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ABSTRACT: Glycogen synthase kinase-3 (GSK-3) is a serine/threonine kinase originally identified as a regulator of glycogen
metabolism but it also plays a pivotal role in numerous cellular functions, including differentiation, cell cycle regulation, and
proliferation. The dentate gyrus of the hippocampus, together with the subventricular zone of the lateral ventricles, is one of the
regions in which neurogenesis takes place in the adult brain. Here, using a chemical genetic approach that involves the use of
several diverse inhibitors of GSK-3 as pharmacological tools, we show that inhibition of GSK-3 induces proliferation, migration,
and differentiation of neural stem cells toward a neuronal phenotype in in vitro studies. Also, we demonstrate that inhibition of
GSK-3 with the small molecule NP03112, called tideglusib, induces neurogenesis in the dentate gyrus of the hippocampus of
adult rats. Taken together, our results suggest that GSK-3 should be considered as a new target molecule for modulating the
production and integration of new neurons in the hippocampus as a treatment for neurodegenerative diseases or brain injury and,
consequently, its inhibitors may represent new potential therapeutic drugs in neuroregenerative medicine.
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I n the central nervous system, developing neurons are
derived from quiescent multipotent or neural stem cells.1

Throughout life, neural progenitors in the subventricular zone
(SVZ) of the lateral ventricles and the subgranular zone (SGZ)
of the dentate gyrus (DG) of the hippocampus give rise to
interneurons of the olfactory bulb and neurons of the granule
cell layer of the DG respectively.2 The hippocampus is a unique
structure in that it is one of the two brain regions where adult
neurogenesis persists throughout adulthood. New neurons are
continuously generated in the subgranular zone (SGZ) of the
dentate gyrus (DG) of the hippocampus, migrate into the
granule layer, and differentiate into new dentate granule cell
neurons.1,3 It has recently been demonstrated that these new
generated neurons subsequently integrate into memory net-
works,4 become functionally mature within 2 months,5,6 and
contribute to hippocampal-dependent learning and memory
functions.7−9

As the maintaining and/or restoration of cognitive health and
memory is the ultimate goal in the treatment of different
cognitive disorders such as Alzheimer’s disease (AD), an
effective therapeutic strategy may be to take advantage of this
regenerative ability of the brain and look for new drugs able to
shift the balance from neurodegeneration to neurogenesis and
neuronal plasticity. Recently, treatment with ciliary neuro-
trophic factor-based tetrapeptide has shown beneficial effects
on adult hippocampal neurogenesis and spatial memory in
mice, demonstrating the therapeutic potential of the above-
mentioned hypothesis and, specifically of this peptide, for
regeneration of the brain and improvement of cognition.10,11
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There is also evidence linking adult hippocampal neurogenesis
to some psychiatric disorders including depression and
schizophrenia.12,13 Additionally, hippocampal neurogenesis
has been shown to play a role after different brain injuries,
such as stroke, ischemia, hypoxic injury, or excitotoxic
damage14−17 and also in some neurodegenerative diseases
such Parkinson’s disease.18,19

Glycogen synthase kinase 3 (GSK-3) is a serine/threonine
kinase originally identified as a regulator of glycogen
metabolism but also plays a pivotal role in numerous cellular
functions including microtubule dynamics and regulation of cell
proliferation, differentiation, and cell death.20−22 There are two
isoforms of this enzyme, GSK-3α and GSK-3β, and one splice
variant GSK-3β2. All these forms are expressed in nervous cells
in a constitutively active form. However, their activity is
regulated negatively and positively by phosphorylation at serine
and tyrosine residues.20 There are some recent reports
suggesting that lithium, an inhibitor of GSK-3, could regulate
neurogenesis in the dentate gyrus of adult rats.23 Moreover, it
has been also shown that modulation of GSK-3β-catenin
signaling pathways regulate neuronal progenitor proliferation
and behavioral defects in a well established model of
schizophrenia,24 providing new insights into the mechanisms
by which alterations in GSK-3-catenin signaling affect adult
murine neurogenesis, a cellular process thought to play an
important role in the etiology of neuropsychiatric disorders.
Also conditional deletion of GSK-3 in mouse neural
progenitors increases proliferation,25 and GSK3 inhibition
increases neurogenesis in the human neural progenitor cell
line ReNcell VM.26

Considering the important well-known activity of GSK-3 in
neuroprotection and its role in regulating neuronal differ-
entiation, the main objective of the present study was to
determine whether pharmacological inhibition of the GSK-3
pathway is capable of inducing neurogenesis in the adult rat
brain.
During the last years, much effort has been focused on

discovering new and potent inhibitors of GSK-3. Our group has
great experience in design and development of chemically
diverse GSK-3 inhibitors27,28 and with many different binding
modes to this important kinase.29−31 We have here used a
chemical genetic approach to show that GSK-3 inhibition is
involved in neurogenesis and that its inhibitors should be a
therapeutic effective way to recover the damaged brain in some
important pathologies such as Alzheimer's disease where the
hippocampal neurogenesis is affected.
Usually, the study of the role of a specific protein in

molecular physiology and/or pathology is done following a
classical genetic approach trough mutation of the correspond-
ing gene. Complementarily, the chemical genetic approach
exploits the use of small molecules as pharmacological tools to
not only show the biological role of a specific protein, but also
allow defining some new drug leads for further pharmaceutical
development.32 In this study, we have selected various
structurally different GSK-3 inhibitors. Among them are
thiadiazolidinediones (TDZDs), compounds first described as
non-ATP competitive GSK-3β inhibitors33 and later as
irreversible inhibitors29,34 and different heterocyclic compounds
with thiazole or maleimide scaffolds, recently reported as
reversible and irreversible inhibitors of GSK-3β.35 In all the
cases, the molecular weights of the different small probes are
below 500 Da and the IC50 value regarding GSK-3 is between
0.05 and 10 μM (Figure 1). In the in vitro studies, the

concentration used for all GSK3 inhibitors was 10 μM. Here we
demonstrate that different chemically and biologically diverse
GSK-3 inhibitors increased the number, migration, and
differentiation capacity of neural stem cells forming neuro-
spheres. Moreover, NP03112, an inhibitor of GSK-3 belonging
to the TDZDs chemical family and now called tideglusib, is an
effective inducer of proliferation and differentiation in the SGZ
of adult rats. Altogether, these findings suggest that inhibition
of GSK-3 may regulate neural progenitor cell proliferation,
migration, and differentiation in the adult hippocampus. Thus,
our work provides empirical support for the potential relevance
of GSK-3 inhibitors in the development of therapeutic
approaches to treat different brain disorders and may offer
great potential for the recovery of damaged brain in different
cognitive disorders, such as Alzheimer’s disease.

