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a b s t r a c t
Huntington's disease (HD) is a hereditary, progressive and ultimately fatal neurodegenerative disorder. Excitotoxicity and reduced availability of neurotrophic factors (NTFs) likely play roles in HD pathogenesis. Recently we developed a protocol that induces adult human bone marrow derived mesenchymal stem cells
(MSCs) into becoming NTF secreting cells (NTF + cells). Striatal transplantation of such cells represents a
promising autologous therapeutic approach whereby NTFs are delivered to damaged areas. Here, the efﬁcacy
of NTF+ cells was evaluated using the quinolinic acid (QA) rat model for excitotoxicity. We show that NTF+
cells transplanted into rat brains after QA injection survive transplantation (19% after 6 weeks), maintain
their NTF secreting phenotype and signiﬁcantly reduce striatal volume changes associated with QA lesions.
Moreover, QA-injected rats treated with NTF+ cells exhibit improved behavior; namely, perform 80% fewer
apomorphine induced rotations than PBS-treated QA-injected rats. Importantly, we found that MSCs derived
from HD patients can be induced to become NTF+ cells and exert efﬁcacious effects similarly to NTF+ cells
derived from healthy donors. To our knowledge, this is the ﬁrst study to take adult bone marrow derived
mesenchymal stem cells from patients with an inherited disease, transplant them into an animal model
and evidence therapeutic beneﬁt. Using MRI we demonstrate in vivo that PBS-treated QA-injected striatae
exhibit increasing T2 values over time in lesioned regions, whereas T2 values decrease in equivalent regions
of QA-injected rats treated with NTF+ cells. We conclude that NTF cellular treatment could serve as a novel
therapy for managing HD.
© 2012 Elsevier Inc. All rights reserved.

Introduction
Huntington's disease (HD) is a hereditary, progressive, disabling
and ultimately fatal neurodegenerative disorder that typically entails
progressive degeneration of the striatum. Excitotoxicity and reduced
availability of neurotrophic factors (NTFs) have been implicated in
the pathogenesis of neuronal cell death (Jordi et al., 2004; Tabrizi et
al., 1999). In addition, astrocytes, which have a role in NTF secretion,
play a major role in HD pathophysiology (Bradford et al., 2009;
Faideau et al., 2010). Numerous studies focus on stem cell-based replacement for degenerated tissues in HD (Behrstock et al., 2008;
Vazey and Bronwen, 2010; Vazey et al., 2006) or, alternatively, supporting and protecting diseased tissue from further degeneration
(Giralt et al., 2010). Despite promising pre-clinical studies (Clarke et
⁎ Corresponding author at: Neurosciences Laboratory, Felsenstein Medical Research
Center, Rabin Medical Center, Petah Tikva 49100, Israel. Fax: + 972 3 9376130.
E-mail address: doffen@post.tau.ac.il (D. Offen).
0014-4886/$ – see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.expneurol.2011.12.045

al., 1988; Dunnett et al., 1998), the cell replacement stem cell approach for treating HD has generally not proven successful in the clinic
so far, especially in long term studies (Bachoud-Levi et al., 2006;
Cicchetti et al., 2009).
Reduced NTF levels in HD brains coupled with the relationship between huntingtin (htt) and brain derived neurotrophic factor (BDNF,
(Zuccato et al., 2001; Zuccato et al., 2003; Zuccato et al., 2005)) point
to the possibility of NTF-based therapies as potential approaches for
treatment of HD. Indeed, administration of either glial derived neurotrophic factor (GDNF) or BDNF via a viral vector was shown to alleviate
disease symptoms in the quinolinic acid (QA) model for excitotoxicity
(Kells et al., 2004) as well as in other models of HD (Gharami et al.,
2008; McBride et al., 2003). However, any clinical potential of NTFbased therapy as a neuroprotective modality is limited by the difﬁculty
of delivering these proteins to the affected regions (Lang et al., 2006;
Patel et al., 2005).
Recently, a novel stem cell-based methodology was developed in
our lab aimed at safely and reliably delivering NTFs into diseased
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regions. We induced adult bone marrow mesenchymal stem cells
(MSCs) to differentiate into NTF secreting cells (NTF + cells), which
produce and secrete large amounts of BDNF and GDNF (Sadan et al.,
2008). The premise is that such cells can be transplanted safely into
affected areas and thereby serve as vehicles for delivering NTFs.
Indeed, NTF + cells were shown to exert positive effects in the 6hydroxydopamine induced nigro-striatal lesion model for PD (Sadan
et al., 2009), in the optic nerve transaction rat model (LevkovitchVerbin et al., 2010) and following sciatic nerve injury in rats
(Dadon-Nachum et al., 2011). These studies support that NTF + cells
can impede various neurodegenerative processes, most likely by secreting NTFs.
Magnetic resonance imaging (MRI) has become the most important noninvasive imaging methodology for studying both normal
and pathological processes in the central nervous system (CNS) (Stark
and Bradley, 1999). MRI offers high spatial and temporal resolution
and excellent penetration of the investigated tissues. Additionally, the
MRI signal can be sensitized towards different physical processes such
as, inter-alia, relaxation and diffusion, thus generating a multitude
of contrast mechanisms; these can provide abundant information regarding, for example, anatomical features in the CNS (Stark and Bradley,
1999), orientation of white matter ﬁbers (Basser et al., 1994), functional
aspects of different tissues (Ogawa et al., 1990) and even the onset of
pathological processes such as stroke (Moseley et al., 1990). The noninvasive and innocuous nature of the methodology makes it perfect
for longitudinal studies.
Previously, successive MRI scans were used to show that NTF +
cells labeled with Super Paramagnetic Iron Oxides (SPIOs) could migrate over relatively large distances in vivo in QA-lesioned rat brains
(Sadan et al., 2008). Moreover, the QA rat model for excitotoxicity
was characterized in terms of several MRI parameters (Shemesh et
al., 2010). In the present study, we establish in vivo that NTF + cells
exert a beneﬁcial effect in the regions impaired after QA injection.
Moreover, we demonstrate that transplantation of NTF + cells after
QA injection is associated with improved behavioral result. Finally,
we demonstrate the practicability of autologous stem cell therapy
by assessing the efﬁcacy of NTF + cells derived from HD patients relative to the efﬁcacy of NTF + cells derived from healthy individuals.
Materials and methods
Primary striatal culture
Striatal cultures were obtained as described previously (Zeron et al.,
2002). Brieﬂy, striata were dissected from postnatal day 0–1 (P0–P1)
EGFP expressing mice and placed in ice cold Hank's Balanced Salt Solution (Biological Industries), diced and then dissociated using Papain
(Sigma) and a series of reducing bore-size Pasteur pipettes. The papain
enzyme was inhibited by addition of 10% heat-inactivated fetal bovine
serum (Bio. Ind.) in Neurobasal medium (GIBCO), before cells were
plated at a density of 1 × 106 cells/mL on poly-D-lysine (MW =
30,000–70,000 g/mol; 250 μg/mL ﬁnal concentration, Sigma) coated
96 well plates in plating medium containing Neurobasal media, B27
(GIBCO), 100 units/mL penicillin–streptomycin (Bio Ind) and 2 mM
α-glutamine. Cells were maintained at 37 °C, 5% CO2 with humidity.
Where indicated, cells were treated with quinolinic acid (Sigma), PBS
or cell conditioned media (10% v/v). The experiment was performed
on two replicate plates. In one plate cellular death was assessed by
monitoring lactate dehydrogenase (LDH) released by damaged cells
into the cell culture supernatant using a LDH cytotoxicity detection
kit (Clontech laboratories, CA, USA), according to the manufacturer's
instructions. The amount of enzyme activity was measured in a microplate reader by absorbance at 490 nm. Each sample was present in triplicate. The striatal cultures were obtained from EGFP expressing mice,
therefore EGFP expression measured in a ﬂourometer served as an alternative marker for cell viability. In the second plate Hoechst staining

