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ABSTRACT

Reactivation of endogenous neurogenesis in the adult brain or spinal cord holds the key for treat-
ment of central nervous system injuries and neurodegenerative disorders, which are major health
care issues for the world’s aging population. We have previously shown that activation of develop-
mental integrative nuclear fibroblast growth factor receptor 1 (FGFR1) signaling (INFS), via gene
transfection, reactivates neurogenesis in the adult brain by promoting neuronal differentiation of
brain neural stem/progenitor cells (NS/PCs). In the present study, we report that targeting the �7
nicotinic acetylcholine receptors (�7nAChRs) with a specific TC-7020 agonist led to a robust accu-
mulation of endogenous FGFR1 in the cell nucleus. Nuclear FGFR1 accumulation was accompanied
by an inhibition of proliferation of NS/PCs in the subventricular zone (SVZ) and by the generation of
new neurons. Neuronal differentiation was observed in different regions of the adult mouse brain,
including (a) �III-Tubulin-expressing cortical neurons, (b) calretinin-expressing hippocampal neu-
rons, and (c) cells in substantia nigra expressing the predopaminergic Nurr1� phenotype. Further-
more, we showed that in vitro stimulation of neural stem/progenitor cells with �7nAChR agonist
directly activated INFS and neuronal-like differentiation. TC-7020 stimulation of the �III-Tubulin
genewas accompanied by increased binding of FGFR1, CREB binding protein, and RNA polymerase II
to a Nur77 targeted promoter region. TC-7020 augmented Nur77-dependent activation of nerve
growth factor inducible-B protein responsive element, indicating that �7nAChR upregulation of
�III-Tubulin involves neurogenic FGFR1-Nur signaling. The reactivation of INFS and neurogenesis in
adult brain by the �7nAChR agonist may offer a new strategy to treat brain injuries, neurodegen-
erative diseases, and neurodevelopmental diseases. STEM CELLS TRANSLATIONAL MEDICINE
2013;2:776–788

INTRODUCTION

Neurogenesis, the process of generating new
neurons, underlies the global development of
the central nervous system (CNS) but becomes
severely restricted in the mature brain. Develop-
mental neurogenesis is driven by groups of ger-
minal neural stem/progenitor cells (NS/PCs) in
ventricular walls that produce neurons and glia
that populate the entire CNS. This process of dif-
ferentiation and migration stops shortly after
birth. In the mature brain, generation of new
neurons occurs only in two germinal niches: the
subgranular zone (SGZ) of the hippocampal den-
tate gyrus and the subventricular zone (SVZ) of
the lateral ventricles [1, 2]. In other regions, neu-
rogenesis is limited, and few new neurons are
found in cortical and subcortical circuits of the
mature brain [3].

Brain development engages multigene
programs that drive stem cell self-renewal, mi-
totic expansion, and differentiation. Universal,
integrative network modules responsible for
the stem cell self-renewal (Oct3/4, Nanog, and
Sox) and mitotic expansion (Cyclin E and CDK2)
have been partially identified [4]. However,
their manipulation to promote mitogenic ex-
pansion of NS/PCs in the adult brain has had
only a small effect on the production of new
neurons, because of inefficient NS/PC differ-
entiation and survival [5]. We identified an
analogous universal regulatory module, inte-
grative nuclear fibroblast growth factor recep-
tor 1 (FGFR1) signaling (INFS), which promotes
postmitotic neuronal development and offers
an efficient means for increasing neurogenesis
[6 –8]. Central to this mechanism is the release
of newly synthesized FGFR1 molecules from
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the endoplasmic reticulum into the cytosol, followed by nu-
clear translocation along with the 23-kDa form of fibroblast
growth factor-2 (FGF-2), which contains a nuclear localization
signal (NLS) [9 –14]. INFS is initiated by diverse neurogenic
stimuli including retinoic acid, nerve growth factor, bonemor-
phogenetic protein 7, and cyclic AMP. Nuclear FGFR1“feeds
forward” this activation directly to the common transcrip-
tional coactivator and essential gating factor, CREB binding
protein (CBP), enabling gene activation and neuronal differ-
entiation ([6, 15–17]; reviewed in [4, 8]).

Recent studies have shown that INFS is activated during in
vivo neurogenesis and supports neuronal differentiation [6, 16,
18]. In proliferating SVZ NS/PCs, FGFR1 is concentrated in the
cytoplasmicmembrane andmediatesmitogenic effects of extra-
cellular FGFs. As cells exit the cell cycle, FGFR1 accumulates and
remains in the nucleus during cell differentiation and migration
from the SVZ to target brain regions, after which the nuclear
targeting of FGFR1 is decreased or not found in mature neurons.
In the developing brain, nuclear accumulation of FGFR1 can be
observed in the immature �III-Tubulin-expressing mouse corti-
cal neurons at postnatal day 5 [18]. By postnatal day 15, the
expression of � III-Tubulin is turned off and FGFR1 localization
changes from nuclear to cytoplasmic. A similar pattern of FGFR1
is observed in developing dopamine neurons in the substantia
nigra pars compacta (SNc) [6, 19]. Interference with FGFR1 sig-
naling in developing dopamine neurons using dominant-nega-
tive FGFR1 mutant substantiates the role of FGFR1 in neuronal
development in a transgenic mouse model [20, 21].

Transfection of 23-kDa FGF-2, which targets endogenous nu-
clear FGFR1, or an engineered constitutive nuclear FGFR1(SP�/
NLS), in which the signal peptide (SP) is replaced with an NLS
from FGF-2, effectively activates neuronal genes and promotes
neuron-like differentiation in cultured human neural progenitor
cells (hNPCs) andmouse embryonic stem cells (mESCs) [5, 15, 16,
22, 23]. The same transfection into the SVZ in vivo diminished
proliferation of NS/PCs and stimulated massive neuronal differ-
entiation and migration into the adult brain cortex and subcorti-
cal regions, which normally show no neurogenesis [14, 16].
These studies provide a proof of concept for the reinstatement
of endogenous neurogenesis in adult brain via reactivation of the
INFS developmental module.