■ RESULTS

GSK-3 Inhibition Regulates Proliferation and Growth
of Neurospheres in Vitro. One of the characteristics of
neural stem cells is their ability of growing in vitro as spheres.36

Therefore, we first performed in vitro studies using primary and
secondary neurosphere (NS) cultures. Primary NS were
obtained from adult rats and maintained and expanded as
commented in the Methods. First, we determined whether
neural stem cells expressed GSK-3 when isolated and cultured
in vitro (Figure 2A). Western blot analysis of NS established
from hippocampus of adult rats confirmed that these cells
indeed express GSK-3, being then a druggable for target in
neurogenesis signaling. Next, we investigated whether addition
of different small molecule GSK-3 inhibitors would increase
their formation and/or their size. As shown in Figure 2B/C, the
number and size of primary NS were significantly higher in
those cultures treated with the different GSK-3 inhibitors,
compared to controls. Also, cultures grown in the presence of
the inhibitors exhibited an enhanced self-renewal capacity, as
suggested by the increased number in the secondary neuro-
spheres formed in these cultures. These results demonstrate

Figure 1. Chemical structures, IC50 values regarding GSK-3β
inhibition, and binding mode of the small heterocycles GSK-3
inhibitors used as molecular probes.
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that reversible and irreversible inactivation of GSK-3 enhances
the number as well as the size of neurospheres generated from
hippocampus, suggesting that these inhibitors regulate the
proliferation of the neurosphere forming progenitors and
confirming their therapeutic potential. Hence, proliferation was
assessed by Ki67 (a marker of dividing cells) staining, 7 days
after treatment with the different compounds. As expected,
treatment of the cultures with GSK-3β inhibitors resulted in an
increase in the number of Ki67-positive cells, indicating a direct
effect of these compounds on proliferation (Figure 2D).
GSK-3 Inhibition Enhances Migration out of the

Neurospheres. In order to analyze whether GSK-3 inhibitors
altered the cell migration pattern from neurospheres, selected
diverse GSK-3 inhibitors were added to the culture medium
during 24 h and the new cell migration was monitored by live-
scanning microscopy. The results shown in Figure 3 (and in
Supporting Information, videos 1−4) show that incubation of
the NS cultures with these compounds resulted in a significant
increase in migration. The neural stem cells moved long
distances out of the neurosphere body to create overlapping

zones of migration between adjacent NS. On the contrary, cells
in control cultures remained close to the neurosphere body.

GSK-3 Inhibition Induces Differentiation of Neural
Stem Cells. Next, we analyzed whether GSK-3 inhibition
could regulate cell differentiation after adhesion of neuro-
spheres. To this end, we performed immunocytochemistry
analysis using specific antibodies to identify the different
nervous system cell types. Neurospheres were allowed to
adhere to the substrate and then incubated for 24 h in the
absence of EGF and FGF and in the presence or absence of the
different GSK-3 inhibitors. As shown in Figure 4, in control
cultures, only scattered cells stained with GFAP (to identify
astrocytes) or MAP-2 (to identify neurons) were observed.
However, the number of MAP-2-positive cells was significantly
increased in those cultures treated with the GSK-3 inhibitors.
Almost no differentiation toward a glial phenotype was
detected. These results suggest that GSK-3 inhibition results
in an induction of neuronal differentiation of neural stem cells
toward mature neurons.

The GSK-3 Inhibitor NP031112 (Tideglusib) Regulates
Adult Neurogenesis in Vivo. We next investigated whether

Figure 2. Effects of GSK-3 inhibitors on neurosphere formation. (A) Representative Western blot showing expression of GSK-3 in neurospheres
derived from hippocampus. (B) Representative phase-contrast micrographs showing the size of primary neurospheres after 7 days in culture in the
presence or absence of the different inhibitors. Scale bar = 50 μm. (C) Quantification analysis of the primary and secondary neurosphere number.
The number of neurospheres was counted and their diameter measured. The diameter of at least 50 neurospheres and the total number of
neurospheres was determined in control and GSK-3 inhibitor-treated cultures. Results are mean values ± SD from three independent experiments.
**P ≤ 0.01; ***p ≤ 0.001. (D) Representative confocal images of Ki67 immunoreactivity (green) in primary neurospheres. DAPI staining (blue)
was used as a nuclear marker. Quantification of Ki67-positive cells is shown. Results are mean values ± SD from three independent experiments
performed in triplicate. **P ≤ 0.01; ***P ≤ 0.001. Scale bar = 50 μm.
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NP031112, called tideglusib, affected cell proliferation in the
DG of the hippocampus. Adult rats were orally treated with this
compound for 7 or 14 days. To label proliferating cells, animals
were injected with BrdU 24 h before being sacrificed (Figure
5). We observed a significant increase in the number of BrdU-
positive cells in the DG of NP031112-treated animals.
Interestingly, this increase was present not only in the SGZ
of the DG but also in the hilus. Quantification of the results
indicated that NP031112 treatment increased BrdU-labeled cell
number above control values, 7 and 14 days after the last
injection. BrdU-labeled cells in the hilus of the hippocampus
have also been found by other authors and in different
paradigms37−39 playing a critical role in network excitability.40

