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Background: Neurogenesis, the process of generation of new neurons, is reduced in Alzheimer disease (AD).
Results: Ethosuximide (ETH), an anticonvulsant drug, increased neurogenesis, reduced neurodegeneration, and reversed cog-

nitive impairments in a rat model of AD-like phenotypes.

Conclusion: ETH induces neurogenesis, thus reversing AD-like phenotypes.
Significance: ETH could be used as a therapeutic molecule to enhance neurogenesis.

Neurogenesis involves generation of new neurons through
finely tuned multistep processes, such as neural stem cell (NSC)
proliferation, migration, differentiation, and integration into
existing neuronal circuitry in the dentate gyrus of the hip-
pocampus and subventricular zone. Adult hippocampal neuro-
genesis is involved in cognitive functions and altered in various
neurodegenerative disorders, including Alzheimer disease
(AD). Ethosuximide (ETH), an anticonvulsant drug is used for
the treatment of epileptic seizures. However, the effects of ETH
on adult hippocampal neurogenesis and the underlying cellular
and molecular mechanism(s) are yet unexplored. Herein, we
studied the effects of ETH on rat multipotent NSC proliferation
and neuronal differentiation and adult hippocampal neurogen-
esis in an amyloid B (AB) toxin-induced rat model of AD-like
phenotypes. ETH potently induced NSC proliferation and neu-
ronal differentiation in the hippocampus-derived NSC in vitro.
ETH enhanced NSC proliferation and neuronal differentiation
and reduced Af toxin-mediated toxicity and neurodegenera-
tion, leading to behavioral recovery in the rat AD model. ETH
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inhibited AB-mediated suppression of neurogenic and Akt/
Wnt/B-catenin pathway gene expression in the hippocampus.
ETH activated the PI3K-Akt and Wnt-3-catenin transduction
pathways that are known to be involved in the regulation of neu-
rogenesis. Inhibition of the PI3K-Akt and Wnt-f3-catenin path-
ways effectively blocked the mitogenic and neurogenic effects of
ETH. In silico molecular target prediction docking studies sug-
gest that ETH interacts with Akt, Dkk-1, and GSK-3. Our find-
ings suggest that ETH stimulates NSC proliferation and differ-
entiation in vitro and adult hippocampal neurogenesis via the
PI3K-Akt and Wnt3-catenin signaling.

Neurogenesis, the process of generation of new neurons,
occurs throughout life, with the multipotent neural stem cells
(NSCs)® in the neurogenic brain regions, such as the dentate
gyrus (1) of the hippocampus and the subventricular zone
(SVZ), differentiating into neurons (2—4). This involves prolif-
eration, migration, and differentiation of NSC and integration
of newly generated neurons into existing neuronal circuitry
(2—4). Neurogenesis plays an important role in the regulation
of learning and memory processes and odor discrimination (2,
5). Itis negatively modulated by stress, aging, and certain drugs,
whereas it is positively affected by neurotrophic factors, envi-
ronmental enrichment, and exercise (4). Identifying small mol-
ecules that induce neurogenesis and understanding the associ-
ated cellular and molecular mechanism(s) may prove valuable
in the development of regenerative therapies for neurodegen-
erative and neurological disorders. Alterations in hippocampal

¢ The abbreviations used are: NSC, neural stem cell; PND, postnatal day; DG,
dentate gyrus; SVZ, subventricular zone; AD, Alzheimer disease; A3, amy-
loid B; AED, antiepileptic drug; ETH, ethosuximide; NPC, neural progenitor
cell; GFAP, glial fibriliary acidic protein; NeuN, neuronal nuclei; DCX, dou-
blecortin; GCL, granular cell layer.
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neurogenesis lead to impaired learning and memory and other
pathophysiological neurodegenerative disease states. Several
studies have suggested decreased neurogenesis in neurodegen-
erative and neurological disorders, such as Parkinson disease,
Alzheimer disease (AD), Huntington disease, depression, epi-
lepsy, schizophrenia, and other age-related disorders (2, 6 —14).
Early onset of AD is characterized by the accumulation of amy-
loid-B (AB) peptides, hippocampal hyperactivity, and alteration
in neuronal networks, leading to increased incidence of epilep-
tic seizures and cognitive and synaptic deficits in patients (15—
18). Antiepileptic drugs (AEDs) like levetiracetam and lam-
otrigine are known to reduce overexcitation and synaptic and
cognitive deficits in animal models of AD (15, 18). However, a
possible role of AEDs in neurogenesis and associated functions
has not been fully explored.

Ethosuximide (ETH) is an AED used commonly in the treat-
ment of absence seizures, a type of idiopathic generalized epi-
lepsy in children (19). It effectively attenuates the spike-wave
discharges that characterize absence seizures (20, 21), by block-
ing T-type voltage-gated Ca>" channels and reducing low
threshold Ca®* currents (22). ETH delays age-related changes
and extends life span in Caenorhabditis elegans, suggesting that
it may be a potential therapeutic candidate for neurodegenera-
tive disorders and age-related diseases (23). ETH reduces age-
dependent toxicity in C. elegans motor neurons against mutant
TAR DNA-binding protein-43, involved in pathogenesis of
amyotrophic lateral sclerosis (24). It has been found to reduce
infarct volume in an ischemic brain injury rat model (25) and to
protect neurons in the hippocampal slice cultures against oxy-
gen and glucose deprivation (25). Also, it promotes neuronal
differentiation of rat muscle-derived stem cells in vitro (26) and
differentiation of neonatal rat forebrain stem cells to microtu-
bule-associated protein-2-positive neural cells (27). Similarly,
another AED, valproic acid, reported to enhance proliferation
of neural progenitor cells (NPCs) in the DG (27, 28).

In the present study, we hypothesized that ETH may affect
the process of adult neurogenesis, and we assessed its effects on
NSC proliferation, neuronal differentiation, and survival in
vitro and in the hippocampal region of the rat brain. We found
that ETH potently induces neurogenesis in vitro and in the
adult hippocampus. Furthermore, we found that the drug
reverses learning and memory deficits in an A B-induced model
of AD-like phenotypes by enhancing neurogenesis. We next
elucidated the molecular mechanisms underlying ETH-in-
duced neurogenesis and found that the drug acts by activating
the PI3K-Akt/Wnt-B-catenin signaling in the rat brain.

Experimental Procedures

Materials—ETH, AB, AB scrambled peptide, Tris, 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, alamar
blue, 5-bromo-2-deoxyuridine (BrdU), basic fibroblast growth
factor, epidermal growth factor (EGF), serum-free neurobasal
medium, N-2 supplement, B-27 supplement, and TRIzol re-
agent were obtained from Gibco (Rockville, MD). Bovine serum
albumin (BSA), succinimide (inactive analog of ETH), poly-L-
lysine, rabbit anti-cleaved caspase-3, mouse anti-S100-f3, rabbit
anti-nestin, mouse anti-S100-3, and rabbit anti-glial fibriliary
acidic protein (GFAP) antibodies were procured from Sigma-
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Aldrich (29). Lipofectamine LTX was procured from Invitro-
gen. Cell culture products were purchased from Gibco. Mouse
anti-BrdU primary antibody was procured from Santa Cruz
Biotechnology (29). Monoclonal mouse anti-neuronal nuclei
(NeuN) and nitrocellulose membrane were obtained from
Chemicon (Millipore, Billerica, MA). Rabbit anti-Sox-2, mouse
anti-B-actin, rabbit anti-CNPase, mouse anti-BrdU, rabbit
anti-doublecortin (DCX), rabbit anti-TUJ-1, rabbit anti-phos-
pho-PI3K, rabbit anti-PI3K, rabbit anti-phospho AKT, rabbit
anti-AKT, mouse anti-phosphohistone H3, rabbit anti-GSK-
3, rabbit anti-phospho-GSK-3a/[3, rabbit anti-3-catenin, and
rabbit anti-phospho-B-catenin primary antibodies were
obtained from Cell Signaling Technology (Danvers, MA). Alexa
Fluor 488- and Alexa Fluor 594-conjugated secondary antibod-
ies were purchased from Molecular Probes. Primers were pro-
cured from Integrated DNA Technologies (Coralville, IA), and
SYBR Green was from Applied Biosystems. Anti-fade mount-
ing medium with DAPI was obtained from Vector Laboratories
(Vectashield, Vector Laboratories, Burlingame, CA). Culture
wares were procured from Nunc (Roskilde, Denmark).

