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Neural stem cells (NSCs) have become promising tools for basic research and regenerative medicine. Intracerebral
transplantation studies have suggested that these cells may be able to adopt neuronal phenotypes typical of their
engraftment site and to establish appropriate connections in the recipient circuitries. Here, we examined the in vivo
neurogenic competence of well-characterized NSC lines subjected to in vitro priming and subsequent implantation
into the adult intact mouse brain. Upon implantation into the hippocampus and, less frequently, in the striatum
and in the cerebral cortex, numerous green fluorescent protein (GFP)-tagged cells acquired differentiated features
indistinguishable from resident neurons. Upon closer examination, however, we found that this outcome resulted
from fusion of donor cells with local neuronal elements generating long-term persistent GFP + neuronal hybrids.
This fusogenic behavior of NSCs was unexpected and also observed in coculture with E18 hippocampal immature
neural cells, but not with microglia or astrocytes. Similar findings were consistently obtained with different NSC
lines, mouse recipients, and donor cell-labeling methods. The frequent and cell type-specific fusion of donor NSCs
with host neurons highlights a previously underestimated biological property of the nervous tissue that might
prove profitable for basic and therapeutically oriented studies.

Introduction

The ability to isolate neural stem cells (NSCs) from
different sources and to propagate them in vitro has

greatly fuelled the attention on intracerebral transplantation as
a way to explore their developmental potential and cell re-
placement capacities [1]. Studies with freshly isolated fetal
progenitors have shown that reconstitution of highly organized
circuits can occur not only in newborn but also in the adult
brain, although this may depend on the source, the donor, and
host age [2]. Donor cells transplanted to the developing (or,
more rarely, adult) central nervous system (CNS) can properly
integrate in the recipient circuits and even establish long-
distance projections [3]. While providing valuable information
on the developmental potential of a given cell type, intracere-
bral transplantation remains a challenging endeavor due to the
difficulty of closely monitoring the long-term behavior of indi-
vidual transplanted cells. Furthermore, aspects such as survival,
migration, neurogenic versus gliogenic commitment, region-
specific differentiation, and interaction of the donor cells with
resident cell populations are only partially answered.

Several studies with immortalized NSC lines [4–8] have
provoked an upsurge of optimism for the ability of grafted
NSC lines to generate neuronal subtypes in vivo [9]. Studies
using neurospheres and mouse and human embryonic stem
cell (ESC) lines have demonstrated variable differentiation,
commitment, and long-distance axonal growth competence
as well as the host target projection specificity of the donor
cells [10–13]. In most studies, the behavior of the implanted
cells has been interpreted according to their ability to acquire a
mature phenotype and integrate in the recipient texture. An
alternative possibility however is the fusion of the donor cell
with a host partner. In the brain, spontaneous cell fusion occurs
between bone marrow-derived cells (BMDCs) and Purkinje
neurons [14–20]. Nevertheless, fusion events so far observed in
the CNS are extremely rare and slow, and the underlying
mechanisms are poorly understood, thus greatly reducing the
interest of this phenomenon for possible applicative goals.

Here, we examined the in vivo neurogenic competence of
in vitro primed green fluorescent protein (GFP)-labeled NSC
lines obtained from different sources, after implantation into
the adult mouse brain. We show that within a few days after
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intracerebral transplantation, GFP-labeled mouse NSCs dis-
play differentiated features indistinguishable from resident
neurons. This outcome results from in vivo fusion of donor
cells with local neurons and is observed also in coculture
with hippocampal progenitors or primary neurons, but not
with non-neuronal cells. The rather high frequency, cell
specificity, and consistency of the results obtained with dif-
ferent cell lines and mouse recipients indicate that fusion of
donor NSCs with host neurons is a biologically relevant
phenomenon that that might prove therapeutically profitable.

Material and Methods

Animals

Mice were housed 3 to 4 per cage in a 12-h (7:00 A.M. to
7:00 P.M.) light/dark colony room at 22�C and had ad libitum
access to food and water. Experimental protocols were ap-
proved by the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. For transplantation
experiments, we have employed the following mouse strains:
syngenic 129 s/v, ROSA26, Z/AP, R26R-YFP, CMV-Cre, R6/
2, (Charles River, Italy), CD-1 Nude mice (Charles River,
Italy), and C57BL/6 (Charles River, Italy).