Doublecortin (DCX) is a microtubule-associated protein
expressed by neuroblasts and is considered to be a reliable
marker of neurogenesis.41,42 This protein is highly expressed in
both cell body and dendrites of the newly generated
neuroblasts. To test the hypothesis that inhibition of GSK-3
by NP031112 may play a role in adult neurogenesis, adult rats
received daily intragastrical administration of this compound,
sacrificed at the indicated times, and brain sections were stained
for DCX. As shown in Figure 6A, there is a considerable

increase in DCX staining in those animals treated with
NP031112. Besides, these cells exhibited extensive dendritic
arborizations.
To further substantiate these findings, we also studied the

effect of NP031112 on the expression of polysialylated neural
cell adhesion molecule (PSA-NCAM), a molecule that is
involved in migration and process elongation of developing
neurons. The presence of PSA-NCAM in adult brain is highly
correlated with neuronal precursor migration and differ-
entiation.43,44 Almost no PSA-NCAM-positive cells were
observed in control animals (Figure 6B). However, admin-
istration of NP031112 increased the number of the migrating
neuroblast subpopulation stained with this marker.

■ DISCUSSION

A therapeutic strategy for neurodegenerative disorders such as
Alzheimer’s disease is to consider the regenerative ability of the
adult brain to shift the balance from neurodegeneration to
neurogenesis and neuronal plasticity. GSK-3 has emerged as an
important therapeutic target in this area.45 However, there is
almost no information regarding the effect of GSK-3 inhibition
on neurogenesis in the adult brain. In the present study, we

Figure 3. Effects of GSK-3β inhibitors on cell migration out of the neurospheres. (A) Single neurospheres were plated on polylysine-coated coated
culture dishes in the presence or absence of the inhibitors and the cell migration out of the sphere was monitored 24 h later. Representative
photomicrographs are shown. Scale bars = 50 μm. (B) Quantitative data of the furthest distance of cell migration. **P ≤ 0.01; ***P ≤ 0.001.
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have used chemically and biologically diverse, previously known
and novel, GSK-3 inhibitors to demonstrate that inactivation of
this enzyme leads to an enhancement of proliferation,
migration, and differentiation of neural stem cells in primary
neurosphere cultures in vitro. We also show that one of these
compounds, the TDZD named NP03112 (tideglusib), induces
cell proliferation and differentiation of neural stem cells in the
adult dentate gyrus of the hippocampus in vivo. These studies
reveal an important role for GSK-3 in neuroreparation and may
represent a potential therapeutic strategy for stem cell
activation through the use of small molecules that inhibit this
enzyme. As tideglusib is currently in clinical trials for AD, these
results may shed some light and new ideas in the future patient
results analysis.
During development, the Wnt signaling pathway influences

neural stem cell proliferation and differentiation. More recently,
diverse studies have also identified the Wnt signaling pathway
as a key regulator of adult hippocampal neurogenesis.46,47 The
autocrine signaling of Wnt supports the proliferation and
multipotency of neural stem cells through the canonical

pathway involving GSK3/β-catenin.47 Here we show that
specifically targeting GSK-3 by using different inhibitors results
in an enhancement of proliferation and differentiation toward a
neuronal phenotype, both in vitro, in neural stem cell cultures,
and in vivo, in the adult hippocampal DG.
Our results show that neural progenitor cell cultures treated

with GSK-3 inhibitors presented an increase in the number of
primary and secondary neurospheres formed. The higher
number of secondary neurospheres formed in GSK-3-treated
cultures indicates that the neural stem cells generated in the
presence of these compounds underwent a higher proportion
of self-renewing, leading to the expansion of the stem cell pool.
This lends support to the view that GSK-3 inactivation might
stimulate the capability to maintain stemness. These results are
in agreement with those of Nedachi et al. showing that
progranulin, an estrogen-inducible growth factor, enhances
neural progenitor cell proliferation, apparently by a mechanism
involving indirect inactivation of GSK-3.48 Here, we also show
that GSK-3 is involved in the control of neural stem cell
differentiation in vitro. Our results indicate that inhibition of
GSK-3 causes neural stem cells to differentiate mainly into
neurons. Finally, our results clearly demonstrate that the
different inhibitors of GSK-3 used induces migration of cells
out of the neurospheres. These results are especially relevant in
a clinical setting, since the identification of factors that not only
promote neural stem cell proliferation and differentiation but
also have a significant effect on their migration capacity might
have an important regulatory role in hippocampal migratory
events in a brain injury context.
The SGZ of the adult DG represents one of the two major

neurogenic niches in the adult brain and contains a population
of radial glia-like cells which express nestin and GFAP, exhibit
proliferative activity, and are capable of self-renewal.49 These
cells have been demonstrated to act as primary precursors of
the granule cell lineage.49 They give rise to more rapidly
dividing progenitors, which express markers of immature
neurons (PSA-NCAM and doublecortin) and then exit the
cell cycle to differentiate into granule cells. The data presented
here show that, in adult animals, the GSK-3 inhibitor
NP031112 increases proliferation, since BrdU incorporation
was significantly enhanced. We also present evidence that GSK-
3 inactivation increases the number of newly generated neurons
in the DG of the hippocampus, as suggested by the
enhancement in the number of DCX- and PSA-NCAM-positive
cells. Thus, our results suggest that inhibition of GSK-3 can be
an important regulator for the neural stem cells to become
neurons in the hippocampus of the rodent adult brain, thereby
identifying a new function for this enzyme in this area of the
brain. Moreover, the therapeutic potential of GSK-3 inhibitors,
specifically NP031112 (tideglusib), to increase endogenous
hippocampal neurogenesis shown here may represent a new
promising line of treatment of brain disorders which involve
neurogenesis deficits.
The role of neurogenesis in the hippocampus is not

completely clear, but it has been suggested to be involved in
memory formation.7,9 Poor performance in hippocampal-
dependent memory tasks has been found in mice where adult
neurogenesis had been depleted.50 It has been also shown that
enhanced adult hippocampal neurogenesis is required for
antidepressant drug efficacy.51,52 Finally, an age-related
decrease in neurogenesis has been postulated to be linked to
age-related memory deficits, including neurodegenerative
diseases.53 Interestingly, recent evidence suggests that, in