was used to assess cell viability. Cells were ﬁxed in ethanol (70%), stained
with Hoechst (Sigma, 10 μg/mL) and assessed using a ﬂourometer.
Quinolinic acid injection and cellular transplantation
In the current research we mainly present the efﬁcacy of NTF + cell
transplantation in the QA model for excitotoxicity. As will be elaborated, we ﬁrst compared NTF + cell treatment to naïve MSCs treatment and sham control. After we established the superiority of
NTF + cell treatment, and produced NTF + cells from HD patients, we
compared in vivo the efﬁcacy of healthy derived NTF + cells and HD
patient derived ones.
Male Wistar rats (n = 10–13 per group, Harlan, Israel) weighing
about 230 g were used. All experimental protocols were approved
by the University Committee of Animal Use for Research and Education. The rats were placed under 12 h light/dark conditions and
housed in individually ventilated cages with ad libitum access to food
and water. Every effort was taken to reduce the number of animals
required and to minimize their suffering.
The QA injection protocol and coordinates were described previously
(Sadan et al., 2008; Shemesh et al., 2010). Brieﬂy, 150 nmol of QA
(Sigma-Aldrich, St. Louis, MO) was injected in 1 μL using a stereotactic
frame (Stoelting, Wood Dale, Illinois) under chloral hydrate anesthesia,
to the left mid-striatum according to the rat brain atlas (Paxinos and
Watson 1998) at the following coordinates (relative to the bregma):
anterior +0.7 mm, lateral +2.7 mm, ventral −4.9 mm.
A day before cell transplantation cyclosporine (SC, 15 mg/kg)
treatment was begun, administered daily until the end of each experiment. 2 μL of 70,000 cells/μL (either MSCs or NTF+ cells) were transplanted into three locations throughout the lesioned striatum at Ant +
1.7, lat 2, Ven −4; Ant +0.7, Lat 3.5, Ven −5.5 and Ant −0.4 Lat 3,
Ven −5. Several animals were transplanted with cells pre-labeled
with PKH-26 (Sigma-Aldrich, n = 3 per group). Labeling was performed
according to the manufacturer's instructions. Brieﬂy, following trypsinization and washing with PBS, the cells were incubated with the PKH-26
dye for 4 min. At the end of incubation, the reaction was stopped by
serum and then by growth medium containing platelet lysate. After
the labeling process, the cells were replated and exposed to the differentiation medium. To avoid inter-donor variance, each animal received
mixed cells originating from four different donors cultivated separately.
Post-hoc ELISA was performed on the transplanted cell media to validate
that the differentiation process has occurred as expected (see below for
the ELISA section).
In the in vivo experiments described in the Results section, there
were four groups: phosphate buffered saline (PBS) control group
(treated with PBS instead of QA and PBS instead of cells), QA control
group (treated with QA and PBS instead of cells) and QA-injected rat
groups treated with stem cells as follows (Fig. 1): In the ﬁrst experiment, either MSCs (MSC-treated group) or NTF + cells (NTF-treated
group) were transplanted three days following the QA lesion. In the
second experiment, either healthy NTF + cells (hNTF group) or HDderived NTF + cells (HD-NTF group) were transplanted on the day of
the QA injection. The earlier schedule was chosen since we hypothesized that earlier transplantation would exert a better response, and
based on a pilot study which showed a better response in an earlier
rather than late schedule (data not shown).
Apomorphine (1 mg/kg, Sigma-Aldrich) induced rotations were
measured in a rotometer (San Diego Instruments, USA) for 45 min,
every 14 days, and net ipsilateral rotations were counted. In the second
experiment (in which hNTF+ cells were compared to HD-NTF + cells)
we added a cylinder test in the 3rd week after treatment. Forelimb
use was evaluated using the spontaneous exploratory forelimb use
test; a single asymmetry score was taken to represent the net ipsilateral
forepaw use for rearing, initial cylinder wall placement during exploratory rearing over a 5 min trial period in a clear plexiglass cylinder
(Kells et al., 2004). We scored the ﬁrst paw the animal used in its