Cell lines and culture procedures

The following mouse NSC lines have been employed in
this study [21–23] LC1-GFP cells (LC1 ESC-derived cells
lentivirally transduced to express GFP); Cor1-GFP cells (cells
derived from E16 fetal cortex stably expressing GFP by
means of electroporation of a pCAG-GFP vector); NS 14 CX
cells (cells derived from E14 fetal cortex of GFP transgenic
mice; CX 16 RFP cells (cells derived from E16 fetal cortex of
CAG-mRFP1 transgenic mice); NS YFP-floxed cells (cells
derived from E16 fetal cortex of R26R-YFP mice); and NS Cre
16 CX cells (cells derived from E16 fetal cortex of CMV-Cre
mouse). For the experiments here reported, long-term pas-
saged cells (at least 10–15 in vitro passages) have been em-
ployed. NSCs were maintained and passaged as previously
described. L14 GFP neurospheres (derived from E14 fetal
cortex of GFP transgenic mice) have been generated and
passaged as previously reported. Priming procedure was as
described in Spiliotopolus et al., (2009) [24]. In particular,
here we applied the first step of the differentiation protocol
by plating 1.0 · 105–1.5 · 105 cells/cm2 on an uncoated plastic
cell culture flask dish using the D1 medium consisting of the
EUROMED-N medium (Euroclone, Celbio) supplemented
with 1% B27 (Invitrogen), 0.5% N2 (Invitrogen), and 10 ng/
mL FGF-2 (Peprotech, Tebu-Bio) for 3 days (priming protocol).

When specified, cells have been loaded for 20 min with DiI
solution (Vybrant DiI solution; Molecular Probes) 1 h before
transplantation, and then washed thrice for a total of 30 min
with a warmed medium.

To evaluate the presence of p24 viral protein in the me-
dium of NSCs, a PerkinElmer p24 ELISA Kit Assay has been
employed (see manufacturer’s instructions).

Primary astrocyte and microglial cultures were prepared
from P1-P3 old GFP or RFP mouse pups. Cerebral cortices
were isolated and cleaned of meninges in Hank’s balanced
salt solution (HBSS). After trypsin digestion, the cell sus-
pension was filtered through a 40-mm filter, centrifuged, and
resuspended in Dulbecco’s modified Eagle medium (DMEM)

supplemented with 20% fetal bovine serum. Cells were then
plated onto 75-cm2 flasks and cultured in 5% CO2 humidified
incubator at 37�C. To obtain microglial cultures, the flasks
were shaken at 200 rpm for 2 h after 9–10 days in culture. The
medium containing floating microglia was removed, and the
cells were centrifuged, resuspended in DMEM supplemented
with 10% fetal bovine serum, and plated onto 4-well plates at
a density of 2 · 105 cells/well. The enriched microglial cul-
tures were composed of 95% of microglia as determined by
staining using an anti-IBA1 primary antibody and the nuclear
staining dye DAPI.

After shaking off the microglia, enriched astrocyte cul-
tures were lifted from the flask with 0.05% trypsin and
plated onto 4-well plates at a density of 2 · 105 cells/well.
Cells were cultured in 5% CO2 humidified incubator at
37�C. The enriched astrocyte cultures were composed of
more than 95% of astrocytes as determined by staining
using an anti-GFAP primary antibody and the nuclear
staining dye DAPI.

Primary hippocampal cultures were prepared from E18
GFP+ or RFP + mouse embryos. Hippocampi were isolated
and cleaned in HBSS; pooled tissues were dissociated by di-
gestion with trypsin and deoxyribonuclease for 5 min. The
enzymes were removed by washing twice in phosphate-
buffered saline (PBS). The cells were passed through a 40-mm
cell filter to obtain a single-cell suspension. After centrifuga-
tion, the cells were washed and plated onto 4-well plates la-
minin-coated (3mg/mL) at a density of 2 · 105 cells/well. The
cultures were maintained in a proliferation medium consisting
of a Neurobasal medium, B27 (2%) and N2 (1%) supplement,
20 ng/mL FGF-2, and EGF (human recombinant; Prepotech,
TebuBio). Cells were cultured in 5% CO2-humidified incuba-
tor at 37�C. Primary neuronal cultures were prepared form
E15 RFP + mouse embryos; the cultures were maintained in a
neuronal differentiation medium consisting of a combination
of 1:1 DMEM/F12:Neurobasal media, B27 (2%) and N2 (0.5%)
supplement, and 20 ng/mL BDNF (human recombinant;
Prepotech, TebuBio). Cells were cultured for 10 days in 5%
CO2-humidified incubator at 37�C.

