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Neural Stem Cell Transplantation Induces Stroke Recovery
by Upregulating Glutamate Transporter GLT-1 in Astrocytes
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Ischemic stroke is the leading cause of disability, but effective therapies are currently widely lacking. Recovery from stroke is very much
dependent on the possibility to develop treatments able to both halt the neurodegenerative process as well as to foster adaptive tissue
plasticity. Here we show that ischemic mice treated with neural precursor cell (NPC) transplantation had on neurophysiological analysis,
early after treatment, reduced presynaptic release of glutamate within the ipsilesional corticospinal tract (CST), and an enhanced NMDA-
mediated excitatory transmission in the contralesional CST. Concurrently, NPC-treated mice displayed a reduced CST degeneration,
increased axonal rewiring, and augmented dendritic arborization, resulting in long-term functional amelioration persisting up to 60 d
after ischemia. The enhanced functional and structural plasticity relied on the capacity of transplanted NPCs to localize in the peri-
ischemic and ischemic area, to promote the upregulation of the glial glutamate transporter 1 (GLT-1) on astrocytes and to reduce
peri-ischemic extracellular glutamate. The upregulation of GLT-1 induced by transplanted NPCs was found to rely on the secretion of
VEGF by NPCs. Blocking VEGF during the first week after stroke reduced GLT-1 upregulation as well as long-term behavioral recovery in
NPC-treated mice. Our results show that NPC transplantation, by modulating the excitatory–inhibitory balance and stroke microenvi-
ronment, is a promising therapy to ameliorate disability, to promote tissue recovery and plasticity processes after stroke.
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Introduction
Ischemic stroke perturbs functional neuronal networks but also
elicits spontaneous compensatory proregenerative mechanisms

defined as adaptive plasticity (Murphy and Corbett, 2009).
Stroke recovery mechanisms are based on structural and func-
tional changes in brain circuits recapitulating patterns of devel-
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Significance Statement

Tissue damage and loss of function occurring after stroke can be constrained by fostering plasticity processes of the brain. Over the
past years, stem cell transplantation for repair of the CNS has received increasing interest, although underlying mechanism
remain elusive. We here show that neural stem/precursor cell transplantation after ischemic stroke is able to foster axonal
rewiring and dendritic plasticity and to induce long-term functional recovery. The observed therapeutic effect of neural precursor
cells seems to underlie their capacity to upregulate the glial glutamate transporter on astrocytes through the vascular endothelial
growth factor inducing favorable changes in the electrical and molecular stroke microenvironment. Cell-based approaches able to
influence plasticity seem particularly suited to favor poststroke recovery.
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opment of the nervous system and experience-dependent
plasticity. However, these spontaneous processes, which mainly
take place in unaffected brain areas, are often insufficient to pro-
mote recovery of neurological functions (Murphy and Corbett,
2009). The ideal successful treatment strategy for postischemic
disability would inhibit excitotoxicity and at the same time regu-
late the excitatory–inhibitory transmitter release to foster com-
pensatory neuronal networks (Centonze et al., 2007; Bavelier et
al., 2010; Cheng et al., 2014). However, in stroke, also glial cells,
reputed to remove excitatory neurotransmitters and electrolytes
from the extracellular space, thus controlling neuronal excitabil-
ity and enabling synaptic plasticity become dysfunctional (Pan-
nasch et al., 2011; Hermann and Chopp, 2012). Excitatory amino
acid transporters (EAATs), in particular the glutamate aspartate
transporter (GLAST, EAAT1), the glial glutamate transporter 1
(GLT-1, EAAT2), and the excitatory amino-acid carrier 1
(EAAC1, EAAT3), are expressed by glial, endothelial, and neuro-
nal cells. By removing excess of glutamate, EAATs play a crucial
role in terminating the excitatory signal loop, in maintaining the
homeostatic tissue balance (Takasaki et al., 2008), and in pro-
moting synaptic plasticity processes (Yu et al., 2013). The dys-
function and deregulation of these transporters are a pathogenic
mechanisms shared by several neurological disorders, such as
stroke, amyotrophic lateral sclerosis (Rao et al., 2001; Lepore et
al., 2008), epilepsy (Tanaka et al., 1997; Proper et al., 2002), and
Alzheimer disease (Masliah et al., 2001). In particular in experi-
mental stroke, the expression of GLT-1 in glial cells is signifi-
cantly altered in the peri-ischemic area (Rao et al., 2001; Ouyang
et al., 2007), and the failure, reversal of functioning, or reduced
expression of this transporter exacerbates the excitotoxicity
(Tanaka et al., 1997). Interestingly, a polymorphism in the
EAAT2 promoter, leading to higher plasma glutamate concentra-
tions, has been associated with a higher frequency of nonresolv-
ing progressive human stroke (Mallolas et al., 2006).

Neural stem cell transplantation has been proposed in recent
years as promising therapy to relieve stroke disability. While di-
verse mechanism have been proposed that might also underlie
the different source of stem cell, the route and timing of trans-
plantation used, no conclusive data concerning the cellular and
molecular mechanisms sustaining the neural precursor cell
(NPC)-mediated therapeutic effects in vivo are available. In par-
ticular, whether or not these cells contribute to stroke recovery by
changing the electrical and/or molecular stroke microenviron-
ment, directly or via local production of soluble molecules (in
one or both hemispheres), is still unclear (Martino et al., 2011).
Understanding the mechanisms underlying the therapeutic po-
tential of stem cells is very relevant to unravel and develop new
efficacious therapeutic targets.

The objectives of the present study were twofold: (1) to ex-
plore whether transplanted NPCs are able to influence functional
and structural plasticity after stroke; and (2) to understand and
possibly characterize the mechanisms by which transplanted
NPCs modify the microenvironment and promote poststroke
recovery.

We here found that delayed intravenous transplantation of
NPCs in mice after middle cerebral artery occlusion (MCAO)
dampens ischemia-induced changes in the ipsilesional hemi-

sphere and promotes contralesional adaptive plasticity by up-
regulating GLT-1 in the peri-ischemic area. Transplanted NPCs,
which are selectively located within the lesion and within perile-
sional brain areas, contribute to tone down excitatory neuronal
networks by the reduction of extracellular glutamate. Indeed,
transplanted NPCs promote brain plasticity and poststroke re-
covery by increasing the expression of GLT-1 on endogenous
astrocytes, located within the peri-ischemic area, and through the
secretion of VEGF.

Our work highlights how neural stem cell transplantation,
which can differentially modulate the excitatory balance between
ipsilesional and contralesional hemispheres, can promote post-
stroke recovery.

Materials and Methods
Study approval and animals. Adult male C57bl/6 mice (8 –10 weeks old)
were purchased from Charles River. Experimental procedures, per-
formed in a blinded fashion for treatment, were approved by the Institu-
tional Animal Care and Use Committee (no. 419 and 581) at Scientific
Institute, Ospedale San Raffaele Milano (Italy). Mice underwent 45 min
left MCAO, as described previously (Bacigaluppi et al., 2009). Briefly,
animals were anesthetized with 1–1.5% isofluorane (Merial) in 30% O2.
Temperature was maintained between 36.5°C and 37.0°C, and laser
Doppler flow was monitored. Focal cerebral ischemia of the MCA was
induced with a silicon-coated (Xantopren, Bayer Dental) 8-0 nylon fila-
ment (Ethilon, Ethicon). At 72 h after ischemia, animals were random-
ized into two treatment groups: one receiving an intravenous
transplantation of 10 6 GFP-labeled NPC (NPC-treated) and the other
being transplanted with vehicle solution (sham-treated).

NPC preparation and transplantation. NPCs were obtained from
6-week-old C57bl/6 mice, as previously described (Pluchino et al., 2008).
NPCs at passage number �15 were used in all experiments. All cells used
were tested and were negative for mycoplasma. At time of cell transplan-
tation (Bacigaluppi et al., 2009), single cell-dissociated GFP � labeled
(80 –90% upon lentiviral infection) NPCs (1 � 10 6 cells in 400 �l 0.1 M

PBS) were injected into the tail vein. Sham-treated mice were injected
with 400 �l of 0.1 M PBS.

To block GLT-1 in vivo, mice were intrastriatally (0 mm anterioposte-
rior and 1.6 mm mediolateral) injected with either dihydrokainic acid (at
a dose of 30 �g/mouse/d) in sterile PBS (Tocris Bioscience, 0111) or with
PBS alone via a brain catheter (Brain infusion Kit 3, ALZET) connected
to a subcutaneously implanted osmotic minipump (ALZET, model
1007) (Domercq et al., 2005) for 7 d.

