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Ethanol (EtOH) exposure during early postnatal life triggers obvious neurotoxic effects on the developing hippo-
campus and results in long-term effects on hippocampal neurogenesis. Resveratrol (RSV) has been demonstrated
to exert potential neuroprotective effects by promoting hippocampal neurogenesis. However, the effects of RSV
on the EtOH-mediated impairment of hippocampal neurogenesis remain undetermined. Thus, mice were
pretreated with RSV and were later exposed to EtOH to evaluate its protective effects on EtOH-mediated toxicity
during hippocampal development. The results indicated that a brief exposure of EtOH on postnatal day 7 resulted
in a significant impairment in hippocampal neurogenesis and a depletion of hippocampal neural precursor cells
(NPCs). This effect was attenuated by pretreatment with RSV. Furthermore, EtOH exposure resulted in a reduction
in spine density on the granular neurons of the dentate gyrus (DG), and the spines exhibited a less mature
morphological phenotype characterized by a higher proportion of stubby spines and a lower proportion of
mushroom spines. However, RSV treatment effectively reversed these responses. We further confirmed that
RSV treatment reversed the EtOH-induced down-regulation of hippocampal pERK and Hes1 protein levels,
which may be related to the proliferation and maintenance of NPCs. Furthermore, EtOH exposure in the C17.2
NPCs also diminished cell proliferation and activated apoptosis, which could be reversed by pretreatment of
RSV. Overall, our results suggest that RSV pretreatment protects against EtOH-induced defects in neurogenesis
in postnatal mice and may thus play a critical role in preventing EtOH-mediated toxicity in the developing
hippocampus.
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1. Introduction

Heavy exposure of ethanol (EtOH) in utero may cause neuro-
developmental malformations and results in behavioral and mental
deficits, known as fetal alcohol syndrome (FAS) [1-3]. The hippo-
campus is involved in cognitive processes, such as learning and
memory, and is also extremely vulnerable to the neurotoxic effects of
EtOH exposure [4-6]. EtOH exposure during the brain growth spurt in
both humans (the third trimester) and rodents (first 2 weeks after
birth) triggers obvious neurotoxic effects in the developing hippocam-
pus, results in long-term effects on hippocampal neurogenesis, and pro-
duces behavioral and cognitive deficits in adults [7,8]. For example,
binge-like alcohol exposure during the neonatal period (PD4-9) and a
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single episode of alcohol exposure on postnatal day 7 (PD7) decreases
neurogenesis in the adult hippocampus [7,8]. However, the underlying
mechanisms of early alcohol exposure that cause dysfunction in hippo-
campal neurogenesis remain unclear.

The mammalian subgranular zone (SGZ) of the hippocampal den-
tate gyrus (DG) is endowed with a pool of neural precursor cells
(NPCs) that divide and produce granule cells throughout life [9]. A
great majority of the granule cells in the rat DG are generated post-
natally at the peak of proliferation occurring near the end of the
first postnatal week [10]. Therefore, the size of the NPC pool may be
an important determinant of lifetime neurogenesis and hippocampal
function. EtOH exposure in postnatal mice at P7 reduced the pool of
neural stem cells and progenitor cells in the DG [7]. Meanwhile, chronic
alcohol exposure in adolescent nonhuman primates has been reported
to significantly decrease the proliferating progenitor pool in the hippo-
campal DG, thus leading to a lasting effect on hippocampus-associated
cognitive tasks [11]. Meanwhile, the plasticity of the neonatal hippo-
campus allows for the prevention of the teratogenic effects of EtOH
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exposure at an early stage and may be helpful to prevent the occurrence
of lifelong brain damage and cognitive dysfunction [12].

Resveratrol (RSV) is a natural stilbene found in the skin of red grapes
and in certain medicinal plants [13,14]. RSV has been shown to display
multiple neuroprotective effects [15,16]. Treatment with a single dose
of RSV after trauma significantly ameliorates trauma-induced hippo-
campal neuronal loss in rats [17]. In addition, RSV decreases anxiety
and increases cortex- and hippocampus-dependent memories in
animals subjected to blunt head trauma [18]. RSV has also been recently
reported to promote the survival of adult hippocampal NPCs in an
animal model of neuroinflammation [19], whereas another study
reported that the hippocampal NPCs of intact mice seem to be adversely
affected by RSV [20]. Meanwhile, RSV has been demonstrated to
decrease brain injury, including injury in the hippocampus, caused
by neonatal hypoxic-ischemic [21], and RSV treatment enhanced the
generation of newly born neurons in the DG in prenatally stressed rat
brains [22]. However, whether RSV can prevent the EtOH-induced
exhaustion of the NPC pool in neonatal mice has not yet been examined.

In the present study, mice were pretreated with RSV and were
then exposed to EtOH to evaluate the protective effects of RSV against
EtOH-mediated toxicity to hippocampal development. We used 5-
bromo-2-deoxyuridine (BrdU) and doublecortin (DCX) to investigate
the protection of RSV against EtOH-mediated toxicity of hippocam-
pal neurogenesis. In addition, RSV protection against EtOH induced
depletion of the NPC pool in the DG was evaluated by double-
immunofluorescently stained with SOX2/GFAP, BLBP/Nestin and
GFAP/BLBP. The extracellular signal-regulated protein kinase (ERK1/2)
belongs to the MAPK family, and has been shown to be involved in
the proliferation of NPCs [23]. Hes1 is a downstream target gene in
the Notch signaling pathway, which is related to cell proliferation and
self-renewal [24]. To determine if ERK1/2 signaling pathways and
Hes1 were involved in the proliferation and maintaining of stem/
progenitor cells, phosphorylation of ERK1/2 and Hes1 was evaluated
by western blot analysis following RSV treatment. Meanwhile, acti-
vation of Sirt1 by RSV was also detected with western blot analysis.
The multipotent C17.2 NPC line served as an in vitro model to explore
the manners of EtOH or RSV on NPC proliferation.

