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We have investigated the effectiveness of transplantation of human

neural stem cells into adult rat striatum prior to induction of striatal

damage with the mitochondrial toxin 3-nitropropionic acid (3-NP).

Systemic 3-NP administration caused widespread neuropathological

deficits similar to ones found in Huntington disease (HD) including

impairment in motor function (rotarod balance test) and extensive

degeneration of neuron-specific nuclear antigen (NeuN)(+) neurons,

calbindin(+) neurons and glutamic acid decarboxylase (GAD)(+)

striatal neurons. Animals receiving intrastriatal implantation of human

neural stem cells (hNSCs) 1 week before 3-NP treatments exhibited

significantly improved motor performance and reduced damage to

striatal neurons compared with control sham injections. In contrast,

transplantation of hNSCs at 12 h after the initial 3-NP administration

did not lead to any improvement in motor performance or protect

striatal neurons from the 3-NP-induced toxicity. These results indicate

that the presence of grafted hNSCs before 3-NP treatment is required

for host striatal neuronal protection and enhanced motor function.

Immunoreactivity of brain-derived neurotrophic factor (BDNF) was

found in vitro in cultured hNSCs and in vivo in grafted NSCs with

expression and secretion of BDNF demonstrated by RT-PCR,

immunocytochemistry, dot-blot, and ELISA analyses. Thus, protective

effects of proactive transplantation of hNSCs may be due, in part, to

effects mediated by BDNF. The findings in this work have particular

relevance to a rat model of HD in that proactive transplanted hNSCs

protect host striatal neurons against neuronal injury and improve

motor impairment induced by 3-NP toxicity.

D 2004 Elsevier Inc. All rights reserved.

Keywords: Brain-derived neurotrophic factor; Human neural stem cells;

Huntington disease; Striatum; 3-Nitropropionic acid; Brain transplantation
0969-9961/$ - see front matter D 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.nbd.2004.01.016

* Corresponding author. Brain Disease Research Center, Ajou

University School of Medicine, 5 San Wonchon-dong, Suwon 442-721,

South Korea. Fax: +82-31-216-6381.

E-mail addresses: sukim@ajou.ac.kr, sukim@interchange.ubc.ca

(S.U. Kim).

Available online on ScienceDirect (www.sciencedirect.com.)
Introduction

Huntington disease (HD) is an autosomal dominant neurode-

generative disorder characterized by involuntary choreiformic

movements, cognitive impairment and emotional disturbances

(Greenamyre and Shoulson, 1994; Harper, 1996). Despite identi-

fication of the HD gene and associated protein, the mechanisms

involved in the pathogenesis of HD remain largely unknown and

thus hamper effective therapeutic intervention. Transplantation of

fetal brain tissues may serve as an effective strategy in reducing

neuronal damage in HD brain and a recent study has documented

improvements in motor and cognition performance in HD patients

following fetal cell transplantation (Bachoud-Levi et al., 2000).

These results follow previous reports indicating positive effects of

cell transplantation to ameliorate neuronal dysfunction in animal

models of HD; transplantation of fetal murine striatal tissue was

found to reverse neurological deficits in an excitotoxic animal

model of HD (Nakao and Itakura, 2000) and in a transgenic mouse

model of HD (Dunnett et al., 1998). The latter study is consistent

with results obtained in HD patients indicating survival and

differentiation of implanted human fetal tissue in the affected

regions (Freeman et al., 2000).

A major limiting factor in the transplantation of fetal cells is the

difficulty in supplying sufficient amounts of fetal human striatal

tissue and the concomitant ethical issues associated with the use of

human fetal tissues. An ideal source of cell transplantation in HD

would be neural stem cells (NSCs) that could participate in normal

central nervous system (CNS) development and differentiate into

regionally appropriate cell types in response to environmental

factors (McKay, 1997; Flax et al., 1998). In this regard, previous

studies have shown that the NSCs isolated from embryonic, fetal or

adult mammalian CNS can be propagated in vitro (McKay, 1997;

Flax et al., 1998; Gage, 2000) and subsequently implanted into the

brain in the study of animal models of human neurological

disorders including HD (Bjorklund and Lindvall, 2000). Trans-

plantation of NSCs to replace degenerated neurons (Armstrong et

al., 2000) or genetically modified NSCs producing neurotrophic
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factors have been used to protect striatal neurons against excito-

toxic insults (Martinez-Serrano and Bjorklund, 1996).

At present, little is known regarding whether implantation of

NSCs before neuropathological damage can alter the progressive

degeneration of striatal neurons and motor deficits which occur in

HD. This question is important because genetic study of HD gene

mutation (Huntington’s Disease Collaborative Research Group,

1993) and neuroimaging (Brinkman et al., 1997; Harris et al.,

1999; Thieben et al., 2002) can provide details on factors involved

in the HD disease progression indicating early intervention using

transplantation could be effective.