O. Sadan et al. / Experimental Neurology 234 (2012) 417–427

419

Collection and culture of HD-derived MSCs
Adult human bone marrow samples were collected as described
previously (Sadan et al., 2009), after obtaining informed consent (approved by the Helsinki Committee of the Rabin Medical Center, Israel,
for details see Supplementary information).
Induction of human MSCs into NTF + cells
Human MSCs were placed in NTF1 medium containing DMEM
supplemented with SPN, 2 mM L-Glutamine (Biological industries,
Beit Haemek, Israel), 20 ng/mL human epidermal growth factor
(hEGF, Peprotech), 20 ng/mL human basic ﬁbroblast growth factor
(hbFGF, R&D Systems, Minneapolis, MN, USA) and N2 supplement
(Invitrogen, Carlsbad, CA, USA). After 72 h, the medium was replaced
with NTF2 2medium that comprises DMEM supplemented with 1 mM
dibutyryl cyclic AMP (dbcAMP), 0.5 mM isobutylmethylxanthine
(IBMX) (both from Sigma-Aldrich), 5 ng/mL human platelet derived
growth factor (PDGF, Peprotech), 50 ng/mL human neuregulin 1-β1/
HRG1-β1 EGF domain and 20 ng/mL hbFGF (both from R&D
Systems) and the cells incubated for 3 more days.
Immunocytochemistry

Fig. 1. In vivo experiments design, groups, treatments and timeline. (A) Experiment
which compared NTF + cells to MSC as opposed to sham. (B) Experiment which compared non-htt mutation carriers and HD-patients derived NTF+ cells as opposed to
sham.

rearing, and scored the difference between the ipsilateral paw placement (in relation to the lesioned side) and the contralateral one per
animal.
At the end of each experiment, animals were anesthetized, intracardially perfused with ice cold PBS followed by 4% paraformaldehyde. Brains were removed and immersed in 4% paraformaldehyde,
cryoprotected in 30% sucrose, frozen in 2-methyl-butane and cryosectioned into 10 μm coronal sections. Striatal volume was assessed
using cresyl violet staining; images were analyzed by ImageJ software
(NIH, USA). The area of the lesioned striatum was calculated as a percent of the contralateral striatum at intervals approximately 300 μm
apart (3–5 animals per group, randomly chosen). Speciﬁcally, the striatum was manually delineated and the area of the ipsilateral striatum
was divided by the contralateral one per slide, and the mean of all
slides per animal was scored. We measured the lesion area on the
slides from approximately AP +1.0 to AP −0.5, and did not include
the tail of the striatum, since the lesion there was minimal. Cellular
survival was assessed by counting PKH-26 positive cells that were adjacent to a DAPI nuclear stain at intervals approximately 450 μm apart
(3 animals per group, the number of cells counted in each 10 μm section was multiplied by 45). In each animal, one section was stained
for either BDNF (Peprotech, Rocky Hill, NJ, USA), GDNF (Santa-Cruz,
CA, USA) or CD68 (ED1, Serotech, Oxford, UK). Cell counting and evaluation of double stained images was performed blinded using ImageJ
software. For immunostaining, sections were incubated in a blocking
and permeabilization solution (5% normal goat serum, 1% bovine
serum albumin and 0.5% Triton X100 in PBS) before incubation with
primary antibody overnight at 4 °C. After washing with PBS, sections
were incubated with a biotinylated secondary antibody for 1 h
followed by streptavidin (488, Invitrogen) and DAPI counterstain
(1:500, Sigma-Aldrich).

Human MSC and NTF + cells were ﬁxed and stained with rabbit
anti-glial ﬁbrillary acidic protein (GFAP;1:200, Dako, Denmark), rabbit
anti-glutamine synthetase (GS; 1:100; Sigma-Aldrich), rabbit antiGDNF (1:100, Santa Cruz), rabbit anti-BDNF (1:100, Peprotech), rabbit
anti-huntingtin (1:100, Millipore, Billerica, MA, USA). The secondary
antibody was goat anti-rabbit Alexa-488 (1:200, Molecular Probes,
Invirogen) except in the case of GDNF staining where the secondary antibody was biotinylated goat anti-rabbit (1:200; Jackson Laboratories,
West Grove, PA, USA) followed by streptavidin-Alexa-488 (1:200,
Molecular Probes). Nuclear DNA was stained using 4,6-diamino-2phenylindole (DAPI) (1:1000, Sigma).
ELISA based measurement of NTF secretion
At the end of the NTF + induction process, human GDNF and BDNF
concentrations in the cell culture supernatant were measured using a
sandwich ELISA procedure according to the manufacturer's instructions (DuoSet, R&D System for human BDNF and GDNF). Brieﬂy,
supernatant media samples (100 μL) were measured in triplicate
per ﬂask. The samples were incubated overnight on coated plates, followed by exposure to a second antibody and streptavidin-HRP based
detection (H2O2 and tetramethylbenzidine solution). The absorbance
at 450 nm and 570 nm was recorded using a Microplate Reader. The
results were calculated for one million cells.
MRI
MRI was performed in the second in vivo experiment, in which
healthy NTF + cells were compared to HD derived NTF + cells. Rats
were anesthetized with ~4.5% isoﬂurane (Vetmarket Ltd., Petah
Tikva, Israel) delivered using a 95% Oxygen gas carrier and then anesthesia was maintained with ~ 1–2% isoﬂurane. The rats were placed
on a heated bed with circulating water at 37 °C and a respiratory sensor placed underneath the rat monitored the respiratory rate. The
anesthesia was adjusted to keep the rats breathing between 50 and
70 breaths/min.
MRI was performed using a 7.0 T Bruker Biospec (Bruker Biospin,
Karlsruhe, Germany) equipped with a 30 cm bore and gradient systems that are capable of producing up to 400 mT/m. In the MRI experiments, we used a body coil for transmission and a quadrature coil for
receiving. The quadrature coil was placed directly over the rat's head
and taped to the bed. The MRI experiments were performed on days