Animals and ETH Treatment—Adult Wistar rats were
obtained from the Animal Breeding Colony of the CSIR-Indian
Institute of Toxicology Research, Lucknow, and housed under a
12-h light/dark cycle and temperature of 25 * 2 °C. Animals
were provided ad libitum access to the drinking water and pel-
let diet and handled according to the guidelines laid down by
the Institute’s Ethical Committee for Animal Experiments.

Adult male rats received a daily single intraperitoneal injec-
tion of ETH (125 mg/kg of body weight) for 3 consecutive days
from PND 42 to 45 (acute treatment) or 2 weeks from PND 42
to 56 (chronic treatment). This dose was selected on the basis of
therapeutically or pharmacologically relevant levels of ETH, as
described earlier (25, 30). Rats in the control group received
normal saline as vehicle. To analyze the effects of ETH on cell
proliferation, rats from both control and ETH-treated groups
received daily single intraperitoneal injection of BrdU (50
mg/kg of body weight) for five consecutive days (PND 52-56).
Animals were sacrificed 4 h after the last BrdU injection at PND
56, and brains were dissected for immunohistochemical detec-
tion of proliferating cells. To evaluate the effect on NSC survival
and their differentiation potential in neuron and glial cells, a set
of animals was allowed to survive for an additional 3 weeks (up
to PND 77) after the last BrdU injection. Animals were sacri-
ficed at PND 77 for double immunofluorescence analysis of
BrdU and neuronal or glial markers.

Preparation of AB-induced Rat Model of AD-like Phenotypes
and ETH Treatment—A rat model of an AB-induced AD-like
phenotype was prepared as described earlier (31). Rats were
anesthetized with ketamine (intraperitoneally, 100 mg/kg of
body weight) and xylazine (30 mg/kg of body weight) and fixed
in a stereotaxic apparatus. Rats were given a stereotaxic injec-
tion of 2 ul of AB(1-42) (0.2 ng/wl dissolved in 0.9% normal
saline), into both sides of the hippocampus at AP —3.3,L. 2.0,V
4.0 (coordinates in mm with respect to bregma), using an auto-
injector pump. Two weeks after A administration, rats were
treated with ETH (125 mg/kg of body weight intraperitoneally)
for 2 weeks (PND 42-56) as per the following experimental
plan.
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Experimental Groups—Experimental groups were as follows:
Group I (sham control) received stereotaxic 2 ul of normal
saline as vehicle; Group II (A group) received a stereotaxic
intrahippocampal 2-ul AB injection; Group III (AB + ETH)
consisted of ApB-injected rats that received ETH; Group IV
received ETH; Group V (inactive analog of ETH; succinimide)
received succinimide (125 mg/kg of body weight intraperitone-
ally) for 2 weeks (PND 42-56); Group VI (A3 scrambled pep-
tide) received stereotaxic intrahippocampal injection of 2 ul of
A scrambled peptide; Group VII (A scrambled peptide +
ETH) received scrambled peptide and ETH; Group VIII (suc-
cinimide + ETH) received succinimide and ETH.

A set of rats was sacrificed at PND 56 for the cell proliferation
study, whereas another set was sacrificed at PND 77 for the cell
survival/neuronal differentiation study in the DG region and
SVZ, as described earlier (31).

Primary Hippocampal NSC Culture—NSC was isolated from
the hippocampal tissue of embryonic day 12 rat fetuses follow-
ing our earlier study (32). Hippocampal tissues were dissected
in HBSS, minced, and incubated in 0.1% trypsin for 30 min at
37 °C. A single cell suspension was prepared by gentle tritu-
ration, and cell viability was determined by trypan blue dye.
Cells were plated in serum-free neurobasal medium contain-
ing N-2 supplement (1%), B-27 supplement (2%), EGF (10
ng/ml), basic fibroblast growth factor (10 ng/ml), and 1%
antibiotic-antimycotic solution. The NSCs were allowed to
grow as neurospheres.

BrdU and Alamar Blue Cell Proliferation Assay—BrdU and
alamar blue cell proliferation assays were carried out to see the
effects of ETH on cell proliferation. NSCs were plated in black
bottom 96-well microplates at a density of 10,000 cells/well.
The cells were treated with different concentrations of ETH
(25, 50, 100, 200, and 400 um) dissolved in DMSO for 48 h.
Vehicle-treated cells served as a control. After treatment, ala-
mar blue was added, and cells were incubated at 37 °C for 2 h.
Background florescence was measured by adding 10 ul of ala-
mar blue solution/well in medium having no cells. Alamar blue
dye reduction in term of fluorescence intensity was measured at
530-nm excitation and 590-nm emission. Values of background
florescence were subtracted from experimental values. Experi-
ments were performed three times, with three replicates per
experiment. Relative cell proliferation = (absorbance,,./
absorbance__ ;) X 100. Results were expressed in terms of
alamar blue reduction as a percentage of control. Similarly, to
assess cell proliferation, control and ETH-treated NSC cultures
were labeled with BrdU (20 um) for 12 h before fixing cells with
4% paraformaldehyde and processing for immunofluorescent
analysis.

Neurosphere Growth Kinetics Assay—The neurosphere
growth kinetics assay was carried out to study the effects of
ETH on cell proliferation and neurosphere formation. A hip-
pocampal single cell suspension was plated in a 12-well plate at
a density of 50,000 cells/well in neurobasal medium containing
B-27, N-2, basic fibroblast growth factor, and EGF. Cultures
were treated with ETH (100 um). The number and size of neu-
rospheres were analyzed using a Nikon Eclipse Ti-S inverted
fluorescent microscope equipped with a Nikon Digital Sight
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Ds-Ril CCD camera and NIS Elements BR imaging software
(Nikon, Tokyo, Japan) as described earlier (31).

Immunocyto-/Histochemical Analysis of Proliferating Cells in
NSC Cultures and in the Brain—Rats were sacrificed at PND 56
by transcardial perfusion, and serial coronal brain section of
40-um thickness beginning at bregma —3.14 to —5.20 mm
through the dorsal hippocampus (dentate gyrus) and 0.70 to
—0.80 mm through the SVZ was taken for immunohistochem-
ical analysis of proliferating cells as described earlier (31). The
sections/cultures were treated with 2 N HCI for 30 min, fol-
lowed by neutralization with borate buffer. The endogenous
peroxidase activity was inhibited by H,O,, and nonspecific
binding sites were blocked with 3% NGS, 0.5% BSA, and 0.1%
Triton X-100. The sections were subsequently incubated with
mouse anti-BrdU primary antibody (1:500) followed by incuba-
tion in peroxidase-linked secondary antibody (1:200). Color
was developed with 3-3’-diaminobenzidine and visualized
under a light microscope. For immunofluorescence analysis,
paraformaldehyde-fixed sections/cultures were incubated with
mouse anti-phosphohistone H3 (1:500) and anti-BrdU primary
antibodies (1:500), followed by Alexa Fluor-conjugated second-
ary antibody, and visualized under an inverted fluorescent
microscope.