Coculture experiments were performed with primary
cultures (neural progenitors, microglia, and astrocytes) from
RFP + or GFP + mice and fetal-derived GFP + or RFP + NSCs
in self-renewal conditions. Astrocytes and NSCs were plated
at a 1:1 proportion in an NS proliferation medium. Microglial
cells and NSCs were plated at a 2:1 proportion, in a prolif-
eration medium. For the coculture between NSCs and hip-
pocampal progenitors, cells were plated 1:1 in an NSC
proliferative medium. Neurons and primary neurons were
plated at a 1:2 proportion in the NS proliferation medium.
Alive cells were observed at the microscope at defined time
points; subsequently, cells were fixed and stored at 4�C until
immunocytochemistry was carried out.

Transplants and tissue processing

All experiments were conducted in accordance with the
principles and procedures outlined in the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

For each experimental group, at least n = 6–12 male mice
(6–8 weeks old) were grafted with specific NSCs. In initial
experiments, a number of animals received saline. On the
whole, more than 300 animals were analyzed.
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Animals, anesthetized with Ketamine/Xylazine (100 and
10 mg/kg i.p. respectively), received stereotaxic injection of
1 mL (2,5 · 105 cells/mL) of NSC suspension in the hippo-
campus (hp), striatum (st), and neocortex (ctx) (coordinates:
hippocampus AP - 1,46; ML – 1,5; DV - 2,3 mm from Bregma
striatum AP 0,7; ML – 2,0; DV - 3,5 mm from Bregma; cortex
AP - 0,40; ML – 1,4; DV - 1 from Dura Mater). Transplant
recipient animals were killed by overdose of anesthetic and
transcardially perfused with 4% paraformaldehyde (PFA) at
the indicated time points with ice-cold PBS, followed by ice-
cold 4% paraformaldehyde. Animals were transplanted at 4–6
weeks of age. R6/2 transgenic mice were transplanted (n = 12)
at 9–10 weeks of age to see huntingtin aggregates in cortex.

For in vivo BrdU labeling of hippocampal progenitors of
P20 129, s/v mice were treated with 4 consecutive (6-h in-
terval) intraperitoneal BrdU injections (50 mg/kg). The ani-
mals (n = 18) were grafted 3 weeks after the last injection of
BrdU and sacrificed 1 week later.

Immunohistochemistry and microscopy

Perfused brains were removed, postfixed overnight in 4%
PFA at 4�C, cryoprotected in 20% sucrose, and stored at 4�C.
About 30–40-mm-thick coronal sections were cut on cryostat
(Leica Microsystem) and incubated for 1 h at room temper-
ature in a blocking solution (10% normal goat or donkey
serum as appropriate and 0.3% TritonX-100), followed by
incubation in a blocking solution (1% normal goat or donkey
serum as appropriate and 0.1% TritonX-100) with proper
primary antibody overnight at room temperature. The next
day, the sections were washed thrice in PBS and incubated
with the appropriate fluorescence-conjugate secondary anti-
body (1:500; Alexa, Molecular Probes) for 1 h at room tem-
perature. For BrdU staining, before the blocking step,
sections were treated with 2N HCl for 30 min at room tem-
perature, followed by 3 washes in 0.1 M Boric acid, pH 8.8.
For the counting of grafted cells in Fig. 1E, we have con-
sidered as undifferentiated those cells with no branching and
as intermediates those cells carrying either 2 to 4 outgrowth.
GFP + differentiated were those cells (also for graph in Sup-
plementary Fig. S2; Supplementary Data are available online
at www.liebertpub.com/scd) that assumed a definitive po-
sition and carried a number of well-defined arborizations.

Antibodies and dilutions were as follows: mouse anti-
BrdU (1:400; Becton Dickinson); rabbit anti-GFP (1:500; In-
vitrogen; used also for YFP detection); chicken anti-GFP
(1:1000; Abcam); rabbit ani-bGal (1:1000; Cappel); rabbit anti-
IBA1 (1:1000; Wako); rabbit anti-Prox1 (1:400; Millipore);
rabbit anti-NG2 (1:1000; Millipore); rabbit anti-GFAP (1:1000;
Dako); rabbit anti-RFP (1:1000; Abcam); goat anti-RFP
(1:1000; Santa Cruz); goat anti-Dcx (1:1000; Becton Dick-
inson); mouse anti-NeuN (1:50; Millipore); mouse anti-
Nestin (1:300; Millipore); rabbit anti-Prox1 (1:500; Chemicon),
rabbit anti-calbindin (1:1500; Swant); mouse anti-EM48
(1:300; Millipore); and DAPI (1:10000; Molecular Probes).

