, our findings suggest that
in healthy mice NPCs are adversely affected by
resveratrol. Our findings are consistent with
evidence that resveratrol can inhibit the
proliferation of embryonic cardiac stem cells (42).

Resveratrol has been shown to activate
two molecular targets implicated in the health
benefits of dietary energy restriction, namely,
SIRT1 and AMPK (43). However, if and how
resveratrol may activate SIRT1 is still the subject
of debate because recent findings suggest that
resveratrol does not directly interact with SIRT1
(44-47). Nevertheless, it has been proposed that
resveratrol mimics the effects of caloric restriction
on energy metabolism and disease resistance. We
found that resveratrol treatment does not mimic
the effects of DR on hippocampal neurogenesis.
Indeed, whereas DR enhances neurogenesis (22-
24), resveratrol inhibits neurogenesis. Our data
further show that resveratrol activates AMPK, but
does not activate SIRT1, in NPCs. We therefore
subsequently focused on the role of AMPK
activation by resveratrol in NPCs.

AMPK is activated by upstream kinases,
such as LKBI and CaMKKf, and can be
modulated by intracellular redox balance (48).
AMPK activation might have protective effects in
the brain under the metabolic stress or
neurodegenerative disease, and exerts an anti-
proliferative effect in cancers (49-51). In
experimental models, resveratrol can prevent
inflammation, cancer, and neurodegenerative
disease, and can extend lifespan (1,3,9,31).
AMPK activation is important for the

enhancement of insulin  sensitivity and
mitochondrial biogenesis by resveratrol in high fat
diet-fed mice and high calorie diet-induced
obesity (31,52). However, we found that in three
different populations of NPCs (C17.2 NPCs,
primary mouse cerebral cortical NPCs and adult
hippocampal progenitors in vivo) resveratrol
increases the levels of phosphorylated (active)
AMPKo and inhibits NPCs proliferation.
Moreover, we found that treatment of NPCs with
an inhibitor of AMPK (Compound C)
significantly attenuated the suppressive effects of
resveratrol on NPCs proliferation. These results
indicate that the activation of AMPK negatively
regulates NPCs proliferation. Previous studies
have shown that the activation of AMPK does not
always have beneficial effects in tissues or cells.
For example, AMPK activation mediates the
inhibition of cell growth in mouse embryonic
fibroblasts under conditions of reduced energy
availability (49). Furthermore, the AMPK
activator AICAR reduces the proliferation of
NPCs and cancer cells (50,53-56). We therefore
suggest that, with regards to NPCs, resveratrol-
induced AMPK activation can have beneficial
effects in a background of a metabolic disorder or
disease state, but may adversely affect these cells
under normal conditions. Previously, it has been
reported that resveratrol effectively protect
neurons  against  oxidative  stress  and
neuroinflammation, and resveratrol at 25 pM and
60 uM concentration has no significant effect on
the cell wviability of rat hippocampal/cortical
neurons  (57,58). Therefore, we believe that
resveratrol-induced AMPK activation could affect
mainly the proliferating cells including cancer
cells and NPCs, but post-mitotic neurons which
are not proliferating might be more resistant to
resveratrol-induced AMPK activation. Taken
together, the effects of resveratrol in the present
study are likely to be NPC-specific. Our findings
in NPCs further suggest that it will be important to
evaluate the effects of resveratrol on stem cell
populations in other tissues.

Adult NPCs are continuously generated
in the subgranular zone of the dentate gyrus and in
the subventricular zone of the lateral ventricle in
the adult brain. Neurogenesis is reduced during
aging (59), and increased in response to physical
exercise (60), an enriched environment (61), and
DR (22-24). Neurogenesis is positively correlated
with cognitive function, and some findings
suggest that neurogenesis is required for some
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types of hippocampus-dependent learning and
memory (62). We found that mice treated with
resveratrol performed more poorly in a water
maze test of hippocampus-dependent learning and
memory compared to vehicle-treated mice. We
administrated resveratrol for 14 days at doses (1
or 10 mg/kg) that should, based on previous
studies (48), result in the presence of resveratrol
within the brain. Our cell culture data demonstrate
that resveratrol can act directly on NPCs to inhibit
their proliferation, consistent with the possibility
that resveratrol crosses the blood-brain barrier and
acts directly on the hippocampal NPCs in vivo.
However, we cannot rule out the possibility of an
indirect effect of resveratrol on NPCs in vivo.
Indeed, we found that resveratrol can suppress the
production of BDNF by neurons, which may
contribute to the inhibition of neurogenesis in vivo
because BDNF is known to promote the
differentiation and survival of hippocampal NPCs
(63). The results of our immunostaining with a
pCREB antibody suggest that resveratrol causes a
reduction in CREB activity which could
contribute to reduced neurogenesis because CREB
induces the expression of BDNF (64,65). Again,
this contrasts with DR which up-regulates CREB
(66).