Figure 4. Effects of GSK-3 inhibitors on neural stem cell differ-
entiation. The neurospheres were grown for 7 days in the presence or
absence of GSK-3 inhibitors and then adhered for 2 days to allow
differentiation. Neuronal cells were detected using an anti-β-tubulin
antibody (TuJ clone, red) and astrocytes using an anti-GFAP (green)
antibody. DAPI marker (blue) was used for nuclear staining. Scale bar
= 30 μm.
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patients and animal models of Alzheimer's disease, there might
be alterations in hippocampal neurogenesis that contribute to
cognitive impairment (review in ref 54). Therefore, the
targeting of endogenous hippocampal NSCs by GSK-3
inhibitors might be a promising line of treatment for different
brain disorders in the future.
Thus, our data provide evidence for a general role of GSK-3

on hippocampal neurogenesis and indicate that GSK-3β
inhibitors might be particularly well suited for potential novel
therapies in the treatment of neuropsychiatric disorders and
neurodegenerative diseases, particularly Alzheimer's disease,
where neurogenesis is compromised.

■ METHODS

Animals. Adult (8−12 weeks old) male Wistar rats (n = 6 per
group), housed in a 12 h light−dark cycle animal facility, were used in
this study. All procedures with animals were specifically approved by
the “Ethics Committee for Animal Experimentation” of the Consejo
Superior de Investigaciones Cientifícas and carried out in accordance
with the protocols issued which followed National (normative 1201/
2005) and International recommendations (Directive 2010/63 from
the European Communities Council). Special care was taken to
minimize animal suffering.
GSK-3 Inhibitors. The commercial ATP competitive and

reversible GSK-3β inhibitor, named AR-A01441, was purchased from
Calbiochem. Thiadiazolidindiones (TDZDs) NP00111,55

NP031112,34 and NP03111556 were kindly supplied by Noscira S.A.
Tres Cantos, Spain (Martinez et al., WO2006/084934). The TDZDs
were first described as non-ATP competitive GSK-3 inhibitors 33 and
later as irreversible inhibitors.29,34 Thiazoles, VP 2.51 and VP 2.54,57

and maleimides, VP 3.16 and VP 3.35,31 were synthesized in the
Instituto de Quimica Medica-CSIC following described procedures
(Martinez et al., PCTES2012070119). They are reversible and

irreversible inhibitors of GSK-3.35 All these GSK-3 inhibitors were
used at a concentration of 10 μM, since this concentration has been
shown to be effective in a dose−response curve (Supporting
Information Figure 1).

Neurosphere Cultures. NS cultures were derived from the
hippocampus of adult rats and induced to proliferate using established
passaging methods to achieve optimal cellular expansion according to
published protocols.58,59 Rats were decapitated, brains were removed,
and the hippocampus was dissected as described.57 Briefly, cells were
seeded into 12-well dishes and cultured in Dubecco’s modified Eagle’s
medium (DMEM)/F12 (1:1, Invitrogen) containing 10 ng/mL
epidermal growth factor (EGF, Peprotech, London, U.K.), 10 ng/
mL fibroblast growth factor (FGF, Peprotech), and B27 medium
(Gibco). After 3 days in culture, some primary NS cultures were
treated with different GSK-3 inhibitors. Four days later, primary
neurospheres were dissociated and replated in normal proliferative
conditions for another 7−9 days to score the number of secondary
neurospheres generated. Six to eight wells per condition tested were
counted.

In order to determine the ability of GSK-3 to induce differentiation,
NS from 10 day old cultures were plated for 72 h onto 100 μg/mL
poly-L-lysine-coated coverslips in the absence of exogenous growth
factors. Then, cells were processed for immunocytochemistry for glial
fibrillary acidic protein (GFAP), to identify astrocytes and β-tubulin to
identify neurons.

For measurements of growth and proliferation, primary and
secondary NS were counted and their size was analyzed using the
Nikon Digital Sight, SD-L1 software (Nikon, Japan). Proliferation
assays were carried out by culturing whole primary NS, in the presence
or absence of the indicated compounds, during 10 days. Afterward,
they were plated onto poly L-lysine coated coverslips for 24 h. Cells
were then fixed in cold methanol, stained with anti-Ki67 antibody
(Novo Castra), and processed for immunocytochemistry.

Assay of Cell Migration. Single spheres were plated onto poly-L-
lysine μ-Slide 8-well plates (Ibidi, Martinsried, Germany), and

Figure 5. Effects of GSK-3 inhibitors on proliferating cells in the hippocampus. (A) Representative coronal sections showing BrdU-labeled cells in
the hippocampus. Scale bar = 100 μm. Insets show higher magnifications of representative areas in the dentate gyrus. Scale bar = 50 um. (B)
Quantification of BrdU positive cells in the hippocampus. Values are the mean ± SD from five different animals. ***P ≤ 0.05.
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migration was monitored for 24 h. Images were acquired with a Cell
Observer system from Zeiss (Jena, Germany) using a Zeiss Observer
Z1 microscope, equipped with a Cascade 1K camera, a monitorized X/
Y stage, and a Module S incubator with equipment for temperature
and CO2 control. During all experiment,s cells were kept in a
humidified atmosphere of 5% CO2 in air at 37 °C. Axio Vision Rel. 4.8
software (Zeiss) for time-lapse imaging and cell tracking was used.
Phase contrast images of cells were taken every 60 min using a ×4
objective (Achromatic, Zeiss). Cell migration was scored in at least 10
independent experiments per condition. The farthest distance of cell
migration was calculated from the edge of the sphere. Resulting movies
were collected and exported as Quicktime and are shown at 5 frames
per second (Supporting Information videos 1−4).
Immunocytochemistry. Cells were processed for immunocyto-