For immunocytochemistry analysis, fixed cells were in-
cubated for 1 h at room temperature in a blocking solution
(5% normal goat serum and 0.5% TritonX-100), followed by
incubation in a blocking solution (1% normal goat serum and
0.1% TritonX-100) with the primary antibody overnight at
4�C. The following day, cells were washed thrice in PBS and
incubated with the appropriate fluorescence-conjugated

secondary antibody (1:500; Alexa, Molecular Probes) for 1 h
at room temperature.

Antibodies and dilutions for immunocytochemistry were as
follows: rabbit anti-GFP (1:1000; Invitrogen); rabbit anti-IBA1
(1:1000; Wako); rabbit anti-GFAP (1:1000; Dako); goat-anti-RFP
(1:1000; Santa Cruz); and DAPI (1:10,000; Molecular Probes).

For confocal analysis of tissue sections, images were ac-
quired with a Leica (TCS-SP2) and Zeiss (LSM-510) confocal
laser-scanning microscopes and digitalized by ImageJ soft-
ware. Cell culture images were acquired with an inverted
Leica (DMI6000B) fluorescence microscopy and digitalized
by ImageJ software.

Single-cell laser microdissection and single-cell
genomic polymerase chain reaction

For single-cell Laser Microdissection (LMD), serial hori-
zontal cryostat sections (thickness: 15mm) were cut and
mounted on sterile polytarthalene (PET) foil stretched on a
metal frame (Leica). GFP immunostaining and DAPI staining
were directly performed on the mounted section as described
above. The sections were then dried at 40�C for 10 min and
subjected to LMD. PET foil metal frames were mounted on a
Leica AS LMD 6500 system (Leica) with the section facing
downward. Using a 40 · objective, cutting intensity, aperture,
and velocity were adjusted. Then, the pulsed UV laser beam
was carefully directed along the borders of single GFP+ cells
or DAPI+ nuclei (for GFP- cells). Each cell cut (n = 83) was
then transferred by gravity alone into a microcentrifuge tube
cap placed directly underneath the section. Microcentrifuge
tubes were immediately transferred and the collected single
cells processed for polymerase chain reaction (PCR) assay. For
duplex LacZ/GFP PCR reaction, amplification included initial
denaturation at 95�C for 5 min, 50 cycles of denaturation at
95�C for 45 s, annealing at 60�C for 45 s, and extension at 72�C
for 30 s. For the single LacZ PCR, amplification included initial
denaturation at 95�C for 5 min, 35 cycles of denaturation at
95�C for 45 s, annealing at 60�C for 45 s, and extension at 72�C
for 30 s. Single GFP PCR amplification included initial dena-
turation at 95�C for 5 min, 35 cycles of denaturation at 95�C
for 45 s, annealing at 60�C for 45 s, and extension at 72�C for
30 s. Primers’ sequences are as follows:

LacZ (Fw): GCACATGGCCCTTTCGCCAGCTGGCGTAAT;
LacZ (Rev): CCCGTCTGGCCTTCCTGTAGCCAGGTTTCA;
GFP (Fw): ACCACATGAAGCAGCACGAC;
GFP (Rev): TTGTAGTTGCCGTCGTCCTT.

Time-lapse experiments

Time-lapse studies have been performed using a Leica
AF7000 time-lapse videomicroscopy station. Experiments
were performed starting from 1 h after coculture plating.
Images were collected in phase contrast and in fluorescence
every 10 min during 48–72 h (37�C, 5% CO2). For coculture
experiments involving microglia and astrocytes, time-lapse
recording was performed also at later time points (7–9–14
days). Movies were visualized with either dedicated Leica
software or ImageJ.

Statistical analysis

For the statistical analysis, one-way analysis of variance
(one-way ANOVA) has been used.
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Results

Intracerebral transplantation of mouse NSC lines, neuro-
spheres, and ESC derivatives has demonstrated variable com-
petence of donor cells for differentiation and incorporation
into host circuitries [1,2]. In most studies, the behavior of the
implanted cells has been attributed to their ability to acquire
mature phenotypes and integrate in the recipient texture.