To determine the quantity of VEGF, 10 d after NPC or sham treat-
ment, ischemic mice were anesthetized, perfused with saline, and the
ischemic and the contralesional hemisphere microdissected. Tissue was
weighted and homogenized in 200 �l of a lysis solution containing Tris
HCl, pH 7.4 (50 mM) and inhibitor of proteases (Sigma, 100�) in
ddH2O. Samples were frozen, thawed, and centrifuged for 10 min at
10,000 � g at 4°C. The supernatants were collected and tested by ELISA
kit (Mouse VEGF DuoSet, catalog #493, R&D Systems) to determine
VEGF level. Protein values were normalized to the weight of the tissue in
milligrams.

To study the effect of VEGF in inducing in vivo GLT-1 or GLAST
expression, adult male mice received a 2 �l stereotaxic injection of mouse
VEGF-A (R&D Systems, 493 mV) in the left striatum and PBS in the right
striatum. To in vivo neutralize VEGF, mice intrastriatally (see above)
received a neutralizing antibody against VEGF-A (Leaf purified anti-
mouse VEGF-A Ab, clone 2G11-2A05, catalog #512808, Biolegend) or
control isotype (Ultra-Leaf purified Rat IgG2a, K isotype, clone
RTK2758, catalog #400544, Biolegend) at a dose of 7 �g/mouse/d via a
brain catheter (Brain infusion Kit 3, ALZET) connected to a subcutane-
ously osmotic minipump (ALZET, model 1007), for 7 d before analyses
or other treatments.

Behavioral analyses. The modified Neurological Severity Score
(mNSS) and grip strength of the paretic forepaw (measured using a
Newtonmeter, Medio-Line Spring Scale, metric, 300 g, Pesola), were
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evaluated as previously described (Bacigaluppi et al., 2009). Behavioral
tests were performed by a researcher blinded to the treatment group
during the light phase of the circadian cycle beginning 4 h after lights on.

Analysis of infarct size. For the measurement of the ischemic lesion
volume, coronal 20-�m-thick cryostat brain sections were prepared
from 2 mm rostral to 4 mm caudal to the bregma. One systematic ran-
dom series of sections per mouse was stained for cresyl violet (Sigma),
digitalized and analyzed with ImageJ (National Institutes of Health) im-
age analysis system. The lesion area (either total or striatal) was measured
for each reference level by the “indirect method,” as previously described
(Butti et al., 2012). For the representative 3D volume rendering images
(see Figs. 1C, 5A), a representative brain either stained by cresyl violet
(see Fig. 1C) or for transplanted GFP � NPCs (see Fig. 5A) was traced
using the assistance of the Stereo Investigator version 3.0 software (Mi-
croBrightField) and a personal computer running the software con-
nected to a color video camera mounted on a Leica microscope as
described previously (West et al., 1991; Butti et al., 2012).

Tissue pathology. On the day of death, animals were weighted, deeply
anesthetized, and transcardially perfused with 25 ml of saline phosphate
buffer (PBS: 0.1 M, pH 7.2) with EDTA, followed by 25 ml PFA (4% in
PBS). Brains were carefully dissected, postfixed overnight, cryoprotected
in sucrose, and embedded in tissue-freezing medium for cryostat sec-
tioning. Frozen brains were cut into 20- to 50-�m-thick coronal cryostat
sections. Spinal cords were cut into 30 �m axial cryostat sections.

Assessment of corticospinal tract integrity. Degenerating corticospinal
tract (CST) fibers were assessed by immunofluorescence for c-amyloid
precursor protein (rabbit anti-cAPP, Sigma) (Andres et al., 2011). For
quantitative analysis of APP-immunoreactive axons, 3 sequential axial
cervical spinal cord sections �300 �m apart were selected from each
animal. Axonal loss of the lesioned dorsal CST was measured by staining
cervical spinal cord sections for Bielschowsky at 60 d post treatment
(dpt). Stained sections were digitalized using the 20� objective of an
Olympus microscope and a CCD camera, and analyzed with ImageJ
(National Institutes of Health) image analysis software. The ratio of the
area of the ipsilesional and contralesional cervical CST for each section
and an average ratio per mouse were calculated.

Dendritic analysis. Mice were anesthetized and killed at 60 dpt. Brains
were removed and coronal sections brain slices (60 �m thick) in the
region 1 and �1 mm from bregma were stained using the Rapid Gol-
giStainTM Kit (FD NeuroTechnologies). Cortical layer V pyramidal neu-
rons of the left (ispilesional, close to the ischemic lesion) and respective
site in the right motor cortex were analyzed by an investigator blinded to
the treatment groups. Traced neurons were selected on the basis of the
classic pyramidal morphology consisting of a triangularly shaped cell
body, vertically oriented spiny apical dendrite, and laterally oriented
basilar dendrites. Criteria for inclusion in the analyses were as follows: (1)
the neuron had to be well impregnated; (2) fully visible, namely, not
obscured neither obstructed by overlapping blood vessels, astrocytes, or
other dendrites; and (3) with intact dendritic arborization that should be
visible in the plane of section. Moreover, both the apical and basilar
branches had not to display any obvious signs of degeneration, such as
beading of the primary apical dendrite, which would obscure visualiza-
tion and quantification of the spines, and both the apical and basilar trees
had to be complete, with no broken or missing branches (Corbett et al.,
2006; Papadopoulos et al., 2006; Brown et al., 2008; Andres et al., 2011).
The first 4 neurons from cortical layer V in each hemisphere of 4 animals
per group that were fitting the above criteria were reconstructed in three
dimensions using Neurolucida software (Andres et al., 2011) by follow-
ing the dendrites all through the z-axis (Coleman and Riesen, 1968). The
length of each dendritic branch and spines was determined using the
measuring tool on the StereoInvestigator software (MicroBrightField).
Sholl and Branch analyses were then performed on the traced neurons.

Assessment of axonal plasticity. Mice were injected at 45 dpt with biotin
dextran amine (BDA; 10,000 molecular weight, Invitrogen, diluted in
0.01 M PB at pH 7.4) over the contralateral motor cortex, and the tracer
was allowed to diffuse along the axons for 2 weeks before death (60 dpt),
as described previously (Reitmeir et al., 2012). We evaluated the number
of tracer-stained fibers at two levels: in the cerebral peduncle at the level
of the red nucleus (�2.70 mm; �3.95 mm from bregma) and in the CST

[at the level of the cervical enlargement (C4 –C6)] on two sections col-
lected at a distance of 250 �m. Labeled fiber density using virtual isotro-
pic hemispherical probes (radius: 22 mm) on the Stereo Investigator
version 3.0 software (MicroBrightField) were counted using Neurolu-
cida version 5.0 and Stereo Investigator version 3.0 software (Micro-
BrightField Biosciences). Fiber counts were examined using a 100�
objective (Carl Zeiss), and the average thickness of each section was
determined manually. By measuring the total area of the cerebral pedun-
cle and CST using Neurolucida, we then calculated the overall density of
labeled pyramidal tract fibers. Corticorubral projections were evaluated
at the level of the red nucleus (�2.70 mm; �3.95 mm from bregma). A
500-�m-long intersection line was superimposed on the brain midline.
Fibers crossing into the ipsilesional side were counted at the level of the
cervical spinal cord enlargement (C4 –C6). An 800-�m-long intersection
line was superimposed on the cervical spinal cord midline. Fibers cross-
ing into the ipsilesional spinal hemicord were quantified. One of every
fifth section (for a total of three sections per site) was evaluated. The total
number of counted crossing fibers per section per level was divided by the
assessed area (section thickness � used line length), thus obtaining a
fiber density. Fiber densities determined at the red nucleus were normal-
ized with the total number of labeled cerebral peduncle fibers, whereas
crossing fibers at the level of the cervical enlargement were normalized
with the total number of labeled CST fibers.

Characterization of transplanted NPCs. Brain sections were stained us-
ing previously published immunofluorescence protocols (Pluchino et al.,
2005; Bacigaluppi et al., 2009). To analyze the accumulation and distri-
bution of transplanted NPCs within the brain, GFP � NPCs (chicken
anti-GFP, 1:1000, Abcam) were quantified on coronal brain sections
(bregma 2 mm; �4 mm). The number of cells per section and plane was
multiplied by the number of sections in between the levels, thus obtain-
ing overall numbers of GFP � NPCs per brain. This number was then
used to calculate the number of transplanted cells per mm 3 of brain
tissue. The following primary antibodies were otherwise used: rabbit
anti-ALDH1L1 (1:250, Abcam), rabbit anti-aquaporin 4 (1:100, Sigma);
rabbit anti-III-�-tubulin (1:500, Covance); rabbit anti-BDNF (1:100,
Millipore Bioscience Research Reagents); rabbit anti- DARPP-32 (1:200,
Abcam); mouse anti-NeuN (1:500, Millipore); mouse anti-PSA-NCAM
(1:500, Millipore Bioscience Research Reagents); goat anti-CNTF (1:100,
Abcam); rat anti-F4/80 (1:200, Abcam); rat anti-CD31 (1:100; BD
Pharmingen); rabbit anti-GFAP (1:500; Dako); rabbit anti-VEGF (1:50;
R&D Systems); and goat anti-doublecortin (1:100, Santa Cruz Biotech-
nology). Nuclei were stained with DAPI (Roche). The reconstructions
shown in Figure 5C has been obtained by automatically mosaicking
multiple images using the Leica confocal microscope TCS SP8.