The compound 3-nitropropionic acid (3-NP) is a toxin which

inhibits the mitochondrial enzyme succinate dehydrogenase (SDH)

and tricarboxylic acid (TCA) cycle thereby interfering with the

synthesis of ATP (Alston et al., 1977; Coles et al., 1979). Systemic

administration of 3-NP in rodents and primates leads to metabolic

impairment and gradual neurodegeneration of the basal ganglia

with behavioral deficits similar to those associated with HD (Beal

et al., 1993; Brouillet et al., 1995; Borlongan et al., 1997). Recent

studies have demonstrated that neurotrophic factors, such as brain-

derived neurotrophic factor (BDNF), influence a variety of cellular

functions (Lewin and Barde, 1996), and that BDNF blocks neuro-

nal injury under pathological conditions including ones relevant to

HD (Bemelmans et al., 1999; Perez-Navarro et al., 2000).

In the present study, we have used a rat model of HD generated

by systemic administration of 3-NP to assess whether intrastriatal

grafts of human neural stem cells (hNSCs) before 3-NP adminis-

tration could counteract 3-NP-mediated cellular damage in the

striatum.
Materials and methods

Human neural stem cell culture

Telencephalon tissues from a 15-week gestational human fetal

brain were used to generate primary cell culture from which

immortalized cell lines of hNSCs were generated using a retroviral

vector encoding v-myc oncogene (Flax et al., 1998; Ryu et al.,

2003). One of the NSC clones, HB1.F3, expressed phenotypes

specific for neural stem cells including ABCG2, nestin and

vimentin. Additionally, HB1.F3 expressed Na+ current when cells

were transduced with NeuroD gene and differentiated into neurons

(Cho et al., 2002). hNSC cell line was used in this study and grown

in a serum-free medium (DM4) consisting of Dulbecco’s modified

Eagle medium with high glucose (DMEM) supplemented with 10

Ag/ml human insulin, 10 Ag/ml human transferrin, 30 nM sodium

selenate, 50 nM hydrocortisone, 0.3 nM tri-iodothyronine, 20 Ag/
ml gentamicin, and 5 Ag/ml amphotericin B, and recombinant

human FGF2 (10 ng/ml; PeproTech, Princeton, NJ) (Kim et al.,

1983, 2002; Ryu et al., 2003). For the transplantation study, hNSCs

were transfected with a replication incompetent retroviral vector

encoding h-galactosidase (LacZ) and puromycin-resistant genes.

G418-resistant clones were isolated, screened, expanded and used

for the transplantation. All chemicals except FGF2 were obtained

from Sigma (St. Louis, MO).

Animals

Adult male Lewis rats weighing 250–300 g were used for the

experiments. The animals were housed in groups of three in a
temperature- and humidity-controlled room that was kept on a 12

h light/dark schedule. Food and water were available ad libitum

throughout the experiment. All animal experiments were con-

ducted in accordance with the guidelines set by the Committee

on Animal Research at the University of British Columbia.

Transplantation and 3-NP treatment

The animals were deeply anesthetized with sodium pentobarbi-

tal (45 mg/kg, i.p.) and then mounted in a stereotaxic apparatus

(David Kopf Instruments, Tujunga, CA). The animals were trans-

planted unilaterally into the right striatum at the following four

coordinates: AP = + 1.7, ML= � 2.1, DV = � 5.0 and � 4.0; AP =

+ 1.2, ML = � 3.1, DV = � 5.0 and � 4.0; AP = + 0.7, ML =

� 2.1, DV = � 5.0 and � 4.0; AP = + 0.2, ML =� 3.1, DV =

� 5.0 and � 4.0 according to the atlas of Paxinos and Watson

(1998). hNSCs were suspended at 1 � 105 cells/Al in 0.1 M

phosphate-buffered saline (PBS) and maintained on ice until

transplanted. The cells were implanted (proactive and post-trans-

plantation) at each injection site using a 10-Al Hamilton syringe.

With proactive transplantation, animals received hNSCs implanted

into striatum 1 week before 3-NP treatment. Control animals

received sham injection of 0.1 M PBS (pH 7.4) into the right

striatum at the same coordinates and time point described above.

The toxin was injected intraperitoneally daily for three consecu-

tive days with 20 mg/kg 3-NP dissolved in 0.1 M PBS (pH 7.4).

For post-transplantation, hNSCs were implanted into striatum 12

h after the initial 3-NP treatment. 3-NP-treated animals were

allowed to survive for 7 days following initial injection and then

processed for immunohistochemistry.