An alternative, noninvasive approach to controlling brain
neurogenesis would use pharmacologically active small mole-
cules capable of activating INFS in brain NS/PCs after systemic
administration [18]. Nicotinic acetylcholine receptor (nAChR)
agonists represent one such class of potential agents. nAChRs
are pentameric, ligand gated ion channels expressed in both un-
differentiated and differentiating cells [24]. The nAChRs influ-
ence cell development and appear to affect several processes
during brain neurogenesis [24]. Homopentameric �7nAChRs are
highly abundant during embryonic and postnatal brain develop-
ment [25, 26] and can be detected in nearly all regions of the
mature brain [27, 28]. The early appearance and prolonged ex-
pression pattern of the �7nAChRs suggest that these receptors
influence cell development, migration, and apoptosis. Indeed,
stimulation of �7nAChRs promotes proliferation in neuroendo-
crine cells [29]; neurite outgrowth in rat olfactory culture [30];
neuronal differentiation of cultured hippocampal neuronal pro-
genitors [31]; and hippocampal neuron maturation, integration,
and survival in vivo [32].�7nAChRs are expressed also on embry-

onic and brain stem cells and stimulate cell differentiation while
inhibiting or activating proliferation [33–35].

In our earlier report we showed that nicotine stimulates INFS
in adrenal medullary cells [10]. Recently TC-7020, a novel ago-
nist, has been developed, which is highly selective for the �7
nAChR subtype, based on both binding affinity (Ki �2 nm) and
function [36]. TC-7020 exhibits only a marginal affinity toward
other nAChR subtypes (Ki �1,000 nM), including themajor brain
�4�2n subtype, themuscle and ganglion-typenAChRs, andmore
than 60 non-nicotinic receptor targets tested [36]. We used TC-
7020 to determine whether a specific stimulation of �7nAChRs
can initiate the INFS in vivo and reactivate neuronal develop-
ment in the adult brain. The mechanisms of �7nAChR action
were investigated further using cultured neuronal stem-like
cells.

MATERIALS AND METHODS

Plasmids
Plasmids expressing the following FGFR1 constructs have been
described previously [22, 23]: FGFR1(TK�)-deleted tyrosine ki-
nase domain, FGFR1(SP�/NLS)-signal peptide replaced with the
NLS from the SV40 large T antigen, and FGFR1(SP�/NLS)(TK�).
Plasmid nerve growth factor inducible-B protein responsive ele-
ment 3 (NBRE3)-Luc containing three NGF-binding response ele-
ments in minimal POMC gene promoter (�34/�63) and Nur77-
expressing pCMX vector were gifts from Dr. Jacques Drouin
(Institut de Recherches Cliniques de Montréal) [37, 38]. The ref-
erence reporter plasmid, pGL4.70 (hRluc) promoterless, was
from Promega, Madison, WI, http://www.promega.com). The
pCAGGS-Nurr1–3xFlag was obtained from Dr. A. Ratzka and was
described by Baron et al. [19].

Cell Cultures
hNPCs and human neuroblastoma (NB) cell line SK-N-BE(2) were
cultured as previously described [15, 17].

Animals
Male mice (C57BL/10J/C3H/HeJ), approximately 4 months of
age, were kept in a normal 12-hour light/12-hour dark cycle with
free access to food and water [20]. All experiments involving
mice were carried out in accordance with institutional animal
care and use committee (IACUC) guidelines and approved by the
local IACUC. 5-Bromo-2�-deoxyuridine (BrdU) injections (intra-
peritoneal [i.p.] injection) were carried out four times a day be-
ginning 1 hour before the start of the dark cycle and then every 3
hours until all four injections had been given. The injections con-
tinued for 4 days. One day after the last BrdU injection, the mice
received a single daily injection (1 hour into the dark cycle) of
either saline or 1 mg/kg (i.p.) TC-7020 (provided by Targacept
Inc., Winston-Salem, NC, http://www.targacept.com) [36, 39].
TC-7020/saline injections continued for 11 days, after which
mice were perfused, and 40-�m coronal cryostat sections span-
ning the entire analyzed brain structures were prepared [14, 16].

Immunocytochemistry and Stereology
Immunocytochemistry and stereology were performed as previ-
ously described [20]. Briefly, tissue or cells were fixed in parafor-
maldehyde, permeabilized with 1% Triton X-100, and incubated
with the primary antibody. The primary antibodies used were as
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follows: polyclonal FGFR1 (1:100; SC-121; Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, http://www.scbt.com), monoclonal
FGFR1 (1:200; antibody [Ab] 823; Abcam, Cambridge, MA,
http://www.abcam.com),�III-Tubulin (1:200; ab18207; Abcam),
BrdU (1:200; MCA2060; AbD Serotec, Raleigh, NC, http://www.
ab-direct.com), Nurr1 (1:100; SC-991; Santa Cruz Biotechnol-
ogy), calretinin (1:1,000; SC-50453; Santa Cruz Biotechnology),
tyrosine hydroxylase (TH) (1:1,000; SC-7847; Santa Cruz Biotech-
nology), Olig2 (1:1,000; AB15620;Millipore, Billerica,MA, http://
www.millipore.com), and pan-neuronal maker (1:75; MAB2300;
Millipore). Subsequently, tissue or cells were incubatedwith sec-
ondary antibodies containing the following fluorescent tags:
goat anti-mouse Alexa 568 (1:1,500) or Alexa 488 (1:2,000), goat
anti-rabbit Alexa 568 or Alexa 488 (1:2,000), or goat anti-rat Al-
exa 568 (1:2,000). The fluorescence was imaged using an Axio-
imager fluorescence microscope (Carl Zeiss, Jena, Germany,
http://www.zeiss.com). The specificity of immunostaining was
verified as previously described [6, 9, 11, 19, 40, 41]. Stainingwas
not observed when the primary antibody was omitted or re-
placed with preimmune serum. Similar FGFR1 nuclear-cytoplas-
mic localization was observed by using three antibodies target-
ing different FGFR1 epitopes and by detection of transfected
FGFR1-enhanced green fluorescent protein (EGFP) and FGFR1-
Flag using native fluorescence and �Flag [17, 19]. The presence
of and changes in the levels of nuclear FGFR1 immunoreactivity
were confirmed byWestern blot analysis of FGFR1 in subcellular
fractions. For stereology, tissue was imaged under a BX-51 mi-
croscope (Olympus, Tokyo, Japan, http://www.olympus-global.
com), and stereological cell counts were performed using the
protocol described by Klejbor et al. [20] and consisting of (a)
outlining the nuclei under low magnification, (b) random sam-
pling at a magnification of �20 using the same antero-posterior
sequence (five sections from each brain), and (c) determining
neuronal density within the tested fields of known surface areas.
The rawdata from the individual tested fieldswere recorded and
weighed, and themean cell densitywas calculated for each brain
region. The density of cells in vehicle and TC-7020 mice were
compared using analysis of variance (Kruskal-Wallis test).