GLT-1 and GLAST expression assessment in the peri-ischemic area. For
GLT-1 and GLAST quantification, serial coronal brain sections at 3, 10,
and 30 dpt stained for GLT-1 (guinea pig anti-GLT-1, 1:100 Millipore) or
GLAST (rabbit anti-GLAST, 1:200, Abcam) were evaluated. Micropho-
tographs were taken with a CCD camera along the ischemic border with
a 40� magnification. Mean fluorescence intensity of each microphoto-
graph was evaluated with ImageJ (National Institutes of Health) software
and then averaged. The reconstructions shown in Figure 6E have been
made with Adobe Photoshop CC out of n � 14 adjacent images on
12-�m-thick sections of a representative individual MCAO mouse either
sham-treated or NPC-treated and killed at 10 dpt.

Neurophysiological patch-clamp recordings. Ex vivo electrophysiologi-
cal analysis following MCAO and treatment or sham surgery by whole-
cell patch-clamp recordings of medium spiny neurons (MSNs) on acute
brain slices (�15 neurons per experimental condition per side) at 10 dpt
were performed as described previously (Centonze et al., 2007; Butti et
al., 2012). Corticostriatal slices (200 �m) were acutely prepared from
tissue blocks of the brain (Rossi et al., 2006). The slices used were located
from (1.5; �1.5 mm) anterior–posterior, to bregma. Slices were cut
along the interhemispheric line, and slices from a single hemisphere
(either ischemic or contralesional) were transferred to a recording cham-
ber and submerged in a continuously flowing aCSF (35°C, 2–3 ml/min)
gassed with 95% O2–5% CO2. Striatal spiny neurons were clamped at
�80 mV, close to their respective resting membrane potentials.
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In MCAO mice, recordings were performed from striatal neurons of
the peri-ischemic zone, defined as the first visible neuron when the ob-
jective of the microscope was moved from the center of the ischemic
region toward the periphery. Whole-cell access resistances measured in
voltage-clamp were in the range of 10 –20 M� before electronic compen-
sation (60 – 80% was routinely used). Striatal spiny neurons were
clamped at �80 mV, close to their respective resting membrane poten-
tials. Spontaneous GABA-mediated IPSCs (sIPSCs) were recorded
from striatal neurons in the presence of CNQX (Tocris-Cookson) and
MK-801 maleate (MK-801, Tocris-Cookson), to block AMPA and
NMDA receptors, respectively. Spontaneous glutamate-mediated EPSCs
(sEPSCs) were recorded from striatal neurons in the presence of bicuc-
ulline–methiodide (Sigma) to block GABAA receptors. sIPSCs and
sEPSCs were stored by using pClamp 8 (Molecular Devices) and analyzed
off line on a personal computer with Mini Analysis 5.1 (Synaptosoft)
software. Offline analysis was performed on spontaneous synaptic events
recorded during a fixed time epoch (2–3 min), sampled every 2 min
(10 –12 samplings). Only cells exhibiting stable sPSC frequencies (�20%
changes during the control samplings) were taken into account. For
sEPSC kinetic analysis, events with peak amplitude between 10 and 50 pA
were grouped, aligned by half-rise time, and normalized by peak ampli-
tude to obtain rise times, decay times, and half-widths. Events with com-
plex peaks were eliminated. Drugs were applied by dissolving them to the
desired final concentration in the Krebs solution and by switching the
perfusion from control solution to drug-containing; values are reported
as mean 	 SEM.

To test the NMDAR/AMPAR ratio, a bipolar stimulating electrode was
located intrastriatally, close to the recording electrode (50 –150 �m), to
evoke glutamate-mediated synaptic currents [evoked EPSCs, (eEPSCs)]
in MSNs, in the continuous presence of picrotoxin (50 �M; from Sigma-
Aldrich), with internal solution containing the following (in mM): 120
Cs-MeSO3, 15 CsCl, 8 NaCl, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-
GTP, 10 tetraethylammonium, and 5 QX-314. Stimuli were delivered at
0.1 Hz. For the NMDAR/AMPAR ratio experiments, neurons were
voltage-clamped at �70 and 40 mV to record, respectively, AMPAR-
mediated and NMDAR-mediated EPSCs. The AMPA EPSC component
was obtained by subtracting the baseline current value from the peak
current value. NMDA EPSC component was identified by using the ki-
netic method, considering the peak amplitude at 50 ms after the begin-
ning of the event. The NMDAR/AMPAR ratio was calculated by dividing
the NMDAR peak by the AMPAR peak (Paillé et al., 2010).

In vivo microdialysis. Sham- and NPC-treated mice were implanted at 9
dpt with microdialysis probes in the ipsilesional striatum for the in vivo
measurement of extracellular glutamate. Concentric dialysis probes were
prepared with Cuprophan membrane 3-mm-long, 216 �m outer diameter,
3000 Da cutoff (Sorin Biomedica) (Invernizzi et al., 2013) and implanted, in
ketamine/xylazine-anesthesized animals, at the stereotaxic coordinates (in
mm from bregma and dura surface) (Paxinos and Franklin, 2000): striatum
anteroposterior 0.2, left 2.0 and ventral 4.2. Approximately 24 h after sur-
gery, in vivo microdialysis was performed on conscious freely moving mice.
Probes were perfused with aCSF (composition in mM as follows: 145 NaCl,
1.26 CaCl2, 3 KCl, 1 MgCl2, 1.4 Na2HPO4, pH 7.4 with 0.6 M NaH2PO4) at 2
�l/min, using a CMA/100 pump (CMA/Microdialysis). After 1 h of wash-
out, baseline levels of glutamate were measured by collecting perfusate
every 10 min for 60 min and then analyzed by high-performance liquid
chromatography with fluorometric detection after precolumn derivati-
zation with o-phthalaldehyde-based reagent as described previously (Ce-
glia et al., 2004).

NPCs to astrocyte transwell cocultures. Cortical astrocyte cultures were
prepared from P2 mouse whole brain using Neural Tissue Dissociation
Kits (MACS Miltenyi Biotec) and cultured as described previously (Co-
lombo et al., 2012). Transwell chambers (3 �m pore Millipore) were used
to physically separate the astrocytes from NPCs. Coculture experiments
between 3 � 10 5 NPCs and mature astrocytes (5 � 10 4) in astrocyte
medium were performed also using the PI3 kinase inhibitor, 2-(4-
morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002, Calbio-
chem) 500 nM. To assess GLT-1 and GLAST overexpression on
astrocytes, we treated 50,000 astrocytes in a 24 well plates with recombi-
nant mouse VEGF 165 (Peprotech) for 24 h or the coculture of NPC with

astrocytes with VEGF receptor inhibitor (500 nM, VEGFR2 kinase inhib-
itor IV, Calbiochem).

After coculture or after factor addition, cells were harvested for
RT-PCR while the collected medium was used for ELISA assays (mouse-
VEGFa, -EGF, PDGF-BB, -TGFb, from R&D Systems) according to the
manufacturer’s protocol.

For immunoblot analysis, astrocytes or striatal tissue were lysed by
frosting and defrosting in lysis buffer (containing Tris HCl 0.2 M, pH 8,
and Protease Inhibitor 1�, Sigma) and centrifuged at 10,000 � g for 10
min at 4°C as described previously (Petr et al., 2015): mouse anti-�-actin
(1:15000; Santa Cruz Biotechnologies); mouse anti-EAAT2/GLT-1 (1:
1000; Millipore clone G6); and rabbit anti-EAAT1/GLAST (1:500; Ab-
cam). Western blots were quantified measuring optical densities of
immunoreactive protein bands (in vitro only monomer of GLT-1 was
present) using ImageJ or Image Laboratory (Bio-Rad Laboratories) soft-
ware, normalizing results to �-actin values.