All animal experiments were performed in the absence of an

immunosuppressive agent such as cyclosporin A, because neuro-

protective properties of cyclosporin A have been reported in brain

injury conditions (Seaton et al., 1998). In particular, cyclosporin A

was found to protect striatal neurons against 3-NP-induced toxicity

in rat (Leventhal et al., 2000). In addition, an existence of

immunotolerance for NSCs has been observed in transplantation

studies (Ourednik et al., 2001; Modo et al., 2002; Liker et al.,

2003).

Behavioral test

Motor function was determined using a rotarod test (Bruce-

Keller et al., 1999). In this procedure, animals were placed on the

center of a rotating axle (7.6-cm-diameter rod rotating at 16 rpm)

and the time period the animal remained on the axle was measured.

The animals were tested 1 week before administration of 3-NP and

daily, for a period of 5 days, thereafter.

Histology and enzymatic histochemistry

Two weeks following proactive transplantation, the animals

were anesthetized with an overdose of sodium pentobarbital and

transcardially perfused with heparinized saline followed by ice-

cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH

7.4). Brains were removed from the skull and postfixed overnight

in the same fixative and then transferred into 30% sucrose solution

in 0.1 M PB. Serial coronal sections (30 Am) throughout the

striatum were cut on a cryostat and stored in a cryoprotectant. h-
galactosidase (h-gal) protein expression was detected in grafted

hNSCs in vivo, using enzymatic histochemistry staining. Free-
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floating sections were washed in PBS and incubated in X-gal

solution (5 mM potassium ferricyanide, 5 mM potassium ferrocy-

anide, 2 mM magnesium chloride, 40 mg/ml X-gal in dimethyl-

formamide) for 24 h at RT. Sections were washed in PBS,

dehydrated, counterstained with cresyl violet, and mounted in

Permount. For the detection of host striatal neurons expressing

nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-

d), sections were washed in 100 mM Tris–HCl, and then incubated

at 37jC for 30 min in a freshly prepared solution containing 1 mg/

ml h-NADPH, 0.25 mg/ml nitroblue tetrazolium, and 0.2% Triton

X-100 dissolved in 100 mM Tris buffer. All chemicals were

purchased from Sigma.

Immunohistochemistry

The differentiation of grafted hNSCs into neurons/glia was

determined by double-labeling immunofluorescence microscopy.

Free-floating sections were briefly quenched with 3% H2O2 in PBS

for 10 min. Sections were incubated in PBS containing 3% normal

goat serum and 0.3% Triton X-100 for 30 min at RT and then

incubated overnight with the following primary antibody mixtures:

anti-h-galactosidase (h-gal, 1:500, Chemicon, Temecula, CA)/anti-

calbindin D-28K (calbindin, 1:500, Chemicon), anti-h-gal/anti-
choline acetyltransferase (ChAT, 1:200, Chemicon), anti-h-gal/
anti-glutamate decarboxylase 67 (GAD, 1:500, Chemicon), anti-

h-gal/anti-tyrosine hydroxylase (TH, 1:1000, Pel-Freez, Little

Rock, AR), anti-h-gal/anti-neuronal h-tubulin III (h-tubulin III,

1:1000, Covance, Denver, PA), anti-h-gal/anti-glial fibrillary acidic
protein (GFAP, 1:2000, Sigma), anti-h-gal/anti-nestin (1:50, kindly

provided by Dr. K. Ikeda), anti-h-gal/anti-brain-derived neurotro-

phic factor (BDNF, 1:200, Chemicon), and anti-GFAP/anti-BDNF.

For controls, primary antibodies were omitted. Sections were rinsed

three times with PBS and incubated with the fluorescent secondary

antibodies mixture of Alexa Fluor 488 anti-rabbit IgG (1:100,

Molecular Probes, Eugene, OR) and Alexa Fluor 594 anti-mouse

IgG (1:100) for 2 h at RT. The fluorescently labeled sections were

mounted on gelatin-coated slides and coverslipped with gelvatol.

The surviving host striatal neurons were identified by immu-

nohistochemical analysis using the following primary antibodies:

anti-neuron-specific nuclear antigen (NeuN, 1:500, Chemicon),

calbindin (1:1000, Chemicon) and GAD (1:1000, Chemicon).