In this work, GFP + fetal-derived NSCs (Cor1-GFP cells)
were transplanted into adult syngenic wild-type hippocam-
pus either in a self-renewal condition or after 3-day exposure
to a neuronal priming procedure (hereafter defined as
primed cells) (Supplementary Fig. S1A, B; Supplementary
Data are available online at www.libertpub.com/scd) [24].
The first steps of this novel neuronal differentiation protocol
reported in Spiliotopoulos et al., 2009, promote neuronal
induction after 3-day exposure to an EGF-deprived medium
containing B27 supplement. The cultures are thus induced to
upregulate early neuronal markers and restrain the astroglial

differentiation [24]. Grafts of primed cells yielded numerous
GFP + cells in the dentate gyrus (DG; Fig. 1A–D). Seven days
postgrafting (DPG), some cells still showed immature fea-
tures (Fig. 1A–C, E), but most of them exhibited the typical
morphology, polarity, position, and orientation of endoge-
nous granule cells with highly arborized spiny dendrites and
axons (Fig. 1D, F). Similar results were obtained when the
same NSCs were grafted in self-renewal condition, although
in this case, GFP + granule neurons were less frequent at 7
DPG (Supplementary Fig. S1C–F). This suggested that the
priming procedure accelerates the appearance of the GFP +

neuronal phenotype. Furthermore, transplantation of an-
other line of primed ESC-derived NSCs (LC1-GFP cells) [23]
also produced mature granule neurons, but only at 1 month
(Supplementary Fig. S1G). In agreement with the mature
phenotype observed, immunocytochemical analysis of GFP +

cells at 2 and 7 days after Cor1-GFP cell grafts to the hip-
pocampus showed gradual disappearance of Nestin and Dcx
labeling, paralleled by increase of NeuN-positive cells (Fig.

FIG. 1. Fate of neural stem cells (NSCs) grafted to the adult brain. (A-C) Hippocampal sections 6, 24 and 72 h after injection
of Cor1-green fluorescent protein (GFP)-labeled NSCs. (D) Seven DPG, GFP + cells in the dentate gyrus (DG) display the
morphology of mature granule neurons (n, number of transplanted brains = 36). Dashed lines mark the granule cell layer. (E)
Higher magnification of Fig. 1C showing cells with immature features. (F) Higher magnification of inset in Fig. 1D showing
spiny dendritic trees and axons. (G) Quantification of GFP + /Nestin + cells, GFP + /Dcx + cells, and GFP + /NeuN + cells at 2
and 7 DPG (n = 10); (H–M) Confocal image 7 DPG of primed Cor1-GFP cells injected into the adult mouse hippocampus;
arrow points to a GFP + neuron (H), Prox1 + neuron (I) and GFP + /Prox1 + neuron (J). Single-channel images for Prox1 (H, I)
and Calbindin (K, L). Scale bars: 500mm (A–C), 100mm (D), 50 mm (F, H-J), and 25mm (K–M).
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1G). In addition, the hippocampal identity of morphologi-
cally mature GFP + neurons at 7 days was further demon-
strated by Prox1 (Fig. 1H–J) and Calbindin immunoreactivity
(Fig. 1K–M). A subset of animals receiving an hippocampal
graft with LC1 GFP cells was analysed after longer survival
periods (3 and 18 months postgrafting). As shown in Fig. 2A
(3 month) and Fig. 2B (18 months), the GFP + neurons per-
sisted in CA1 and DG, respectively, over time while re-
maining highly branched and typically oriented in the host
cytoarchitecture.

Importantly, transplantation of Cor1-GFP NSCs into the
non-neurogenic adult striatum and the cerebral cortex also
led to GFP + /NeuN + cells displaying the morphology of
medium spiny neurons (Fig. 2D, G) and cortical pyramidal
neurons (Fig. 2E, H) (n = 16). In particular, cells found in the
cerebral cortex exhibited large somata and extensive arbours
of branching and spine-bearing apical and basal dendrites,
which displayed the typical orientation in the cortical ar-
chitecture. In contrast, in no case, we did find evidence for
coexpression of GFP with GFAP (an astrocytic marker)

(Supplementary Fig. S2A–D) or IBA1 (a microglial marker)
(Supplementary Fig. S2E–H). Analogous results were ob-
tained when performing a colocalization analysis with
NG2, an oligodendrocyte precursor marker (Supplementary
Fig. S2I, J). Out of 250,000 injected primed cells, 515 – 193
GFP + cells were counted per hippocampus (0.21% – 0.07%,
n, number of animals = 15; Supplementary Fig. S3), of
which 412 – 163 (79.3% – 8.4%) displayed mature neuronal
morphologies. The same outcome was observed in more
than 300 animals that have been transplanted in different
experimental settings (see below), in the last 5 years, by at
least 4 different operators from 2 independent groups. In
contrast, only rare (< 0.04%) GFP + cells with neuronal
morphologies were found in the nonprimed conditions at the
7-day time point.