RT-PCR. Quantitative RT-PCR was performed using predeveloped
TaqMan Assay Reagents on an ABI Prism 7500 Sequence Detection Sys-
tem (Applied Biosystems) according to manufacturer’s protocol. Total
RNA was isolated using the RNeasy Micro Kit (#74004; QIAGEN) ac-
cording to the manufacturer’s instructions, including DNase digestion.
At the end, RNA samples were eluted from columns using 20 �l of
RNase-free water, and their concentrations were determined spectro-
photometrically by A260 (Nanodrop-ND1000). The cDNA was synthe-
sized from 100 to 500 ng of total RNA using the Thermo Script RT-PCR
(Invitrogen, 11146-024). Approximately 25 ng of cDNA was used for
RT-PCR using predesigned TaqMan Gene Expression Assays (Applied
Biosystems) on an ABI Prism 7500 Sequence Detection System (Applied
Biosystems). GAPDH was used as housekeeping gene.

Statistical analysis. Data were evaluated by unpaired t tests (for
comparisons between 2 groups) or by one-way ANOVA followed by
post hoc analyses (for comparison between �3 groups) as indicated in
the figure legends. The significance level was established at p � 0.05.
Kruskal–Wallis test followed by Mann–Whitney test was used in case
of nonparametric data. To test the treatment effect on each of the
behavior scores, behavioral tests were evaluated by means of
repeated-measures ANOVA. Whenever a treatment � time interac-
tion or treatment effect was present at the 0.05 level, a post hoc analysis
was done by Bonferroni post hoc test. A standard software package
(GraphPad Prism version 5.00f) was used.

Results
NPC transplantation promotes postischemic recovery
To determine the therapeutic effect of NPCs in postacute isch-
emic stroke, mice subjected to 45 min transient MCAO were
intravenously transplanted with 10 6 NPCs (NPC-treated) or ve-
hicle solution alone (sham-treated) 3 d after stroke onset (Fig.
1A). Significant reductions in motor force, balance, and coordi-
nation skills were observed in animals exposed to MCAO. In
sham-treated ischemic animals, disability at the grip strength test
and mNSS (investigating motor, sensory, and balance capacities)
remained almost unchanged over the entire observation period
of 60 dpt. Conversely, animals treated with NPCs displayed
progressive improvement of motor force and mNSS. (Fig. 1B).
Quantification of the lesion volume at 60 dpt showed a small
reduction in NPC-treated mice, although no overt effect on brain
atrophy reduction (Fig. 1C). Also, the lesion volume of the
striatum was reduced in NPC- compared with sham-treated
animals (6.3 	 0.26 and 4.0 	 0.09 mm 3 for sham-treated and
NPC-treated mice, respectively, p � 0.01). Because the CST
crosses the middle cerebral artery territory, which is affected
by the ischemia, we next analyzed how NPC treatment would
influence CST degeneration and plasticity. At 60 dpt, NPC-
treated mice showed a reduced axonal degeneration of the
ipsilesional CST area and fewer C-terminal amyloid precursor
protein (cAPP, a marker of impaired axonal transport and
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degeneration) positive axons at the level of the cervical spinal
cord (Fig. 1D).

We then investigated whether the neurological improvement
slowly developing over time in NPC-treated mice could be due to
enhanced cortical and axonal plasticity in addition to CST pres-
ervation. We analyzed pyramidal cells in layer V of the cerebral
cortex because they give rise to the CST. At 60 dpt, Golgi staining
(Fig. 2A) in NPC-treated mice showed an increase of the den-
dritic length of pyramidal neurons in layer V of the ipsilesional
and contralesional motor cortex (p � 0.05; Fig. 2B). Dendritic
spine length was found to be increased both for the analyzed
ipsilesional pyramidal neurons (1.478 	 0.066 and 1.744 	 0.087
�m, sham- vs NPC-treated, p � 0.05, t test) as well as for con-
tralesional pyramidal neurons (1.558 	 0.083, 1.874 	 0.089 �m,
sham- vs NPC-treated, p � 0.05, t test) after NPC treatment. To
further evaluate the contralateral CST contribution to recovery

processes, an anterograde axonal tracer (i.e., BDA, 10,000 MW)
was injected in the contralesional motor cortex (Fig. 2C). NPC-
treated mice displayed at 60 dpt a higher density of fibers stemming
from the contralesional pyramidal tract toward the ipsilesional de-
nervated red nucleus (p � 0.05). At cervical spinal cord level, the
number of crossing fibers originating from the contralesional CST
and reinnervating the opposite spinal hemicord was also increased
after NPC transplantation (p � 0.05) (Fig. 2C).

Together, transplanted NPCs protect the ipsilesional CST
from ischemia-induced degeneration and promote dendritic and
axonal plasticity.

NPCs rebalance ischemia-induced neurophysiological
alterations
To understand whether the increased recovery observed in NPC-
treated mice was preceded by functional changes, a neurophysi-

Figure 1. NPC treatment promotes postischemic neurological recovery and tissue protection. A, Experimental study design. B, Grip strength test of the right paretic forepaw and mNSS of
sham-treated (white) and NPC-treated mice (black); n � 8 or 9 mice/group. C, Representative serial 3D reconstructions of the brains of a sham- and an NPC-treated mouse at 60 dpt. Yellow
represents the ischemic lesion. Red represents the healthy striatum. Blue represents the lateral ventricles. Gray represents the contours of the hemispheres. Graphs on right represent the lesion
volume (in mm 3) and the atrophy of the ipsilesional hemisphere (as percentage of the contralateral hemisphere) (n � 4 or 5 mice/group). D, Quantification of the CST area evaluated on
Bielschowsky-stained sections at level C4 –C6 at 60 dpt (left) and quantification of the number of c-APP � fibers in the ipsilesional CST at cervical spinal cord level (C4 –C6) at 60 dpt in NPC-treated
mice (right) (n � 4 mice/group). Representative microphotographs of a sham- and a NPC-treated mouse show c-APP � fibers (green, arrowheads) of the ipsilesional CST, whereas the contralesional
CST is denoted by the BDA (red; injected in the contralesional CST). Inset, Magnification showing c-APP � fibers. Scale bar, 50 �m. Data are mean 	 SEM. #p � 0.05 (two-way ANOVA, Bonferroni
post hoc test). ###p � 0.001 (two-way ANOVA, Bonferroni post hoc test). *p � 0.05, unpaired t test.
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ological analysis was performed at 10 dpt, the time when the
initial clinical recovery became initially apparent. Because the
cortical glutamatergic terminals mainly innervate MSNs and
their activity reflects the selective involvement of corticostriatal
transmission in the plastic rearrangements taking place after
MCAO (Centonze et al., 2007), whole-cell patch-clamp record-
ings of striatal MSNs were performed. We observed that ischemia
per se diminished, in both hemispheres, the frequency and am-

plitude of sIPSCs (p � 0.05) (Fig. 3A,E, white bars) and en-
hanced frequency (p � 0.05), decay time and half-width of
sEPSCs (p � 0.05) (Fig. 3B,C,F,G, white bars) compared with
healthy control animals. This is in line with the literature because
overactive NMDA receptors of the presynaptic terminal have
been proposed to account for increased glutamate release after
MCAO (Centonze et al., 2007). In our analysis, activation of
NMDA receptors contributed to glutamate events recorded from