Western Blotting
Cells were fractionated as described in [9, 10, 17, 42], and equal
amounts of proteins from cytoplasmic or nuclear fractions were
resolved on SDS-7.5% polyacrylamide gel and transferred to
polyvinylidene difluoride (Millipore). Blots were probedwith pri-
mary antibodies, and immune complexes were revealed by
chemiluminescence using SuperSignal FemtoMaximumSensitiv-
ity Substrate (Pierce, Rockford, IL, http://www.piercenet.com)
and a Fuji chemiluminescence imager (Fuji, Valhalla, NY, http://
www.fujifilm.com). Antibodies used were FGFR1 (1:1,000; SC-
121; Santa Cruz Biotechnology), GAPDH (1:1,000; SC137179;
Santa Cruz Biotechnology), Matrin (1:10,000; A300-591A; Bethyl
Laboratories), tyrosine hydroxylase (1:10,000; SC-14007; Santa
Cruz Biotechnology), doublecortin (1:10,000; Santa Cruz Bio-
technology), and �III-Tubulin (1:25,000; AB18207; Abcam).

mRNA Level Determination Using Quantitative
Polymerase Chain Reaction
Total RNA was isolated from 35-mm plates of NB cultures using
Trizol. cDNA synthesis was carried out using 1�g of RNA and the
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, http://www.
bio-rad.com). One-tenth of the synthesized cDNA was used as a

template for real-time polymerase chain reaction (PCR). Twenty-
five microliters of real-time PCRs were performed on the BioRad
MyiQ Cycler with iQ SYBR Green Supermix (Bio-Rad). Real-time
(RT) quantitative polymerase chain reaction (qPCR) using the fol-
lowing amplification cycles: one round of cycle 1 (initial denatur-
ation for 8 minutes at 95°C), followed by 35 rounds of cycle 2
(denaturation for 15 seconds at 95°C and annealing for 1 minute
at 60°C). Melt curve data collection was enabled by decreasing
the set point temperature after cycle 2 by 0.5°C. The specificity of
amplicons was confirmed by generating themelt curve profile of
all amplified products. Gene expression was quantified as de-
scribed [43].

Chromatin Immunoprecipitation Assays
NB cellswere cross-linkedwith 1% formaldehyde (Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com). Chromatin immu-
noprecipitation (ChIP) was performed and the results were cal-
culated as previously described [17, 19]. Genomic DNA (200 �g)
was precipitated with the indicated Ab or control IgG and sub-
jected to duplicate qPCRs [17, 19]. The antibodies used were
FGFR1 (AB10464; Abcam), CBP (SC-369; Santa Cruz Biotechnol-
ogy), Nurr1/Nur77 (SC-990; Santa Cruz Biotechnology), and RNA
polymerase (Pol) II (AB5095; Abcam).

The primer sequences for the human �III-Tubulin gene
NBRE-containing region were as follows: forward, 5�-TCTTCT-
CAGTGGGTTCAGGGC (�578 nucleotides); reverse, 5�GGTTC-
CGCCCTTGCGAC (�388 nucleotides). The FGFR1 nonbinding re-
gion of the Mesp2 gene was used as an internal control, to
which no binding was detected (not shown).The results were
calculated as immunoprecipitated (IP) DNA, where ��Ct �
(CtIP Ab � CtIP IgG) � (Ctinput DNA � CtIP IgG) [17, 19].

Dual Luciferase Assays
Transfections of plasmids to NB cells and transcription assays
were performed with the dual luciferase reporter system (Pro-
mega) as described in [17, 19]. Luminescencemeasurement was
performed on a BioTek Plate Reader (BioTek, Winooski, VT,
http://www.biotek.com). The data were calculated as the ratio
of firefly to Renilla luciferase activity or normalized by protein
concentration and transfection rate evaluated by cotransfection
of EGFP. Experiments were repeated two to four times, and each
was performed in quadruplicate.

RESULTS

TC-7020 Reverses Postnatal Inactivation of INFS,
Inhibits Cell Proliferation, and Increases Neuronal
Differentiation in the Adult Mouse Brain SVZ Region
Nuclear accumulation of FGFR1 and coexpression of neuronal
marker �III-Tubulin can be observed in developing brain cortex
at postnatal day 5 but is not found by postnatal day 15 [18]. To
determine whether both INFS and neuronal development may
be reactivated in the mature brain by an �7nAChR agonist, mice
were injected with TC-7020 (1 mg/kg) or vehicle (0.9% NaCl).
Previous work has shown that long-term dosage of the�7nAChR
agonist results in the upregulation of �7nAChRs. In order to
mimic a long-term dosage regime we decided to inject the mice
for 11 days of TC-7020. After 11 daily injections, we analyzed the
expression and nuclear localization of FGFR1, as an index of the
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INFS activity. In vehicle-injected mice weak FGFR1 immunoreac-
tivity (IR) was observed throughout regions adjacent to the SVZ
and in the brain cortex (Figs. 1A, 2B). Typical for adult brains [18],
cells displayed a cytoplasmic, nonnuclear FGFR1-IR. Only few
cells in the vicinity of SVZ/rostral migratory stream (RMS)
showed nuclear FGFR1-IR. In contrast, mice treated with TC-
7020 showed a ubiquitous presence of cells displaying intense
nuclear FGFR1-IR. These cells extended from the SVZ/RMS to a
more distal lateral periventricular region (Fig. 1A) and to the
brain cortex (Fig. 2B).

In vivo transfection experiments have established that nu-
clear accumulation of FGFR1 promotes an exit from cell cycle and
induces neuronal differentiation [6, 15, 17, 44]. Therefore, the
effects of�7nAChR agonist on proliferation of the SVZ cells were
evaluated by staining for Ki67, known to be expressed transiently
in proliferating cells [45]. In vehicle-treated mice, all sections
examined showed ubiquitous Ki67 cells in the superficial SVZ
layers (Fig. 1B). In contrast, mice treated with TC-7020 displayed
only single or no Ki67-positive cells. Thus, TC-7020 treatment
inhibits proliferation of the SVZ cells.

To assess neuronal differentiation we stained brain sections
for �III-Tubulin, typically expressed in maturing neurons. In sa-
line-treated mice, we observed fewer �III-Tubulin expressing
cells within the SVZ-periventricular region and in the brain cor-
tex. Stereological quantification verified a 50% increase in the
number of �III-Tubulin-positive cells in the SVZ area (Fig. 1C).
Coimmunostaining for �III-Tubulin showed ubiquitous cells
that colocalized cytoplasmic �III-Tubulin-IR with nuclear
FGFR1-IR. These cells were observed exclusively in TC-7020-
treatedmice. The colocalization of cytoplasmic�III-Tubulin-IR

and nuclear FGFR1-IR was further confirmed by confocal mi-
croscopy (supplemental online Fig. 1; supplemental online
Videos 1, 2). Thus, administration of �7nAchR agonist TC-
7020 induced an appearance of new neurons expressing nu-
clear FGFR1.