Recent study reported that resveratrol
inhibits the leucine-induced mTOR signaling
pathway in the myoblasts and primary mouse
embryonic fibroblasts (MEFs) (67). We examined
how resveratrol affects the mTOR signaling
pathway, which is important for the cell growth,
proliferation and protein synthesis. We found that
resveratrol decreased the phosphorylation of
mTOR (Ser2448) and its downstream target,
4EBP1 (Thr37/46) in the NPCs, which was
associated with decreased proliferation of the
NPCs (data not shown). Our findings are

consistent with the results of a recent study
showing that cannabinoid receptor agonists that
activate  mTOR enhance NPCs proliferation,
whereas the mTOR inhibitor rapamycin
suppresses NPCs proliferation (68). It is possible
that resveratrol may regulate the mTOR signaling
pathway in the NPCs and hippocampus, results
that resveratrol induced impairment of NPCs
proliferation and hippocampal neurogenesis.

It was recently reported that stimulation
of sensory neurons by resveratrol enhances
angiogenesis and neurogenesis by increasing IGF-
1 production (69). However, our study and this
previous study differ in several aspects including
the doses of resveratrol used, animal ages, and
study duration. Harada et al. (69) administered 10-
12 week-old male C57BL/6 mice 4 ug/day/mouse
of resveratrol orally for 3 weeks, whereas we used
5-week-old male C57BL/6 mice which exhibit
active hippocampal neurogenesis (70). In the
present study, the daily dosage of resveratrol was
about 25 or 250 pg/day/mouse for 2 weeks, which
are higher doses than the earlier study. This
suggests that resveratrol has bi-phasic effects on
the regulation of hippocampal neurogenesis
depending on the doses. However, in the hope of
delaying aging and neurodegeneration, people
have shown increasing interest in beneficial
effects of resveratrol and are taking resveratrol
routinely without regulation. In fact, commercially
available tablets contain up to 500 mg of
resveratrol, which could result in the exposure of
NPCs to concentrations similar to those used in
the present study. Further research on the effects
of resveratrol on NPCs and associated cognitive
function is therefore warranted.
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FIGURE LEGENDS

Figure 1. Resveratrol decreases the cell proliferation and induces necrotic cell death of C17.2 NPCs.
NPCs were seeded into 96-well plates (1 x 10* cells/ml) and cultured for 24 hr. Cells were treated with
the indicated concentrations of resveratrol for 12, 24, or 48 hr. (A) NPCs proliferation was determined
using an MTT assay. The higher concentrations of resveratrol inhibited NPCs proliferation. Values
are the mean + SE (n = 8). (B, C) BrdU immunoreactive cells were counted and values are the mean +
SEs (n = 4). **p<0.01 vs. vehicle (ANOVA with Fisher’s PLSD procedure). (D) NPCs were exposed to
resveratrol (1, 10, 20 and 50 uM) for 24 hr and 10 or 50 pM of Hoechst 33342 and PI were added for 10
min. The Hoechst 33342- and Pl-stained cells are bright blue and red, respectively. Scale bar = 100 pm.
(E) Flow cytometry analysis with PI and Annexin V staining showed that 50 uM resveratrol increased PI-
positive intensity indicating necrotic cell death in the NPCs.

Figure 2. AMPK activation suppresses NPCs proliferation.

(A) NPC:s treated with resveratrol for 1 hr were subjected to western blotting for AMPK. Resveratrol did
activate AMPK (Thr 172). B-Actin was used as loading controls. A representative blot from three
independent experiments that yielded similar results is shown. (B) To investigate reduced cell
proliferation by resveratrol-mediated AMPK activation, NPCs were pretreated with Compound C (5 uM;
an AMPK inhibitor) for 1 hr. Cells were then incubated for 24 hr with or without the indicated
concentrations of resveratrol, and MTT assays were performed. Compound C effectively blocked the
reduction of cell proliferation by resveratrol. Values are mean £ SE (n = 8). **p<0.01 vs. vehicle in the
absence of inhibitor, ##p<0.01 vs. each treatment in the absence of inhibitor (ANOVA with Fisher’s
PLSD procedure).

Figure 3. Resveratrol decreases the proliferation of newly generated cells in the dentate gyrus of the
hippocampus.