2. Materials and methods
2.1. Animals

Male and female C57/BL6 mice were provided by the Third Military
Medical University and were housed in a temperature-controlled
room with a standard 12-h light/12-h dark cycle and ad libitum access
to food and water. All experimental procedures were approved by
Third Military Medical University and were performed according to
the guidelines of laboratory animal care and use.

2.2. Drug treatment

The day of birth was designated as postnatal day 0 (P0). On P6, pups
were randomly divided into the following four groups: (1) pretreatment
with 100% dimethyl sulfoxide (DMSO) followed by normal saline
(0.9% NaCl) (DMSO + NS), (2) pretreatment with RSV followed by nor-
mal saline (0.9% NaCl) (RSV + NS), (3) pretreatment with DMSO
followed by alcohol (DMSO + EtOH), or (4) pretreatment with RSV
followed by alcohol (RSV + EtOH). RSV (dissolved in 100% DMSO)
was intraperitoneally (i.p.) injected (20 mg/kg) at P6 as previously de-
scribed [21]. The control groups received an equivalent dose of vehicle
DMSO. On P7, animals pretreated with either DMSO or RSV were intra-
peritoneally (i.p.) injected with a total of 5 g/kg (2.5 g/kg at time of 0 h
and 2 h, respectively) EtOH (20% EtOH in sterile normal saline) accord-
ing to our previously described methods [25]. The controls were
injected with an equivalent volume of sterile saline (i.p.). To avoid the
litter-effect, the animals in each treatment group were randomly chosen

from multiple litters, one pup per litter was selected for each of the
group. In this study, we used a minimum number of mice that were re-
quired to draw the conclusions and tried to minimize their suffering as
much as possible.

BrdU (Sigma-Aldrich) was dissolved in 0.9% saline. To assess cell
proliferation in the DG, the pups received one injection of BrdU at a
dose of 50 mg/kg per injection (i.p.) on P8 (24 h after the first EtOH
injection) and were sacrificed 2 h after the BrdU administration. To
analyze neurogenesis in the DG, the pups were administered BrdU
(50 mg/kg i.p. four times over 24 h) on P8 and were then sacrificed on
P14.

2.3. Immunohistochemistry and immunofluorescence

The brain was dissected and fixed in 4% paraformaldehyde (PFA)
for 24 h at 4 °C. For paraffin sections, tissues were processed for paraffin
embedding, and coronal sections (5 um thick) were collected. The
remaining brains were post-fixed in a 30% sucrose solution with 4%
PFA at 4 °C, and coronal cryosections (15 pm thick at P8, 20 um thick
at P14) were collected. Paraffin sections were used for hematoxylin—-
eosin (HE) staining to examine the cytoarchitecture of the hippocam-
pus. Immunohistochemistry was performed according to Yang et al.
[25]. In brief, sections were exposed to the following primary antibodies
in 1% BSA (12 h, 4 °C): anti-Nestin (1:400) (BD Biosciences), anti-BLBP
(1:400), anti-Sox2 (1:500) and anti-glial fibrillary acidic protein
(GFAP) (1: 100) (Chemicon, Temecula, CA, USA), and 1% BSA replaced
primary antibodies in negative controls. For BrdU staining, all the
sections were pretreated with 2 N HCl for 1 h at 37 °C to denature the
DNA followed by 0.1 M borax (pH 8.5) treatment for 10 min to neutral-
ize before the regular immunostaining procedure. After washing
the samples in PBS for BrdU staining, the sections were incubated
with biotin-conjugated secondary antibody and were visualized under
bright-field microscopy with a diaminobenzidine substrate kit (Vector
Laboratories, Burlingame, CA, USA). For immunofluorescence, the
sections were then incubated with Cy3- or 488-conjugated (both
at 1:400, 3 h; Jackson ImmunoResearch, West Grove, PA, USA) second-
ary antibodies and mounted in Vectashield (Vector). Nuclei were subse-
quently stained with 4’,6-diamidino-2-phenylindole (DAPI, Beyotime,
China). The stained cells were viewed and photographed under a Zeiss
(Oberkochen, Germany) Axivert microscope equipped with a Zeiss
AxioCam digital color camera connected to the Zeiss AxioVision 3.0
system.

24. Western blotting

Hippocampi were isolated and homogenized in ice-cold RIPA
lysis buffer (Beyotime, Shanghai, China). After centrifugation of ly-
sates (15,000 g, 5 min at 4 °C), the protein concentration was deter-
mined via the Bicinchoninic Acid Kit (Beyotime Institute of
Biotechnology, Shanghai, China). Protein samples (40 pg per lane)
were separated on a 12% SDS-polyacrylamide gel and then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes for immuno-
blotting. The membranes were blocked with Tris-buffered saline
(TBS) containing 0.1% Tween 20 (TBST) and 5% fat-free milk for 1 h
at RT. The membranes were then incubated (overnight at 4 °C)
with rabbit antibodies against Hes1 (1:1000, Chemicon), p-ERK1/2
or total-ERK1/2 (1:1000, Cell Signaling), Sirt1 (1:1000, Chemicon)
and B-actin (1:2000, Cell CWBIO, Beijing, China), followed by 1 h of
RT incubation with a peroxidase-conjugated goat anti-rabbit immu-
noglobulin G (IgG, 1:2000; Santa Cruz Biotechnology). All western
blotting data were representative of at least three independent
experiments. Specific protein bands on the membranes were visualized
by the enhanced chemiluminescence method (Amersham, Piscataway,
NJ, USA) according to the manufacturer's instructions. The relative
intensities of Hes1, Sirt1 and p-ERK were normalized to the internal
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reference protein p-actin or total ERK and then normalized to the
control group.