420

O. Sadan et al. / Experimental Neurology 234 (2012) 417–427

14 and 28 post transplantation. A volume encompassing the entire
brain was selected and manually shimmed with both ﬁrst and second
order shims using a PRESS sequence. The MRI scan included a T2
MSME sequence dedicated for T2 mapping. A ﬁeld of view of
2.56 × 2.56 (cm) 2 was chosen with a slice thickness of 1.3 mm and a
matrix of 256× 128 which was zero-ﬁlled to 256 ×256, yielding an inplane resolution of 100 ×100 (μm)2. Sixteen echoes were collected at
intervals of 10 ms from TE= 10 ms to TE=160 ms, with TR =3200 ms
and with NS= 2.
MRI Image analysis
The T2 maps were calculated using in-house software. For statistical comparisons between rats, the brain volume of each rat was normalized using a template rat atlas allowing voxel-based statistics. All
image transformations and statistical analyses described below were
done using SPM (version 2, UCL, London, UK). The rat brain template
was created from a dataset of one representative rat registered in
a digitized version of the Paxions and Watson stereotactic atlas
(Paxinos and Watson, 1998). Each rat dataset was normalized to the
template images. The normalization procedure included the following
steps: (a) All T2 images underwent bias correction before subsequent
steps. (b) For each rat, the T2 image was co-registered with the template
(using a 6-parameter rigid body transformation). (c) Normalization
was performed to the T2 maps with the template. (d) The normalized
indexed maps were smoothed with 0.3 mm Gaussian kernel.
MRI statistical analysis
Following the normalization steps outlined above, a factorial
ANOVA test was performed using two factors: three experimental
groups (QA, NTF + and HD-NTF +) and two MRI time points (14 and
28 days), with repeated measures on the second factor. For the two
comparisons, between the groups and between time points, both
main effects were obtained as statistical parametric maps. On all
parametric maps, an effect was considered signiﬁcant when the statistical threshold was p b 0.001 (not corrected for multiple comparisons). Localization of the observed changes was done by inspecting
the regions that passed the statistical threshold on the digitized atlas.
Post-hoc region of interest (ROI) analysis was performed on the regions
that passed the statistical threshold of p b 0.001.
Statistics
The results are expressed as means ± standard error unless otherwise stated. Student's t-test was used to compare means of two groups.
Comparisons between several groups were done by one way ANOVA
with Dunnett post-hoc analysis. Repeated tests (apomorphine-induced
rotations) were also analyzed by repeated measurements ANOVA test.
Statistical calculations were performed using SPSS v.13.
Results
NTF + cell conditioned media protect primary striatal cultures from
QA-induced toxicity
Primary striatal cultures were exposed to QA (0.5 mM or 1 mM) in
the absence or presence of conditioned media from either naïve MSCs
or NTF + cells and cell viability assessed by Hoechst staining. As
expected, QA treatment reduced viability to 54 ± 2.5% (0.5 mM) and
50.9 ± 6.1% (1 mM) relative to control non-treated cultures. QAtreated cultures supplemented with conditioned media from MSCs
(10%) exhibited greater cell viability, 71.2 ± 14% and 88.9 ± 18.4%,
respectively. Remarkably, QA-treated cultures supplemented with
conditioned media from NTF + cells displayed almost no cell death,
with cell viabilities of 90.3 ± 9.9% and 105 ± 1%, respectively.

ANOVA analysis indicated that both types of conditioned media
signiﬁcantly increased survival after 1 mM QA treatment (df = 8,
F = 6.05, p b 0.05). In the Dunnett post hoc test where supplemented
cultures were compared to cultures treated only with 1 mM QA, for
MSC-derived supplement p = 0.04, for NTF + cell-derived supplement
p = 0.01. To corroborate these ﬁndings, cell viability was also evaluated
by measuring EGFP expression ﬂourometrically. We found that QA
treatment reduced EGFP expression to 91.4 ± 1% (0.5 mM) and 87.1 ±
4.7% (1 mM) relative to control non-treated cultures. The protection
provided by co-treatment with conditioned media was readily observed, as cell viabilities were 103 ± 4% (0.5 mM QA, MSC conditioned
media), 105 ± 4% (1 mM QA, MSC conditioned media), 105 ± 6%
(0.5 mM QA, NTF+ cell conditioned media) and 110 ± 5% (1 mM QA,
NTF + cell conditioned media). In line with the Hoechst data, protection
was statistically signiﬁcant according to ANOVA just at the higher QA
concentration (dF(8,12) = 6.63, p b 0.05); in the Dunnett post hoc test
where supplemented cultures were compared to cultures treated only
with 1 mM QA, for MSC-derived supplement p = 0.03, for NTF + cellderived supplement p = 0.01. Finally, we also measured LDH levels in
the culture supernatants, which serve as an indirect index for cellular
death. QA treatment increased LDH release to 159 ± 8.5% (0.5 mM)
and 156 ± 13.3% (1 mM) relative to control non-treated cultures. In
agreement with the Hoechst and ﬂuorometric data, both conditioned
media attenuated LDH elevation irrespective of QA concentration, 130±
1.3% (0.5 mM QA, MSC conditioned media), 127±8.5% (1 mM QA, MSC
conditioned media), 95.7±3% (0.5 mM QA, NTF+ cell conditioned
media) and 96.2 ± 3.9% (1 mM QA, NTF+ cell conditioned media). However, according to ANOVA analysis of LDH levels, both conditioned
media protected signiﬁcantly from cell death at both QA concentrations
(dF(8,12) for 0.5 mM= 35.68, p b 0.001; for 1 mM F = 10.15, p b 0.05).
Notably, conditioned media from NTF+ cells provided signiﬁcantly
greater protection against 0.5 mM QA treatment relative not only to
control non-treated cultures but also relative to cultures supplemented
with conditioned media from MSCs. Once again, in Dunnett post hoc
analysis just conditioned media from NTF+ cells protected signiﬁcantly
against the toxicity of 1 mM QA.
In conclusion, three methods of assessing cell viability were
employed to establish that conditioned media from NTF + cells protect signiﬁcantly against QA toxicity in primary striatal cultures
(Fig. 2).