Figure 2. NPC-treated mice display increased dendritic plasticity and contralesional axonal sprouting. A, Representative coronal brain section of a Golgi-stained ischemic brain at 60 dpt. Red
dashed line indicates the boundary of the ischemic lesion. White dashed boxes represent the fifth cortical layer region from which pyramidal neurons have been selected. Scale bar, 500 �m. Right,
The dendritic tree (depicted in colors) of a pyramidal neuron traced by Neurolucida software. Scale bar, 10 �m. B, Representative reconstructions of Golgi-stained pyramidal neurons of the cortical
layer V from sham- and NPC-treated mice at 60 dpt in the ipsilesional (left) and contralesional hemisphere (right). Scale bar, 10 �m. Graphs represent the integrated dendritic length of pyramidal
neurons; n � 4 mice (8 neurons/animal per group). C, Schematic representation of the contralesional CST (gray and yellow lines, the latter with sprouting toward the lesioned side) examined by
means of the anterograde tract-tracer BDA, injected into the contralesional motor cortex (left hemisphere). Axonal sproutings crossing the midline were examined at the level of the nucleus ruber
(red circle; red represents rubrospinal tracts) and at the level of the cervical spinal cord enlargement C4 –C6. Representative microphotographs illustrating BDA-traced corticorubral fibers (top)
intersecting the midline (superimposed in white) between both red nuclei. Corticospinal fibers (bottom), at cervical spinal cord level (C4 –C6), with fibers crossing the midline, are indicated by
arrowheads in the magnified inset. Intersecting lines (white dashed lines) indicate the site where crossing fiber density was analyzed. Scale bars: top, 50 �m; bottom, 250 �m. Right, Graphs
represent the quantitative analysis of BDA-labeled midline-crossing fibers at the level of red nucleus and cervical spinal cord (n � 4 – 8 mice/group). A–C, White bars represent sham-treated mice.
Black bars represent NPC-treated mice. CP, Cortical peduncle. Data are mean 	 SEM. *p � 0.05 (t test).
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Figure 3. NPC treatment rebalances the ipsilesional inhibitory and excitatory tone and promotes contralesional postsynaptic excitatory currents. Properties of excitatory (E) and inhibitory (I)
spontaneous postsynaptic currents (s-PSC) recorded by patch clamp on acute tissue slices from ipsilesional peri-ischemic medium spiny striatal neurons (left panels) and contralesional MSNs (right
panels) at 10 dpt. In the ipsilesional hemisphere: A, Spontaneous IPSC frequency and amplitude are decreased after ischemia. NPC transplantation induces an increase of sIPSCs in the ischemic
striatum. B, Ipsilesional sEPSC frequency is increased upon ischemia and reduced by NPC treatment. The NMDA antagonist MK-801 reduces sEPSC frequency after MCAO but not in control group. NPC
transplantation has no effect on overactive NMDA receptors. C, D, NPC transplantation has no effect on sEPSC kinetic properties. In the contralesional hemisphere: E, NPC transplantation has no effect
on sIPSCs compared with sham-treated mice. Nevertheless, NPC transplantation reduces presynaptic sEPSCs (F ) and potentiates NMDA-dependent postsynaptic (Figure legend continues.)
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striatal neurons after MCAO, as the
NMDA antagonist MK-801 significantly
reduced sEPSC frequency (p � 0.05 re-
spect to predrug values) (Fig. 3B). Con-
versely, MK-801 failed to normalize
sEPSC decay time (p � 0.05) and half-
width (p � 0.05) (Fig. 3D) after MCAO,
strongly suggesting the involvement of
non-NMDA receptors. A postsynaptic en-
hancement of AMPA receptor-mediated
transmission has been previously de-
scribed in experimental stroke (Centonze
et al., 2007). Application of CNQX, an
AMPA receptor antagonist, totally sup-
pressed sEPSCs in healthy control mice,
whereas coapplication of MK-801 and
CNQX was required to fully suppress sEP-
SCs in MCAO mice (data not shown).

Interestingly, NPC-treated mice had
an augmented sIPSC frequency and am-
plitude and a reduced sEPSC frequency in
the ipsilesional ischemic striatum com-
pared with sham-treated mice (p � 0.05)
(Fig. 3A,B, black bars). The enhanced
sIPSC was paralleled by an increased sur-
vival of DARPP32� MSNs in the ipsilesional striatum of NPC-
treated mice at 10 dpt (1366 	 99.52 vs 798.3 	 182.6 neurons
per section 	 SEM, NPC vs sham-treated mice, respectively, p �
0.05, unpaired t test, n � 3–5 mice/group), pointing to a possible
causal relationship (Centonze et al., 2001; Li et al., 2009). In
contrast, the sensitivity of glutamate synapses to MK-801 in
NPC-treated mice was similar to that of sham-treated mice, sug-
gesting that the presynaptic NMDA receptors were still overactive
(Fig. 3B).

In the contralesional hemisphere of NPC-treated mice, we
found not only a normalization of sEPSC frequency, but also
an increased decay time and half-width compared with the
sham-treated group that was blocked by MK-801 application
(Fig. 3F–H). This NPC-induced postsynaptic enhancement of
NMDA-dependent excitatory transmission suggests a contral-
esional effect on processes of synaptic plasticity.

We thus evaluated synaptic strength by quantifying the rela-
tive contribution of AMPARs and NMDARs to the eEPSCs as this
measure is an index of experience-dependent plasticity (Ungless
et al., 2001; Saal et al., 2003). MSNs in the ipsilesional hemisphere
of sham- and NPC-treated mice exhibited reduced NMDAR/
AMPAR ratio compared with healthy controls. However, in
MSNs of the contralesional hemisphere, we found an increased
NMDAR/AMPAR ratio in NPC-treated mice compared with
both sham-treated and healthy controls (p � 0.05), indicating an
enhanced synaptic strength (Fig. 4A,B).

Our neurophysiological recordings indicate that NPC
treatment in ischemic mice can restore the ipsilesional balance

between excitatory and inhibitory currents and can enhance
contralateral synaptic strength.

NPCs localize in the peri-infarct area and contribute to
reduce extracellular glutamate
Despite the prominent effect on plasticity processes observed in
the contralesional hemisphere, intravenous transplanted NPCs,
transduced with the green fluorescent protein (GFP�), were
found to localize at 10 dpt in the infarct and peri-infarct area
(3470 	 384 cells per forebrain, density of 14.5 	 1.6 cells/mm 3)
and to persist there undifferentiated over time, and up to 60 dpt
(2736 	 1296 cells per forebrain, density of 11.4 	 5.4 cells/mm 3)
(Fig. 5A–G). No transplanted NPCs (GFP� cell) were observed in
the contralesional hemisphere at any analyzed time-point. The
presence of undifferentiated NPCs in the ischemic and peri-
ischemic tissue, the amelioration of disability, the increased plas-
ticity processes, and the early neurophysiological observations in
NPC-treated mice suggested that these cells might act indirectly
modulating the electrical balance between the ischemic and con-
tralateral hemispheres as well as the perilesional microenviron-
ment (Mohajerani et al., 2011).

Because we observed a selective accumulation of NPCs and on
neurophysiological analysis a reduction of EPSCs in the ipsile-
sional hemisphere, we next measured by microdialysis the extra-
cellular levels of glutamate at 10 d post-transplantation in the
ipsilateral striatum of sham- and NPC-treated mice (Fig. 6A).
Basal levels of extracellular glutamate were reduced in NPC-
treated animals, compared with sham-treated animals (p � 0.05)
(Fig. 6B). Together, these data indicate that NPC transplantation
is able to operate a reduction of extracellular glutamate levels in
the ischemic hemisphere.

Peri-ischemic GLT-1 upregulation in NPC-treated mice is
relevant for poststroke recovery
Because glutamate transporters are important regulators of ex-
tracellular levels of glutamate and their derangement upon isch-
emia is considered one of the reasons for the neurotoxic effect of
excessive glutamate release (Tanaka et al., 1997; Rao et al., 2001),

4

(Figure legend continued.) sEPSCs (G, H). I, J, The electrophysiological traces are examples of
sEPSCs (downward deflections) recorded from striatal neurons of a control, a sham-, and a
NPC-treated animal in the ipsilesional (I) and contralesional (J) hemisphere. The effect of MK-
801 on NPC-treated neurons is shown. Gray bars represent healthy controls. White bars repre-
sent sham-treated mice. Black bars represent NPC-treated mice. n � 3 or 4 mice/group, 4 or 5
neurons /hemisphere. Data are mean 	 SEM. *p � 0.05 versus healthy controls (one-way
ANOVA, Tukey’s post hoc test). #p � 0.05 versus sham-treated mice (one-way ANOVA, Tukey’s
post hoc test).

Figure 4. NPC treatment enhances contralesional synaptic strength. Relative contribution of AMPARs and NMDARs to the
eEPSCs expressed as ratio in the ipsilesional (A) and contralesional (B) striatum. The NMDAR/AMPAR current ratio for every patched
neuron was computed in each condition. Representative electrophysiological traces show AMPAR-mediated and NMDAR-
mediated eEPSCs, recorded from ipsilesional (A) and contralesional (B) striatal neurons, respectively, in the presence of 50 �M

picrotoxin. NPC-transplanted (n � 7), sham-transplanted (n � 7), and healthy control mice (n � 11). Data are mean 	 SEM.
*p � 0.05, compared with healthy controls (one-way ANOVA, Tukey HSD). #p � 0.05, compared with sham-transplanted mice
(one-way ANOVA, Tukey HSD).
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we analyzed glutamate transporter expression in the peri-
ischemic tissue of sham-treated and NPC-treated ischemic mice.
We observed by immunofluorescence an increased level of
GLT-1, but not of GLAST, on peri-ischemic astrocytes of NPC-
treated mice at 10 dpt that was also observed by Western blot
analysis (p � 0.05) (Fig. 6C–G).