2.5. Golgi staining

The brains were quickly removed and prepared for Golgi staining
using the Rapid Golgi Stain Kit (FD NeuroTechnologies, Ellicott City,
MD, USA) according to our previously described methods [25]. In
brief, the brains were incubated in impregnation solution for 2 weeks
at room temperature under dark conditions. After staining, brain coro-
nal sections (80 pm thick) were mounted on slides, dehydrated with xy-
lene, and then mounted with a coverslip using Permount Mounting
Media (Fisher Scientific, Pittsburgh, PA). Granule neurons in an identical
area of the hippocampal SGZ were selected from each group, and one or
two dendritic segments of equal length from each neuron were chosen
for quantification. The density and morphology of dendritic spines were
manually quantified according to the criteria described by Chakraborti
et al. [26].
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2.6. Quantification

2.6.1. Determination of dentate gyrus cell number

Paraffin sections from animals were cut serially (5 um thickness)
through the rostrocaudal extent of the hippocampus. The number
of cells in the hilus (between the two blades of the granule cell layer)
and the granule cell layer (GCL; which included SGZ) was counted
on nine matched sections of the caudal, medial as well as the rostral hip-
pocampi per animal and the average value of a section per animal was
determined. Six animals per group were used for analysis.

2.6.2. Determination of RGCs in the DG labeled by SOX2/GFAP and
BLBP/Nestin at P8

Cryostat sections (15 pm thickness) were double-
immunofluorescently stained with SOX2/GFAP and BLBP/Nestin
respectively. The somata of radial glia have a triangular shape and
the processes are marked by GFAP, BLBP or Nestin and usually pro-
ject toward the molecular layer. Double stained sections in the GCL
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Fig. 1. Effects of EtOH and RSV on average body weight and brain weight/body weight ratio. (A) No alterations were found in the gross morphology of the brains from each of the four
groups. (B) The effects of EtOH and RSV on the average brain weight of mouse pups. (C) The effects of EtOH and RSV on the brain weight/body weight ratio. (D) The effects of EtOH
and RSV on the average body weight of mouse pups. Data are presented as mean 4+ SEM (n = 20). *p < 0.05; **p < 0.01.



L. Xu et al. / Biochimica et Biophysica Acta 1852 (2015) 1298-1310 1301

(plus SGZ) of nine matched sections of the caudal, medial as well as the
rostral hippocampi per animal were counted and the average value of a
section per animal was determined. Five animals per group were used
for analysis.

2.6.3. Stereological quantification of BrdU positive cells in the DG at P8,
BrdU-positive DCX/BrdU-positive cells and GEAP/BLBP-positive cells in the
DG at P14

Every 10th section (40 um thickness), for animals sacrificed at
P8 throughout the hippocampus was used to determine the total
number of BrdU in the entire DG (GCL plus SGZ and hilus) under light
microscopy in each animal. The total sum of the BrdU positive cells
traced was multiplied by BrdU positive cells per section and series
number to give the total number of BrdU positive cells in the DG. Six
animals per group were used for analysis.

Serial 20 um sections through the rostrocaudal extent of the DG
were selected at ten-section intervals for immunofluorescent staining
with the BrdU/DCX and GFAP/BLBP and counterstaining with DAPI
to mark nuclei in the DG at P14. The total sum of the BrdU or BrdU/
DCX positive cells traced were multiplied by positive cells in the GCL
(plus SGZ) per section and series number to give the total number of
BrdU or BrdU/DCX positive cells in the DG. The total sum of the GFAP/
BLBP positive cells traced were multiplied by positive cells in the SGZ
(at the junction between the granule cell layer and the hilus) per section
and series number to give the total number of GFAP/BLBP positive
cells in the SGZ. Five animals per group were used for analysis.

2.7. C17.2 NPC culture and drug treatment

According to our previous methods [27,28], the C17.2 cells were
cultured in standard DMEM/F12 (Invitrogen) containing 10% fetal calf

DMSO+NS _

RSV+NS_
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serum (FCS, Gibco, USA), 5% horse serum and 2 mM glutamine at
37 °Cin the presence of 5% CO,. To evaluate the effect of pretreatment
of RSV on NPCs, 5 piM RSV (dissolved in DMSO) and equivalent DMSO
were added into the culture medium of C17.2. For analysis of cell prolif-
eration and cell cycle, C17.2 was plated into 6-well plate and coverslips
within 24-well plate (cell density, 4 x 10*/ml/coverslip) respectively.
After 12 h pretreatment, RSV and DMSO were washed out and added
EtOH (700 mg/dl) or 0.01 M PBS respectively. After 12 h or 36 h
exposure to EtOH, C17.2 cells were collected for assay.