Neuronal Differentiation and Cell Fate Analysis by Double
Co-immunofluorescence in the Brain and NSC Cultures—The
effects of ETH on neuronal and glial differentiation and cell
phenotype of BrdU™ proliferating cells in the hippocampus and
SVZ (at PND 77) and NSC cultures were studied by double
immunofluorescence analysis following an earlier published
method (31). NSC cultures/coronal sections were co-labeled
with BrdU/nestin (NSC marker), BrdU/DCX (immature neu-
ron marker), BrdU/NeuN (mature neuron marker), BrdU/
GFAP (glial cell marker), Sox-2/GFAP (glial and neural progen-
itor cell markers), S100-8 (glial cell marker), and CNPase
(oligodendrocyte marker). Sections were incubated in mouse
anti-BrdU (1:500), rabbit anti-DCX (1:200), rat anti-NeuN
(1:500), mouse anti-nestin (1:500), rabbit anti-GFAP (1:100),
and mouse anti-phosphohistone H3 primary antibodies
(1:500), rabbit anti-Sox-2 (1:200), mouse anti-S100-3 (1:200),
and rabbit anti-CNPase (1:250) for 24 h at 4 °C. Secondary anti-
bodies used were anti-mouse and anti-rabbit Alexa Fluor 488
(1:200) and anti-rabbit, anti-mouse, and anti-rat Alexa Fluor
594 (1:200). Sections were mounted with DAPI containing
Hard Set™ anti-fade mounting medium (Vectashield, Vector
Laboratories). Slides/cultures were analyzed for fluorescence
co-labeling under a Nikon Eclipse Ti-S inverted fluorescent
microscope equipped with a Nikon Digital Sight Ds-Ril CCD
camera and NIS Elements BR imaging software.

Cell Quantification—Unbiased quantification of proliferat-
ing and differentiating cells in the DG region of the hippocam-
pus and SVZ was carried out by a person blind to the experi-
mental groups (1, 32, 33). These brain regions were identified at
low magnification (10X), and a contour was drawn. Quantifi-
cation was done in every sixth section, apart by at least 240 um
in one of six series, with a total of 6 sections/rat analyzed as
described earlier (1, 32, 33). Each and every BrdU/phosphohis-
tone H3", BrdU/DCX™, BrdU/NeuN, BrdU/GFAP, BrdU/
DCX, BrdU/nestin, Sox-2/GFAP, and nestin/phosphohistone
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H3 co-labeled cell was counted in each section. BrdU™" cells
were counted for BrdU/NeuN, BrdU/GFAP, BrdU/DCX,
BrdU/nestin, Sox-2/GFAP, and nestin/phosphohistone H3 co-
labeling at a magnification of X600 in the DG and SVZ. The
number of labeled cells was determined by bilaterally counting
cells in a total of six sections and averaged for each rat. The total
number of labeled cells was determined by multiplying the total
number of BrdU™ cells from six sections by the section period-
icity (i.e. 6) and reported as the total number of BrdU™ cells
co-labeled with phenotype marker per rat.

Gene Expression Analysis by Quantitative RT-PCR—In order
to study the expression of genes involved in neurogenesis and
PI3K/Akt/Wnt/B-catenin pathways, quantitative RT-PCR
analysis was carried out as described earlier (31, 34, 35). The
sequences for primers are available upon request.

Western Immunoblot Analysis—After the respective treat-
ments, NSC cultures were lysed with CelLytic™ MT mamma-
lian tissue lysis/extraction reagent. Western blot analysis was
performed as described earlier (31, 36). Membranes were
blocked and incubated with phospho-PI3K (1:1000), PI3K
(1:1000), phospho-Akt (1:500), Akt (1:1000), GSK-38 (1:1000),
phospho-GSK-3a/B (1:500), B-catenin (1:1000), phospho-f3-
catenin (1:1000), and B-actin (1:10,000) primary antibodies.
Protein bands were quantified using Scion Image for Windows
(National Institutes of Health).

Treatment of NSC with Wnt-B-Catenin Pathway Inhibitor
and PIBK-Akt Inhibitor in the Presence and Absence of ETH—To
evaluate the specific involvement of ETH-induced activation of
the PI3K/Akt/Wnt pathways in NSC proliferation and neuro-
nal differentiation, hippocampus-derived NSC cultures were
treated with potent Wnt antagonist recombinant human pro-
tein Dkk-1 (100 nm) and PI3K-Akt inhibitor LY294002 (10 nm)
in the presence and absence of ETH. After the respective treat-
ments, NSC proliferation was assessed by a BrdU incorporation
assay, and neuronal differentiation was assessed by immunocy-
tochemistry. Further, Western blotting was performed to study
protein levels of GSK-3a/B, phospho-GSK-3a/B, B-catenin,
and phospho-B-catenin.

In Vivo and in Vitro B-Catenin Knockdown—[3-catenin
siRNA was stereotaxically injected into the hippocampus.
Knockdown was done with a pool of target-specific siRNA
sequences for B-catenin and scrambled sequences. After
knockdown, rats were treated with ETH, and effects on neuro-
nal differentiation were assessed using immunohistochemistry.

Similarly, transient transfection with B-catenin siRNA was
carried out in NSC cultures. Transient transfection was per-
formed with 10 nm B-catenin siRNA at a cell confluence of
~70% using Lipofectamine LTX transfection reagent. After
knockdown, effects on neuronal differentiation were assessed
using immunohisto-/cytochemistry.

Conditioned Avoidance Response—The effect of ETH on
learning and memory ability in an AB-induced rat model of
AD-like phenotypes was measured following assessment of
two-way conditioned avoidance behavior using a shuttle box as
described earlier (37, 38).

In Silico Target Prediction Studies—To study the mechanism
of the Akt/Wnt/B-catenin pathway-mediated regulation of
hippocampal neurogenesis, we performed molecular docking
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studies with key regulatory enzymes of these pathways as
described earlier (31). The structure of ETH was retrieved from
the PubChem server and submitted into the PharmMapper for
potential human target identification. Protein Data Bank codes
of all of the targets were converted into UniProtKB IDs using
the UniProt ID Mapping tool. In order to map the molecular
targets and predict the pathway components associated with
the proteins targeted by ETH, pathway component analysis was
carried out using PANTHER (Protein Analysis through Evolu-
tionary Relationship). Molecular docking studies were con-
ducted to identify the ETH orientation within the binding
pockets of the human targets involved in various signaling
pathways related to cellular differentiation in the brain. A dock-
ing study was performed using the CDOCKER module avail-
able in the Discovery Studio molecular simulation package
(version 3.5; Accelrys, San Diego, CA). The virtual hits were
selected based on two scoring functions. Scoring is made by
adding the usual intraligand energy terms (bonded and non-
bonded contributions) and protein-ligand non-bonded interac-
tions. Each of the compounds was minimized with a CharmM
force field to allow for generation and analysis of a wide range of
molecular simulations.

Statistical Analysis—The mean significant difference in the
experimental groups was determined using one-way analysis of
variance. Comparison of least significant differences among
two groups was determined by taking ¢ values for error and
keeping degrees of freedom at the 5% level of significance and
95% confidence interval. p values of 0.05 were considered to be
statistically significant.

Results

ETH Enhances Hippocampus-derived NSC Proliferation and
Neurosphere Formation in Vitro—We carried out an alamar
blue cell proliferation assay, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay, and neurosphere growth
kinetics in order to assess the effects of ETH on proliferation
and viability of NSC derived from the hippocampus. NSC cul-
tures were incubated with different concentrations of ETH (25,
50, 100, 150, 200, and 400 um) for 48 h. ETH significantly
enhanced NSC proliferation at 50, 100, and 150 uM in the ala-
mar blue assay (Fig. 14). Among the concentrations used, 100
M ETH showed the highest NSC proliferation, whereas 25 um
had no effect on proliferation. The higher doses (200 and 400
uMm) of ETH caused significantly decreased NSC proliferation.
Similarly, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide assay also suggested that lower concentrations
of ETH (50 and 100 wMm) significantly increased NSC prolifera-
tion/viability, whereas higher doses (>150 um) caused a
decrease in NSC proliferation (Fig. 1B). The effects of ETH on
NSC proliferation were further confirmed by BrdU immunocy-
tochemistry. Quantification of BrdU™ cells suggested a signifi-
cant increase in NSC proliferation by 100 um ETH (Fig. 1C),
whereas 200 and 400 um ETH decreased cell proliferation (data
not shown). These findings showed that the low concentration
of ETH induces proliferation of NSC, whereas higher concen-
trations of ETH are cytotoxic. Further, we performed a neuro-
sphere formation assay in order to assess whether ETH has any
effect on the number of hippocampal multipotent NSCs. Neu-
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FIGURE 1. ETH enhances proliferation of the hippocampus-derived NSC and increases the number and size of primary neurospheres. A and B, NSCs
derived from the hippocampus were cultured and treated with various concentrations of ETH for 48 h, and cell proliferation was studied. Values are expressed
as mean = S.E. (error bars) (n = 3).*, p < 0.05 versus control. C, BrdU immunocytochemistry in NSC cultures and BrdU-immunopositive cell quantification in the
NSC cultures treated with ETH. Shown is a graphical representation of the number of BrdU™* cells labeled with the nuclear stain DAPI. Scale bar, 20 um. Values
are expressed as mean = S.E. (n = 3).*, p < 0.05 versus control. D, representative phase-contrast photomicrographs of primary neurospheres derived from the
hippocampus NSC treated with 100 um ETH. Shown is a quantification of the number of neurospheres and area of neurospheres. Values are expressed as
mean = S.E. (n = 3).*, p < 0.05 versus control. E, representative immunofluorescence images of hippocampus-derived NSCs co-labeled with BrdU and nestin
(neural stem cell marker). Shown is a graphical representation of the number of nestin/BrdU*-co-labeled cells with the nuclear stain DAPI. Values are expressed
asmean = S.E. (n = 3).*,p < 0.05 versus control. Scale bar, 20 wm. F, quantitative real-time PCR analysis was performed for relative mRNA expression of nestin