chemistry as previously described.60 Briefly, at the end of the treatment
period, NS cultures were grown on glass coverslips in 24-well cell
culture plates. Cultures were then washed with phosphate-buffered
saline (PBS), fixed for 30 min with 4% paraformaldehyde at 25 °C, and
then permeabilized with 0.1% Triton X-100 for 30 min at 37 °C. After
1 h incubation with the corresponding primary antibody, cells were
washed with PBS and incubated with an Alexa-labeled secondary
antibody (Molecular Probes; Leiden, The Netherlands) for 45 min at
37 °C. Later on, images were obtained using a TCS SP5 laser scanning

spectral confocal microscope (Leica Microsystems). Confocal micro-
scope settings were adjusted to produce the optimum signal-to-noise
ratio. Quantification was undertaken using the image analySIS software
(Soft Imaging System Corp., Münster, Germany) and normalized to
total nuclei. Primary antibodies were directed against the following: β-
tubulin (rabbit; Abcam), GFAP (mouse; Sigma), and Ki67 (mouse;
Novocastra). 4′,6-Diamidino-2-phenylindole (DAPI) staining was
used as a nuclear marker. For quantification of the number of Ki67+

cells, at least eight neurospheres per condition over three independent
experiments were used.

Protein Extraction and Western Blot Analysis. Proteins were
isolated from cultured NS derived from adult rat hippocampus, and a
total amount of 30 μg of protein was loaded on a 10% SDS-PAGE gel.
After electrophoresis, proteins were transferred to nitrocellulose
membranes (Protran, Whatman, Dassel, Germany) and blots were
probed with a primary specific antibody against GSK-3 (mouse; Cell
Signaling) followed by a secondary peroxidase-conjugated rabbit anti-
mouse antibody (Jackson Immunoresearch). For each sample, the α-
tubulin level expression (Sigma) was determined as a loading control.

NP031112 and Bromodeoxyuridine Administration. At least
six animals per group received daily intragastrical administration of
NP031112 (50 mg/kg body weight; Noscira) or vehicle for 7
consecutive days. The dose used was chosen according to previous in
vivo works.61,62 Twenty-four hours before sacrifice, treated and
nontreated rats received an intraperitoneal injection of 5-bromo-2-
deoxyuridine (BrdU, 50 mg/kg) to label the population of
proliferating cells in the hippocampus.

Tissue Preparation and Immunohistochemistry. After treat-
ment, animals were perfused transcardially, as previously described.57

Briefly, after perfusion with 4% paraformaldehyde, brains were
removed, postfixed in the same fixative, cryoprotected, frozen, and
finally sectioned in the coronal plane at 30 μm with a cryostat. Free
floating sections were processed for immunohistochemistry as
previously described.57 For BrdU-labeling, sections were first
incubated at 37 °C with 2 M HCl during 30 min before blocking
for 1 h in PBS containing 5% normal serum, 0.1 M lysine, and 0.1%
Triton X-100. The following primary antibodies were used: mouse
monoclonal anti-BrdU (Dako), goat polyclonal anti-DCX (Sta. Cruz
Biotech), and mouse monoclonal anti-PSA-NCAM (Chemicon). After
several rinses in PBS, samples were incubated with the corresponding
biotinylated secondary antibodies for 1 h at room temperature.
Samples were washed three times and mounted with DePeX (Serva,
Heidelberg, Germany). Images were obtained using a Nikon Eclipse
80i microscope equipped with a Nikon DS-Fi1 digital camera
(Melville, NY). The total number of BrdU-positive cells was
determined in 30 μm coronal sections. Only one in every sixth
section throughout the hippocampus was used in order to avoid
oversampling errors. Using this spacing ensures that the same cell will
not be counted in two sections. All BrdU-labeled cells in the dentate
gyrus and hilus were counted at high magnification (×40) under a light
microscope (Nikon Eclipse 80i), omitting cells in the outermost focal
plane. The resulting number was multiplied by 6 to have an
approximate total number of BrdU-positive cells. Six animals/group
were analyzed.

Statistical Determinations. The data shown are the mean mean
± SD of at least three independent experiments. Statistical
comparisons for significance between cells with different treatments
were performed using the Student’s t test with p ≤ 0.05 being
considered significant. Analysis of variance (ANOVA) was used to
analyze the data of Figure 4.
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Video recording of the cell migration pattern from basal and
GSK-3-treated neurospheres. Dose−response of GSK-3 inhib-
itors on neurosphere formation. This material is available free
of charge via the Internet at http://pubs.acs.org/

Figure 6. Effects of GSK-3 inhibitors on neuronal differentiation of
hippocampal neural stem cells. Representative coronal sections of the
hippocampus showing the expression of DCX (A) and PSA-NCAM
(B) in the subgranular zone of the dentate gyrus (DG). Scale bar =
100 μm. Insets show higher magnification of the DG. Scale bar = 50
μm.
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Tecnologiá (SAF2010-16365 to A.P.-C. and SAF2009-13015-
C02-01 to A.M.) and by Instituto de Salud Carlos III (RD07/
0060/015, RETICS program) to A.M. CIBERNED is funded
by the Instituto de Salud Carlos III.

Notes

The authors declare no competing financial interest.