2.8. Cell proliferation and apoptosis assay of C17.2

The cell proliferation assay of C17.2 was performed according to
our previous methods [27,29]. In brief, C17.2 cells were fixed with
4% PFA for 15 min at room temperature. After using 0.1% Triton
X-100 to permeabilize for 10 min, the cells were blocked with 3% BSA
(Sigma-Aldrich) and 10% normal goat serum (Boster, China) for 1 h at
room temperature. The cells were then incubated with rabbit anti-
Ki67 antibody (1:300, Abcam, UK) overnight at 4 °C. After washing
three times with PBS, the cells were incubated with secondary anti-
bodies (Alexa Fluor® 568 goat anti-rabbit IgG, 1:500; Life Technolo-
gies, USA) for 1 h at 37 °C. Nuclei were stained with DAPI (Beyotime,
China).

The apoptosis of C17.2 was analyzed with In Situ Cell Death Detec-
tion Kit (Roche, Indianapolis, IN) according to the manufacturer's
instructions. In brief, cells were fixed with 4% PFA, permeabilized with
0.1% Triton X-100 and incubated with a mixture of enzyme solution
(TdT) and Label Solution (fluorescein-dUTP; 1:9) for 1 h at 37 °C, after
washing three times with PBS, the nuclei of the cells were stained
with DAPI (Beyotime, China). After immunostaining, the cells were
observed and analyzed using a fluorescence microscopy system
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Fig. 2. Pretreatment with RSV rescues the EtOH-mediated decline in granule cells in the DG at P8. The DG structure of the hippocampus as shown by HE staining for the groups: (A)
DMSO + NS; (B) RSV + NS; (C) DMSO + EtOH; and (D) RSV + EtOH. (E-H) Images are higher-power views of the boxed areas in A-D. (I) Cell number analysis in the GCL. (J) Cell number
analysis in the hilus. Data are presented as mean 4 SEM (n = 6). *p < 0.05. Scale bar in D = 100 pm and applies to A-D, in H = 50 um and applies to E-H.
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(Leica, Germany). At least 10 fields were counted for each slide. The
ratio of Ki67-positive or Terminal Deoxy Nucleotidyl Transferase-
Mediated Nick End Labeling (TUNEL) stained cells was determined
by calculating positive cells to the total number of cells in each
field. Measurements were all repeated at least three times.

2.9. FACS analysis of the cell cycle of C17.2 cells

The C17.2 cells were dissociated by trypsin-EDTA (Gibco). After
centrifugation and washing with PBS twice, the cells were harvested
according to our previous protocol [29]. The cells were fixed in 70%
EtOH overnight at 4 °C, then stained with the Cycletest™ Plus DNA
Reagent Kit (BD). The results were detected by a FACSCalibur flow
cytometer and analyzed by the ModFit 2.0 software (BD). For each
sample, at least 20,000 cells were analyzed and all the analyses were
performed in three independent experiments.

2.10. Statistical analysis

Statistical analysis was performed with two-way ANOVA follow-
ed by Bonferroni post-hoc test and one-way ANOVA followed by
LSD post-hoc analysis for multiple comparisons using SPSS 13.0
software (SPSS Inc., Chicago, IL, USA). Data are presented as
mean 4 SEM. A p-value of less than 0.05 was considered statistically
significant.

DMSO+NS RSV+NS

(-]

DMSO+NS RSV+NS DMSO+EtOH RSV+EtOH

3. Results

3.1. Effects of EtOH and RSV on average body weight and brain weight/body
weight ratio

No obvious gross morphological differences were observed in the
brain after treatment with EtOH or RSV (Fig. 1A). There was no
effect of time [F(2,76) = 1.378; p = 0.244] and treatment
group [F(3,76) = 0.464; p = 0.709] on the body weight, while signifi-
cant interaction was detected between factors [F(6,76) = 6.574;
p < 0.01]. The average body weight of mice at P8 in the DMSO + EtOH
group was significantly lower (p < 0.01) compared with those in the
DMSO + NS group (Fig. 1D). No significant difference was found in
the mean brain weight between the four groups (Fig. 1B). However,
the brain weight/body weight ratio was significantly higher (p < 0.01)
in the EtOH-treated group (Fig. 1C). Compared with EtOH treatment,
this ratio was lower in the RSV-treated EtOH-exposed pups (p < 0.05)
(Fig. 1C).

3.2. Pretreatment with RSV rescues the EtOH-mediated decline of granule
cells in the DG

To examine the structural integrity of the hippocampus, coronal
sections of the hippocampus of each of the four groups were compared.
Analysis of these sections indicated that the hippocampal structure
was similar in the pups at P8 as visualized with HE staining, and no

DMSO+EtOH RSV+EtOH

Fig. 3. Pretreatment with RSV antagonized the EtOH-mediated inhibition of cell proliferation in the DG at P8. (A-H) Representative images of BrdU-immunolabeled coronal sections of the
DG of the groups treated with DMSO + NS (A and E), RSV + NS (B and F), DMSO + EtOH (Cand G) and RSV + EtOH (D and H). (E-H) Images are higher-power views of the boxed areas in
(A-D). (I) Quantitative analysis of the number of BrdU-labeled cells in the hippocampal DG. Data are presented as mean 4+ SEM (n = 6). **p < 0.01. Scale bar in D = 200 pm and applies to
A-D, in H = 100 pm and applies to E-H.
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differences in the morphology or area size were observed in the DG
between the groups (Fig. 2). The GCL of the DG in the DMSO + EtOH
group (Fig. 2C, G, I) appeared less dense than that in the DMSO + NS
group (p < 0.05) (Fig. 2A, E, 1), and this reduction in density could be
partially rescued by RSV pretreatment (Fig. 2D, H, I). Furthermore, cellu-
lar density in the hilus of the DMSO + NS group (Fig. 2A, E, I) and
DMSO + EtOH group (Fig. 2C, G, I) could be increased by RSV treatment
(Fig. 2B, F, D, H, J).