Free-floating sections were briefly quenched with 3% H2O2 in

PBS for 10 min. Sections were incubated in PBS containing 3%

normal goat serum and 0.3% Triton X-100 for 30 min at RT and

then incubated overnight with primary antibody. Sections were

rinsed three times with PBS, incubated for 1 h with biotinylated

secondary antibodies (1:200, Vector Laboratories, Burlingame,

CA), followed by 1 h in avidin–biotin complex (Vectastatin

ABC kit, 1:200, Vector), and developed with 3,3V-diaminobenzi-

dine (DAB; Sigma). Sections were washed in PBS, mounted on

gelatin-coated slides, dehydrated and mounted on slides with

Permount. Stained sections were then examined under a Zeiss

fluorescence microscope using a DVC camera (Diagnostic Instru-

ments, Sterling Heights, MI) with Northern Eclipse software

(Empix Imaging, Mississauga, ON) and were compiled using

Adobe Photoshop 6.0.

Quantitative analysis

The number of cells stained for NeuN, calbindin or GAD in

eight sections at 240 Am apart throughout the striatum was
counted according to the unbiased stereological cell counting

methods (West et al., 1991) using StereoInvestigator software

(Microbrightfield, Williston, VT). The area of the striatum was

delineated in each section using a 2� objective and subse-

quently sampled using a 100� oil objective. A counting frame

(2500 Am2) was placed randomly within the striatum and

systemically moved through the striatum. Cell count was carried

out in a blinded fashion. In each section, cells were counted in

both transplanted and contralateral nontransplanted lesion striata

and the number of surviving neurons on the lesioned side was

expressed as a percentage of the cell count on the intact side of

control animals.

BDNF measurement on cultured hNSCs

Reverse transcription-PCR

Total RNA was isolated from cultured hNSCs using Trizol

reagent (Life Tech-BRL, Gaithersburg, MD) followed by isopro-

panol precipitation. After RNA extraction, cDNA synthesis was

processed using Moloney murine leukemia virus reverse transcrip-

tase (Life Tech-BRL) followed by 30 PCR amplification cycles as

follows: 94jC for 30 s, 60jC for 30 s, 72jC for 60 s. Human

specific primer for BDNF was used and the sequences of PCR

primers were as follows: BDNF sense primer 5V-TGGGGAGCT-
GAGCGTGTGT-3V, antisense primer 5V-TCTTCCCCTTTTAAT-
GGTCAGT-3V (Kust et al., 2002). Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used as a reaction standard.

Immunocytochemistry

hNSCs grown on poly-L-lysine-coated Aclar plastic coverslips

(9 mm in diameter) were rinsed in PBS and fixed in 4% parafor-

maldehyde in 0.1 M phosphate buffer (pH 7.4) for 10 min. The

cells were permeabilized with 0.2% Triton X-100 in PBS contain-

ing 1% normal goat serum for 30 min and then incubated with

antibody specific for BDNF (1:200; Chemicon) for 48 h at 4jC,
followed by Alexa Fluor 488 anti-rabbit IgG (1:100) for 1 h at RT.

After wash in PBS, coverslips were mounted onto glass slides

using gelvatol and examined under a Zeiss fluorescence micro-

scope. No staining was observed in the cells with the omission of

the primary antibody.

Dot-blot analysis

Culture media conditioned by hNSCs were collected and

diluted in DMEM and then deposited onto nitrocellulose mem-

brane placed in an immunoblotting apparatus (Bio-Rad, Hercules,

CA). Membranes were then incubated with biotinylated goat anti-

human BDNF antibody (1 Ag/ml, Promega, Madison, WI). Blots

were developed using HRP-conjugated secondary antibody and

detected by a chemiluminescence kit (Amersham, Quebec City,

Quebec, Canada).

ELISA

Culture media conditioned by hNSCs (in serum-free chemically

defined medium DM3) for 24 h were collected and analyzed with a

BDNF ELISA kit (Promega) according to the manufacturer’s

recommendations.

Statistical analysis

Data are presented as means F SEM. The statistical signifi-

cance between group comparisons for morphological and behav-
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ioral data was determined by one-way ANOVA and Student–

Newman–Keuls test. P values < 0.05 were considered to be

statistically significant.
Results

Effect of transplantation of hNSCs on 3-NP-induced behavioral

deficits

The overall time frame and sequence of experimental protocols

is presented in Fig. 1. We define the initial starting point with

proactive transplantation of NSCs into striatum as day 0 (see

Materials and methods). At this time point, control animals

received sham PBS injection. At 1 week following proactive

transplantation or PBS injection, the mitochondrial toxin 3-NP

was administered by intraperitoneal injection (20 mg kg� 1 day� 1)

for three consecutive days (labeled as days 7–9, Fig. 1A) and

motor performance of rats was examined on days 7–11 and on day

0 before initial application of 3-NP. Rats were subjected to four

different treatment protocols; control (no injection of 3-NP), hNSC

transplantation or sham PBS injection 7 days before starting

administration of 3-NP or hNSC transplantation 12 h post the

initial 3-NP injection.