■ ABBREVIATIONS

AD, Alzheimer's disease; DG, dentate gyrus; GSK-3β, glycogen
synthase kinase-3β; NSC, neural stem cell; NS, neurosphere;
SGZ, subgranular zone; SVZ, subventricular zone; TDZDs,
thiadiazolidinediones

■ REFERENCES

(1) Gage, F. H. (2000) Mammalian neural stem cells. Science 287,
1433−1438.
(2) Gage, F. H., Kempermann, G., Palmer, T. D., Peterson, D. A., and
Ray, J. (1998) Multipotent progenitor cells in the adult dentate gyrus.
J. Neurobiol. 36, 249−266.
(3) Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A. M.,
Nordborg, C., Peterson, D. A., and Gage, F. H. (1998) Neurogenesis
in the adult human hippocampus. Nat. Med. 4, 1313−1317.
(4) Kee, N., Teixeira, C. M., Wang, A. H., and Frankland, P. W.
(2007) Preferential incorporation of adult-generated granule cells into
spatial memory networks in the dentate gyrus. Nat. Neurosci. 10, 355−
362.
(5) Zhao, C., Teng, E. M., Summers, R. G., Jr., Ming, G. L., and Gage,
F. H. (2006) Distinct morphological stages of dentate granule neuron
maturation in the adult mouse hippocampus. J. Neurosci. 26, 3−11.
(6) Toni, N., Teng, E. M., Bushong, E. A., Aimone, J. B., Zhao, C.,
Consiglio, A., van Praag, H., Martone, M. E., Ellisman, M. H., and
Gage, F. H. (2007) Synapse formation on neurons born in the adult
hippocampus. Nat. Neurosci 10, 727−734.
(7) Aimone, J. B., Wiles, J., and Gage, F. H. (2006) Potential role for
adult neurogenesis in the encoding of time in new memories. Nat.
Neurosci. 9, 723−727.
(8) Bruel-Jungerman, E., Laroche, S., and Rampon, C. (2005) New
neurons in the dentate gyrus are involved in the expression of
enhanced long-term memory following environmental enrichment.
Eur. J. Neurosci. 21, 513−521.
(9) Shors, T. J., Miesegaes, G., Beylin, A., Zhao, M., Rydel, T., and
Gould, E. (2001) Neurogenesis in the adult is involved in the
formation of trace memories. Nature 410, 372−376.

(10) Blanchard, J., Chohan, M. O., Li, B., Liu, F., Iqbal, K., and
Grundke-Iqbal, I. (2010) Beneficial effect of a CNTF tetrapeptide on
adult hippocampal neurogenesis, neuronal plasticity, and spatial
memory in mice. J. Alzheimer's Dis. 21, 1185−1195.
(11) Bolognin, S., Blanchard, J., Wang, X., Basurto-Islas, G., Tung, Y.
C., Kohlbrenner, E., Grundke-Iqbal, I., and Iqbal, K . (2012) An
experimental rat model of sporadic Alzheimer’s disease and rescue of
cognitive impairment with a neurotrophic peptide. Acta Neuropathol.
123, 133−51.
(12) DeCarolis, N. A., and Eisch, A. J. (2010) Hippocampal
neurogenesis as a target for the treatment of mental illness: a critical
evaluation. Neuropharmacology 58, 884−893.
(13) Boldrini, M., Hen, R., Underwood, M. D., Rosoklija, G. B.,
Dwork, A. J., Mann, J. J., and Arango, V. (2012) Hippocampal
Angiogenesis and Progenitor Cell Proliferation Are Increased with
Antidepressant Use in Major Depression. Biol. Psychiatry 72, 562−571.
(14) Jin, K., Minami, M., Lan, J. Q., Mao, X. O., Batteur, S., Simon, R.
P., and Greenberg, D. A. (2001) Neurogenesis in dentate subgranular
zone and rostral subventricular zone after focal cerebral ischemia in the
rat. Proc. Natl. Acad. Sci. U.S.A. 98, 4710−4715.
(15) Jin, K., Minami, M., Xie, L., Sun, Y., Mao, X. O., Wang, Y.,
Simon, R. P., and Greenberg, D. A. (2004) Ischemia-induced
neurogenesis is preserved but reduced in the aged rodent brain.
Aging Cell 3, 373−377.
(16) Hattiangady, B., Rao, M. S., and Shetty, A. K. (2004) Chronic
temporal lobe epilepsy is associated with severely declined dentate
neurogenesis in the adult hippocampus. Neurobiol. Dis. 17, 473−490.
(17) Gong, C., Wang, T. W., Huang, H. S., and Parent, J. M. (2007)
Reelin regulates neuronal progenitor migration in intact and epileptic
hippocampus. J. Neurosci. 27, 1803−1811.
(18) Biscaro, B., Lindvall, O., Hock, C., Ekdahl, C. T., and Nitsch, R.
M. (2009) Abeta immunotherapy protects morphology and survival of
adult-born neurons in doubly transgenic APP/PS1 mice. J. Neurosci.
29, 14108−14119.
(19) Marxreiter, F., Regensburger, M., and Winkler, J. (2012) Adult
neurogenesis in Parkinson’s disease. Cell. Mol. Life Sci., DOI: 10.1007/
s00018-012-1062-x.
(20) Grimes, C. A., and Jope, R. S. (2001) The multifaceted roles of
glycogen synthase kinase 3beta in cellular signaling. Prog. Neurobiol. 65,
391−426.
(21) Kaytor, M. D., and Orr, H. T. (2002) The GSK3 beta signaling
cascade and neurodegenerative disease. Curr. Opin. Neurobiol. 12,
275−278.
(22) Turenne, G. A., and Price, B. D. (2001) Glycogen synthase
kinase3 beta phosphorylates serine 33 of p53 and activates p53’s
transcriptional activity. BMC Cell Biol. 2, 12.
(23) Wexler, E. M., Geschwind, D. H., and Palmer, T. D. (2008)
Lithium regulates adult hippocampal progenitor development through
canonical Wnt pathway activation. Mol. Psychiatry 13, 285−292.
(24) Mao, Y., Ge, X., Frank, C. L., Madison, J. M., Koehler, A. N.,
Doud, M. K., Tassa, C., Berry, E. M., Soda, T., Singh, K. K., Biechele,
T., Petryshen, T. L., Moon, R. T., Haggarty, S. J., and Tsai, L. H.
(2009) Disrupted in schizophrenia 1 regulates neuronal progenitor
proliferation via modulation of GSK3beta/beta-catenin signaling. Cell
136, 1017−1031.
(25) Kim, W. Y., Wang, X., Wu, Y., Doble, B. W., Patel, S., Woodgett,
J. R., and Snider, W. D. (2009) GSK-3 is a master regulator of neural
progenitor homeostasis. Nat. Neurosci. 12, 1390−1397.
(26) Lange, C., Mix, E., Frahm, J., Glass, A., Muller, J., Schmitt, O.,
Schmole, A. C., Klemm, K., Ortinau, S., Hubner, R., Frech, M. J., Wree,
A., and Rolfs, A. (2011) Small molecule GSK-3 inhibitors increase
neurogenesis of human neural progenitor cells. Neurosci. Lett. 488, 36−
40.
(27) Martinez, A., Gil, C., and Perez, D. I. (2011) Glycogen synthase
kinase 3 inhibitors in the next horizon for Alzheimer’s disease
treatment. Int. J. Alzheimer's Dis. 2011, 280502.
(28) Eldar-Finkelman, H., and Martinez, A. (2011) GSK-3 Inhibitors:
Preclinical and Clinical Focus on CNS. Front. Mol. Neurosci. 4, 32.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300110c | ACS Chem. Neurosci. 2012, 3, 963−971970