TC-7020 Promotes Neuronal Differentiation in the Brain
Cortex and Substantia Nigra

A BrdU pulse-chase experiment was carried out to determine
whether cells that stopped proliferation in response to TC-7020
had survived and differentiated (Fig. 2A). Mice were injected
with BrdU for 4 days, followed by 11 days of TC-7020 or saline
treatment after which animals were perfused and brains were
analyzed by immunohistochemistry. We observed more BrdU-
labeled cells within the cingulate cortex inTC-7020-treatedmice
than in control. An example of cortical anti-BrdU stain is
shown in Figure 2C. Quantification of BrdU-IR cell densities
showed a significant �2-fold increase in brain cortex cingu-
late gyrus (Fig. 2F), as well as the two hippocampal regions
examined, the dentate gyrus and the CA1 area (Fig. 3A, 3B),
after TC-7020 treatment.

To identify the lineage of the BrdU-labeled cells, we per-
formed double immunostaining with BrdU and glial fibrillary
acidic protein (GFAP) or Olig2 or neuronal marker antibodies. In
all mice examined, we only encountered a single double-labeled
BrdU�/GFAP� cell with an astrocyte-like morphology (Fig. 2E).
However, this could also be an apoptotic cell, since BrdU can
incorporate into apoptotic cells. Furthermore, counting GFAP�

Figure 1. Treatment with TC-7020 reactivates integrative nuclear FGFR1 signaling and reinstates �III-Tubulin-expressing young neurons in
adult mouse brain. Mice were injected with TC-7020 or vehicle (saline) for 11 days. Brains were coimmunostained with anti-FGFR1 and
anti-�III-Tubulin antibody (Ab), and nuclei were stained with 4�,6-diamidino-2-phenylindole (DAPI). Scale bars � 50 �m (low magnification)
and 25 �m (high magnification). (A): Lateral periventricular region including the SVZ and rostral migratory stream. Bottom: Individual and
merged FGFR1, �III-Tubulin, and DAPI stains to illustrate extranuclear FGFR1 in vehicle-injected controls and nuclear localization of FGFR1 in
TC-7020-injected mice. Magnification, �20 (top), �40 (bottom). (B): Ki67 staining of the SVZ. Top: Vehicle, without primary Ab; middle:
vehicle, Ki67 Ab; bottom: TC-7020, Ki67 Ab. (C): Stereological counts of �III-Tubulin-expressing cells per 1 mm2 in SVZ from five control and
four TC-7020-treated mice (p 	 .05, one-way analysis of variance). Abbreviations: FGFR1, fibroblast growth factor receptor 1; SVZ, subven-
tricular zone.
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cells showed no significant difference between saline- and TC-
7020-injected mice (Figs. 2F, 3A, 3B). Therefore, the BrdU pulse-
labeled cells did not differentiate to astrocytes. In addition, we
have carried a broad coimmunostaining for BrdU and the Olig2
protein in the brains of TC-7020-treatedmice. Olig2 is expressed
by both developing and mature oligodendrocytes. We observed
only rare colocalizations ofOlig2 andBrdU in brain cortex and the
SVZ area, which was not amenable to quantitative evaluation
(supplemental online Fig. 2).

Double immunostaining for BrdU and �III-Tubulin revealed
the expression of the neuronal marker in approximately 8% of
the BrdU� cortical cells in control mice. The fraction of �III-
Tubulin�/BrdU� cells increased more than twofold in TC-7020-

injected mice. Given the twofold increase in total BrdU� cells
(Fig. 2E), TC-7020 produced an overall fourfold increase in the
newly generated BrdU pulse-labeled �III-Tubulin-positive neu-
rons. Therefore, TC-7020 promotes neuronal but not astroglial
differentiation in the brain cortex.

In the hippocampus, double immunostaining showed an ex-
pression of calretinin, a marker of early/mature hippocampal
neurons, colocalizing in several BrdU� cells in TC-7020-treated
mice (Fig. 3B). The SNc also showed a threefold increase in the
density of BrdU-labeled cells in TC-7020-treated mice compared
with saline-treated controls (Fig. 4A). As in the other regions,
therewas nomeasurable overlap between BrdU andGFAP stain-
ing and no significant differences in the numbers of GFAP� cells

Figure 2. TC-7020 promotes the generation of new neurons in the brain cortex. (A): Experiment time line: BrdU was injected for 4 days
followed by 11 days of TC-7020 or vehicle injections. (B): Treatment with TC-7020 reactivated integrative nuclear FGFR1 signaling and
reinstated �III-Tubulin-expressing young neurons in cortex. Shown is the cingulate gyrus of the brain cortex. Magnification, �20 (top), �40
(bottom). In (A) and (B), the top panels show single FGFR1 and double FGFR1��III-Tubulin staining; bottom panels show individual and
merged FGFR1, �III-Tubulin, and 4�,6-diamidino-2-phenylindole stains to illustrate extranuclear FGFR1 in vehicle-injected controls and nu-
clear localization of FGFR1 in TC-7020-injected mice. (C): BrdU (red) immunostaining of brain cortex cingulate gyrus shows an increase in
BrdU-retaining cells in TC-7020-injectedmice. (D):BrdU (green) and�III-Tubulin (red) coimmunostaining shows colocalization in the cingulate
cortex of TC-7020-treated mice. (E): Lack of colocalization between BrdU and GFAP. One BrdU�/GFAP� cell was found that displayed an
astrocytic morphology and may represent an apoptotic cell. (F): Quantification of BrdU-positive cells and their fraction that expressed
�III-Tubulin (p 	 .01). Also shown is the quantification of GFAP-positive cells. Scale bars � 50 �m (low magnification) and 25 �m (high
magnification). Abbreviations: BrdU, 5-bromo-2�-deoxyuridine; CG, cingulate gyrus; FGFR1, fibroblast growth factor receptor 1; GFAP, glial
fibrillary acidic protein.
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after TC-7020 treatment (Fig. 4A). Because of the prevalence of
dopaminergic neurons in the SNc region, we performed double
immunostaining for BrdU andNurr1, a transcriptional factor that
is expressed in developing dopamine neurons and that promotes
their maturation [19, 46]. In control brains approximately 7% of
the BrdU-labeled cells expressedNurr1,which increased tomore
than 30% in TC-7020-treatedmice (Fig. 4A; examples of Nurr1�/
BrdU� cells are shown on Fig. 4B). These data, taken together
with the overall 3-fold increase in BrdU� cells induced by TC-
7020, show nearly a 12-fold increase in the newly generated
immature SNc neurons after TC-7020 treatment. BrdU/TH dou-
ble immunostaining was performed to determine whether the
BrdU pulse-labeled cells acquired a mature dopamine pheno-
type. FewTH�/BrdU� cellswere found in TC-7020-treatedmice
(Fig. 4C), indicating that a longer timemay be needed for the full
differentiation of Nurr1�/BrdU� neurons. No TH�/BrdU�
cells were detected in saline-treated control mice (not shown).