As shown in Fig. 1B, 3-NP + PBS injection markedly

impaired motor performance (see below) at days 10 and 11 in

contrast to control animals which exhibited no changes in motor
Fig. 1. Experimental outline of procedures for hNSC transplantation, 3-NP adm

apparatus before 3-NP treatment and after each dose of 3-NP administration (20 m

period (B). Data are presented as mean F SEM. *P < 0.05, as compared with

animals.
function with rotarod testing. A major finding was that rats

receiving hNSC transplantation 7 days before 3-NP demonstrated

a significant improvement in motor performance at days 10 and

11, but not day 9, compared with the PBS pre-injected animals

(Fig. 1B). Although proactive transplantation of NSCs enhanced

motor function, the level of performance was still below that

exhibited by control animals. Interestingly, animals transplanted

with hNSCs 12 h after the initial injection of 3-NP showed no

improvement in motor function, indeed these animals demonstrat-

ed a similar motor impairment as for animals pre-injected with

PBS (Fig. 1B).

Differentiation and characterization of implanted hNSCs into the

striatum

To trace grafted hNSCs in vivo, cells were transduced with Lac-

Z gene (see Materials and methods) and implanted into the

striatum. At 7 days post the initial 3-NP treatment (2 weeks after

transplantation), histochemical staining for h-gal expression was

performed to selectively identify engrafted hNSCs in the striatum.

As shown in Fig. 2A, the majority of h-gal(+) hNSCs were present
within the grafts without any significant migration from injection

sites. However, as evident in Figs. 2B and C, some h-gal(+) cells
were found in proximity to blood vessels adjacent to graft sites

(Fig. 2B) and regions adjacent to the damaged dorsolateral part of

striatum (Fig. 2C). The contralateral side of hNSC-implanted loci

contained no h-gal-positive hNSC (data not shown).
inistration and behavioral testing (A). Rats were tested on the rotary rod

g kg� 1 day� 1). Performance on the rotary rod was monitored over a 5-day

the control animals. **P < 0.05, as compared with the 3-NP-administered



Fig. 2. Characterization of hNSCs following implantation into the striatum.

Grafted hNSCs express h-gal in 3-NP-administered rats at 2 weeks after

transplantation (A). Representative high-magnification of h-gal-stained
hNSCs found in proximity to blood vessel (B) and damaged area (C) in

striatum of 3-NP-administered rats. Characterization of implanted hNSCs in

striatum 7 days after 3-NP administration (D and F). Double-labeling

immunofluorescence microscopy for h-gal (red) and nestin (green, D), h-
tubulin (green, E) or GFAP (green, F) in striatum. Scale bars = 100 Am (A),

40 Am (B), 20 Am (C–F).

Fig. 3. Expression of neuronal phenotypes in grafted hNSCs. Double-

labeling immunofluorescence microscopy for h-gal (red) and GAD (green,

A) or h-gal (red) and calbindin (green, B) in striatum of animal that

received 3-NP administration. Two weeks after transplantation, grafted

hNSCs expressed GAD and calbindin, striatal neuronal phenotypes. Scale

bar = 100 Am.
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Double-labeling experiments were carried out to determine the

phenotypes of differentiated hNSCs (marker h-gal) and used anti-

bodies for nestin (intermediate filament, a marker of neural stem

cells), h-tubulin III (neuronal specific h-tubulin III, an early

marker of neuronal differentiation) and GFAP (a specific marker

for astrocytes). The protocol using anti-h-gal antibody selectively

identified hNSCs and excluded contribution from host cells.

Representative results are shown in Figs. 2D–F with double

staining indicating relative expressions of these different markers.

As shown in Fig. 2D, immunocytochemical analysis of brain

sections revealed that a high number of h-gal(+) cells were

immunoreactive for the neural stem cell marker nestin. Thus, a

high proportion of grafted hNSCs exhibited characteristics of

neural stem cells. Double labeling for h-tubulin III (Fig. 2E) and
GFAP (Fig. 2F) was also evident; however, immunostaining for

these markers was not as prominent as for nestin.

The results from the expression of neuronal markers in grafted

hNSCs (Fig. 2E) suggest that a subset of hNSC differentiate into

neurons and express neuronal phenotypes. We were interested in

determining specific neuronal characteristics of the subset of

hNSCs expressing h-tubulin III. Double-labeling immunocyto-

chemistry was employed using h-gal together with specific neu-

ronal markers including calbindin, ChAT, GAD and TH. Calbindin

is a marker for the medium-sized spiny striatal projection neurons;

ChAT is a marker for cholinergic interneurons; GAD is a marker

expressed by most striatal neurons; and TH is a marker for

dopaminergic neurons. The results are presented in Fig. 3 and

showed that markers for striatal neurons (calbindin and GAD) were

abundantly expressed in hNSCs (Figs. 3A and B, respectively).