3.3. Pretreatment with RSV antagonized the EtOH-mediated inhibition of
cell proliferation in the DG

Twenty-four hours after BrdU administration, intense BrdU label-
ing of proliferating cells was observed in the DG of 8-day-old mice.
The most intense BrdU-labeled cells were found in the GCL and
hilus, and scattered cells were also observed in the molecular layer
(Fig. 3). Newly born cells were irregularly shaped and often appeared
in clusters. RSV administration (Fig. 3B, F) increased the number of
BrdU-positive cells in the DG (DMSO + NS, 5688 + 178 cells;
RSV + NS, 7418 + 203 cells, p < 0.01, Fig. 3I). In contrast, BrdU-
labeled cells in the DG were significantly decreased (p < 0.01, Fig. 31)
in the DMSO + EtOH group (Fig. 3C, G). Compared with the
DMSO + EtOH group (Fig. 3C, G), mice pretreated with RSV (Fig. 3D,
H) significantly restored the reduction of BrdU-labeled cells in the DG
(p<0.01) (Fig. 3G, H, I).
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RSV+NS DMSO+EtOH RSV+EtOH

3.4. Pretreatment with RSV reverses the EtOH-mediated exhaustion of the
NPC pool in the DG of the 8-day-old mice

A decrease in cellular proliferation in the hippocampus may be due
to a decline in the number of stem/progenitor cells available in the
GCL. To test this hypothesis, we examined the expression of SOX2, a
transcription factor expressed in both stem cells and putative precursor
cells required for stem cell maintenance [30]. EtOH administration
decreased SOX2-positive neural stem/early progenitor cells by 15%
(DMSO + EtOH, 231 & 5 cells; DMSO + NS, 270 + 6 cells; p < 0.01,
Fig. 41). Compared with the DMSO + EtOH group, mice pretreated
with RSV significantly restored the number of SOX2" neural stem/
early progenitor cells in the GCL. Postnatally, RGCs are transformed
into NPCs in the DG as GFAP- and Nestin-positive cells and are the
source of continuous neurogenesis throughout life. To further explore
the defects in the NPC pool in mice treated with EtOH, we determined
the number of NPCs and their progeny using various lineage markers.
Indeed, EtOH exposure decreased the pool of NPCs in the DG signifi-
cantly at P8 compared with the DMSO + NS group, as measured by
their radial glial morphology with the expression of both GFAP and
SOX2 (149 + 3 versus 178 £ 4 per section, n = 5 mice, p < 0.01,
Fig. 4]) or BLBP and Nestin (91 &+ 5 versus 106 + 4 per section,
n = 5 mice, p < 0.01, Fig. 5I). Moreover, the decrease in the NPC
pool induced by EtOH in the DG, as measured by GFAP*/SOX2*
(Fig. 4A-H) and BLBP*/Nestin™ (Fig. 5A-H) cells with a radial glial
morphology, was also rescued by RSV pretreatment to values similar
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Fig. 4. Pretreatment with RSV rescues the EtOH-mediated decline in RGCs labeled with GFAP and SOX2 in the DG. (A-H) Representative images of SOX2 and GFAP double-positive RGCs in
the DG of the groups treated with DMSO + NS (A and E), RSV + NS (B and F), DMSO + EtOH (C and G) and RSV + EtOH (D and H). (E-H) Images are higher-power views of the boxed
areas in A-D. (I) Quantitative analysis of the number of SOX2-positive cells in the GCL. (J) Quantitative analysis of the number of SOX2- and GFAP-positive cells in the GCL. Data are pre-
sented as mean + SEM (n = 5). **p < 0.01. Scale bar in D = 50 um and applies to A-D, in H = 25 pm and applies to E-H.
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to those in mice from the DMSO + NS group (Figs. 4, 5). Together,
these results indicate that RSV can rescue the defects in the NPC
pool caused by EtOH exposure.

3.5. RSV restores the EtOH-mediated decline in hippocampal neurogenesis

To assess the impact of EtOH and RSV on early postnatal hippocam-
pal neurogenesis, we administered BrdU at P8 and analyzed the number
of BrdU™ nuclei as well as cells positive for both BrdU and DCX (marker
for migrating neuroblasts, or newly formed neurons) in the DG at P14
(Fig. 6A-D). EtOH exposure decreased both the number of BrdU™
cells and BrdU*/DCX™ cells in the GCL by around 27% (p < 0.01,
Fig. 6E, F), compared with the DMSO + NS group. In contrast to the
DMSO -+ EtOH group, RSV pretreatment increased the number of BrdU™
cells and BrdU™/DCX ™ cells by 28% (p < 0.01, Fig. 6E) and 31% (p < 0.01,
Fig. 6F) respectively. These findings suggest that EtOH, when adminis-
tered to infant mice at P7, suppressed neurogenesis within the hippo-
campal DG, and this suppression can be rescued by RSV pretreatment.
Moreover, EtOH exposure significantly decreased the number of NPCs
in the DG at P14 by 30% compared with the DMSO + NS group as
measured by their radial glial morphology and expression of both
GFAP and BLBP (Fig. 7A-H). Compared with the DMSO + EtOH group,
mice pretreated with RSV significantly restored the reduced GFAP*/
BLBP* labeled cells in the DG (p < 0.01, Fig. 7I). Moreover, RSV
alone increased RGCs that were double labeled with GFAP and BLBP
by 14%.
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3.6. Pretreatment with RSV rescues EtOH-mediated impairments in the
density of total dendrites and mushroom spines