NTF + cell transplantation attenuates the neurotoxicity induced by
QA injection
In the ﬁrst in vivo experiment, either NTF + or naïve MSC cells
were transplanted into the lesioned striatum three days following
QA injection. The behavioral index tested was apomorphine induced
rotations, measured 14 days post-QA injection and followed at 14day intervals. At the ﬁrst time point, the PBS control group (no QA;
no transplanted cells) rotated 2.8 ± 2.6 net ipsilateral rotations in
45 min, while the QA control group (QA; no transplanted cells) rotated
83.8± 22. The MSC group (QA; naïve MSC cells) behaved similarly
to the QA control group (71.3± 17.3) whereas the NTF + group (QA;
NTF + cells) showed a remarkably small rotational behavior (14.8 ±
4.6), akin to the PBS control group. ANOVA analysis revealed that both
the NTF+ and PBS groups performed signiﬁcantly fewer rotational
movements than the QA control group (p= 0.01, dF(3,36) = 6.08).
At later time points: the PBS group rotated 16.2 ± 9.5 times on the
28th day and 19.0 ± 18.3 times on the 42nd day; the QA control
group rotated 69.1 ± 17.4 and 83.0 ± 22.2 times, respectively; the
MSC group rotated 45.9 ± 14.1 and 83.5 ± 21.6 times, respectively;
but remarkably, the NTF + group rotated 24.8 ± 10.9 and 40.4 ± 16.5
times, respectively. ANOVA analysis of repeated measures conﬁrmed
that the NTF + group behaved signiﬁcantly differently when compared
to the QA group (p = 0.012) and that there was no statistically
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Fig. 2. Conditioned media from NTF+ cells protects primary striatal cultures against QA
toxicity. Striatal cultures derived from EGFP transgenic mice were exposed to QA
(0.5 mM or 1 mM) in the absence or presence of conditioned media from either
MSCs or NTF+ cells and cell viability assessed by (A) LDH release, (B) Hoechst staining
or (C) EGFP expression.

signiﬁcant difference in the behaviors exhibited by the QA and MSC
groups (p = 0.93, Fig. 3A).
Following the ﬁnal apomorphine test, animals were sacriﬁced for
histological assessment. The outlines of the striatum were delineated
using Nissl staining and the volume of the lesioned striatum relative
to the contralateral striatum was measured. We found that in the
QA control and MSC groups, the average striatal volume of the
lesioned side was 62.7 ± 1.5% and 65.0 ± 2.2% of the contralateral
side, respectively. However, in the NTF + group the relative volume
was 73.1 ± 2.8%, signiﬁcantly higher than that exhibited by the QA
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Fig. 3. NTF+ cell transplantation ameliorates the neurotoxicity caused by QA injection more
effectively than naïve MSCs. Neurotoxicity was evaluated at behavioral (apomorphineinduced rotations) and histological (striatal asymmetry) levels. In addition, the survival
of transplanted stem cells was conﬁrmed. (A) Assessment of apomorphine induced rotations. (B–C) Quantiﬁcation of striatal assymetry (C, *-p b 0.05 compared to QA, ANOVA
with post hoc Dunnett, yellow error marks the lesioned side). (D) Quantiﬁcation of cell
survival 42 days after transplantation. (E) Quantiﬁcation of CD68+/PHK-26+ cells.

group (ANOVA p = 0.01, dF(2,50) = 4.62, QA control group-hNTF
group post hoc p b 0.05 (Figs. 3B–C).
We then estimated cell survival by manually counting PKH-26
positive cells approximately every 450 μm in three brains from the
MSC group and three brains from the NTF + group. The total numbers
counted were 62,880 ± 4069 MSCs, representing about 14% of the
transplanted cells, and 86,544 ± 20,486 NTF + cells (19.2%, p = 0.16).
We found that 39.8 ± 9.4% of the transplanted NTF + cells were
BDNF positive and 30.4 ± 6.3% GDNF positive, suggesting that the
cells maintained their phenotype in vivo (Figs. 3D, S1). We found in
the same experiment that 31.7 ± 13.6% of the surviving MSCs and
29.7 ± 9.7% of the surviving NTF + cells (p = 0.32, 31E) co-labeled
with CD68, suggesting phagocytosis. Since about 30% of the cells
were phagocytized, and could be considered dead, the 35% of the
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NTF + cells still stained positively for BDNF, represent the majority
of the surviving cells, which maintained their pre-transplantation
phenotype.
In summary, NTF + cells transplanted into rat brains after QA injection survive transplantation, maintain their NTF secreting phenotype
and reduce striatal volume changes associated with QA injection. Importantly, QA injected rats treated with NTF + cells exhibit improved
behavior in a test of neural integrity, namely QA-injected rats treated
with NTF + cells perform fewer apomorphine induced rotations than
untreated or MSC-treated QA-injected rats.
HD-derived MSCs can be induced to differentiate into NTF + cells
MSC cultures from seven HD donors were subjected to our NTF +
differentiation protocol, and were shown to express BDNF, GNDF,
GFAP and glutamine synthase similarly to healthy donors, while all
groups only mildly express htt (Figs. 4A–T). We measured the efﬁciency of differentiation by determining BDNF and GDNF levels in
the media using ELISA. HD-derived NTF + cells were compared with
NTF + cells derived from seven MSC cultures obtained from seven
healthy donors. Each MSC culture was tested in at least three and
up to 12 independent experiments. We found that GDNF secretion
increased after induction irrespective of whether the NTF+ cells were
derived from HD or healthy donors. Speciﬁcally, before induction
healthy MSCs secreted 1043 ± 518 pg GDNF/million cells and after
differentiation secretion increased to 2304 ± 678 pg GDNF/million
cells, p b 0.001 (df = 6, t = −5.588); similarly, HD-derived MSCs secreted 720 ± 332 pg GDNF/million cells and after induction secretion
increased to 1974 ± 560 pg GDNF/million cells, p b 0.01 (df = 6, t =
−4.098), (Fig. 4V). We also established, from the same media samples,
that BDNF secretion increased after induction in NTF + cells derived
from both HD and healthy donors. Before induction healthy MSCs secreted 1555 ± 396 pg BDNF/million cells and after differentiation this
increased to 5980 ± 949 pg BDNF/million cells, p b 0.001 (df = 6, t =
−7.025). Similarly, HD-derived MSCs secreted 2007 ± 585 pg BDNF/
million cells and after differentiation 4979 ± 1302 pg/million cells
post differentiation, p b 0.05, (df = 6, t = −2.304, Fig. 4U). No signiﬁcant correlation was found between the CAG repeat size and BDNF
(R2 = 0.08, Fig. 4W) or GNDF (R2 = 0.01, Fig. 4X) secretion levels.
Based on these observations, we conclude that MSCs derived from
HD patients differentiate into NTF + cells in a manner comparable to
MSCs derived from healthy donors.
HD-derived NTF + cells alleviate neural symptoms associated with
QA-induced striatal lesions
In the second in vivo experiment, NTF + cells from healthy donors
(hNTF group) or HD-derived NTF + cells (HD-NTF group) were transplanted on the day of QA injection into the same coordinates and at
the same cellular dosage as in the ﬁrst experiment. Apomorphine
induced rotational behavior was again the main behavioral index.
Eleven percent of the rats died from anesthetic complications. On
day 14 the average net ipsilateral rotations performed by each
group were as follows: 4.8 ± 6.3 by the PBS control group (no QA;
no transplanted cells); 83.7 ± 16.9 by the QA control group (QA; no
transplanted cells); 28.9 ± 9.0 by the hNTF group (QA; healthy
donor-derived NTF + cells, ANOVA dF(3,34) = 5.35, p b 0.01, QA control group-hNTF group — p b 0.01); and 36.0 ± 10.2 by the HD-NTF
group (QA; HD-derived NTF + cells, QA control group-HD-NTF group
p b 0.05). Thus in line with our ﬁndings in the ﬁrst experiment,