However, no evidence was found with immunostaining for either

of ChAT or TH indicating a lack of expression of cholinergic or

dopaminergic neuronal markers in grafted hNSCs in the striatum

(data not shown). These results suggest that the induction and

differentiation of GABAergic neurons, but not cholinergic or

dopaminergic neurons, from the transplanted hNSCs in the dam-

aged striata. It appears that the transplanted hNSCs are able to

‘‘read’’ local developmental cue or signals operating in the dam-

aged striata and appropriately differentiate into GABAergic neu-

rons. It is important to note that the double-labeling study of these

grafted hNSCs was conducted at a single time point 2 weeks after

transplantation.

Protection of striatal neuronal loss by proactively transplanted

hNSCs

An important question addressed in this work concerned

whether transplantation of hNSCs could lessen striatal neuronal
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damage induced by 3-NP. Striatal neuronal damage was demon-

strated immunocytochemically and histochemically by using spe-

cific striatal neuronal markers (calbindin, GAD, NADPH-d).

Cresyl violet staining was also performed to visualize cellular

morphology (neuronal cell bodies) in host striatum. The analysis

compared striatal damage in control (non-injected) and 3-NP-

injected animals with the latter subdivided into three categories;
Fig. 4. Transplantation of hNSCs blocks 3-NP-induced striatal neuronal death

diaphorase-staining indicate that increased neuronal survival is observed in the stri

of striatal neuronal survival mediated by proactive and post-transplantation of hNS

the control animals. **P < 0.05, as compared with the 3-NP-administered anima

Scale bar = 50 Am.
hNSC transplantation 7 days before administration of 3-NP, hNSC

transplantation 12 h following the initial injection of 3-NP, and

administration of the toxin in the absence of transplantation (PBS +

3-NP). Representative results for the effects of the different

treatment protocols, on the different types of striatal neurons, are

presented in Fig. 4A. Immunocytochemical staining for NeuN,

calbindin and GAD, and NADPH-d histochemical staining were
. Coronal sections processed for NeuN, calbindin, GAD and NADPH-

atum engrafted with hNSC before 3-NP treatment (A). Quantitative analysis

Cs (B). Data are presented as mean F SEM. *P < 0.05, as compared with

ls. One-way ANOVA, Student–Newman–Keuls multiple comparison test.



Fig. 5. Expression of BDNF mRNA and protein in hNSCs. Immunocy-

tochemical staining (A) and RT-PCR analysis (B) of BDNF protein and

mRNA in cultured hNSCs. Dot-blot (C) and ELISA assay (D) of

conditioned medium of hNSCs were analyzed with the BDNF antibody.

Data are presented as mean F SEM. Scale bar = 20 Am.

Fig. 6. BDNF immunoreactivity found in proactively implanted hNSCs in

rat striatum that received 3-NP treatment 7 days later. Double-labeling

immunofluorescence microscopy for h-gal (red) and BDNF (green) in

hNSCs found in the engraft site (A and B) and region adjacent to the area of

damage (C). Note that BDNF immunoreactivity was increased in GFAP(+)

astrocytes at the border of lesion in the hNSCs grafted side (D) but not in

contralateral side (E) of the striatum. Scale bars = 100 Am (A) and 20 Am
(B–E).
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performed. With the exception of NADPH-d(+) neurons, injection

of PBS followed by 3-NP (second column of Fig. 4A) led to

reductions in the numbers of neurons. However, in these cases for

the different types of neurons, proactive transplantation of hNSCs

7 days before application of 3-NP (third column of Fig. 4A)

showed a clear effect to protect against toxin-induced damage.

This neuroprotective effect was not found with post-transplantation

of hNSCs 12 h after initiation of 3-NP administration (fourth

column of Fig. 4A). TH(+) fibers were also studied in this work,

and in a manner similar to the findings with NADPH-d(+), neurons

were not diminished in number with 3-NP administration (data not

shown).

Quantitative analysis was carried out (see Materials and meth-

ods) by normalizing the numbers of surviving cells, with the

different treatments, to control (Fig. 4B). The results showed that

NeuN(+), calbindin(+) and GAD(+) neurons were significantly

reduced with PBS + 3-NP to respective levels of 68% (NeuN),

61% (calbindin) and 59% (GAD) of controls (P < 0.05). For all

three subtypes of striatal neurons, the transplantation of hNSCs 1

week before initial 3-NP administration markedly enhanced sur-

vival of cells; respective levels of 88% (NeuN), 82% (calbindin)

and 81% (GAD) of controls. These values represent significant

improvement from the number of surviving cells with PBS + 3-NP

treatment.