We next investigated whether EtOH exposure leads to spine
degeneration. We imaged the dendritic spines in the granular neu-
rons of each of the four groups on P14 and determined their density
and characteristics (Fig. 8). The results showed that the number of
the dendritic spines per 10 um was significantly reduced in the
spared granular neurons of EtOH exposed mice (DMSO + EtOH,
9.8 £ 0.9; DMSO + NS, 12.3 + 0.3; p <0.05, Fig. 8E). In contrast to
the DMSO + EtOH group, RSV pretreatment increased the density
of dendritic spines to values similar to those in mice from the
DMSO + NS group. This result indicates that a reduction in the number
of dendritic spines in the spared neurons following EtOH exposure can
be restored by RSV.

The morphological changes in spines are related to the strength of
their synaptic contacts. In this regard, the dendritic spine protrusions
have been conventionally classified as stubby, thin or mushroom-
shaped. In contrast to the DMSO + NS group, we found that EtOH ex-
posure caused a dramatic decrease in the proportion of mushroom-
shaped spines (DMSO + EtOH, 27.3 £ 3.9%; DMSO + NS, 45.7 &+
3.1%; p <0.01, Fig. 8G) and a concomitant higher proportion of stub-
by spines (DMSO + EtOH, 53.9 £ 4.0%; DMSO + NS, 33.3 4 2.0%;
p <0.01, Fig. 8H), but no change in the proportion of thin spines was
found (Fig. 81). However, RSV pretreatment decreased the proportion
of stubby spines and increased the proportion of mushroom-shaped
spines.

Fig. 5. Pretreatment with RSV rescues the EtOH-mediated decline in the RGCs labeled by BLBP and Nestin in the DG. (A-H) Representative images of BLBP- and Nestin-double-positive
RGCs in the DG of groups treated with DMSO + NS (A and E), RSV + NS (B and F), DMSO + EtOH (C and G) and RSV + EtOH (D and H). (E-H) Images are higher-power views of the
boxed areas in A-D. Arrowheads indicate the BLBP™/Nestin* double staining cells. (1) Quantitative analysis of the number of BLBP*/Nestin™ in the GCL. Data are presented as mean =+
SEM (n = 5). *p < 0.05. Scale bar in D = 50 pm and applies to A-D, in H = 25 pm and applies to E-H.
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Fig. 6. RSV restores the EtOH-mediated decline in hippocampal neurogenesis. Immunolabeling for BrdU (green), DCX (red), and DAPI (blue) in the mouse DG of groups treated with
DMSO + NS (A), RSV + NS (B), DMSO + EtOH (C) and RSV + EtOH (D). (E) Quantitative analysis of the number of BrdU-positive cells in the GCL. (F) Quantitative analysis of the number
of DCX- and BrdU-double stained cells in the GCL. Data are presented as mean 4 SEM (n = 5). *p < 0.05; **p < 0.01. Scale bar in D = 100 um and applies to A-D.
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Fig. 7. Pretreatment with RSV rescues the EtOH-mediated decline in BLBP- and GFAP-double stained cells in the SGZ of P14 mice. (A-H) Representative images of BLBP- and GFAP-double
positive RGCs in the DG of groups treated with DMSO + NS (A and E), RSV + NS (B and F), DMSO + EtOH (C and G) and RSV + EtOH (D and H). (E-H) Images are higher-power views of
the boxed areas in A-D. Arrowheads indicate the BLBP*/GFAP™ double staining cells. (I) Quantitative analysis of the number of BLBP"/GFAP™ double stained cells in the SGZ. Data are
presented as mean + SEM (n = 5). *p < 0.05; **p < 0.01. Scale bar in D = 50 um and applies to A-D, in H = 25 pm and applies to E-H.
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Fig. 8. Pretreatment with RSV rescues EtOH-mediated impairments in the dendritic spines of DG granule neurons. Representative images of Golgi-impregnated dentate gyri (A1-D1),
granule cells (A2-D2), and dendritic spines (A3-D3) in the hippocampus of P14 mice from groups treated with DMSO + NS (A1, A2 and A3), RSV + NS (B1, B2 and B3),
DMSO + EtOH (C1,C2 and C3) and RSV + EtOH (D1, D2 and D3). (E) Quantitative analysis of dendritic density on granule cells. (F) Overall changes in the proportions of spine morphological
subtypes in the DG granule neurons. Quantitative analysis of the proportions of mushroom spines (G), stubby spines (H), and thin spines (I). Data are presented as mean + SEM (n = 3);
*p < 0.05; **p < 0.01. Scale bar in D1 = 100 pm and applies to A1-D1, in D2 = 20 pm and applies to A2-D2, in D3 = 5 pm and applies to A3-D3.