treatment with NTF + cells is associated with improved neural behavior. Importantly, this beneﬁcial effect is observed irrespective of
whether the NTF+ cells are derived from healthy or HD donors. The efﬁcacy of both kinds of NTF+ cells was evidenced throughout the experiment. On day 28 the PBS and QA control groups performed −9.2±3.7
and 65.9±10.5 ipsilateral rotations respectively, while the hNTF and
HD-NTF groups rotated only 25.4±6.5 (ANOVA dF(3,34)=3.31,
pb 0.05; QA control group-hNTF group pb 0.05) and 40.4±15.7 (QAHD-NTF, p=0.1) times. Finally, on the last day of the experiment, the
PBS and QA control groups rotated −1.5±3.0 and 59.9±13.8 times
respectively, whereas the hNTF and HD-NTF groups performed only
28.6±9.1 and 20.5±7.5 net rotations respectively (ANOVA dF(3,34)=
3.73, pb 0.05; QA-hNTF comparison pb 0.05, QA-HD-NTF comparison
pb 0.05, Fig. 5A).
In a cylinder test conducted on day 21, we found that the PBS control group exhibited 0 ± 1.19 net ipsilateral paw placements, an indication of symmetry and therefore of good neural performance. In
contrast, the QA control group performed 8.9 ± 2.7 paw placements.
The cell treated groups, hNTF and HD-NTF, displayed 6.0 ± 2.4 and
7.3 ± 2.8 ipsilateral paw placements respectively. The differences between the cell treated groups and the QA group are not statistically
signiﬁcant (ANOVA p = 0.1), but manifest a positive trend (5B) that
agrees with the aforementioned primary behavioral index data.
Striatal asymmetry was again evaluated by sampling Nissl-stained
tissue sections (n = 3 per group). The size of the lesioned striatum
was 65.9 ± 3.2% of the contralateral striatum in the QA control group.
In contrast, cell treated brains exhibited smaller QA injection-associated
volume changes. Indeed, the lesioned striatum sizes of the hNTF group
and the HD-NTF group were 88.6 ± 6.6% (ANOVA dF(2,14) = 4.04,
p b 0.05, QA control group-hNTF group p b 0.5) and 77.0± 4.9% (QA control group-HD-NTF group — p = 0.1, Fig. 5C) of the contralateral stratum, respectively.
Of note, the proportion of surviving transplanted cells that stained
for htt were observed to be only ~0.6% in both the hNTF and HD-NTF
group, suggesting that htt expression is not relevant for this speciﬁc
cell type and therefore, the chance of unwanted aggregations is low
(see Fig. S4).

MRI demonstrates in vivo the efﬁcacy of NTF + cells as treatment for
QA toxicity
Figs. 5D and E show six slices of T2 maps from a representative QAinjected rat on day 14 and day 28, respectively. The impaired region
can be easily visualized as a well resolved region residing mostly
within the striatum and partially within the lower parts of the cortex.
The T2 values in the affected region are clearly elevated compared to
the corresponding region in the contralateral hemisphere and the lesion is well demarcated at both time points. Notably, the distribution
of T2 values within affected regions is heterogeneous at both time
points, comprising T2 values from ~75 ms in the lower boundary to
~150 ms in the upper boundary. Note that these MRI images are representative in their quality and SNR for all rats measured in this study.
To determine if there were signiﬁcant changes in T2 values in affected
regions between the different time points, we used an ANOVA repeated
measures test. Fig. 6A shows the voxels of a T2 rat brain template that
passed the pb 0.001 signiﬁcance threshold. Highly signiﬁcant changes
in T2 values occurred in localized regions within the affected area, particularly in the caudate putamen (CP), corpus callosum (CC) and ﬁmbria
(Fim). Having deﬁned regional changes, next we compared among the

Fig. 4. NTF+ cells derived from HD patients and from healthy donors exhibit similar properties. MSCs derived from healthy donors or HD patients were induced to become NTF+
cells and expression of NTFs, astrocytic cell markers and the htt gene and NTF secretion levels compared. Correlation analysis indicates that the number of CAG repeats does not
inﬂuence NTF secretion after induction. (A–D) BDNF expression. (E–H) GDNF expression. (I–L) GFAP expression. (M–P) Glutamine synthase expression. (Q–T) huntingtin (htt)
expression. (U) BDNF secretion. (V) GDNF secretion. (U–V) n = 7, *-p b 0.05, **-p b 0.01, t-test. (W) Analysis of correlation between the number of CAG repeats and the level of
secretion of BDNF. (X) Analysis of correlation between the number of CAG repeats and the level of secretion of GDNF. Scale bar = 50 μm.
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statistically signiﬁcant (pb 0.019). In the CC and Fimbria regions, we
observed an increase in T2 values in all experimental groups with no statistically signiﬁcant difference between the groups. To corroborate that
these MRI data are robust, we divided the QA control group into two
subgroups of ﬁve rats (that were randomly selected) and compared
the T2 values between the subgroups using a t-test and the same
threshold (pb 0.001, Fig. S5). As expected, no signiﬁcant changes in T2
values were found between the two subgroups (Fig. S5), thus lending
further credence to the therapeutic effect observed in Fig. 6. In conclusion, MRI analysis reveals a beneﬁcial effect of NTF + cell transplantation
after QA injection speciﬁcally in the caudate putamen.
Discussion