mailto:aperez@iib.uam.es
mailto:amartinez@iqm.csic.es


(29) Palomo, V., Perez, D. I., Perez, C., Morales-Garcia, J. A., Soteras,
I., Alonso-Gil, S., Encinas, A., Castro, A., Campillo, N. E., Perez
Castillo, A., Gil, C., and Martinez, A. (2012) 5-Imino-1,2,4-
Thiadiazoles: First Small Molecules as Substrate Competitive
Inhibitors of Glycogen Synthase Kinase 3. J. Med. Chem. 55, 1645−
1661.
(30) Palomo, V., Soteras, I., Perez, D. I., Perez, C., Gil, C., Campillo,
N. E., and Martinez, A. (2011) Exploring the binding sites of glycogen
synthase kinase 3. Identification and characterization of allosteric
modulation cavities. J. Med. Chem. 54, 8461−8470.
(31) Perez, D. I., Palomo, V., Perez, C., Gil, C., Dans, P. D., Luque, F.
J., Conde, S., and Martinez, A. (2011) Switching reversibility to
irreversibility in glycogen synthase kinase 3 inhibitors: clues for specific
design of new compounds. J. Med. Chem. 54, 4042−4056.
(32) Fisher, M., and Nelson, A. (2011) The Chemical Genetic
Approach: The Interrogation of Biological Mechanisms with Small
Molecule Probes. In New Frontiers in Chemical Biology: Enabling Drug
Discovery (Bunnage, M., Ed.).
(33) Martinez, A., Castro, A., Dorronsoro, I., and Alonso, M. (2002)
GSK-3 inhibitors as promising drugs for the treatment of Alzheimer
disease, cancer, diabetes, and inflammation. Med. Res. Rev. 22, 373−
384.
(34) Dominguez, J. M., Fuertes, A., Orozco, L., del Monte-Millan, M.,
Delgado, E., and Medina, M. (2012) Evidence for irreversible
inhibition of glycogen synthase kinase-3beta by tideglusib. J. Biol.
Chem. 287, 893−904.
(35) Perez, D. I., Palomo, V., Perez, C., Gil, C., Dans, P. D., Luque, F.
J., Conde, S., and Martinez, A. (2011) Switching Reversibility to
Irreversibility in Glycogen Synthase Kinase 3 Inhibitors: Clues for
Specific Design of New Compounds. J. Med. Chem. 54, 4042−4056.
(36) Reynolds, B. A., and Weiss, S. (1992) Generation of neurons
and astrocytes from isolated cells of the adult mammalian central
nervous system. Science 255, 1707−1710.
(37) Parent, J. M., Elliott, R. C., Pleasure, S. J., Barbaro, N. M., and
Lowenstein, D. H. (2006) Aberrant seizure-induced neurogenesis in
experimental temporal lobe epilepsy. Ann. Neurol. 59, 81−91.
(38) Almgren, M., Persson, A. S., Fenghua, C., Witgen, B. M.,
Schalling, M., Nyengaard, J. R., and Lavebratt, C. (2007) Lack of
potassium channel induces proliferation and survival causing increased
neurogenesis and two-fold hippocampus enlargement. Hippocampus
17, 292−304.
(39) Cosgrave, A. S., McKay, J. S., Morris, R., Quinn, J. P., and
Thippeswamy, T. (2010) The effects of nitric oxide inhibition prior to
kainic acid treatment on neuro- and gliogenesis in the rat dentate gyrus
in vivo and in vitro. Histol. Histopathol. 25, 841−856.
(40) Scharfman, H. E., and Pierce, J. P. (2012) New insights into the
role of hilar ectopic granule cells in the dentate gyrus based on
quantitative anatomic analysis and three-dimensional reconstruction.
Epilepsia 53 (Suppl 1), 109−115.
(41) Brown, J. P., Couillard-Despres, S., Cooper-Kuhn, C. M.,
Winkler, J., Aigner, L., and Kuhn, H. G. (2003) Transient expression of
doublecortin during adult neurogenesis. J. Comp. Neurol. 467, 1−10.
(42) Couillard-Despres, S., Winner, B., Schaubeck, S., Aigner, R.,
Vroemen, M., Weidner, N., Bogdahn, U., Winkler, J., Kuhn, H. G., and
Aigner, L. (2005) Doublecortin expression levels in adult brain reflect
neurogenesis. Eur. J. Neurosci. 21, 1−14.
(43) Ono, K., Tomasiewicz, H., Magnuson, T., and Rutishauser, U.
(1994) N-CAM mutation inhibits tangential neuronal migration and is
phenocopied by enzymatic removal of polysialic acid. Neuron 13, 595−
609.
(44) Bonfanti, L., Olive, S., Poulain, D. A., and Theodosis, D. T.
(1992) Mapping of the distribution of polysialylated neural cell
adhesion molecule throughout the central nervous system of the adult
rat: an immunohistochemical study. Neuroscience 49, 419−436.
(45) Hooper, C., Killick, R., and Lovestone, S. (2008) The GSK3
hypothesis of Alzheimer’s disease. J. Neurochem. 104, 1433−1439.
(46) Garbe, D. S., and Ring, R. H. (2012) Investigating Tonic Wnt
Signaling Throughout the Adult CNS and in the Hippocampal