Comparable results were obtained with other mouse NSC
lines, as well as NSCs grown as neurospheres cultures
[22]. Grafting experiments performed with NS CX16 RFP
cells (Supplementary Fig. S4A), NS 14CX GFP cells (Sup-
plementary Fig. S4B), and L14 GFP neurospheres cultures

FIG. 2. Fate of NSCs grafted to the
adult brain. (A–B) GFP + neurons in
the DG 3 and 18 months after
grafting (n = 6). (C–E) GFP + granule
neurons (C), striatal neurons (D),
and pyramidal cells (E). 7 DPG in
hippocampus (HI), striatum (STR),
and cortex (CTX) coexpress NeuN
(F–H, n = 16). Scale bars: 50 mm (A–
E), 25mm (F–H).
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(Supplementary Fig. S4C) generated GFP + cells with hip-
pocampal-specific mature neuronal morphologies. To in-
vestigate if the behavior of the grafted NSCs could be
different depending on the host immune system activation,
primed Cor1 GFP cells were transplanted in an allogenic
mouse strain (C57BL/6 wild-type mice) (Supplementary Fig.
S4D) and in 2 animal models of immune depression, that is,
Cyclosporine A-treated 129 s/v wild-type mice (Supple-
mentary Fig. S4E) and CD-1 nude mice (Supplementary Fig.
S4F). In all of the 3 different cases, GFP + cells with the
neuronal morphology were found, thus indicating that
the behavior of NSCs was host independent. Furthermore,
the generation of GFP + neurons in the recipient CNS re-
quired viable donor cells, since no GFP + cells could be de-
tected when grafting donor cells subjected to repeated
freezing and thawing cycles. Finally, direct transfer of the
GFP transgene to host cells due to lentiviral vectors used to
tag NS donors was excluded by the absence of p24 viral
protein assessed by ELISA assay (Supplementary Fig. S5).

The abrupt appearance of fully mature and properly in-
tegrated GFP + neurons, a few DPGof our NSCs in different
forebrain sites suggested fusion of grafted cells with host
neurons. We injected Cor1-GFP cells into the hippocampus
of ROSA26 transgenic mice in which the b-Galactosidase

reporter is ubiquitously expressed [25] (Supplementary Fig.
S6A). Confocal analysis of Cor1-GFP cells grafted to the
hippocampus of ROSA26 transgenic mice showed that all
GFP + neurons were also positive for b-Gal immunostaining
(n = 12; Fig. 3A–B; Supplementary Fig. S7A–E). Extensive
analysis of the entire specimens revealed that all of the GFP +

cells with mature neuronal morphologies and correct orien-
tation in the host hippocampus were also immunoreactive
for b-Gal signal. The possibility that the b-Gal could be re-
leased by recipient cells and phagocytosed by donor cells
cannot be completely excluded. However, the available lit-
erature points to b-Gal as a strictly intracellular cytosolic
protein. Accordingly, b-Gal is from ROSA26 mice, and since
it has no leader peptide, it should not be secreted. In addi-
tion, there are several genetic models that express this gene,
and there is no evidence of regulated or constitutive secre-
tion. Therefore, these results indicated that the emergence of
native-like GFP + neuronal elements after transplantation of
NSCs in an adult recipient brain was not due to differenti-
ation of donor NSCs, but to fusion events occurring between
such cells and host neurons. In addition, transplantation of
Cor1-GFP cells in the striatum of adult R6/2 HD transgenic
mice carrying a mutant huntingtin fragment [26] also led to
GFP + neurons coexpressing EM48-immunoreactive mutant