TC-7020 Promotes Nuclear Accumulation of FGFR1
and Neuronal-Like Differentiation in Cultured
Progenitor Cells
�7nAChRs are expressed ubiquitously throughout the brain and
are present on both the developing cells and mature neurons.
Hence, our in vivo experiments could not distinguish whether
the activation of INFS and accompanying neurogenesis could be
due to a direct �7nAChR activation of the brain progenitor cells
or whether this process is mediated through�7nAChR-activated
neuronal networks that influence brain stem and progenitor cells.
To determine whether �7 acetylcholine receptors (�7AChRs) can
directly affect the INFS, we carried out in vitro experiments in
which cultured stem-like cells were treated with TC-7020. Our
firstmodel was hNPCs, inwhich nuclear FGFR1 accumulation can
be induced by cAMP or brain-derived neurotrophic factor, lead-

ing to neuronal differentiation [15]. In the present study, incuba-
tion of hNPCs with TC-7020 induced a robust nuclear accumula-
tion of FGFR1 (Fig. 5A). In cultures treated with 1 �M TC-7020
essentially all cells displayed a marked extension of neurites
stainedwith Pan-NeuronalMarker Ab (Millipore) (Fig. 5B), which
recognizes nuclear NeuN and cytoplasmic neuronal cytoskeleton
proteins. Measurement of the neurite length showed a statisti-
cally significant increase in neurite length induced by �7nAChR
agonist. Furthermore, none of the hNPCs showed oligodendro-
cyte- or astrocyte-like morphology.

Our second model, human NB cells, has been used to study
neuronal differentiation [47–50] typically induced by retinoic
acid (RA). Also, the fast-growing NB cultures provide ample ma-
terial for biochemical analyses. NB cultures treatedwith TC-7020
(1 �M) for 12 or 24 hours showed a marked increase of nuclear
FGFR1-IR (Fig. 5C), similar to that in hNPCs. Western blots con-
firmed this increase (Fig. 5D) and showed that nuclear FGFR1
remained elevated during 4- or 7-day TC-7020 treatment; this
elevation was accompanied by a depletion of cytoplasmic FGFR1
(Fig. 5D).

To assess the effect of TC-7020 on cell proliferation, NB cul-
tures were incubated with BrdU for 2 hours before harvesting.
Although no difference in the number of BrdU-labeled control
and TC-7020-treated cells was observed after 12 or 24 hours, by
48 hours a statistically significant reductionwas seen in TC-7020-
treated cultures (Fig. 5E). The effects of TC-7020 were delayed
compared with RA inhibition of NB proliferation. The number of
mitotically active cells was also evaluated by Ki67 immunostain-
ing. As observed in vivo, TC-7020 treatment reduced the number
of Ki67-expressing cells (Fig. 5F). To ascertain whether TC-7020-
treated cells undergo differentiationwe analyzed the expression
of neuronal proteins. Western blots showed increases in the

Figure 3. TC-7020 promotes generation of neurons in the hippocampus. Experimental time line is shown in Figure 2A. (A): Quantification of
hippocampal BrdU-positive cells shows increases in BrdU-retaining cells in the dentate gyrus and CA1 region after 7 days of TC-7020 treatment
(p 	 .01). (B): BrdU (green) and calretinin (red) immunostaining in the hippocampus shows calretinin�/BrdU� cells in TC-7020-treated
animals. Approximately half of the BrdU� cells expressed calretinin. Magnification,�60. Scale bar� 25 �m. Abbreviations: BrdU, 5-bromo-
2�-deoxyuridine; DG, dentate gyrus; GFAP, glial fibrillary acidic protein.
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neuroblast marker doublecortin, immature neuronal �III-Tubu-
lin, and catecholaminergic neuronal TH in cells treated with TC-
7020 for 12 hours and further upregulation during 48 hours of
treatment (Fig. 5G). Thus, direct treatment of undifferentiated
cells withTC-7020 stimulates INFS accompanied by a reduction in
cell proliferation and increased expression of neuronal proteins.

TC-7020 Promotes Binding of FGFR1 and Activation of
the �III-Tubulin Gene
RT qPCR analysis of NB cells treated with TC-7020 for 48 hours re-
vealed a threefold increase in �III-Tubulin mRNA and a 1.5-fold in-
crease of doublecortin mRNA (Fig. 6A). mRNA increases were not
affected by transfection of control�-galactosidase-expressing plas-
mid but were abolished by dominant-negative FGFR1(TK�) with
deleted tyrosine kinasedomain (Fig. 6B). In contrast, transfectionof

full length constitutive nuclear FGFR1(SP�/NLS) [15, 22, 51] in-
creased mRNA levels of doublecortin and �III-Tubulin without TC-
7020 treatment. Thus, gene activation by TC-7020 requires FGFR1
signaling, and nuclear FGFR1 is sufficient to activate doublecortin
and �III-Tubulin neuronal genes.

In mESCs, FGFR1 complexes with nuclear receptors Nur77,
Nurr1, and RXR/RAR and is involved in the activation of diverse
neurogenic and neuronal genes [17]. We used ChIP-qPCR to an-
alyze the binding of FGFR1 and its partners, including the gene
activationmarker CBP, to an NBRE-containing proximal region of
the �III-Tubulin promoter. Constitutive binding of Nur77 to this
promoter region was unaffected by TC-7020. In contrast, 48-
hour treatment of NB cells with TC-7020 increased binding of
FGFR1 as well CBP and RNA Pol II, indicative of increased tran-
scription (Fig. 6C).