3.7. RSV rescues the EtOH-mediated decline in the protein levels of pERK1/2
Hes1 and Sirt1 in the hippocampus

To investigate the molecular mechanisms mediating the prolifera-
tion of NPCs in EtOH- or RSV-treated mice, we performed western blot-
ting to assess if the expression levels of phospho-ERK1/2 (pERK1/2) in

A B
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— —_— e— | Hes1

p-ERK
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the hippocampus at P8 were affected by EtOH or RSV treatment. We
found that RSV alone increased ERK1/2 phosphorylation level in the
hippocampus by 65% compared with the DMSO + NS group (p < 0.05).
In agreement with published studies [31,32], the hippocampal ERK1/2
phosphorylation level of the mice in the DMSO + EtOH group was 14%
lower (but not significantly) compared with those in mice from the
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Fig. 9. RSV rescues the EtOH-mediated decline in the protein levels of pERK1/2, Hes1 and Sirt1 in the hippocampus at P8. (A) Top: representative immunoblots of phosphorylated ERK and
total ERK. Bottom: graph representing the densitometric analysis of pERK/ERK. (B) Top: representative immunoblots of Hes1. Bottom: graph representing the densitometric analysis of
Hes1. (C) Top: representative immunoblots of Sirt1. Bottom: graph representing the densitometric analysis of Sirt1. Data are presented as mean + SEM (n = 3); *p < 0.05.
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DMSO + NS group (p < 0.05). The decrease of the pERK1/2 protein by
EtOH was reversed by RSV pretreatment (Fig. 9A). Hes1 has been
indicated to be essential for maintenance of RGCs [33]. Therefore, we
further detected Hes1 levels in the hippocampi of mice from each of
the four groups. We found that EtOH exposure decreased Hes1 levels
by 24% (but not significantly) lower compared with those in mice from
the DMSO + NS group. The decrease in Hes1 protein levels by EtOH
was almost completely reversed by RSV treatment (p < 0.05) (Fig. 9B).
We also noticed that RSV pretreatment increased the Sirt1 level in the
hippocampus after the EtOH exposure (Fig. 9C), suggesting that Sirt1
activation by RSV might be involved in the reversed inhibition of pERK
and Hes1 induced by EtOH exposure.

3.8. RSV pretreatment blocked the EtOH exposure induced apoptosis and
proliferation declines of NPCs

The ratio of Ki67-positive cells was used to analyze the cell prolifer-
ation. It showed a significant decrease in the ratio of Ki67-positive cells
after EtOH exposure 12 h compared with DMSO treatment (Fig. 10A, C,
Q). RSV treatment alone for 12 h significantly increased the ratio of

Ki67-positive cells compared with DMSO + PBS group (Fig. 10A-B,
E-F). Meanwhile, pretreatment with RSV antagonized the effect of
EtOH exposure (both for 12 h and 36 h) on NPC proliferation, as the
ratio of Ki67-positive cells was significantly increased compared with
EtOH group (Fig. 10C-D, G-H, Q). The apoptosis analysis was carried
out via TUNEL staining. After exposed to EtOH for 12 h and 36 h, the
ratio of TUNEL-positive cells was significantly increased compared
with the DMSO + PBS group (Fig. 101, K, M, O, R), which could be
reversed by pretreatment with RSV for 12 h (Fig. 10I-P).

3.9. RSV pretreatment antagonized the EtOH exposure induced mitotic cell
cycle arrest

The cell cycle analysis also demonstrated that EtOH exposure for
12 h and 36 h inhibited the cell mitosis significantly compared with
the DMSO + PBS group (Fig. 11A, G, E, G, I, ]). However, RSV treatment
alone promotes the mitosis of NPCs significantly compared with
DMSO + PBS group (Fig. 11A-B, E-F, I-]). Compared with EtOH expo-
sure group, pretreatment of RSV significantly blocked the mitotic cell
cycle arrest of NPCs (Fig. 11C-D, G-H, I, ]).
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Fig. 10. Pretreatment with RSV rescues the EtOH-mediated proliferation decline and blocks the apoptosis of C17.2 neural precursor cells. (A-D, E-H) Representative images of C17.2 cells
stained with Ki67 (red) and DAPI (blue) in EtOH exposure for 12 h and 36 h respectively. (Q) Statistical analysis of the ratio of Ki67-positive cells. (I-L, M-P) Representative images of C17.2
cells stained with TUNEL (green) and DAPI (blue). (R) Statistical analysis of the ratio of TUNEL-positive cells. Data are expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars

in p = 50 pm and applies to A-P.
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(I,]) Statistical analysis of phases G1, S and G2/M in cell cycle analysis. Data are expressed as mean 4 SEM. *p < 0.05, **p < 0.01.

4. Discussion

The present study demonstrated that administration of RSV signifi-
cantly prevented the deleterious effects of EtOH on hippocampal
neurogenesis and dendrite growth during the early postnatal period.
In addition, RSV treatment also prevented the EtOH-induced reduction
in the pool of NPCs in the DG. Furthermore, RSV treatment activated
Sirt1 and reversed the down-regulated protein levels of hippocampal
PERK and Hes1, which might be related to the proliferation and mainte-
nance of NPCs [34,35].

The developing brain is extremely sensitive to EtOH neurotoxicity
during the early postnatal period. Previous studies have demonstrated
that EtOH administration to neonatal rats during this third trimester
equivalent typically caused significant cell loss in the cerebellum,

cerebral cortex, hippocampus and striatum [6,36]. Our results agree
with these reports that EtOH administration at P7 reduced cell density
in the DG [37], and RSV treatment reversed this effect. We further
found that cell proliferation in the DG was also inhibited by EtOH, and
RSV could reverse this effect.