Fig. 5. HD-derived NTF+ cells alleviate neural symptoms associated with QA-induced
striatal lesions. Neurotoxicity was evaluated at behavioral (apomorphine-induced rotations and cylinder test) and histological (striatal asymmetry) levels. (A) Apomorphineinduced rotation assessment. (*-p b 0.05, **-p b 0.01, ANOVA with post hoc Dunnett
compared to QA control group). (B) Spontaneous paw placement asymmetry in a cylinder test performed 21 days post QA injection. (C) Quantiﬁcation of striatal asymmetry
(*-p b 0.05). (A) MRI analysis of brains after QA injection. T2 maps from a representative
rat were compared over time. Note that the QA-induced lesion appears as regions of
high T2 values compared to the contralateral hemisphere. The lesion diminishes slightly
by (B) day 28 as represented by lower T2 values and smaller affected areas.

experimental groups the percent change between the two time points
for each region (Figs. 6B–D). The CP was the region most affected by
QA injection, and in the QA control group an ~4% increase in T2 values
was measured. T2 values in the CP region were lower by ~2% and ~1%
compared to the previous time point in the hNTF and HD-NTF groups,
respectively, suggesting an efﬁcacious effect for these groups. The difference in T2 values in the CP region between the QA and hNTF groups is

Stem cell-based therapies are emerging as promising therapeutic
routes for neurodegenerative disorders in general and for HD in particular. Effectively replacing dead cells in the striatum of HD patients
represents a problematical challenge (Cicchetti et al., 2009), therefore
the cell rescue approach to stem cell therapy is currently considered
more feasible for HD.
The practicability of using stem cells to alleviate neurodegenerative disease symptoms has been tested in numerous studies. One approach involves transplanting fetal striatal grafts and this showed
early promise, alleviating disease symptoms in excitotoxic rat and
primate models (Isacson et al., 1984; Schmidt et al., 1981). Further
clinical trials generated mixed results (Bachoud-Levi et al., 2006;
Keene et al., 2007; Reuter et al., 2008). Subsequently it was demonstrated that the fetal striatal implants degenerate faster than the patients' own striatum (Cicchetti et al., 2009) and, there was one case
where a space occupying lesion formed due to the graft (Keene et
al., 2009). A slightly different approach is to transplant MSCs themselves and various studies, both clinical and in animal models, have
investigated the applicability of this strategy. MSCs transplanted
into the 3-nitropropionic model and a transgenic model for HD
were associated with a slightly beneﬁcial effect compared with vehicle administration (Rossignol et al., 2011; Snyder et al., 2010). Transplanted adipose stem cells were shown to alleviate neural symptoms
in both the QA and transgenic R6/2 models for HD (Lee et al., 2009).
However, adipose stem cells derived from HD patients or healthy
donors had minimal beneﬁcial effect in the YAC128 transgenic model
for HD (Im et al., 2010). Taken together, these ﬁndings support the premise that transplanted stem cells could serve as a treatment for HD and
have prompted researchers to investigate methods to increase the
effectiveness of the stem cells. MSCs genetically engineered to overexpress BDNF were found to reduce neuronal loss in the QA and YAC128
models (Dey et al., 2010; Kells et al., 2004; Xie et al., 2010). Although
transplanted stem cells for treating neurodegenerative diseases are
promising, successful administration remains a challenge. Clinical experience, at least in Parkinson's disease, is not encouraging so far
(Kordower et al., 2008; Li et al., 2008; Olanow et al., 2003).
A uniquely advantageous aspect of our NTF + cells is that they can
be generated from the patient's MSCs without any genetic manipulation and therefore should bypass immunological and ethical complications that arise in conventional stem cell transplantation. Here,
we chose to test the efﬁcacy of NTF + cells in a model for excitotoxicity, as this model is well characterized and represents fundamental
neurodegenerative processes, which is especially relevant for HD. Initially, we tested the effect of supplementing NTF supernatant (derived from NTF + cells) to QA-treated primary striatal cultures in
vitro (Zeron et al., 2002). We found that NTF +-derived supernatant
exerted a signiﬁcantly beneﬁcial effect (Fig. 2) and protected from
QA toxicity more effectively than MSC-derived supernatant. Next,
the NTF + cells were tested in vivo and found to protect against striatal
excitotoxic damage when transplanted three days post QA injection
(Fig. 3). Notably, NTF + cells, but not MSCs, reduced apomorphineinduced rotations longitudinally, emphasizing the long-lasting effect
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Fig. 6. Transplantation of NTF+ cells after QA injection exerts a therapeutic effect. Rats from each experimental group were subjected to MRI and the longitudinal T2 maps compared.
(A) A template of the rat brain overlaid with maps representing areas that passed the P b 0.001 threshold in the ANOVA test. (B–D) Analysis of difference among the experimental
groups, in the (A) CP, (B) CC and (C) Fim regions (CP — caudate-putamen, CC — corpus callosum, Fim — Fimbria).

of such cellular therapy. Our data also suggests that NTF+ cells survive
better than MSCs after transplantation. Survival is a key parameter
when considering the future clinical applicability of a therapeutic approach. It is still unknown what is the exact mechanism underlying
the better survival (although not statistically signiﬁcant, but with a
clear trend) of the differentiated cells. As shown in the results, reduced
phagocytosis is unlikely, therefore, we can speculate that the pro-neural
phenotype contributes to better survival of the NTF+ cells. In addition
we established that most of the NTF+ cells maintained expression of
BDNF or GDNF in vivo for at least six weeks. Finally, only the minority
of surviving cells appears to be phagocytosed, as indicated by coexpression of CD68 and in agreement with previous studies (Sadan et
al., 2008). The immunological reaction towards the cellular treatment
may also induce cytokine and trophic factor secretion by indigenous
cells, however the fact that NTF+ cells produced a better effect than
MSCs contradicts such a theory.