Figure 4. TC-7020 promotes generation of Nurr1-expressing neurons in substantia nigra pars compacta (SNc). Mice were treated as
outlined in Figure 2A. (A): Quantification of BrdU� cells (p 	 .01) and their fraction that coexpresses Nurr1 (p 	 .05). In the absence
of BrdU and GFAP colocalization, all GFAP-positive cells were also quantified. (B): Double immunostaining of the SNc region with
anti-BrdU (green) and anti-Nurr1 (red) antibody (Ab). Confocal images show BrdU� cells coexpress orphan Nurr1 receptor marking the
developing dopamine neurons. Magnification, �60. (C): Occasional coimmunostaining of BrdU� (green) cells with anti-TH Ab (blue).
Scale bars � 25 �m. Abbreviations: BrdU, 5-bromo-2�-deoxyuridine; GFAP, glial fibrillary acidic protein; SN, substantia nigra; TH,
tyrosine hydroxylase.
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Figure 5. TheeffectsofTC-7020onculturedhumanneuralprogenitor cells (hNPCs)orhumanneuroblastoma (NB) cells. (A):hNPCswere incubated
without or with 1�MTC-7020 for 48 hours, stainedwith DAPI, and immunostainedwith�FGFR1. Images illustrate nuclear accumulation of FGFR1
inTC-7020-treatedcultures.Magnification,�20. (B):hNPCswere incubated incontrolmediumorwithTC-7020 for48hours.Morphological changes
were observed after immunostaining with Pan-Neuronal Marker antibody (Ab), which labels nuclear NeuN and cytoplasmic cytoskeletal proteins.
The average length of neurites extending fromcell somameasuredonmultiple disheswas 79
7.8 pixels in control cells; length increased to 136

7.8 pixels after TC-7020 treatment (p	 .05).Magnification,�10. (C–G):NB cells were treatedwith 1�MTC-7020 for the indicated periods of time.
(C):Monoclonal FGFR1 McAb6 was used for immunocytochemistry. Magnification, �20. (D): Cells were treated with 1 �M TC-7020 for 12 or 24
hours (short-term experiment) or 4 or 7 days (long-term experiment) ormaintained in controlmedium. Nuclear and cytoplasmic proteins (40�g of
protein per lane) were immunoblotted with polyclonal �FGFR1 Ab. Approximately 80 kDa of FGFR1 was detected in the cytoplasmic and nuclear
fractions. TheTC-7020 induced changes are evident relative toprotein content in individual lanes stainedwithPonceau SRedorMatrinAb (nucleus)
orGAPDHAb (cytoplasm) andweremeasuredbydensitometry (bar graph). The same resultswere obtained in three independent experiments (not
shown). (E, F): Treatment of NB cells with TC-7020 inhibited NB proliferation. (E): Cells were incubatedwith 10�MBrdU for 2 hours before the end
of treatment and immunostained for �BrdU. The TC-7020-induced decrease in the number BrdU� cells is compared with the inhibition of cell
proliferation by 1�MRA. (F): Cells were stained for Ki67 Ab (red), and nuclei were counterstained with DAPI (blue). A time-dependent decrease in
the number of Ki67� cells was observed in TC-7020-treated cells. The experiments were repeated three times with the same results (not shown).
Magnification,�20. (G): Treatment of NB cells with TC-7020 increased expression of neuronal differentiation-associated proteins. Total cell lysates
were electrophoresed and immunoblotted with Ab against DBX, �III-Tubulin, TH, or the housekeeping GAPDH (loading control). Bands were
densitometrically scanned, and the contents of neuronal proteinswere expressed relative toGAPDH. TC-7020 induced time-dependent increases in
the expression of DBX, TH, and �III-Tubulin. Abbreviations: BrdU, 5-bromo-2�-deoxyuridine; cyt, cytoplasmic fraction; DAPI, 4�,6-diamidino-2-
phenylindole; DBX, doublecortin; FGFR1, fibroblast growth factor receptor 1; nuc, nuclear fraction; PoR, PonceauRed; RA, all-trans retinoic acid; TH,
tyrosine hydroxylase.
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To determine whether TC-7020 can influence the transcrip-
tional activity of Nur77, we used a luciferase gene reporter con-
taining an isolated NBRE. TC-7020 augmented severalfold the
Nur77-dependent activation of the NBRE (Fig. 6D 6F), an effect
that was similar to Nur77 activation by transfected constitutive
nuclear FGFR1(SP�/NLS) [17]. Also, TC-7020 activation of Nur77
appeared stronger than the activation of Nurr1 (Fig. 6E). Thus,
TC-7020 upregulation of�III-Tubulinmay involve the neurogenic
FGFR1-Nur77 signaling.

DISCUSSION

The principal finding of the present study is that specifically tar-
geting �7nAChRs reactivates the developmental INFS module
along with the postmitotic neuronal development in adult brain
SVZ and hippocampus. The generation of new neurons was also
observed in the brain cortex and SNc, where little neurogenesis
occurs in the mature brain.

Evidence that the �7nAChR activates INFS and promotes
neuronal differentiation derives from the experimental observa-
tions of an upregulation of nuclear FGFR1 and the mitotic arrest
of SVZ cells in vivo and NB cells in vitro, accompanied by the
expression of neuronal and lack of glial marker proteins.�7AChR
treatment, similar to transfection of 23-kDa FGF2or FGFR1(SP�/
NLS) [14, 44], halts cellular proliferation in a region of the SVZ as
indicated by depletion of Ki67 immunoreactive cells. The survival
of nonproliferating cells was documented in BrdU prelabeling
experiments. Following 11 days of �7nAChR agonist administra-
tionwe observed an increase in BrdU-positive cells in neurogenic
SVZ and dentate gyrus regions, as well as the brain cortex and
midbrain SNc. Since Ki67 immunostaining showed a lack of local
cell generation in the cortex or midbrain SNc, the increased ap-
pearance of BrdU-prelabeled cells in these non-neurogenic re-
gionsmay reflect themigration of new cells that were generated
elsewhere, that is, in the SVZ and SGZ. It is important to note that
some quiescent progenitor cells might exist outside the SVZ or
SGZ and give rise to astrocytes, oligodendrocytes, and possibly
neurons [52, 53].

The stimulation of neuronal differentiation by TC-7020 is in-
dicated by the robust increase in double-labeled �III-Tubulin�/
BrdU� cells in cortex or Nurr1�/BrdU� cells in the SNc. BrdU
labeling has the potential disadvantage that at high doses it can
lead to toxicity affecting cell proliferation and postmitotic devel-
opment. However, in our earlier investigation we established
that the dosages of BrdU used in our experiments affected nei-
ther cell proliferation nor cell differentiation [16].

Previous studies showedthat theactivationof INFSvia transfec-
tion of nuclear FGFR1(SP�/NLS) or its 23-kDa FGF-2 ligand causes
SVZ cells to exit the cell cycle and turn off expression of stem cell-
associated nestin, followed by an induction of neuroblast-specific
doublecortin andneuronal�III-TubulinbutnotGFAP [14, 16]. In the
present study, the absence of GFAP-expressing cells among the
population of BrdU prelabeled cells demonstrated that TC-7020-
induced cells in SVZ NS/PCs, hippocampus, cortex, or SNc progress
toward the neuronal phenotype and not toward the astrocytic lin-
eage. Also, the present experiments usingOlig2marker do not sup-
port significant oligodendrocytic differentiation of BrdU-prelabeled
newly generated cells. These findings are consistent with the previ-
ously established INFS stimulation of neuronal development and
the lack of astrocytic development stimulation inmature brain [16].