Neurogenic Niche of BatGal and Ins-TopGal Mice. Cell. Mol.
Neurobiol. 32, 1159−1174.
(47) Wexler, E. M., Paucer, A., Kornblum, H. I., Palmer, T. D., and
Geschwind, D. H. (2009) Endogenous Wnt signaling maintains neural
progenitor cell potency. Stem Cells 27, 1130−1141.
(48) Nedachi, T., Kawai, T., Matsuwaki, T., Yamanouchi, K., and
Nishihara, M. (2011) Progranulin enhances neural progenitor cell
proliferation through glycogen synthase kinase 3beta phosphorylation.
Neuroscience 185, 106−115.
(49) Seri, B., Garcia-Verdugo, J. M., Collado-Morente, L., McEwen,
B. S., and Alvarez-Buylla, A. (2004) Cell types, lineage, and
architecture of the germinal zone in the adult dentate gyrus. J.
Comp. Neurol. 478, 359−378.
(50) Deng, W., Aimone, J. B., and Gage, F. H. (2010) New neurons
and new memories: how does adult hippocampal neurogenesis affect
learning and memory? Nat. Rev. Neurosci. 11, 339−350.
(51) Malberg, J. E., Eisch, A. J., Nestler, E. J., and Duman, R. S.
(2000) Chronic antidepressant treatment increases neurogenesis in
adult rat hippocampus. J. Neurosci. 20, 9104−9110.
(52) Surget, A., Saxe, M., Leman, S., Ibarguen-Vargas, Y., Chalon, S.,
Griebel, G., Hen, R., and Belzung, C. (2008) Drug-dependent
requirement of hippocampal neurogenesis in a model of depression
and of antidepressant reversal. Biol. Psychiatry 64, 293−301.
(53) Drapeau, E., and Nora Abrous, D. (2008) Stem cell review
series: role of neurogenesis in age-related memory disorders. Aging Cell
7, 569−589.
(54) Steiner, B., Wolf, S., and Kempermann, G. (2006) Adult
neurogenesis and neurodegenerative disease. Regener. Med. 1, 15−28.
(55) Rosa, A. O., Egea, J., Martinez, A., Garcia, A. G., and Lopez, M.
G. (2008) Neuroprotective effect of the new thiadiazolidinone
NP00111 against oxygen-glucose deprivation in rat hippocampal
slices: implication of ERK1/2 and PPARgamma receptors. Exp. Neurol.
212, 93−99.
(56) Rosa, A. O., Kaster, M. P., Binfare, R. W., Morales, S., Martin-
Aparicio, E., Navarro-Rico, M. L., Martinez, A., Medina, M., Garcia, A.
G., Lopez, M. G., and Rodrigues, A. L. (2008) Antidepressant-like
effect of the novel thiadiazolidinone NP031115 in mice. Prog.
Neuropsychopharmacol. Biol. Psychiatry 32, 1549−1556.
(57) Morales-Garcia, J. A., Luna-Medina, R., Alfaro-Cervello, C.,
Cortes-Canteli, M., Santos, A., Garcia-Verdugo, J. M., and Perez-
Castillo, A. (2011) Peroxisome proliferator-activated receptor gamma
ligands regulate neural stem cell proliferation and differentiation in
vitro and in vivo. Glia 59, 293−307.
(58) Ferron, S. R., Andreu-Agullo, C., Mira, H., Sanchez, P.,
Marques-Torrejon, M. A., and Farinas, I. (2007) A combined ex/in
vivo assay to detect effects of exogenously added factors in neural stem
cells. Nat. Protoc. 2, 849−859.
(59) Mayo, W., Lemaire, V., Malaterre, J., Rodriguez, J. J., Cayre, M.,
Stewart, M. G., Kharouby, M., Rougon, G., Le Moal, M., Piazza, P. V.,
and Abrous, D. N. (2005) Pregnenolone sulfate enhances neuro-
genesis and PSA-NCAM in young and aged hippocampus. Neurobiol.
Aging 26, 103−114.
(60) Luna-Medina, R., Cortes-Canteli, M., Alonso, M., Santos, A.,
Martinez, A., and Perez-Castillo, A. (2005) Regulation of Inflamma-
tory Response in Neural Cells in Vitro by Thiadiazolidinones
Derivatives through Peroxisome Proliferator-activated Receptor
{gamma} Activation. J. Biol. Chem. 280, 21453−21462.
(61) Luna-Medina, R., Cortes-Canteli, M., Sanchez-Galiano, S.,
Morales-Garcia, J. A., Martinez, A., Santos, A., and Perez-Castillo, A.
(2007) NP031112, a thiadiazolidinone compound, prevents inflam-
mation and neurodegeneration under excitotoxic conditions: potential
therapeutic role in brain disorders. J. Neurosci. 27, 5766−5776.
(62) Sereno, L., Coma, M., Rodriguez, M., Sanchez-Ferrer, P.,
Sanchez, M. B., Gich, I., Agullo, J. M., Perez, M., Avila, J., Guardia-
Laguarta, C., Clarimon, J., Lleo, A., and Gomez-Isla, T. (2009) A novel
GSK-3beta inhibitor reduces Alzheimer’s pathology and rescues
neuronal loss in vivo. Neurobiol. Dis. 35, 359−367.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300110c | ACS Chem. Neurosci. 2012, 3, 963−971971