To understand the therapeutic significance of the observed
NPC-induced increase of GLT-1 in the peri-ischemic area, we
selectively inhibited GLT-1 function by implanting, from day 7 to
14 after NPC treatment (the time when neurophysiological and
behavioral amelioration take place), a miniosmotic pump for
continuous left (peri-ischemic) intrastriatal (IS) delivery of dihy-
drokainate (DHKIS), an inhibitor of GLT-1 (Pines et al., 1992;
Mennerick et al., 1998; Domercq et al., 2005). Dihydrokainate is
known to act as a selective inhibitor of the GLT-1 glutamate
transporter at low concentration and, at higher concentrations,
to be also a weak inhibitor of AMPA/kainate glutamic acid recep-
tors as well (Kidd and Isaac, 2000). We thus used a low dose of
DHK to have minimal off-target effects as described by Domercq
et al. (2005). While DHKIS did not significantly worsen the

behavioral outcome of PBSIS-treated ischemic mice, delivery of
DHKIS to NPC-treated ischemic mice prevented the behavioral
improvement induced by the NPC treatment (PBSIS-treated,
NPC-treated) of ischemic mice (Fig. 7A,B).

On the same group of mice, we also performed patch-clamp
analysis to understand whether dihydrokainate treatment was
able to reduce at neurophysiological level the effects induced
by the NPC treatment. Dihydrokainate treatment induced,
per se, on MSNs a decrease in sEPSC frequency in both hemi-
spheres ( p � 0.05 respect to MCAO), masking an eventual
modulation of presynaptic effects of NPCs, while amplitude
and kinetic properties were not affected (data not shown).
Interestingly, dihydrokainate treatment abolished the post-
synaptic enhancement of NMDA-dependent excitatory
transmission observed in the contralesional striatum of NPC-
treated mice. Consistently, decay time and half-width were
not increased in these mice. The NMDA antagonist MK801
did not affect the kinetic properties of sEPSCs recorded from
contralesional striatum ( p � 0.05 respect to predrug values),
similarly to nontreated MCAO mice ( p � 0.05) (Fig. 7C).

Figure 5. Intravenously transplanted NPCs persist undifferentiated in the ischemic and peri-ischemic tissue. A, The distribution of transplanted NPCs localizing in the brain at 10 dpt is shown in
the serial 3D brain reconstruction shown in a coronal view and in view from above. Green dots represent GFP � NPCs. Yellow represents the ischemic lesion. Gray represents the contours of the
hemispheres. B, Representative coronal brain section stained for GFP � NPCs (in brown, highlighted by arrowheads in the magnified inset) showing at 10 dpt the transplanted NPCs localizing within
the ischemic and peri-ischemic tissue. Nuclei counterstained by hematoxylin. C, Representative reconstruction displaying the localization of NPCs (GFP � in green highlighted by white arrowheads)
within the ischemic and peri-ischemic area (lesion border contoured by the dashed white line) in an NPC-treated mice at 10 dpt. Astrocytes are labeled by ALDH1L1 (red) and neurons by NeuN
(white). Nuclei are counterstained with DAPI (blue). D, G, Representative microphotographs of transplanted NPCs localizing in the ischemic and peri-ischemic tissue. Most of the transplanted NPCs
(GFP �, green in C–F, highlighted by white arrowheads) are found in close contact with inflammatory infiltrates composed of macrophages and microglia (F4/80 �, red in D) and in close proximity
to CD31 � vessels (blue in D, white in E). At 10 dpt, transplanted GFP � NPCs mostly retain an undifferentiated phenotype and show only some neuroblast features (PSA-NCAM �, red in E). Even at
60 dpt, most of the GFP � cells mostly exhibit undifferentiated features being negative for DCX (red in F), for ß-III-tubulin (white in F), and for GFAP � (white in G). G, Dashed box is magnified in the
marked contoured inset. Scale bars: A, 2 mm; B, 500 �m; C, 200 �m; D–G, 20 �m. Nuclei are counterstained with DAPI (white in D, blue in C, E–G). ALDH1L1, Aldehyde dehydrogenase 1 family
member L1; �-III-tub, �-III-tubulin; PSA-NCAM, polysialylated neural cell adhesion molecule; CD31 [known also as platelet endothelial cell adhesion molecule (PECAM-1)]; DCX, doublecortin; F4/80
[also known as EGF-like module-containing mucin-like hormone receptor-like 1 (EMR1)]; NeuN, neuronal nuclei.
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Together, GLT-1 upregulation in the
peri-ischemic tissue seems to be needed
for the behavioral recovery and for the
contralesional postsynaptic enhance-
ment observed in NPC-treated mice.

VEGF secretion in vitro by NPC is
critical for GLT-1 upregulation
on astrocytes.
To understand how transplantation of
NPCs modulates GLT-1 expression on as-
trocytes, we cocultured in vitro NPCs and
astrocytes. We specifically used tran-
swells, to evaluate the influence of se-
creted factors only. Interestingly, we
observed selective GLT-1 upregulation
(p � 0.05) at both transcript and protein
level (Fig. 8A,B) on astrocytes cocultured
with NPCs for 24 h. To determine
whether growth factors mediate this ef-
fect we added LY294002, an inhibitor
of the phosphoinositide-3-kinase, to the
coculture. Notably, we observed that
LY294002 was sufficient to abolish the up-
regulation of Glt-1 on astrocytes (Fig. 8C).
Thus, we screened for growth factors and
corresponding receptor gene expression in
NPCs and in astrocytes, respectively, in
coculturing conditions (Fig. 8D). We quan-
tified those most highly upregulated in the
coculture also by performing ELISA quanti-
fication on the culture medium. While EGF,
PDGF-BB, and TGF-�1 were below de-
tection limits (below 3.91, 62.5, and 31.2 pg/
ml, respectively), VEGF was highly upregu-
lated upon coculture (p � 0.0001) (Fig. 8E).
Accordingly, addition of recombinant
VEGF to cultured astrocytes for 24 h signif-
icantly enhanced Glt-1 expression (p �
0.05), whereas the use of a selective inhibitor
of the VEGF receptor (i-VEGFR) blocked it
(Fig. 8F,G).

VEGF secretion in vivo by NPCs
upregulates GLT-1 on astrocytes and
mediates poststroke recovery
Indeed, in vivo, transplanted NPCs local-
izing at ischemic and peri-ischemic area
were found to express VEGF but not
CNTF or BDNF (Fig. 9A–C). Increased
protein levels of VEGF were also found in
the ipsilesional tissue of NPC-treated
mice, although we did not observe any
VEGF expression diversity in the contral-
esional hemisphere compared with sham-
treated mice (p � 0.05) (Fig. 9D). We next
verified whether direct injection of VEGF
could induce upregulation of Glt-1 in vivo. We thus injected in-
creasing doses of VEGF in the left hemisphere and we found that
100 and 500 pg of VEGF induced a significant increase in Glt-1
expression (Fig. 9E).

Finally, we tested whether inhibition of VEGF released by
NPCs could abolish the observed effect of NPCs in stroke. When

we tried to selectively reduce VEGF production in NPCs by in-
fecting the cells with a lentivirus expressing a shRNA construct
targeted to VEGF and GFP (Mosher et al., 2012), cell growth was
severely impaired, as recently described (Kirby et al., 2015), thus
limiting the possibility to prepare VEGF-deficient NPCs to be
transplanted (data not shown). We thus tried to inhibit VEGF

Figure 6. NPC treatment induces functional GLT-1 glutamate transporter upregulation in the peri-ischemic area. A, B, In vivo measure-
ment of extracellular glutamate at 10 dpt by a microdialysis probe implanted in the striatum ipsilateral to the ischemic lesion. A, Represen-
tative cresyl violet-stained coronal ischemic brain section (0.2 mm from bregma) showing a sketched microdialysis probe implanted in the
peri-ischemic striatum (ischemic lesion border in red). Note, in particular, the tip of the probe where black and white squares represent the
active zone of the dialysis probe. The probe is perfused with either CSF at a rate of 2 �l/min (IN) and the perfusate is collected (OUT) every
10 min for glutamate measurement by high-performance liquid chromatography. Scale bar, 2 mm. B, Basal levels of glutamate in sham-
treated and NPC-treated mice at 10 dpt. Shown is the average basal level of glutamate measured over 60 min (n�6 or 7 mice per group).
*p � 0.05 (t test). C–E, Quantification of GLAST (C) and GLT-1 (D) expression in the peri-ischemic tissue over time revealed a significant
increase of GLT-1 in NPC-treated animals at 10 dpt (n � 4 – 6 mice /group per time-point). Green line drawn on the schematic ischemic
brainhemispherevisualizestheglialborderwherethequantificationhasbeenperformed. ###p�0.001(two-wayANOVA,Bonferronipost
hoc test). E, Representative reconstructions of the peri-ischemic area (lesion border highlighted by the dashed white line) of a sham-treated
and NPC-treated mouse showing the expression of GLT-1 (green) at 10 dpt. F, Representative immunofluorescence of an ischemic mouse
at10dptshowingGLT-1expression(red)specificallyexpressedonperi-ischemicastrocytes,stainedwithaquaporin4(AQP4,green).Onthe
right of the merged image, single colored images (green and red channel) are shown. Nuclei are counterstained with DAPI (blue, E, F).
G, Western blot for GLT-1 in ipsilesional striatum of sham-treated (representative image shown in left lane) and NPC-treated (representa-
tive image shown in right lane) mice at 10 dpt (n�4 mice/group). *p�0.05 (t test). GLT-1 monomer (�60 kDa) and dimer (�120 kDa)
were included in the densitometry analysis. Scale bars: E, 50 �m; F, 15 �m. Data are mean 	 SEM. GLU, Glutamate.
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released from transplanted NPCs by intralesional injection of a
neutralizing VEGF antibody in stroke mice (Wuest and Carr,
2010). NPC transplanted ischemic mice treated with VEGF neu-
tralizing antibody displayed no neurological recovery compared
with NPC-treated mice receiving the isotype antibody. Accord-
ingly, at 10 dpt, overexpression of GLT-1 in peri-ischemic astro-
cytes induced by NPC treatment was reduced after anti-VEGF
treatment (Fig. 9F,G).