Figure 6. TC-7020 activation of the �III-Tubulin gene is accompa-
nied by FGFR1 binding to the �III-Tubulin gene promoter in human
neuroblastoma (NB) cells. (A): Real-time quantitative polymerase
chain reaction analysis revealed a threefold increase in �III-Tubulin
mRNA and a 1.5-fold increase in DBX mRNA after 48 hours of treat-
ment with 1 �M TC-7020. (B): Cultures were transfected with dom-
inant-negative FGFR1(TK�), constitutive active nuclear FGFR1(SP�/
nuclear localization signal [NLS]), or control �-galactosidase.
Twenty-four hours later, some of the transfected cultures were
treated with 1 �M TC-7020 for an additional 48 hours. TC-7020 up-
regulation of �III-Tubulin and DBX mRNA was blocked by dominant-
negative FGFR1(TK�). Transfection of constitutive active nuclear
FGFR1(SP�/NLS) upregulated�III-Tubulin andDBXmRNA. (C):Chro-
matin immunoprecipitation assay of the NBRE-containing �III-Tubu-
lin promoter region with antibodies against FGFR1, CBP, Nurr1/
Nur77, RNA Pol II, or control IgG. Bars indicate specific binding above
control IgG. (D, E): TC-7020 augments Nur77-dependent transcrip-
tion of the NBRE-luciferase in NB cells. The NBRE-luciferase reporter
containing three NBREs fused to the TATA box was cotransfected
with the indicated amounts of Nur77 or Nurr1 or with control �-ga-
lactosidase expressing vector and with Renilla reference plasmid.
Luciferase activity was measured in reference to Renilla activity. Re-
sults are shown as the ratio of NBRE-Luciferase activity in the pres-
ence and absence of Nur77. TC-7020 had no significant effect on
promoter activity in the absence of Nur77 or Nurr1 (not shown).
�, p � .001, TC-7020 versus control condition. Abbreviations: CBP,
CREB binding protein; ChIP, chromatin immunoprecipitation; DBX,
doublecortin; FGFR1, fibroblast growth factor receptor 1; NBRE,
nerve growth factor inducible-B protein response element.
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However, only 30%of BrdU-positive cells expressed immature neu-
ronal protein�III-Tubulin, indicating the neuronal-specific fate. Our
results are in agreement with studies in which the phenotype of
newly generated BrdU� brain cells was analyzed (reviewed in [3,
54]).Whenbrain-derivedneurotrophic factorwasused to stimulate
neurogenesis in the adult brain, 2 weeks after BrdU labeling a sig-
nificant portion (20%–30%) of BrdU� colocalizedwith early neuro-
nal �III-Tubulin, whereas only a small percentage colocalized with
GFAP and the percentage of BrdU� oligodendrocytes was negligi-
ble [55]. Also, in the RMS/olfactory neuronogenic pathway, less
than 50% of BrdU-labeled cells expressed neuronal or glial markers
[56]. In the substantia nigra (SN) approximately 20%of BrdU� cells
were identified as differentiated [53]. Similar observations were
made during hormone-induced neurogenesis in sexually dimorphic
brain regions [57]. Consistent with these and other studies [3, 54],
our results showed that a substantial number of BrdU� cells ex-
pressed neither neuronal nor glial maker proteins. Cells that do not
express neuronal or glial markers were proposed to represent neu-
ral stem cells and immature neuroblasts or glioblasts [56]. Lugert et
al. [58] followed the progeny of newborn mouse brain cells at dif-
ferent time points after BrdU administration. After 5 days’ chase
most BrdU� cells had become immature (doublecortin [DBX]�)
neuroblasts (50%–60%), and after 30 days’ chase the number of
neuroblasts decreased and the number of mature NeuN neurons
increased. In our earlier studies we analyzed gradual neurogenesis
induced by an activation of INFS using in vivo transfection of SVZ
cells [16].The inductionofneurogenesis coincidedwith reductionof
nestin- and GFAP-expressing cells. Two and 3 weeks after BrdU
pulse labeling we established the presence of DBX-positive neuro-
blasts in periventricular brain regions, including the striatum, sep-
tum, and brain cortex; the number of neuroblasts was markedly
increased in mice transfected with nuclear FGFR1 or its ligand.
These changes were accompanied by the appearance of fewer,
more mature �III-Tubulin�, TH�, and Neurofilament L� cells,
demonstrating differentiation along the neuronal lineage pathway.
In vitro activation of the INFSmechanism resulted in a gradualmor-
phological neuronal development and expression of neuroblast
DBX and mature neuronal TH protein [16]. Taken together these
results show a variable extent of neuronal differentiation of BrdU-
labeled brain cells. Cells that do not colocalize BrdUwith�III-Tubu-
lin, GFAP, or Olig2 may be slated for later differentiation, as shown
previously [58]. Pencea et al. [55] found that in brain regions in
which 20%–30%of BrdU� cells expressed�III-Tubulin, a small per-
centage of newly generated cells express mitogen-activated pro-
tein-2, amarker ofmature neurons, suggesting that themajority of
the newly generated neurons have not sufficientlymatured [55]. In
thepresentstudy,wereport similar findings in theSN,where30%of
BrdU� cells colocalized with predopaminergic Nurr1, but only sin-
gle cells displayed a TH�mature phenotype. Alternatively, the im-
mature cellsmay be slated for apoptosis [59] or remain undifferen-
tiatedandsupport localneuronal functionasproposedbyAhmedet
al. [57]. Thesepossibilitieswill be addressed in future studies on the
long-term effects of�7nAChR agonists or INFS targeting gene ther-
apy.