and normalized to B-actin. Values are expressed as mean = S.E. (n = 3).*, p < 0.05 versus control.

rospheres are free floating spherical clusters of several multipo-
tent NSCs, formed in the presence of specific mitotic growth
factors in vitro. The number and size of clonal neurospheres in
vitro is the measure of absolute putative NSC in vivo. Thus, we
analyzed the gross morphology, size, and number of neuro-
spheres in control and ETH-treated NSC cultures (Fig. 1D).
ETH significantly increased the number and size of primary and
secondary clonal neurospheres as compared with control (Fig.
1D). These results suggest that ETH treatment increases the
number of multipotent NSCs and hence neurosphere
formation.

We next studied co-expression of BrdU with nestin in NSC
culture. Nestin, an intermediate filament protein, is a molecular
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marker for multipotent NSC. Nestin is required for prolifera-
tion and self-renewal of NSC (39). The number of BrdU and
nestin-co-labeled cells was significantly up-regulated by ETH
treatment in NSC culture (Fig. 1E). ETH significantly enhanced
the mRNA expression of nestin as compared with control (Fig.
1F). These findings demonstrated the NSC proliferation-en-
hancing potential of ETH in vitro.

ETH Enhances NSC Proliferation and Neuronal Differentia-
tion in the Hippocampus of the Adult Rats—In order to study
the effects of chronic ETH treatment on NSC proliferation, we
counted BrdU™ cells in the SVZ and DG region of the hip-
pocampus. The BrdU-labeled proliferating cells were visualized
by immunohistochemistry. BrdU™ cells were of varying shape,
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FIGURE 2. ETH enhances proliferation and self-renewal of NSC in the hippocampus and SVZ of adult rats. A, photomicrographs showing immunostaining
of BrdU™ cellsin the dentate gyrus (1) region of the hippocampus. BrdU ™ cells were mostly evidentin the hilus and GCL regions, whereas a few BrdU™* cells were
also present in the molecular layer (ML) of the DG in both control and ETH treated groups. Arrows, BrdU™ cells. Inset, typical morphology of darkly stained,
irregular shaped, and compact BrdU™ nuclei. SPB, suprapyramidal blade; IPB, infrapyramidal blade. Scale bar, 100 um (A) and 10 um (inset). B, BrdU™ cells in the
SVZ of control and ETH-treated rats. ETH treatment increased the number of BrdU™ cells and thickening of the SVZ lining containing NSC. C, quantitative
analysis of the number of BrdU™" cellsin the hippocampus and SVZ. Values are expressed as mean * S.E. (error bars) (n = 6 rats/group).*, p < 0.05 versus control.
D, photomicrographs showingimmune co-labeling of the NSC marker (green; nestin) with the mitosis-specific marker (red; phosphohistone H3) and DAPI in the
hippocampus. Scale bar, 100 um. E, quantitative analysis of hippocampal sections suggested a significant increase of nestin/phosphohistone H3™ cells in

ETH-treated rats as compared to control. Values are expressed as mean * S.E. (n = 6 rats/group). *, p < 0.05 versus control.

densely stained, and mostly located in the small groups of two
or more in the DG region of the hippocampus and SVZ (Fig. 2,
A and B). BrdU™ cells were found located in the granular cell
layer (GCL) and hilus regions of the DG. The number of BrdU™
cells in the DG and SVZ was significantly increased in rats
chronically treated with ETH for 2 weeks, compared with con-
trol (Fig. 2, A—C). The total number of BrdU™ cells in the DG
and SVZ was not significantly altered by acute treatment of
ETH for 3 days, compared with control (data not shown).
Next, we studied the effects of ETH on phosphorylation of
histone H3, a nucleosomal core protein. Phosphorylation of
histone H3 (Ser-10) is a crucial mitotic event and a marker
of proliferating cells (40). Thus, we carried out immune co-la-
beling of NESTIN with phosphohistone. We found that the
number of nestin/phosphohistone H3™ cells in the DG region
was significantly enhanced by chronic ETH treatment, suggest-
ing the presence of cells undergoing mitosis (Fig. 2, D and E).
ETH also significantly enhanced nestin mRNA expression in
the hippocampus (data not shown). These studies suggested
that ETH treatment increases cell proliferation in the rat brain.
Further, the effects of ETH on the pool of NSCs and its fate/
phenotypes were studied by co-labeling of neuronal marker

SASBMB

NOVEMBER 20, 2015« VOLUME 290-NUMBER 47

(NeuN) with BrdU and the NPC marker (Sox-2) with GFAP.
ETH treatment enhanced the number of Sox-2™ cells; however,
no significant difference was observed in the Sox-2/GFAP ™ -co-
labeled cell population (Fig. 3, A and B). These results suggest
that ETH significantly induced the population of NPCs,
whereas it showed no effect on glial population. Effects of ETH
on the population of neuron (NeuN), glial cells (S100-8) and
oligodendrocytes (CNPase) were studied. The number of
BrdU/NeuN™ cells was enhanced by ETH treatment (Fig. 3, C
and D), but no significant changes were observed in the number
of $100-B™ (Fig. 3, E and F) and CNPase ™ cells (Fig. 3, G and H)
in the hippocampus. These results suggest that ETH treatment
significantly enhanced neuronal differentiation but had no sig-
nificant effects on glial and oligodendrocyte differentiation of
proliferating cells.

ETH Induces Neuronal Differentiation and Reverses AB-me-
diated Inhibitory Effects on the Hippocampal Neurogenesis—
BrdU " -proliferating new born cells in the DG have different
fates, where they may differentiate into neurons or glia. Thus,
we studied the effects of ETH treatment on cell fate/phenotypes
of newly born cells in the DG, by co-labeling cells with BrdU/
DCX (a marker for immature newborn neurons), BrdU/NeuN
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FIGURE 3. ETH enhances the NPC pool and neuronal differentiation in the hippocampus of adult rats. A, photomicrographs showing immunostaining of
Sox-2" cells (red) co-labeled with GFAP (green) and DAPI (blue) in the dentate gyrus region of the hippocampus. Most of the Sox-2/GFAP™* cells were found in
the hilus and GCL regions, whereas a few Sox-2/GFAP™ cells were also presentin the molecular layer (ML) of the DG. Arrows, Sox-2/GFAP *-co-labeled cells. Inset,
higher magnification of Sox-2™" cells and Sox-2/GFAP-co-labeled cells. Scale bar, 100 um (A) and 10 wm (inset). B, quantitative analysis of the number of Sox-2 "
cells and Sox-2/GFAP*-co-labeled cells. Values are expressed as mean = S.E. (error bars) (n = 6 rats/group). *, p < 0.05 versus control. C, double immunofluo-
rescence images of matured neurons co-labeled with NeuN (red; mature neuronal nuclei marker) and BrdU (green) in the DG region of the hippocampus. Inset,
higher magnification images. Scale bar, 100 um. D, quantitative analysis of NeuN/BrdU-co-labeled cells in the hippocampus. E, images showing immuno-
staining of the astrocyte-specific marker (5100-B) in the hippocampus. Scale bar, 100 uwm. F, quantitative analysis of S100-8* cells in the hippocampus. G,
images showing immunostaining of the oligodendrocyte-specific marker (CNPase) in the hippocampus. Scale bar, 100 wm. H, quantitative analysis of CNPase "

cells in the hippocampus.