A key advantage of MSC-based approaches is the future possibility
of autotransplantation. However, this advantage could be a doubleedged sword when considering genetic diseases such as HD, as the
mutated htt gene is present in all cells, including the patient's MSCs.
Therefore, we tested the inﬂuence of htt expression on our NTF induction process. siRNA-induced htt knockdown was not found to alter
BDNF RNA expression following the induction process (Fig. S2). In addition BDNF and GDNF secretion into the medium was independent
of htt expression. These results suggest that htt does not inﬂuence NTF
expression in the context of NTF+ cells, even though htt is known to
affect BDNF expression in human striatae in vivo (Zuccato et al., 2001;
Zuccato et al., 2007). Having established that reduced htt expression
does not perturb the NTF induction process, bone marrow samples
were obtained from HD patients (see Table 1 for clinical data regarding
the HD donors). MSCs were isolated and characterized according to
known parameters (Fig. S3) such as expression of CD markers and

Table 1
Demographic and clinical data about HD patients that donated bone marrow.
Code

Gender

Age at aspiration

Origina

#CAGs
(in MSC culture)

Clinical stateb

HD1
HD2
HD3
HD4
HD5
HD6
HD7

F
F
F
M
M
M
M

60
53
45
40
63
32
51

Ashkenazi
Ashkenazi (former Czechoslovakia)
Caucasus (former USSR)
Iraq
Ashekenazi (Germany)
Karai (Egypt)
India

41
41
42
46
39
43
43

Severe chorea, moderate cognitive decline
Muscle weakness, mild memory decline
Severe chorea, mild cognitive decline
Mild chorea and mild cognitive decline
Moderate chorea and cognitive decline
Asymptomatic
Mild chorea, mild cognitive impairment

a

Origin refers to the country or area of birth of the patient or his/her parents.
Clinical state is a concise non-quantitative description of disease progression at the time of bone marrow donation in terms of the chorea (none, mild, moderate, severe) and
cognitive decline.
b
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capability to differentiate into osteocytes, chondrocytes and adipocytes.
Subsequently, these MSCs from HD donors were induced to become
NTF + cells. As demonstrated, these cells underwent NTF+ induction
in a similar manner to MSCs derived from healthy donors in terms of
BDNF and GDNF secretion.
Importantly, we show here that HD-derived NTF + cells ameliorate
QA-induced neurotoxicity in vivo. To our knowledge, this is the ﬁrst
study that has taken adult stem cells from patients with an inherited
disease, transplanted them into an animal model and demonstrated
therapeutic potential. Not only did these cells prevent aberrant
apomorphine-induced rotational behavior, but also the HD-NTF +
cells exerted a positive effect that could be discerned in histological
preparations as well as in longitudinal MRI scans in vivo. Indeed, the
multi-parameter design of our study enables conﬁdence in the efﬁcacy of HD-NTF + cells.
In this study, MRI proved particularly useful for testing the effect
of stem cell therapy in vivo. Previous MRI studies have assessed T2
values to show that the QA lesion diminishes over time (Shemesh et
al., 2010) and that stem cell migration towards impaired regions occurs within this time frame (Sadan et al., 2008). The T2 value is the
spin–spin relaxation constant and is considered to reﬂect the cellular
environment and be affected by disease processes. For example, in
areas affected by stroke, the T2 values increase markedly within
24 h of stroke onset, presumably owing to cellular decomposition
and inﬁltration of water into the affected area as cells in the region
undergo necrosis (vasogenic edema). However, increased T2 values
in QA-injected rat brains have also been associated with pseudocystic arrangements (Shemesh et al., 2010). Here, statistical analysis
of T2 maps revealed that T2 values in QA-affected areas within the
CP increased in untreated brains but decreased over time when
NTF + cells were transplanted. The observed elevation in T2 values
in the untreated CP after QA injection is probably due to cellular
breakdown and the onset of necrosis, or to the onset of the cystic
rearrangement (Shemesh et al., 2010). We consider it unlikely that
the signiﬁcantly decreased T2 values on day 14 associated with transplanted NTF + cells are due to edema subsiding, since the ﬁrst MRI
time point was already 14 days post-transplantation. Thus, we conclude that this T2 decrease reﬂects the beneﬁcial effect of NTF + cells
on the cellular environment within the CP; speciﬁcally, the NTF +
cells ensured that QA-dependent cellular decomposition and necrosis
occurred on a much smaller scale. However, we do not exclude that
the continuing decrease in T2 values observed between days 14 and
28 in QA-injected brains treated with NTF + cells could be due to transient cell swelling on day 14 that subsided on day 28 owing to the
beneﬁcial effect of the treatment. When NTF + cells derived from HD
patients were used, the decrease in the CP did not reach statistical signiﬁcance, although the trend is clear; this ﬁnding corresponds to the
striatal asymmetry parameter in the histological study. It is notable
that increases in T2 values within brain regions such as the corpus callosum and the ﬁmbria were also observed in all groups, and the increases in the corpus callosum were slightly smaller in the QAinjected groups treated with stem cells. Therefore, there seems to
be a regional selectivity or preference as to where the NTF + cells
exerted a positive effect. This could reﬂect the survival of transplanted cells in different regions or their migration patterns.
The current study was performed in a lesion-induced model. Further studies will need to evaluate the efﬁcacy of our cellular treatment
in a transgenic model. In the latter, other properties of broader underlying pathophysiological processes of HD may be examined, including
the safety of the treatment.
Conclusion
This study establishes that NTF + cells are neuroprotective against
excitotoxic damage in vivo and that these cells exert a greater beneﬁcial effect than naive adult bone marrow derived MSCs. Moreover, for

the ﬁrst time, we show that stem cells derived from HD patients can
not only be induced to become NTF + cells but also exhibit therapeutic
properties comparable to NTF + cells derived from healthy donors,
suggesting that autologous transplantation may be feasible for such
a therapeutic route.
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