These results suggest that NPC-mediated GLT-1 upregulation on
astrocytes after stroke is at least partly VEGF-dependent and that
GLT-1 on endogenous astrocytes contributes to the poststroke neu-
rological recovery observed in NPC-transplanted mice.

Discussion
The neurological sequelae occurring after stroke are due to the
disruption of brain connectivity occurring as a consequence of

neuronal damage and of the impairment of compensatory
plasticity processes (Johansson, 2000). Indeed, axonal degen-
eration is invariably seen not only within the lesion site but
also in remote brain structures that have neuroanatomical
links with the ischemic area (Thomalla et al., 2004; Crofts et
al., 2011; Sist et al., 2012). Recovery from stroke is thus very
much dependent on the possibility of developing treatments
able not only to halt the neurodegenerative process (Zhang et
al., 2012) but also to foster adaptive tissue plasticity via the
involvement of uninjured cerebral regions from both hemi-
spheres (Murphy and Corbett, 2009). Whatever is the thera-
peutic target in stroke, correct timing is of crucial importance.
Indeed, after stroke a limited critical time-span of augmented
neuroplasticity becomes evident (Krakauer et al., 2012; Wahl
et al., 2014). The emergence of this time-constrained plasticity

Figure 7. GLT-1 inhibition in NPC-treated ischemic mice prevents functional amelioration. A, Timeline depicting the experimental design to block the overexpression of GLT-1 in
NPC-treated mice. B, Grip strength test of the lesion-contralateral paretic forepaw and mNSS test showing over time progressive functional neurological improvement only in
NPC-treated mice receiving intrastriatal (IS) PBS (NPC�PBSIS, black circle, n � 10 mice) compared with NPC-treated mice receiving DHK (NPC�DHKIS, black square, n � 11 mice) and
sham-treated mice treated either with intrastriatal PBS (PBS�PBSIS, white up triangle, n � 5 mice) or DHK (PBS�DHKis, white down triangle, n � 10 mice). §p � 0.05 (two-way
ANOVA, Bonferroni post hoc test). C, Neurophysiological properties of sEPSCs recorded from contralesional striatal neurons after MCAO at 14 dpt. The effects of DHK injection in sham- and
NPC-treated ischemic mice are shown. DHK injection blocked the NPC-induced increase of sEPSC duration and the NPC-induced sensitivity to NMDA antagonist MK801.
*p � 0.05 versus PBSIS-treated (one-way ANOVA, Tukey HSD). #p � 0.05 versus healthy control (one-way ANOVA, Tukey HSD). n � 10 –15 per group per condition. Data are
mean 	 SEM.
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period seems to rely on transient modifications in gene and
protein assemblages and neuronal excitability that resemble in
part developmental patterns normally absent or present only
at very low levels in the adult brain (Johansson, 2000; Carmi-
chael et al., 2005). Too early as well as too late interventions
might prove detrimental on plasticity: on the one hand, it has
been recently shown that inhibition of �5-GABAA receptors or
very early mobilization therapy, performed within 24 h after
stroke, is rather detrimental (Clarkson et al., 2010; Bernhardt
et al., 2015). On the other hand, too delayed interventions,
such as rehabilitation, is also less effectual in promoting re-
covery (Paolucci et al., 2000).

Transplanted NPCs remain undifferentiated while promoting
tissue recovery
Here we report the results of NPC transplantation into MCAO
mice 3 d after stroke, a time-point that has been shown to be

advantageous not only to cogently foster neuroplasticity pro-
cesses but also to promote long-term survival of the transplanted
cells (Clarkson et al., 2010; Darsalia et al., 2011). Indeed, we
observed that NPC treatment is efficacious in promoting long-
lasting functional recovery up to 60 d after stroke. The recovery
was accompanied by a reduction of the stroke-related degenera-
tion of the ipsilesional CST and by the bilateral increase of the
dendritic arborization of pyramidal neurons that was paralleled
by a surge of axonal sprouting in the contralesional CST. We tend
to exclude that the beneficial effects we have observed might
result transient since it appeared 20 d after cell transplantation
and persisted up to 2 months, the later time-point analyzed.

It has been reported that transplanted NPCs do exert their
therapeutic potential in stroke via a multimodal mechanism of
action (Bliss et al., 2007; Bacigaluppi et al., 2008). On one hand,
NPCs might promote neuroprotection via a bystander-like mode
of action based on undifferentiated NPCs releasing immuno-

Figure 8. NPCs induce GLT-1 expression on astrocytes through the secretion of VEGF. Representation of the coculture setup: 5 � 10 4 astrocytes (blue) are plated in the bottom well for 24 h either
alone or in coculture with 3 � 10 5 NPCs (green) seeded in the transwell. GLT-1 and GLAST expression evaluated on astrocytes alone or after coculture at (A) mRNA and (B) protein level.
C, Quantification of Glt-1 and Glast mRNA expression on astrocytes alone or after coculture with NPCs after PI3 kinase inhibitor LY294002 (10 �M) treatment. D, The color-coded heatmaps represent
the expression profile of selected growth factors on NPCs (top lanes) and of its receptors on astrocytes (bottom lanes) either alone or after coculture. Data are represented as 
Ct over GAPDH (note
that a high 
Ct, displayed as colder colors, denotes a low expression profile). UN, Undetermined (white). Asterisks indicate the statistical significance by comparing monocultured to cocultured cells.
E, ELISA for VEGF protein performed on cell medium derived from either NPCs alone or after coculture with astrocytes. F, Evaluation of Glt-1 and Glast expression at mRNA level on astrocytes after
treatment with recombinant VEGF at increasing concentrations. G, Addition of the VEGF receptor inhibitor (676489, VEGFR2 kinase inhibitor IV, 500 nM, I-VEGFR) to astrocyte-NPC coculture inhibits
Glt-1 upregulation on astrocytes. White bars represent GLT-1 expression. Black bars represent GLAST expression. B, E, Data are expressed as mean 	 SEM. A, C, F, G, Data are in arbitrary
units (AU). A, B, E, F, G, One of 2–5 independent experiments with n � 3– 6 replicates per group. *p � 0.05 (unpaired t test). **p � 0.01 (unpaired t test). ***p � 0.001 (unpaired t
test). ****p � 0.0001 (unpaired t test).
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Figure 9. VEGF secretion by transplanted NPCs is necessary for GLT-1 upregulation and neurological recovery. A–C, Transplanted GFP � NPCs (green, arrowhead) were found to be
strongly positive for VEGF (red in A), but not for CNTF or BDNF (CNTF, red in B, BDNF, red in C). A, The cell denoted with the arrow is also shown in its x-z (lower edge) and y-z (right edge)
projection, separated by the dashed line. B, C, �III-tubulin axons are stained in white. Nuclei are counterstained by DAPI (blue). Scale bar, 25 �m. D, Quantification by ELISA of VEGF
present in the ipsilesional and contralesional hemisphere of sham-treated and NPC-treated ischemic mice (n � 8 or 9 animals per group) at 10 dpt (sham or NPC treatment at 3 d after
ischemia). E, Stereotactic injection of VEGF, but not of its diluent (PBS), in the striatum, enhances Glt-1 expression, while not affecting Glast. Glt-1 expression in mice injected with VEGF
(2 �l into the left striatum, black bars) and with PBS (2 �l in the right striatum, white bars) 3 d after the injections (ratio of VEGF injected hemisphere over PBS injected hemisphere, n �
3 or 4 animals). F, Timeline depicting the experimental design to block the beneficial effect of NPC-secreted VEGF. A group of mice was subjected to histology at 10 dpt, whereas another
group continued behavioral tests up to 60 d post-transplantation. G, Grip strength test and mNSS showing functional neurological improvement only in NPC-treated mice receiving the
isotype antibody (NPC�ISO, black circle, n � 6 mice) compared with NPC-treated mice receiving VEGF neutralizing antibody (NPC�nAB-VEGF, black square, n � 7 mice), sham-treated
mice either treated with isotype (PBS�ISO, white up triangle, n � 4 mice), or VEGF neutralizing antibody (PBS�nAB-VEGF, white down triangle, n � 8 mice). H, Quantification of GLT-1
protein expression in the peri-ischemic tissue at 10 dpt revealed that increase of GLT-1 induced by NPC-treated with isotype is significantly reduced in mice treated with NPC plus the VEGF
neutralizing antibody (n � 4 – 6 mice/group). A, D, E, Data are mean 	 SEM. B, Data are in arbitrary units (AU). *p � 0.05 (t test). §p � 0.05 (Dunn multiple comparison test). #p �
0.05 (two-way ANOVA, Bonferroni post hoc test).