(a marker of mature neurons) and BrdU/GFAP (a marker for
glial cells). Several studies have implicated reduced adult hip-
pocampal neurogenesis in the pathogenesis of AD. We and oth-
ers have shown previously that the pathogenic protein in AD
brain, AB, reduces adult hippocampal neurogenesis in rodents
(9, 31, 41). Next, we studied the effects of ETH treatment on
AB-mediated inhibitory effects on the hippocampal neurogen-
esis in an AB-induced rat model of AD like phenotypes. We
found that stereotaxic intrahippocampal injection of A3 caused
significantly decreased proliferation of NSC in the DG (Fig. 4, A
and B). The number of BrdU-labeled cells was significantly
reduced by AR in the hippocampus. ETH treatment signifi-
cantly enhanced the number of BrdU™ cells (Fig. 4, A and B).
Interestingly, A scrambled peptide and succinimide; an inac-
tive analog of ETH showed no significant effect on the number
of BrdU-labeled cells (Fig. 4, A and B). Further, we studied the
effects of ETH on neuronal differentiation in the hippocampus.
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We found that most of the BrdU/DCX co-localized cells were
present in the GCL of the DG in all of the groups. A significant
inducing effect of ETH treatment on newborn neuron population
was observed (data not shown). ETH significantly increased the
number of BrdU/DCX-co-labeled cells as compared with control
rats (data not shown). These results indicated that ETH increases
neuronal differentiation of newborn proliferating cells. Interest-
ingly, we observed that intrahippocampal injection of Af3 signifi-
cantly inhibited neuronal differentiation (data not shown). The
number of BrdU/DCX-co-labeled cells was significantly reduced
in AB-injected rats as compared with the control group. ETH
treatment caused significantly increased neuronal differentiation,
as evident from the enhanced number of BrdU/DCX-co-labeled
cells in the DG in the rat model of AD-like phenotypes (data not
shown). Thus, ETH treatment was found to significantly enhance
neuronal differentiation and reduce AB-mediated inhibitory
effects on neurogenesis.
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FIGURE 4. ETH ameliorates AB-mediated impaired hippocampal neurogenesis. A, photomicrographs showing immunostaining of BrdU™ cells in the DG
region of the hippocampus. Rats were given a single stereotaxic injection of AB in the hippocampus. After 1 week of AB injection, rats were treated with ETH.
ML, molecular layer. Scale bar, 100 wm. B, quantification of BrdU™ cells in the hippocampus. Values are expressed as mean * S.E. (error bars) (n = 6 rats/group).
*, p < 0.05 versus control. C, double immunofluorescence analysis of immature neurons co-labeled with DCX (red; marker for immature neurons) and BrdU
(green) in the DG region of the hippocampus. Scale bar, 20 um. D, quantitative analysis of DCX/BrdU-co-labeled cells suggests that ETH significantly enhanced
neuronal differentiation in the AB + ETH group, which was inhibited by AB. Values are expressed as mean = S.E. (n = 6 rats/group). *, p < 0.05 versus control.
E, double immunofluorescence analysis of matured neurons co-labeled with NeuN (red; mature neuronal nuclei marker) and BrdU (green) in the DG region of
the hippocampus. Scale bar, 100 wm. F, quantitative analysis of NeuN/BrdU-co-labeled cells in the hippocampus. Values are expressed as mean * S.E.(n = 6

rats/group). *, p < 0.05 versus control.

To study the effects of ETH treatment on long term survival
of newborn neurons, we carried out co-localization of BrdU
with NeuN. We found that most of the BrdU™ cells were co-lo-
calized with NeuN mainly in the GCL (Fig. 4, C and D). The
number of BrdU/NeuN-co-labeled cells was significantly
increased in ETH-treated rats as compared with control rats,
suggesting that most of the cells that incorporated BrdU in the
GCL differentiated into mature neurons (Fig. 4, C and D). A3
significantly reduced the number of BrdU/NeuN-positive cells,
that was prevented by ETH treatment (Fig. 4, C and D). A3
scrambled peptide and succinimide showed no significant
effect on neuronal differentiation (Fig. 4, C and D). These
results suggested that ETH treatment induces neuronal differ-
entiation and long term survival of new born neurons.

ETH Reduces AB-induced Neuronal Degeneration in the
Hippocampus—Next, we studied the effects of ETH on AB-in-
duced hippocampal neuronal degeneration/apoptosis by
fluoro-jade B staining and activated caspase-3 co-labeling with
BrdU. ETH significantly reduced the number of AB-mediated
enhanced fluoro-jade B* cells in the hippocampus (Fig. 5, A and
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B). Further, ETH also reduced the number of AB-mediated
enhanced apoptotic cells co-labeled with BrdU (Fig. 5, Cand D).
More interestingly, we found that scrambled peptide of A3 and
inactive analog of ETH (succinimide) had no significant effects
on fluoro-jade B* and BrdU/CC3™ cells (Fig. 5, A—D). These
results suggest that ETH ameliorates AB-induced neuronal
degeneration and apoptosis in the hippocampus.

ETH Enhances Expression of Neurogenic and the Wnt -
catenin Pathway Genes in the Hippocampus of a Rat Model of
AD-like Phenotypes—The Wnt:3-catenin signaling plays an
important role in the regulation of adult hippocampal neuro-
genesis and self-renewal of NSC/progenitor cells (42—44). The
canonical Wnt-$-catenin signaling has been implicated in the
pathophysiology of AD and other neurodegenerative diseases
(31). We assessed the effects of ETH treatment on mRNA
expression of neurogenic and the Wnt pathway genes in the
hippocampus of AB-injected rats, by quantitative RT-PCR.
Several neurogenic genes and transcription factors, such as
DCX, B-tubulin, nestin, neurogenin, neuroligin, Pax-6, Stat-3,
and Neuro-D1, regulate neurogenesis (31). ETH treatment sig-
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FIGURE 5. ETH provides neuroprotection against A 3-induced neurodegeneration. A, photomicrographs showing labeling of degenerating neuronal cells
by fluoro-jade B (green) in the DG region of the hippocampus. Rats were given a single stereotaxic injection of AB and scrambled AB in the hippocampus. After
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enhanced due to AB.

nificantly up-regulated the expression of these genes in the hip-
pocampus (Fig. 6A). Interestingly, AB caused a decrease in the
expression of these neurogenic genes, and this effect of Af3 was
reversed by ETH (Fig. 6A).

Next, we assessed the mRNA expression of the regulatory
molecules, receptors, and transcription factors of the Wnt
pathway. ETH enhanced the expression of Wnt1, Wnt3, Dishev-
elled, Wnt receptors (Frizzled 1 and LRP-6), Axin-1, LEF-1,
B-catenin, APC, and cyclin-D1, as compared with control (Fig.
6B). However, the expression of Wnt5 was not affected (data
not shown). On the other hand, ETH caused significantly
decreased expression of negative regulatory genes of the Wnt
pathway, Dkk-1 and GSK-38, whereas the expression of Wif-1
was not changed. Dkk-1 is a negative regulator of the Wnt
pathway and acts through inhibition of LRP-5/6. AB treat-
ment was found to inhibit the expression of the genes
involved in regulation of the Wnt pathway in the hippocam-
pus (Fig. 6B). Interestingly, ETH significantly blocked the
AB-mediated inhibitory effects on the expression of these
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genes in the hippocampus. These results suggest that ETH
inhibits the A 3-mediated alterations in the expression of the
Wnt pathway genes.