The rate of neurogenesis can be increased bymitogenic factors
that stimulate cell proliferation, including extracellular FGFs (re-
viewed in [5]). In addition, accelerated neuronal differentiation of
the progenitor cells and survival of their neuronal progenymay act
to hasten generation of new neurons [16]. Indeed, the present re-
sults demonstrate that although the proliferation of the SVZ cells is
reduced by TC-7020, the increase in neuronal differentiation cre-

ates a net increase in neurogenesis. These new observations are in
agreementwith our earlier finding that transfections of the nuclear
form of FGFR1 or FGF-2 depleted the proliferating nestin-positive
NS/PCs, whereas the expression of doublecortin-positive cells was
markedly increased [16]. Such a mechanism is consistent with the
evidence that under control conditions, the differentiation rate of
theNS/PCs is lowbecauseof the combinationof infrequent conver-
sions into neuroblasts, along with the natural developmental cell
death of a portion of the neuroblasts [60]. Hence, we conclude that
the generation of neuronsmay be effectively regulated at the post-
mitotic stage. Increases in neurogenesis could potentially be medi-
ated by improving the rate of cell survival. Although this could con-
tribute to theneurogeniceffectsof TC-7020, in several neuronal cell
models, including the NB and hNPCs used here, TC-7020 and INFS
[8, 61] can stimulate the appearance of differentiating neuronal
cells. Given that they both can activate expression of genes associ-
atedwith differentiation, we propose that TC-7020 stimulates neu-
ronal differentiation in vivo.

In the intactmammalianbrain, active neurogenesis is restricted
to the SGZ of the hippocampus and the SVZ-olfactory bulb axis [62].
Recent evidence, however, also demonstrates that neurogenesis in
the cortex and striatum may be induced under some pathologic
conditions and is associated with the occurrence of doublecortin-
expressingneuroblasts [63, 64]. Thus, theTC-7020 inductionofnew
neurons that extends to the brain cortex, hippocampus, or SNc ob-
served in the present study re-emphasizes the possibility of latent
neurogenesis in these brain regions. Activation of cortical neuro-
genesis by TC-7020 raises hope for new treatments of cortical inju-
ries, stroke, and neurodegeneration in Alzheimer’s and Hunting-
ton’s diseases. Similarly, TC-7020 activation of hippocampal
neurogenesis could be applicable to treatments of dementias re-
sulting from the loss of hippocampal neurons.

An important advancemade by the present study is the dem-
onstration that the �7AChR agonist can stimulate neurogenesis
in adult SNc. TC-7020 increased more than 10-fold the produc-
tion of SNc cells, which appear to enter the dopamine (DA) dif-
ferentiation pathway as indicated by their expression of Nurr1.
Nurr1 is a transcription factor, along with nuclear FGFR1, which
drives the development of DA neurons [19, 20, 46] and directly
activates the th gene [19]. The exact origin of new TC-7020-in-
duced SNc neurons was not directly determined by the current
study. Although the SNc neurons could arise from cells in the
adjacent midbrain aqueduct, studies have suggested that sub-
stantia nigra also contains quiescent progenitors, which infre-
quently enter the mitotic cycle [52, 53]. Such cells could also
potentially generate new neurons in the adult SNc.

Direct �7nAChR Activation of Proliferating Progenitors
or Action Through Neuronal Networks?
The �7nAChRs are expressed in several brain regions and are
found on both mature neurons and immature developing cells.
By promoting calcium influx, �7nAChRs can modulate the re-
lease of diverse neurotransmitters, including GABA, which has
been shown to play an important role in regulation of progenitor
cells in the hippocampus [65–69]. A similar system of GABAergic
innervationmay play a role in SVZ progenitor populations. There
is evidence that tonic GABA produced by neuroblasts acts as
negative feedback for proliferation [70, 71]; however, it is un-
clear whether GABA plays a role in differentiation of the SVZ and
SGZ progenitors. The direct neurogenic action of �7nAChR ago-
nists on NS/PCs is indicated by our cell culture experiments. The
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effects of systemic TC-7020 are reproduced by direct treatment
of cultured hNPCs andNB cells, both ofwhich can differentiate to
neurons [72–74]. When treated with TC-7020 these cells ex-
pressed nuclear FGFR1, indicating that TC-7020 can activate INFS
by direct action on the NS/PC-like cells. Nuclear accumulation of
FGFR1 was accompanied by an acquisition of neuronal morphol-
ogy, with neurofilament-expressing neurites in hNPCs and an
exit from the cell cycle and upregulation neuronal proteins in NB.

Mechanism of Neurogenic Action of �7nAChR: The Role
of INFS

�7nAChRsarecalcium-permeable ionchannels, andtheiractivation
raises intracellular calcium levels and activates various calcium-de-
pendentpathways, includingprotein kinaseA,protein kinaseC, ino-
sitol triphosphate kinase, andMEK-extracellular signal-regulated ki-
nase (ERK) pathways [75]. Pathways that use PKA, PKC, and ERK
have been shown to promote neuronal differentiation [31, 76–78].
The INFS has been shown to serve as a common mechanism acti-
vatedby theseandotherneurogenic signals,whichpropagatesneu-
ronal differentiation and associated gene activation via a feed-for-
ward-end-gate mechanism [3, 8]. The further pieces of evidence
that INFSmediates TC-7020 activation of neurogenesis are several-
fold: (a) administration of TC-7020 resulted in amarked increase in
the nuclear FGFR1 content, which in the brain occurred in develop-
ing �III-Tubulin expressing neurons and in vitro in differentiating
hNPCs and NB cells; (b) neurogenic effects of TC-7020 observed in
the present study are reproduced by transfection of a nuclear form
of FGFR1(SP�/NLS) or its ligand (FGF-2) into the SVZ in vivo [18, 44]
and inhNPCs,mESCs,andneuroblastoma lines invitro [6,15,17]; (c)
effects of TC-7020 are diminished by transfection of dominant-neg-
ative FGFR1(TK�); (d) TC-7020 increased FGFR1 binding to an
NBRE-like promoter region of the active �III-Tubulin gene and acti-
vatedNur77-dependentgene transcription severalfold. Thenuclear
receptor complexes of FGFR1/Nur77 and FGFR1/Nurr1 were re-
cently shown to activate diverse neurogenic and neuronal genes in
embryonic stem cells and brain dopamine neurons [17, 19]. Thus,
activation of nuclear Nur receptors may constitute one molecular
mechanism for TC-7020-induced neurogenesis.

CONCLUSION
Stem cell therapies may represent the first true disease-modify-
ing treatments for diverse neurological diseases and injuries
such as Alzheimer’s disease, Parkinson’s disease, multiple scle-
rosis, Huntington’s disease, amyotrophic lateral sclerosis, spinal
cord injury, and stroke. However, many hurdles remain, includ-
ing safety and a variety of host responses that could hinder effi-
cacy. Stimulation of endogenous neurogenesis in the adult brain
by the �7nAChR agonist TC-7020 presents an intriguing oppor-
tunity to treat neuronal losses associated with many pathologi-
cal conditions. Reactivation of neurogenesis in the adult brain by
targeting the INFSwith�7AChR agonistmay represent an impor-
tant step toward these therapeutic goals.
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