Bacigaluppi et al. • NPCs Shape Poststroke Plasticity J. Neurosci., October 12, 2016 • 36(41):10529 –10544 • 10541



modulatory and neurotrophic molecules (Jiang et al., 2006; Baci-
galuppi et al., 2009; Andres et al., 2011; Hermann and Chopp,
2012). On the other hand, transplanted NPCs might directly con-
tribute to replace damaged neurons in stroke once fully differen-
tiated in vivo (Oki et al., 2012; Tornero et al., 2013). While
conclusive data concerning the cellular and molecular mechanisms
sustaining the NPC-mediated therapeutic effects in vivo are still lack-
ing, this mode of action, namely “therapeutic plasticity” (Martino
and Pluchino, 2006), has been shown to be associated with neuroin-
flammatory conditions. A bystander NPC-mediated effect has been,
indeed, shown also in experimental multiple sclerosis (Pluchino et
al., 2003, 2005; Laterza et al., 2013) and spinal cord injury (Cusi-
mano et al., 2012). Here, we found that transplanted cells, localized
within the ischemic and peri-infarct area, maintained for long-term
a prevalently undifferentiated phenotype. This finding prompted us
to hypothesize that a soluble factor released by undifferentiated
NPCs might be involved in sustaining the therapeutic effect
observed.

NPC transplantation influences the excitatory–inhibitory
neurophysiological balance
Because functional recovery involves changes in neuronal excit-
ability altering the cerebral representation of sensory-motor
functions (Murphy and Corbett, 2009; Clarkson et al., 2010), we
chose a time-point of 10 d after ischemia, a stage when the clinical
amelioration begins, to study the neurophysiological character-
istics of ipsilesional and contralesional striatal MSNs that are
involved in corticostriatal transmission during plastic rearrange-
ments (Centonze et al., 2007). We found that NPC treatment of
ischemic mice partly preserved the inhibitory electrophysiologi-
cal circuit in the ischemic hemisphere. Although intraparenchy-
mal transplantation of inhibitory neurons has been shown to
reshape the ocular dominance plasticity of the visual cortex after
the critical period by integrating into existing neuronal circuits
(Southwell et al., 2010), in our study, transplanted NPCs mainly
persisted undifferentiated in the ischemic and peri-ischemic tis-
sue. We thus hypothesized that interhemispheric fibers of the
ipsilesional hemisphere might exert a milder inhibitory tone on
the contralesional hemisphere, and this phenomenon could pos-
sibly lead to an increased contralesional excitatory activity (Mo-
hajerani et al., 2011). Consistently, we found an enhanced
contralesional postsynaptic potentiation of sEPSCs after NPC
transplantation due to the modulation of NMDA receptors. The
upregulation of NMDA receptors and the inadequacy of GABAe-
rgic transmission, found in the contralesional hemisphere of
NPC-treated mice, might lower the threshold for long-term po-
tentiation as previously described (Hagemann et al., 1998). We
confirmed that this was the case in our setting because we mea-
sured an increased NMDAR/AMPAR ratio in NPC-treated mice
in the contralesional hemisphere that reinforced the evidence for
an enhanced synaptic strength. These changes do not rule out the
possibility that further modifications in the transmitter release
mechanisms may be modulated by MCAO because increased
activity of presynaptic NMDA receptors was recorded (Centonze
et al., 2007). These findings support the idea that the NPC-
mediated effect might have been capable per se of modifying
locally (in the ipsilesional hemisphere) and then globally (in the
contralesional hemisphere), the excitatory–inhibitory balance.

Glutamate transporters sustain the therapeutic effect of NPCs
The rescuing of the inhibitory– excitatory balance as well as the
relative low number of transplanted undifferentiated NPCs local-
izing in the ipsilesional hemisphere were rather suggestive for an

indirect therapeutic effect. Thus, we concentrated our attention
on the glutamate regulatory pathways. We found reduced extra-
cellular glutamate levels in NPC-treated mice compared with
controls. Furthermore, we observed an increased expression of
GLT-1 on host astrocyte NPC-treated mice, a finding that might
have contributed to partly ameliorating the deranged EAAT ex-
pression of the ischemic tissue (Rao et al., 2001).

The alteration of GLT-1 expression upon ischemia is consid-
ered one of the reasons for the neurotoxic effect of glutamate after
stroke (Rao et al., 2001). Glutamate transporters have been
previously described to regulate plasticity in a critical time
window of development promoting activity-dependent remod-
eling (Takasaki et al., 2008). Accordingly, overexpression of
GLT-1 per se, by adeno-associated viral vectors in neurons and
astrocytes (Harvey et al., 2011) or by the delivery of ceftriaxone (a
known antibiotic drug able to upregulate GLT-1), was shown to
ameliorate ischemic damage (Rothstein et al., 2005; Chu et al.,
2007). Furthermore, a polymorphism in the EAAT2 promoter,
leading to higher plasma glutamate concentrations, has been as-
sociated with a higher frequency of nonresolving progressive hu-
man stroke (Mallolas et al., 2006). To better understand the
relevance of this observation, we thus selectively inhibited GLT-1
functioning by dihydrokainate (Pines et al., 1992) and observed
that the NPC-mediated neurological recovery and the synaptic
strength enhancement of contralesional MSNs were reduced.

VEGF mediates the therapeutic effect of NPCs
We next investigated the “soluble” factor(s) that might be re-
sponsible for the NPC-mediated stroke recovery and increased
expression of GLT-1 on peri-infarct endogenous astrocytes. We
found in vitro that NPCs are able to upregulate GLT-1 on astro-
cytes and that this effect might be mediated by VEGF that is
released by NPCs. Upregulation of Glt-1 on astrocytes after NPC
coculture was blocked by treating the cells with LY294002, an
inhibitor of PI3-K (Figiel et al., 2003; Wu et al., 2010), a molecule
that along with Akt is one of the major effectors of VEGF signal-
ing. In vivo, we found increased VEGF levels in the ipsilesional
hemisphere where transplanted NPCs selectively localize. Indeed,
in vivo VEGF neutralization abolished GLT-1 upregulation on
endogenous astrocytes and restrained clinical recovery due to
NPC treatment.

How VEGF might mediate in the peri-infarct area GLT-1 up-
regulation, either through a cell direct or cell indirect effect (e.g.,
through increasing survival of neurons which then might trigger
the glial glutamate transporter on astrocytes), has still to be fully
elucidated. Nevertheless, the proplasticity effect of VEGF is not
entirely unexpected. Our results do, indeed, support previous
work showing that intracerebroventricular injection of VEGF in
experimental stroke favors both ipsilesional and contralesional
neuronal plasticity and functional stroke recovery (Reitmeir et
al., 2012). Moreover, VEGF has been indeed demonstrated to
favor long-term potentiation and neuronal plasticity in the hip-
pocampus of wild-type mice (Licht et al., 2011).

In conclusion, we show that NPC transplantation in ischemic
stroke improves plasticity processes by restoring partly the elec-
trical interhemispheric balance. This was because transplanted
NPCs proved capable of increasing the uptake of peri-ischemic
extracellular glutamate through the release of VEGF that, in turn,
upregulated GLT-1 expression on endogenous astrocytes. Our
results support the concept that strategies able to influence the
electrical balance in a spatially targeted manner might result par-
ticularly suited to favor poststroke recovery.
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