ETH Induces Phosphorylation of GSK-3B and Inhibits
B-Catenin Phosphorylation, and Inhibition of the Wnt Pathway
Blocks ETH-induced NSC Proliferation and Differentiation—
B-Catenin and GSK-3f are critical regulators of the Wnt:3-
catenin canonical pathway. In the absence of Wnt ligands,
GSK-3 phosphorylates cytoplasmic -catenin for ubiquitin-
mediated proteasomal degradation. In the presence of Wnt
ligands, cell surface receptors become activated, leading to inhi-
bition of GSK-38 and decreased phosphorylation of cytoplas-
mic B-catenin. Decreased phosphorylation of B-catenin results
in its increased nuclear translocation and activation of the Wnt
pathway. We found that a non-cytotoxic concentration of ETH
(100 um) significantly increased GSK-3f phosphorylation and
inhibited B-catenin phosphorylation in a time-dependent man-
ner in a hippocampus-derived NSC culture (Fig. 7, A-D). Inhi-
bition of the Wnt pathway through Dkk-1 (which inhibits inter-
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FIGURE 6. ETH increases the expression of neurogenic and Wnt-B-catenin pathway genes in the hippocampal region of A treated rats. A and B,
quantitative real-time PCR analysis was performed for relative mRNA expression of neurogenic genes and Wnt-B-catenin pathway genes in the hippocampus.
B-Actin served as a housekeeping gene for normalization. Values are expressed as mean = S.E. (error bars) (n = 6 rats/group). *, p < 0.05 versus control.

action of Wnt with LRP-5/6) reversed ETH-induced effects on
GSK-3pB and B-catenin phosphorylation (Fig. 8, A-C).

We next studied the role of the Wnt-3-catenin pathway inhi-
bition in the ETH-mediated increase in the proliferation and
neuronal differentiation of hippocampus-derived NSC in vitro.
The NSC cultures were treated with Dkk-1 protein in the pres-
ence and absence of ETH, and the effects on proliferation and
differentiation were studied through immunocytochemistry.
DKk-1 significantly reduced the number of BrdU-positive cells
and B-tubulin-positive neurons in cultures, suggesting reduced
NSC proliferation (Fig. 8, D and E) and neuronal differentiation
(Fig. 8, F and G). Interestingly, co-treatment of Dkk-1 signifi-
cantly inhibited NSC proliferation and neuronal differentia-
tion-enhancing effects of ETH via the Wnt-B-catenin pathway.

ETH Activates the PI3K:Akt Signal Transduction Pathway in
Adult Hippocampal NSCs in Vitro—The PI3K-Akt pathway is
involved in the regulation of neurogenesis in the hippocampus
and other regions of the brain (45—47). Further, GSK-3f inhi-
bition and the Wnt-B-catenin pathway activation through
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PI3K-Akt is very well established (45, 48). Therefore, to deter-
mine whether ETH induces hippocampal neurogenesis
through the PI3K-Akt pathway, mRNA expression and phos-
phorylation of PI3K (Tyr-458) and Akt (Thr-308) were ana-
lyzed in an adult hippocampal NSC culture in vitro. ETH sig-
nificantly enhanced mRNA expression of PI3K and Akt (Fig.
9A). Next, the basal levels of PI3K and Akt and their phosphor-
ylation were evaluated following ETH treatment. Basal levels of
PI3K and Akt were not altered by ETH in cultured hippocampal
NSC (Fig. 9, B-D). Interestingly, levels of phosphorylated PI3K
and Akt were significantly up-regulated in NSC following ETH
treatment. These results suggested that the PI3K-Akt pathway
is activated by ETH in cultured hippocampal NSCs (Fig. 9, B
and D).

Blockade of the PIBK:Akt Pathway Inhibits ETH-induced
Hippocampal NSC Neuronal Differentiation—W e further stud-
ied whether specific activation of the PI3K-Akt signaling path-
way mediates the action of ETH on neuronal differentiation in
hippocampal NSCs in culture. NSC cultures were treated with
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FIGURE 7. ETH activates the Wnt-B-catenin pathway time-dependently in NSCs. A-D, after treatment of NSC culture with ETH (100 um) at various time
points (0, 3, 6, 12, 24, 48, and 72 h), protein levels of GSK-33, phospho-GSK-3, B-catenin, and phospho-B-catenin were studied by Western blot. Values are

expressed as mean = S.E. (error bars) (n = 3).*, p < 0.05 versus control.

ETH in the presence and absence of LY294002, an inhibitor of
the PI3K-Akt pathway. ETH enhanced the number of Tuj-1-
positive neurons in NSC cultures (Fig. 9, E and F). Pretreatment
with the Akt inhibitor resulted in a significantly reduced num-
ber of Tuj-1-positive neurons. Interestingly, Akt inhibitor sig-
nificantly blocked the neuronal differentiation-enhancing
potential of ETH by reducing the number of Tuj-1-positive
neurons (Fig. 9, E and F). Further, ETH significantly enhanced
the phosphorylation of GSK-3B, which was significantly
blocked by LY294002 (Fig. 9, G and H). These results suggested
that the PI3K-Akt pathway is involved in the stimulatory effects
of ETH on neural differentiation of NSC.

Knockdown of B-Catenin in the Hippocampus and in NSC
Culture Reduces ETH-induced Neuronal Differentiation—To
examine ETH-mediated neuronal differentiation via activation
and specific involvement of the Wnt:B-catenin pathway,
genetic knockdown of 3-catenin was carried out both in vitro
and in vivo. B-Catenin-mediated Wnt signaling is involved in
NSC proliferation, fate determination, and neuronal differenti-
ation during development (49, 50). After stereotaxic injection
of B-catenin siRNA in the hippocampus, the fate of NSC was
studied immunohistochemically by co-labeling of BrdU with
NeuN (Fig. 104). We found that knockdown of B-catenin
caused an inhibitory effect on the ETH-induced increase in the
number of BrdU/NeuN-co-labeled cells (Fig. 10B). Similarly, in
vitro studies indicated that B-catenin knockdown suppresses
neuronal differentiation in ETH-treated NSC cultures (Fig. 10,
C and D). Scrambled B-catenin siRNA showed no significant
effect on neuronal differentiation. Together, the in vitro and in
vivo results suggested that ETH promotes neuronal differenti-
ation via the B-catenin-mediated signaling.

ETH Reverses AB-mediated Reduced Hippocampal Neuro-
genesis and Learning and Memory in the Rat Model of AD-like
Phenotypes—Prior studies have suggested that impaired neuro-
genesis in the hippocampus plays an important role in the
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pathogenesis of AD (2, 9, 10). Hippocampal neurogenesis is
functionally involved in learning and memory processes
throughout life (2). We observed that ETH stimulates hip-
pocampal neurogenesis via activation of the PI3K/Akt/Wnt/3-
catenin pathways. Further, we found that intrahippocampal
stereotaxic injection of A significantly inhibited NSC prolifer-
ation (Fig. 4, A and B) and neuronal differentiation (Fig. 4, Cand
D). Because neurogenesis in the hippocampus regulates learn-
ing and memory, we assessed the cognitive functions in the rat
model of AD-like phenotypes following ETH treatment (Fig.
10E). Whereas A alone caused significantly decreased learn-
ing and memory abilities, treatment with ETH resulted in
reversal of AB-induced cognitive dysfunction in the rats (Fig.
10E). These observations suggested that ETH improves
AB-mediated reduced neurogenesis and cognitive deficits.