FIG. 3. NSCs fuse with endogenous neurons. (A-B) A ROSA26 mouse hippocampus hosting Cor1-GFP cells. Arrow points
to a GFP + cell containing b-Gal (dots) in its soma (see inset and 3-dimensional immunolocalization, arrow in B; n = 10); (C)
R26RYFP hippocampus grafted with DiI-loaded NS Cre16 CX cells. Arrows point to YFP-expressing/DiI loaded cells. (D-E)
show individual channels; n = 10). Scale bars: 100 mm (A; inset: 25 mm), 5mm (B), 50 mm (C–E).
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huntingtin inclusions (Supplementary Fig. S7F, G) (n = 6).
Further evidence for fusion came from transplantation of
NSCs generated from CMV-CRE deleter mice in R26RYFP
mice [27]. In this condition, YFP expression can only occur if
donor cells fuse with CRE-carrying host cells. As a conse-
quence, the presence of YFP-positive cells in the recipient
brain indicates the occurrence of fusion events. To visualize

R26R-YFP-grafted cells in the recipient tissue, in these ex-
periments, we loaded donor cells with DiI. Although in these
experiments the number of engrafted cells was smaller
(0.05% – 0.02%, n = 10), we consistently observed 4–10 YFP +

hippocampal neurons in each recipient brain that was spe-
cifically due to recombination between the 2 genomes (Fig.
3C–E; Supplementary Fig. S7H). Finally, after transplanta-
tion of LC1-GFP cells to ROSA26 recipients, we performed
laser-capture microdissection of GFP + mature neurons,
GFP + immature cells, or GFP- host cells (Fig. 4A), followed
by single-cell PCR using primers for the GFP and LacZ genes
(Supplementary Fig. S7I). This experiment showed that
GFP + neurons carry both GFP and LacZ DNA, whereas
immature GFP + cells do not have LacZ DNA, and GFP-cells
only bear LacZ DNA (Supplementary Fig. S7I). These ob-
servations indicate that GFP + mature neurons actually de-
rive from fusion of donor cells with host neurons.

To ask whether NSC fusion is related to the age and re-
newing capacity of hippocampal neurons, Cor1-GFP cells
were grafted to wild-type mice 3 weeks after BrdU injection.
At 7 DPGa, a small, but consistent, number of mature granule
neurons double labeled for BrdU and GFP were present in the
recipient hippocampus (4–6 cells/animal, n = 18; Fig. 5A–D
and Supplementary Fig. S8A–D). Therefore, these results in-
dicated that NSCs may fuse with all granule cells, including
both recently generated neurons and more aged elements.
Further demonstration of the fusogenic abilities of NSCs was
obtained by coculturing primary E18 hippocampal progeni-
tors from RFP + mice with neuronally primed Cor1-GFP cells.
In living-cell imaging, fused GFP + /RFP+ cells were visible at
2 h (Fig. 6A, arrow) and up to 48 h (Fig. 6B–D; Supplementary
Fig. S9A–E and Supplementary Movie M1), but most of them
disappeared by 72 h. Immunocytochemical analysis also
showed increasing numbers of GFP + /RFP+ double-labeled
cells until 48 h (Fig. 6E–H, arrows). At this time point, only

FIG. 4. NSCs fuse with endogenous neurons. Arrow points
to representative GFP + mature neurons [GFP + (N)], GFP +

immature cells [GFP + (nN); inset], and GFP- cells sampled for
laser microdissection from ROSA26 hippocampi trans-
planted with Cor1-GFP cells.

FIG. 5. Fusion of NSCs with
newborn DG neurons in vivo
and in hippocampal cultures.
(A) Hippocampal section at 7
DPG from an animal that re-
ceived BrDU injection 3
weeks before grafting. Arrow:
GFP + neuron (B) labeled for
BrDU (C) and single-channel
images for DAPI (D). Scale
bars: 25mm (A) and 15 mm (B–
D) (n = 18).
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5.3% of the cells were double immunoreactive for GFP and
RFP. During time, the percentage of GFP + /RFP+ double-
immunoreactive cells increases (number of GFP+ /RFP +

double-immunoreactive cells: 14.3% – 0.9%, 31.6% – 3.6% and
22.1% – 2.8% at 6, 24 and 48 h, respectively). At later time

points, GFP + /RFP + double-immunoreactive cells do not
seem to be visible (Supplementary Fig. S9F). Similar outcomes
were observed in co-ultures of GFP + NSCs with RFP + pri-
mary neurons, with fused binucleated cells (Fig. 7A–T), but
never with non-neuronal cells (Supplementary Fig. S10).

FIG. 6. Coculture of Cor1-
GFP cells with primary hip-
pocampal progenitors from
E18 RFP mice (A–H). (A–D)
Living-cell analysis at differ-
ent time points reveals fused
GFP + /RFP + cells (arrows)
that are also detected by im-
munocytochemistry on fixed
cultures (E-H).