Post-3-NP transplantation of hNSCs was found to be ineffective

in promoting survival for any of the three subtypes of striatal

neurons; levels of surviving neurons were 63% (NeuN), 63%

(calbindin) and 62% (GAD) of controls. None of these values

was significantly different from the surviving cells with PBS + 3-

NP treatment. We also found that NADPH-d(+) cells (Fig 4B) and

TH(+) fibers (data not shown) were spared from toxin-induced

damage with no significant difference in percentage of survival

between any of the protocols.

BDNF expression in hNSCs

In vitro

One possibility, which could account for the enhanced survival

of host tissue conferred by implantation of hNSCs, would be

release of neurotrophic factor(s) from hNSCs. In particular, we
focused on BDNF which has been shown to provide neuroprotec-

tion against neuronal damage in HD animal models (Bemelmans et

al., 1999; Perez-Navarro et al., 2000). We first examined if BDNF

was expressed in hNSCs in culture. The results, using RT-PCR and

immunofluorescence staining, showed that BDNF mRNA and

protein were expressed in cultured hNSCs (Figs. 5A and B). The

release of BDNF protein from hNSCs was also tested by dot-blot

analysis and ELISA assay. As shown in Fig. 5C, hNSCs produced

abundant amount of BDNF. The analysis of BDNF secretion in

hNSCs is presented in Fig 5D and shows hNSCs released approx-

imately 18 pg of BDNF per 106 cells in 24 h.

In vivo

We then examined whether hNSCs produce BDNF protein after

implantation into striatum. For this study, double-labeling immu-

nofluorescence staining of h-gal together with BDNF was per-

formed (Fig. 6). Two weeks after transplantation (1 week after

initial 3-NP injection), most h-gal(+) hNSCs were located within

the graft and the majority of labeled cells expressed BDNF

immunoreactivity (Figs. 6A and B). However, a small number of
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BDNF(+) hNSCs were noted in the regions adjacent to the area of

damage (Fig. 6C). These results, together with the in vitro data

described above, suggest that the production of BDNF by grafted

hNSCs is a decisive factor in survival enhancement of host striatal

neurons. Interestingly, increased BDNF immunoreactivity in astro-

cytes was seen in an area adjacent to damage in hNSCs grafted

striatum (Fig. 6D) but not in the contralateral side of the same brain

(Fig. 6E). No significant change in BDNF expression of astrocytes

was found in other 3-NP-injected animals (data not shown).
Discussion

The most important finding of the present study is that the

intrastriatal transplantation of human neural stem cells (hNSCs)

before, but not post, 3-NP treatment can reverse the process of

neuronal degeneration and behavioral impairment in a rat model of

HD. Our results suggest that damage induced by the mitochondrial

toxin 3-NP was most evident for GABAergic striatal neurons; these

GABAergic host neurons were clearly protected by proactively

implanted hNSCs from injury. As discussed below, neuroprotec-

tion conferred by engrafted hNSCs may involve production of the

neurotrophic factor BDNF by the transplanted hNSCs.

An important proviso in the present study was that evaluation of

the distribution and phenotype of hNSCs was limited to a single

time point 2 weeks after proactive transplantation (1 week after

initial 3-NP injection). At this time, large number of hNSCs did not

exhibit marked migration; indeed, cells appeared to cluster within

areas in proximity to injection sites (Fig. 2). However, a small

number of hNSCs were shown to migrate considerable distances

from the implanted sites. Some evidence of cell migration as

shown by h-gal staining was found in h-gal(+) cells located

adjacent to blood vessels (Fig. 2B) and area of damage (Fig.

2C). This is in contrast to previous studies reporting that xenografts

of primary brain tissues/neural stem cells derived from human fetal

brain exhibit extensive migration in the rat brain (Dunnett et al.,

1998; Fricker et al., 1999). A possible explanation for the differ-

ence might be that cell migration is a time-dependent process as

reported by a previous study, and there is a significant increase of

grafted cell migration at the 6-month time point when compared

with the 6-week time point (Hurelbrink et al., 2002).

Double-labeling studies revealed that the majority of grafted

hNSCs were immunoreactive for nestin with smaller numbers of

cells expressing specific marker for neurons. Interestingly, in the

latter case, phenotypes for GABAergic (markers for calbindin and

GAD) but not cholinergic or dopaminergic, neurons were evident

(Fig. 3). These observations generally agree with previous findings

showing the capacities of neural stem cell/neural progenitor cells to

differentiate into different phenotypes of neuron following engraft-

ment into the different regions of brain (Flax et al., 1998; Ourednik

et al., 2001).