In Silico Prediction of Molecular Targets of ETH; ETH Inter-
acts with Akt, Dkk-1, and GSK-33—Our experimental studies
suggested that ETH up-regulates mRNA expression of genes
involved in Akt-Wnt-B-catenin pathway. To understand the
molecular mechanism underlying activation of these pathways
by ETH, we performed detailed computational molecular dock-
ing studies with various key regulatory enzymes in the Akt-
Wnt-B-catenin pathway. PharmMapper analysis identified
potential target candidates for the given ligand ETH using a
pharmacophore mapping approach. Different model receptors
from the Protein Data Bank were extracted based on the fixed
score matrix to measure its score level among all of the scores of
the pharmacophore. Of 300 potential human targets, molecular
targets of ETH involved in the Wnt signaling pathways were
Akt, GSK-383, and Dkk-1 with Protein Data Bank codes 3CQW,
1Q5K, and 3S8V, respectively (Fig. 11). We also found plausible
binding modes of ETH in the active sites of these molecular
targets (Fig. 11). However, no interaction of ETH was observed
in the functional sites of Axin, B-catenin, and ICAT (data not
shown).
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FIGURE 8. Pharmacological inhibition of the Wnt pathway reduces ETH-mediated stimulatory effects on NSC proliferation and neuronal differentia-
tion in culture. NSC cultures were treated with the Wnt pathway inhibitor Dkk-1 in the presence and absence of ETH. A-C, protein levels of B-catenin,
phospho-B-catenin, GSK-3a/3, and phospho-GSK-3a/B in the hippocampus. Values are expressed as mean = S.E. (error bars) (n = 3).*, p < 0.05 versus control.
D and E, Dkk-1 protein reduced the number of BrdU™ cells, thus inhibiting NSC proliferation that was induced by ETH treatment. Fand G, Dkk-1 protein blocked
the neuronal differentiation (B-tubulin™ cells)-enhancing potential of ETH in the hippocampus-derived NSC culture. Values are expressed as mean *+ S.E. (n =

3).*,p < 0.05 versus control.

Akt regulates many processes, including metabolism, prolif-
eration, cell survival, growth, and neurogenesis. In Akt and
ETH interaction, a binding sphere with a radius of ~14.5 A was
defined around Aktl molecule binding site from the three-di-
mensional coordinate file obtained from the Protein Data Bank.
We observed the interaction of ETH with Leu-156 amino acid
residue, which is involved in the hydrogen bond formation. The
best binding pose of Aktl and ETH complex has CDOCKER
energy of —14.17 kcal/mol and CDOCKER interaction energy
of —20.51 kcal/mol. Fig. 9 shows ETH in the functional site of
Aktl.

Next, we studied the binding efficiency of ETH with GSK-38.
We defined a binding sphere with radius ~15 A around the
lipid-binding pocket of GSK-3B. ETH showed binding affinity
with GSK-38 with CDOCKER energy of —20.20 kcal/mol and
CDOCKER energy of —20.55 kcal/mol in the GSK-38 binding
cavity. Fig. 11 shows ETH interaction in the functional site of
GSK-3p. In the best binding pose, selected on the basis of
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CDOCKER energy, hydrogen bonds were formed between
ETH and Val-135.

Dkk-1 is a secreted glycoprotein that binds with LRP6 and
inhibits the Wnt signaling by blocking Wnt-mediated
Frizzled'LRP complex formation. In our study, we found up-
regulation of Wnt, Frizzled, and LRP-5/6 mRNA expression
following ETH treatment. These findings motivated us to
investigate whether the up-regulation of the Wnt signaling cas-
cade is mediated by inhibition of DKk-1 activity resulting from
binding of ETH to its LRP-5/6 binding domain. A binding
sphere with a radius of ~12.8 A was defined around the Dkk-1
and LRP6 binding site. We observed the interaction of ETH
with the Thr-221 and Arg-236 amino acid residues of Dkk-1,
which are also involved in the hydrogen bond formation with
ETH (Fig. 11). The CDOCKER energy and CDOCKER interac-
tion energy for the ETH interaction pose were —10.9408 and
—17.2298 kcal/mol, respectively. Taken together, these obser-
vations may suggest that ETH interacts with Akt, Dkk-1, and
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GSK-38 and thereby alters PI3K/Akt/Wnt/B-catenin signaling
pathway.

On the basis of these experimental and ix silico studies, we
propose a schematic representation illustrating the possible
mechanism(s) of ETH-induced alterations of NSC proliferation
and differentiation through the PI3K/Akt/Wnt/B-catenin sig-
naling pathway (Fig. 12).

Discussion

ETH is an AED that is selectively used in the treatment of
absence epilepsy (51). It is of potential therapeutic value in
other neuropsychiatric disorders (25, 52). In the present study,
we demonstrated that ETH promotes adult hippocampal neu-
rogenesis both in vitro and in vivo. Further, we found that it
enhances NSC pool and neuronal differentiation and amelio-
rates cognitive deficits in an AB-induced rat model of AD-like
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phenotypes. NSCs possess the abilities of self-renewal and
potential for differentiation toward neurons, astrocytes, and
oligodendrocytes (53). We found that ETH induced neuro-
genesis mainly due to increased NSC proliferation and neu-
ronal differentiation. Several studies have previously sug-
gested that multiple intricate cell signaling cascades,
including PI3K-Akt (54 —57), Wnt-B-catenin (58), and Notch
(59), are involved in NSC proliferation, differentiation, and
survival of (60). Herein, we demonstrated that ETH induces
NSC proliferation and differentiation through recruitment
of the PI3K/Akt/Wnt/B-catenin signaling pathway. Inhibi-
tion of these signaling pathways resulted in attenuation of
the action of ETH on proliferation and differentiation of the
hippocampus-derived NSC. This suggested involvement of
the PI3K/Akt/Wnt/B-catenin pathway activation in ETH-
induced neurogenesis.
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We performed in vitro studies to understand the effect of
ETH on rat hippocampal NSC proliferation and differentiation.
We found that therapeutic concentrations of ETH (=100 um)
are non-cytotoxic, whereas higher concentrations adversely
affect NSC viability. The neurosphere growth kinetics assay
suggested that a non-cytotoxic concentration of ETH enhances
the number and size of neurospheres. Neurospheres are con-
sidered as free floating bunches of NSC; thus, the increased
number and size of neurospheres following ETH treatment
suggested that the drug enhances the pool of NSCs. Similarly,
the number of nestin/BrdU™ cells was increased after ETH
treatment, suggesting an increased NSC pool. Whereas the
drug enhanced the number of B-tubulin™ cells, it was not found
to alter the number of GFAP™ cells and their morphology.
Cumulatively, these results showed that ETH induces prolifer-
ation and neuronal differentiation of NSCs in vitro.
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We further examined the effects of chronic ETH treatment
(125 mg/kg of body weight intraperitoneally) on NSC prolifer-
ation and differentiation in the DG region of the hippocampus
and in SVZ. The ETH therapeutic plasma concentration range
in humans is 25-120 mg/liter (61— 64). The dose of 125 mg/kg
body weight in the present study was selected on the basis of
therapeutic or pharmacologically relevant levels of ETH as
described earlier (61-65) and the dose used in rodent studies
(25, 66 —68). An earlier pharmacokinetic study in rats at a dose
of 50 and 200 mg/kg of body weight intraperitoneally resulted
in maximum plasma concentration of 33.3 and 121.5 pg/ml,
respectively (66). Therefore, it is evident that an in vivo dose of
125 mg/kg of body weight intraperitoneally in rats would yield
an in vivo concentration greater than the in vitro effective con-
centration of ETH (100 uM or 14.1 ug/ml). Keeping in mind the
free concentration differences in vitro and in vivo systems, the
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dose selected in our study is optimal to achieve the effective in
vivo ETH concentration after intraperitoneal injection. It was
found that ETH induces NSC proliferation in both the DG and
SVZ.NSC proliferation was assessed by the differential change
in the total number of BrdU™ cells in the DG and SVZ after
ETH treatment. This temporal profile of the action of ETH on
NSC proliferation is similar to that reported previously for dif-
ferent classes of antidepressant drugs (69, 70). Lamotrigine, an
AED with mood-stabilizing and antidepressant potential, has
also been found to increase the number of newborn neurons in
the rat hippocampus (71). Our observation that the expression
of nestin, an NSC marker, is up-regulated in ETH-treated ani-
mals suggested that the drug enhances NSC proliferation in the
hippocampus and SVZ of the rat brain.