Mice treated with vehicle or resveratrol for 14 days were administered BrdU on days 12-14 of resveratrol
administration. The mice were euthanized on day 15 and brain tissue sections were processed for BrdU
immunostaining. (A) Schematic overview of the in vivo experimental procedure. C57BL/6 mice (5-week-
old) were i.p. administered vehicle or resveratrol was administered for 14 days. BrdU pulses were given
the last 3 days of vehicle or resveratrol treatment. (B) Representative images showing BrdU-positive cells
in the dentate gyrus. Scale bar = 100 um. (C) Analysis of numbers of BrdU-positive cells in the dentate
gyrus. Representative hippocampal sections (8—10) were chosen and immunostained with BrdU-specific
antibodies. The analysis showed fewer newly generated cells in the dentate gyrus of animals treated with
resveratrol. Values are as the mean + SE (n = 5 mice/group). **p< 0.01 vs. the vehicle (ANOVA with
Fisher’s PLSD procedure). (D) Mice were administered either vehicle or resveratrol for 14 days. Mice
were then euthanized and hippocampal tissue lysates were prepared. Tissue extracts were subjected to
western blotting for phosphorylated AMPKa (Thr 172), AMPKa, and B-actin. Resveratrol was found to
activate AMPKa in the hippocampus. B-Actin was used as a protein loading control. A representative blot
from three independent experiments that yielded similar results is shown.
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Figure 4. Resveratrol decreases the proliferation of embryonic cerebral cortical NPCs.

Dissociated embryonic NPCs were seeded into 24-well plates and cultured for 2 days. Neurospheres were
pretreated with Compound C (5 uM) for 1 hr and grown in either vehicle- or resveratrol-containing
medium for 24 hr. (A) Whole cell extracts from cells treated with 50 uM of resveratrol for 1 hr were
subjected to western blotting for phosphorylated AMPKa (Thr 172), AMPKa, and B-actin. Resveratrol
was found to activate AMPKa in NPCs. 3-Actin was used as the protein loading control. A representative
blot from three independent experiments that yielded similar results is shown. (B) Images of neurospheres
were taken after treatment with vehicle or resveratrol for 24 hr. Scale bar = 100 um. (C) Neurospheres
were counted and their sizes (diameters) measured. Values are the mean = SE (n = 4). **p<0.01 vs.
vehicle in the absence of inhibitor, ##p<0.01 vs. each treatment in the absence of inhibitor (ANOVA with
Fisher’s PLSD procedure). (D) The proliferation of primary NPCs was quantified using an MTT assay.
Values are mean £ SE (n = 8). **p<0.01 vs. vehicle in the absence of inhibitor, ##p<0.01 vs. each
treatment in the absence of inhibitor (ANOVA with Fisher’s PLSD procedure).

Figure 5. Resveratrol impairs hippocampal neurogenesis.

(A) Schematic overview of the in vivo experimental procedure. C57BL/6 mice (5-week-old) were i.p.
administered vehicle or resveratrol was administered for 14 days. BrdU pulses were given the 3 days
before vehicle or resveratrol treatment. (B) Representative images showing BrdU-positive cells in the
dentate gyrus. Scale bar = 100 pum. (C) Numbers of BrdU-positive cells in the dentate gyrus.
Representative hippocampal sections (8-10) were chosen and immunostained with BrdU-specific
antibodies. The analysis showed fewer newly generated cells in the dentate gyrus in animals treated with
resveratrol. Values are mean = SE (n = 5 mice/group). ** p< 0.01 vs. vehicle (ANOVA with Fisher’s
PLSD procedure). (D) To determine the effect of resveratrol on hippocampal neurogenesis, double-
labeling immunohistochemistry was performed with primary antibodies against BrdU (green) and mature
neuron marker (NeuN; red). Hippocampal sections were immunostained with doublecortin (DCX,
immature neuron marker) antibody. Resveratrol impaired neuronal differentiation and hippocampal
neurogenesis. Scale bar = 100 um. (E) Quantitative analysis of BrdU/NeuN"-positive cell numbers and
DCX-positive cell numbers in the dentate gyrus. **p<0.01 vs. vehicle (ANOVA with Fisher’s PLSD
procedure).

Figure 6. Resveratrol decreases levels of BDNF and pCREB.

(A) Levels of BDNF protein in tissue homogenates of hippocampi from vehicle or resveratrol treated
mice were measured using a quantitative ELISA assay. Resveratrol decreased BDNF protein levels in the
hippocampus. Values are mean = SE (n=5 mice/group). *p<0.05 vs. vehicle (ANOVA with Fisher’s
PLSD procedure). (B) Reductions in the levels of pCREB (Ser 133) in the dentate gyrus of vehicle and
resveratrol-treated mice were evaluated by immunohistochemistry using pCREB antibody. Scale bar =
100 um. Quantitative analysis of pCREB-positive cell numbers in the dentate gyrus. **p<0.01 vs. vehicle
(ANOVA with Fisher’s PLSD procedure). (C) Resveratrol decreased BDNF levels in primary cortical
neurons. To measure BDNF levels in primary cortical neurons, BDNF ELISA was carried out in primary
cortical neuron lysates. Values are means = SEs (n = 8).

Figure 7. Resveratrol impairs spatial learning and memory.

Morris water maze hidden platform tests were performed to evaluate spatial learning and memory.
Goal latency time was analyzed in mice treated with each group (6 trials/day). Values are mean + SE (n=5
mice/group). *p<0.05 vs. vehicle on day 4. ##p<0.01 vs. vehicle on day 1 (ANOVA with Fisher’s PLSD
procedure).
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