FIG. 7. Spontaneous fusion of primed GFP NSCs cocultured with RFP + primary neurons. (A–E) Immunocytochemical
staining of cocultures fixed at different time points reveals fused GFP + /RFP + cells (arrows) (n = 3). (F–T) In the same cultures,
binucleated cells (arrows) were observed at early time points, thus confirming that nuclear fusion rapidly followed cell fusion.
Overlay of the 3 channels (F, K, P), images for RFP + and GFP + (G, L, Q), images for RFP + and DAPI (H, M, R), images for
GFP + and DAPI (I, N, S) and single-channel images for DAPI ( J, O, T). Scale bars: 10mm (A–T).
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Discussion

Evidence over the last few years has shown the unex-
pected capacity of donor cells to fuse with native cellular
elements. So far, however, cell fusion has been considered a
relatively rare phenomenon, physiologically occurring
in vivo in different non-neural tissues of normal individuals,
and possibly contributing to the regeneration of damaged
tissue [19,28]. In the brain, only Purkinje neurons of the
cerebellum have been shown to fuse spontaneously with
injected BMDCs, giving rise to binucleated Purkinje-like
neuronal hybrids [15–17,28–30].

Here we demonstrate an unprecedented ability of NSCs
for fusing with mature neurons in the adult CNS. Fusion
events occur with high frequencies, within a few days after
transplantation and specifically involve neurons. The evi-
dence pointing to the occurrence of fusion events can be
summarized as follows: (i) in chimeric experiments in which
GFP + NSCs were transplanted into the ROSA26 or R6/2
mice, GFP signal was found to colocalize with the b-Gal
immunoreactivity or with the EM48 staining, respectively
(Fig. 3A, B and Supplementary Fig. S7F, G); (ii) the GFP +

neurons observed in the hippocampus and cortex appeared
within 7 days of fetal-derived NSC injection, while endoge-
nous neurons would be expected to mature over a much
longer period of time; (iii) experiments aiming at detecting
any transfer of the GFP gene/viral construct or protein gave
negative results; (iv) grafting of 6 mouse NSC lines—which
were derived from either ESC or fetal brain—gave similar
results (though with different efficiencies); (v) different ge-
netic labeling approaches (infection or transfection of the
NSC with the GFP or RFP transgenes or generation of NSC
lines from RFP + , GFP + mice, and CRE + mice) and different
host mouse strains (129 S/V, CD1, C57BL6/J, and mixed
strains) were used leading to similar results (although some
donor cell lines displayed lesser efficiency); (vi) highly
branched GFP + neurons persisted in the hippocampus for
over 18 months, further supporting the evidence of a per-
manent contribution of donor cells. Also, neural progenitors
from neurospheres appeared to fuse in vivo, although to a
lower efficiency. We also show that donor cells preferentially
fuse with resident neuronal elements and not with glial and
microglial cells, suggesting that this event is cell specific.
Fusion events are also observed outside the hippocampus
(although more rare) and never detected when the same
NSCs were transplanted in the cerebellum. Therefore, the
frequency of cell-to-cell fusion might be different depending
on the neuronal subtype.

The functional effects of most CNS replacement strate-
gies are thought to largely depend on the establishment of
graft–host connection [8,31]. Our study however prompts a
caution against the risk of misinterpreting the results of
transplantation experiments. In the literature, other groups
have reported the generation of perfectly integrated native-
like neurons after intracerebral grafting of ex vivo expanded
NSCs. One of the most striking examples came from trans-
plantation of the immortalized RN33B neural progenitor cell
line [4,5]. Grafts with similar behaviors have been described
for human neurospheres exposed to a 6-day neuronal
priming procedure that gave rise almost to several exclu-
sively neuronal subtypes [32] and also in most recent studies
that employed cells derived from ESCs [11,13] or from lep-

tomeninges [33]. In these studies, the possibility of cell fusion
was not considered or poorly investigated.

Our observations reveal an unexpected capacity of mature
neurons to acquire the donor genetic material from NSCs.
While this raises the possibility that fusion may play a
physiological role in the development and maintenance of
neogenerated neurons in the adult hippocampus, the fre-
quency and specificity of the observed phenomenon suggest
for the first time the fusogenic properties of NSCs as a new
route for delivering therapeutic purposes in genetic diseases
caused by loss of function.
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