We carried out further analysis, using cell type-specific
markers for neurons, astrocytes, oligodendrocytes, and NSC to
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identify which cells are specifically affected by ETH. We found
that ETH increased neuronal differentiation and NSC pool
(increased nestin and SOX-27 cells) in the hippocampus. On
the other hand, the glial cell (S100-8 and GFAP™ cells) and
oligodendrocyte (CNPase " cells) populations were not altered
by ETH treatment. Interestingly, we observed that ETH had no
effect on GFAP™ cells but did influence nestin-labeled cells.
GFAP also labels adult NSCs; thus, the discrepancy between the
observed increase in nestin-positive cells and no change in
GFAP™ cells could be explained on the basis of an earlier study
(72). In the brain, two distinct subpopulations (type I and type
II) of nestin-positive cells exist. Type I nestin-positive cells and
their radial processes are GFAP-positive; on the other hand,
type II nestin-positive cells are polysialylated neural cell adhe-
sion molecule-positive (72). Thus, it is possible that ETH spe-
cifically increased the type II population, which resulted in
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FIGURE 12. Proposed schematic representation showing the mechanism
of ETH and its effect on neurogenesis. On the basis of our experimental and
in silico studies, we found that ETH may induce the PI3K/Akt/Wnt/B-catenin
signaling. Binding of Wnt ligands with Frizzled receptor and phosphorylated
co-receptor low density lipoprotein (LRP-5/6) leads to activation of cytoplas-
mic dishevelled (Dvl) protein. Activated dishevelled then binds with destruc-
tion complex Axin-APC-GSK-3, inhibits GSK-38 by its phosphorylation, and
activates the levels of B-catenin. Inhibition of GSK-33 leads to accumulation
of cytoplasmic B-catenin and its translocation into the nucleus. In the
nucleus, B-catenin interacts with the Tcf-Lef promoter complex, leading to
activation of their target genes, which play an important role in NSC prolifer-
ation and differentiation. ETH activates PI3K-Akt, which in turn phosphory-
lates and inactivates GSK-3 and activates -catenin. ETH enhances expres-
sion of Wnt pathway genes. The blockage of the Wnt-B-catenin signaling
(B-catenin siRNA and Dkk-1) and PI3K-Akt pathway (LY294002) results in inhi-
bition of ETH-induced cell proliferation and neuronal differentiation. ETH also
blocks AB-mediated inhibition of neurogenesis through activation of PI3K/
Akt/Wnt/B-catenin signaling.

increased nestin-positive cells and no alteration in GFAP-pos-
itive cells. However, ETH had no effect on S100-8B-positive
cells, suggesting no alteration of the astrocyte population.

In our study, the majority of newly proliferated cells in the
DG region following ETH treatment differentiated into neu-
rons, as represented by BrdU/NeuN™"- and BrdU/DCX ™" -co-
labeled cells. The expression of genes like 3-tubulin and DCX
was also up-regulated following ETH treatment. Thus, ETH
also causes neuronal differentiation in the hippocampal region
of the rat brain. It has previously been shown that established
AEDs, such as topiramate, valproate, and carbamazepine,
enhance neurogenesis in the adult rodent hippocampus (27, 28,
73-75). Similarly, commonly used new generation AEDs like
lamotrigine and topiramate have been found to promote the
survival of newborn neurons in the hippocampal region in
experimental temporal lobe epilepsy (74). Recently, it was dem-
onstrated that valproate is capable of inducing neurogenesis in
the rat forebrain stem cells (76). It enhances neuronal differen-
tiation of NSC and increases neurite outgrowth and the number
of GABAergic neurons (76). Further, valproate has been shown
to suppress the inhibitory effect of dexamethasone on the pro-
liferation of adult DG-derived NPCs via the GSK-38 and
B-catenin pathway (28). Mood-stabilizing drugs enhance the
self-renewal capacity of mouse NSC in vitro and the NSC pool
in the adult brain through the activation of Notch signaling
(59). Similar to the action of various drugs reported in the above
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studies, we found that ETH also enhances NSC proliferation,
neuronal differentiation, and survival in the hippocampal
region.

In addition, ETH enhanced the NSC pool and neuronal dif-
ferentiation in the hippocampus of an AfB induced phenotypic
model of AD and reversed the learning and memory impair-
ment. However, this model has a caveat that Af3 alone only
mimics some of the phenotypes in AD, and indeed this limita-
tion has hampered effective therapy development for AD. In
addition, local injection of A peptide causes acute neurode-
generation, unlike the stepwise process of neurodegeneration
involving plaque and tangle formation in AD. In the future,
these studies need to be carried out in transgenic animals,
which more closely resemble AD in humans. In an AB-induced
rat model of AD-like phenotypes, we found a decreased number
of BrdU™ cells and neuronal differentiation in the DG region,
which was reversed by ETH treatment. Thus, ETH maintained
the NSC pool in the DG by increasing their number and
reversed the learning and memory deficits induced by A treat-
ment. In order to assess whether the increased NSC prolifera-
tion and neuronal differentiation in the ETH-treated group was
ETH-specific, we treated rats with an inactive structural analog
of ETH (succinimide). Interestingly, we found that succinimide
did not induce NSC proliferation and neuronal differentiation
in the hippocampus, suggesting a specific role of ETH in neu-
rogenesis. Similarly, we also assessed the effect of scrambled A3
peptide on hippocampal neurogenesis; this is of particular
importance because the short term effects of A injection are
considered. Injection of scrambled A peptide showed no sig-
nificant effect on hippocampal neurogenesis.

Next, we investigated the cellular signaling mechanism
underlying the action of ETH on NSC proliferation and differ-
entiation. Activation of the PI3K-Akt and Wnt-$-catenin path-
ways was examined by assessing phosphorylation of PI3K, Akt,
GSK-38, and B-catenin in the hippocampal NSC culture after
ETH treatment. We found increased phosphorylation of PI3K,
Akt, and GSK-3p and decreased phosphorylation of 3-catenin.
From these results, we hypothesized that PI3K-Akt and Wnt-3-
catenin signaling pathways may mediate ETH-induced NSC
proliferation and neuronal differentiation. Involvement of
these pathways was confirmed using inhibitors and activators
of PI3K-Akt and Wnt-B-catenin. Our results indicated that
inhibition of these pathways attenuated NSC proliferation and
neuronal differentiation induced by the drug. PI3K-Akt and
Wnt:B-catenin transduce intracellular signals that control
adult hippocampal NSC proliferation and differentiation (77,
78). Our results are consistent with the previous finding that
valproate enhances NPC proliferation in DG via inhibiting
GSK-3p by its phosphorylation and increasing the levels of
B-catenin (28).

Hippocampal neurogenesis plays a major role in neuronal
plasticity and maintenance of cognitive function (2, 3). In vari-
ous neurodegenerative disorders, including AD, NSC prolifer-
ation and neuronal differentiation are impaired in neurogenic
brain regions, leading to learning and memory deficits (8, 9, 31).
Importantly, we found that ETH induced hippocampal neuro-
genesis, reduced neuronal degeneration, and reversed Af-in-
duced cognitive deficits in a rat model of AD-like phenotypes
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via activation of the PI3K/Akt/Wnt/B-catenin pathway. It is
notable that two other AEDs, levetiracetam and lamotrigine,
have previously been found to ameliorate synaptic and cogni-
tive deficits in a transgenic mouse model of AD, human amyloid
precursor protein, and also in presenilin-1 mice (17, 18).

Finally, in our iz silico analysis, we found that ETH interacts
with different molecules of PI3K/Akt/Wnt/S-catenin signaling
pathways that regulate neurogenesis. Thus, it is possible that its
interaction with Akt, Dkk-1, and GSK-33 leads to the observed
activation of these pathways.

Conclusion

Our results demonstrate that ETH induces proliferation and
neuronal differentiation in vitro of NSCs derived from the rat
hippocampus, promotes hippocampal neurogenesis in adult
rats, and reverses the loss of hippocampal NSCs and the learn-
ing and memory deficits characterizing the AB rat model of
AD-like phenotypes. Evidence provided here suggests that ETH
possibly acts through the PI3K/AKT/Wnt/S-catenin signaling
pathway to induce neurogenesis. Given these findings, it is
tempting to speculate that ETH may promote regeneration of
the NSC pool, induce neurogenesis, and provide therapeutic
benefits in neurodegenerative disorders.
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