The results of behavioral experiments, using a rotarod test as a

measure of motor function demonstrated that systemic administra-

tion of 3-NP significantly decreased motor performance of rats.

This impairment was progressive in time with significant dysfunc-

tion evident several days after initiation of 3-NP treatment (days 10

and 11, Fig 1B). In the presence of proactively engrafted hNSCs,

rats exhibited significant improvement in motor performance using

the rotarod test. However, post-engrafted animals (hNSCs trans-

planted 12 h after initial 3-NP administration) showed no improve-

ment in motor performance.
At the cellular level, systemic administration of 3-NP resulted

in the loss of NeuN, calbindin and GAD(+) cells, whereas cells

expressing NADPH-d were relatively spared (Figs. 4A and B).

Overall, there was no significant difference in percentage of

surviving cells between the different types of vulnerable cells

expressing NeuN, calbindin or GAD. Implantation of hNSCs one

week before the initial 3-NP treatment significantly reduced cell

loss against 3-NP neurotoxicity (Figs. 4A and B). In a manner

analogous to the results described above for motor function,

post-transplantation of hNSCs was ineffective in protecting cells

(Fig. 4B).

The protection against 3-NP-induced neuronal loss appears

most consistent with hNSC transplantation actions on host striatal

neurons. The basis for neuroprotection conferred by hNSC

grafting may be release of BDNF from transplanted cells because

this factor was abundantly expressed (Figs. 5A and B) and

produced (Figs. 5C and D) by hNSCs in vitro. Significantly,

the results from double-labeling immunofluorescence study

showed that the labeled hNSCs also expressed immunoreactivity

for BDNF in vivo. Thus, BDNF secreted from grafted cells

leading to enhanced viability of host striatal neurons, could serve

as the basis for improved motor function. Neuroprotection pro-

vided by BDNF, as shown in the present study, is in good

agreement with previous studies using genetically modified NSCs

in animal models of PD and HD (Akerud et al., 2001; Martinez-

Serrano and Bjorklund, 1996) and fetal striatal cells in quinolinic

acid-treated animals (Pearlman et al., 1993). As noted above, a

recent study has demonstrated that the neural stem cell transplants

protected dopaminergic neurons from MPTP-induced cell death

and this neuroprotection came from neurotrophic factor(s) pro-

duced by stem cell-derived astrocytes (Ourednik et al., 2002).

The results from double-labeling experiments in the present study

show that BDNF expression by reactive astrocytes was evident in

the hNSCs grafted striatum (proactive hNSC grafts then 3-NP

injection) as compared with astrocytes in other 3-NP-injected

conditions. These results, along with BDNF expression in

hNSCs, imply the potential involvement of astrocytes to provide

trophic support to host neuronal survival.

The present results reinforce the therapeutic potential of cell

transplantation to achieve improvement in motor function in

animal models of HD. Embryonic mouse striatal tissue grafted

into HD transgenic mice was found to enhance motor behavior in

grafted animals (Dunnett et al., 1998) and fetal striatal grafts

improved cognitive behavior in a primate model of HD (Palfi et

al., 1998). Additionally, grafts of rat fetal striatal tissue attenuated

quinolinic acid-induced behavioral hyperactivity (Pearlman et al.,

1993) and 3-NP-induced hypoactivity in experimental animals

(Borlongan et al., 1998). Our results imply, but do not directly

measure, that proactively or post-engrafted hNSCs were not

significantly damaged by 3-NP toxin because engrafted hNSCs

demonstrate their ability to differentiate, migrate and express h-gal
protein expression even after the tissue damage induced by 3-NP

injection. This point is important because neural stem cells may

possess an innate ability to increase their resistance to toxic insults

by production of neurotrophic factors (Hsieh et al., 2003). Simi-

larly, previous studies have shown that the implanted fetal nigral or

striatal cells in pathologically affected regions show resistance to

damage in HD and PD (Freeman et al., 2000; Kordower et al.,

1995, 1998; Piccini et al., 1999). Thus, implanted hNSCs may

have been less sensitive or less vulnerable to 3-NP toxicity as

compared to host striatal neurons.
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In conclusion, our findings suggest that proactive transplanta-

tion of hNSCs protects host neurons and enhances motor function

in an animal model of HD. Future studies will determine mecha-

nisms underlying neuroprotection provided by NSCs and address

questions related to the integration of NSCs with host tissue and

phenotypes of engrafted cells over longer time after transplanta-

tion. Overall, our results suggest that NSCs, without genetic

modification, could be used as graft material in therapeutic brain

transplantation protocols for proactive transplantation in neurode-

generative diseases including HD.
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