A large body of evidence has been gathered to suggest that RGCs are
transformed into NPCs in the postnatal DG and produce new granule
neurons throughout life [38-41]. Exposure to EtOH in the developing
brain induces RGC abnormalities that have been observed in humans
and experimental animals [42-45]. EtOH also inhibits the proliferation
and neurogenesis of human multipotent RGCs [46]. As these studies
have indicated, EtOH exposure at P7 reduces the NPC pool in the DG
[7,37], supporting our observation that EtOH reduces the RGC popula-
tion that can differentiate into NPCs (Nestin*/BLBP* or GFAP™/SOX2™).
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Additionally, we also demonstrated that EtOH administration at P7
adversely affects the neuronal differentiation of newly generated cells
as detected in the hippocampus at P14. All of these findings suggest
that NPCs may be a target of EtOH-induced abnormalities in postnatal
hippocampal development, and EtOH may thereby be involved in lifelong
cognitive dysfunction by interfering with postnatal hippocampal
neurogenesis [8,47].

RSV has been indicated in multiple roles in the CNS since its discov-
ery [48-50]. Many discrepancies exist regarding the effects of RSV
on hippocampus neurogenesis. Park et al. showed that RSV exhibits an
inhibitory effect on hippocampal neurogenesis and cognitive function
in adult mice [20]. However, other studies have observed that RSV
promotes hippocampal neurogenesis and is beneficial for the recov-
ery of cognitive dysfunction [22,51]. RSV function in hippocampal
neurogenesis seems to be complicated and may be affected by
many aspects, such as the dose of RSV, animal genotype and age
and study duration. An important finding of our study is that RSV
promotes hippocampal neurogenesis as demonstrated by increased
BrdU incorporation and BLBP expression in the DG. Additionally,
RSV can rescue defects in the pool of NPCs and neurogenesis in the
DG abruptly caused by EtOH. Consistent with the findings from
in vivo study, we further confirmed that EtOH reduced the mitogenic
effects in the C17.2 cell line. RSV pretreatment effectively reversed
the inhibition on NPC proliferation induced by EtOH.

Moreover, the EtOH-induced pathological alterations occurring in
dendritic spines have attracted more attention because of the involve-
ment of spine shape in learning and memory processes at the synaptic
level [52-54]. In the present study, we noticed that EtOH exposure
resulted in a reduction in spine density on granular neurons in the DG.
Because a reduced number of dendritic spines seemed to reflect a reduc-
tion in total synapse number, the observed reductions in spine density
might indicate early signs of synapse injury on granular neurons follow-
ing EtOH exposure. Based on their morphological diversity, dendritic
spines are usually divided into three categories [26,55], each of which
endows different functional properties. Despite the difficulty in defining
the precise function of each spine type, thin spines seem to be more
plastic and are involved in learning, whereas mushroom spines play
a larger role in memory [56-59]. Thus, the reduction in the fraction of
mushroom spines and a marked increase in the proportion of stubby
spines on granular neurons may contribute to EtOH-associated cogni-
tive deficits. These observations are consistent with previous reports
that prenatal EtOH exposure leads to developmental retardation in the
maturation of dendritic spines and synapses [60-62]. Importantly,
EtOH-induced pathological alterations occurring in dendritic spines
could be rescued by RSV treatment. Most likely, the effects of RSV on
dendrites may represent an efficient strategy to normalize cognitive
deficits by neonatal intervention. Notably, the long unbranched pro-
cesses of RGCs may convey signals to the nucleus that reflect the state
of the local environment, thereby instructing the promotion of dendritic
outgrowth in neurons [40]. Indeed, we observed that EtOH typically
damaged RGCs in the GCL at P14, and this damage could be normalized
by pretreatment with RSV. With these data combined, we may infer
that RSV reverses or prevents EtOH-induced changes in spine density
and dendritic components, and this effect may be partially related to
its contribution to RGC maintenance.

Studies suggest that the altered ERK signaling pathway is involved
in the regulation of NPC proliferation [63,64]. Acute EtOH exposure
reduces ERK1/2 phosphorylation in the adolescent hippocampus associ-
ated with disruption of hippocampal-dependent memory acquisition
[65]. In accordance with previous results, we found that EtOH decreased
PERK/ERK levels in the hippocampus, and RSV treatment antagonized
this reduction. These results indicated that the RSV-induced increase
in pERK may be relevant to its effect on proliferation of NPCs in
EtOH-treated mice. Hes1 is an essential effector in Notch signaling,
which regulates the maintenance of RGCs [33,66]. The absence of the
Hes1 gene leads to a depletion of RGCs, a reduction in cell number and

a lack of later-born neurons [67]. Decreased levels of Hes1 in EtOH-
treated mice suggest that depletion of RGCs by EtOH may be related to
the decreased NPC pool in the DG. A body of evidence has confirmed
that RSV exerts neuroprotective actions through activation of Sirt1
[68,69]. Moreover, Sirt1 is involved in the self-renewal, multipotency,
and fate determination of NPCs [70] In line with these studies, we
observed that RSV pretreatment increased the Sirt1 level in the hippo-
campus after the EtOH exposure. This possibly inferred that Sirt1 activa-
tion by RSV might be involved in the reversed inhibition of pERK and
Hes1 induced by EtOH exposure.

5. Conclusions

The present study demonstrates that the EtOH-induced reduction
in hippocampal neurogenesis involves hippocampal pERK and Hes1
expressions during the early postnatal period. RSV activation of Sirt1
exhibits a neuroprotective effect against EtOH-induced decreases in
neurogenesis in neonatal mice. RSV could thus open new avenues for
preventing EtOH-mediated toxicity of the developing hippocampus.
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