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Abstract

Introduction: The ability to predetermine the fate of transplanted neural progenitor cells (NPCs) and specifically to
direct their maturation has the potential to enhance the efficiency of cell-transplantation therapy for
neurodegenerative disease. We previously demonstrated that transient exposure of subventricular zone (SVZ2)-
derived adult NPCs to lithium chloride during in vitro proliferation alters differential fate in vitro and increases the
proportion of cells expressing neuronal markers while reducing glial progeny. To extend these findings, we
examined whether in vitro priming of adult SVZ-derived NPCs with lithium chloride before transplantation into the
quinolinic acid (QA) lesion rat model of Huntington disease altered in vivo neuronal differentiation and
sensorimotor function compared with nonprimed NPC transplants.

Methods: NPCs were isolated from the SVZ of the adult rat brain and cultured for 2 weeks. Four days before
transplantation into the QA-lesioned rat striatum, the cells were labeled with BrdU and primed with lithium
chloride. The rats underwent regular evaluation of forelimb use and sensorimotor neglect to establish functional
effects of NPC transplantation. Twelve weeks after transplantation, the brains were analyzed with
immunohistochemistry to compare the differential fate of primed and nonprimed NPCs.

Results: We observed that in vitro priming of adult NPCs with lithium chloride reduced gliogenesis and enhanced
the occurrence of DARPP-32-positive neurons when compared with nonprimed cells 12 weeks after transplantation
into the QA-lesioned striatum. Lithium chloride priming also augmented the formation of efferent projections from
newly formed neurons in the damaged host striatum to the globus pallidus. This was associated with acceleration

with nonprimed transplants.

of sensorimotor function recovery in rats receiving transplants of lithium chloride-primed adult NPCs compared

Conclusions: These initial findings indicate that in vitro priming of adult NPCs with lithium chloride may augment
transplant efficiency and accelerate sensorimotor function outcome in vivo.

Introduction

Cell-transplantation therapy offers a viable treatment
strategy for a range of neurodegenerative disorders,
including Huntington disease (HD) [1-3]. Cell transplan-
tation for HD has developed over the last decade to clini-
cal trials of human fetal striatal tissue in the United

* Correspondence: b.connor@auckland.ac.nz

'Department of Pharmacology and Clinical Pharmacology, Centre for Brain
Research, Faculty of Medical Health Sciences, The University of Auckland,
Private Bag 92019, Auckland Mail Centre, Auckland 1142, New Zealand
Full list of author information is available at the end of the article

( BiolMed Central

States, France, and the United Kingdom [4]. However,
the supply of human fetal tissue is limited and difficult to
develop as a routine systematized source. This has led to
neural progenitor cell (NPC) populations being investi-
gated as an alternative source of cells for transplantation
therapy for HD. Although initial studies have investigated
NPCs obtained from a range of sources, they have all
demonstrated limited mature neuronal differentiation
with varying levels of sensorimotor function improve-
ment [5-9]. Specifically, we previously demonstrated that
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subventricular zone (SVZ)-derived adult NPCs survive
transplantation, generate new striatal neurons, and
improve sensorimotor function in the quinolinic acid
(QA)-lesion model of HD [9]. However, in agreement
with other studies [10-14], we observed the majority of
transplanted adult NPCs generated glial fibrillary acidic
protein (GFAP)-positive astrocytes. Regional environ-
mental cues present in the adult brain play a key role in
determining the lineage potential of NPCs [10,12,13,15].
We propose that microenvironmental changes induced
by a CNS lesion in non-neurogenic brain regions are not
sufficient to induce extensive neuronal differentiation
from transplanted NPCs. As limited neuronal differentia-
tion of transplanted NPCs may result in incomplete func-
tional recovery, it is necessary to develop an effective
strategy by which the neuronal fate of NPCs can be pre-
determined before transplantation.

We recently established an effective strategy that
allows us to “prime” adult NPCs toward a neuronal cell
fate in a controlled in vitro environment before trans-
plantation. We demonstrated that priming SVZ-derived
adult NPCs with lithium chloride increased the propor-
tion of cells expressing neuronal markers while reducing
glial progeny [16]. The use of lithium chloride as a
priming agent to promote neuronal differentiation is
supported by previous studies that demonstrate the abil-
ity for lithium chloride to increase neuronal differentia-
tion of both fetal and adult hippocampal NPC cultures
in vitro, as well as to augment adult hippocampal neuro-
genesis in vivo [17-19].

The current study extends our previous findings by
examining whether in vitro priming of adult SVZ-
derived NPCs with lithium chloride before transplanta-
tion into the QA lesion rat model of HD can enhance
in vivo neuronal differentiation and sensorimotor func-
tion recovery.

Materials and methods

Animals

Adult male Wistar rats (University of Auckland Vernon
Jansen Unit) 250 to 300 g (8 weeks old) at the time of
QA lesion were used in this study. All procedures
strictly complied with the University of Auckland Ani-
mal Ethics Guidelines, in accordance with the New
Zealand Animal Welfare Act 1999 and international
ethical guidelines. All efforts were made to minimize the
number of animals used and their suffering. The rats
were randomly allocated into the following treatment
groups: nonprimed NPC transplants (z = 12); lithium
chloride-primed NPC transplants (n = 11); and sham
transplants (# = 8). The animals were group housed in a
temperature- and humidity-controlled room on a 12-
hour light/dark cycle. Food and water were available ad
libitum throughout the study, except for food-
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deprivation requirements for motor-function analysis, as
noted later.

Isolation, expansion, and priming of adult neural
progenitor cells

Neural progenitor cells (NPCs) were isolated from the
SVZ of adult male Wistar rats, 250 to 300 g, and cul-
tured as previously described [9,11,16] with retinoic
acid-free B27 (Invitrogen, Carlsbad, CA, USA). To visua-
lize transplanted adult rat NPCs and their progeny in
the host rat brain, neurospheres were labeled with bro-
modeoxyuridine (BrdU; 5 uM; Applichem, Darmstadt,
Germany) from days 10 to 14 of culture [9,11,16]. We
previously confirmed that BrdU labeling of transplanted
NPCs does not result in transfer of BrdU from dying
NPCs to host cells [11]. Priming was performed by add-
ing lithium chloride (3 mAM final concentration) to the
proliferation medium from days 10 to 14 of culture [16].
We previously confirmed that treatment with lithium
chloride has no effect on NPC proliferation or viability
when compared with nonprimed NPC cultures [16].
The NPCs were harvested mechanically at day 14, rinsed
twice to remove residual BrdU, and resuspended for
transplantation in L15 (Invitrogen) with 6 mg/ml d-glu-
cose at ~37,500 cells/pl [9,11].

Surgical procedures

All surgeries were performed after an intraperitoneal
(i.p.) injection of sodium pentobarbital (60 mg/kg). All
rats received a unilateral intrastriatal infusion of quinoli-
nic acid (QA; 50 nmol, 400 nl; 100 nl/min with a 32G
Hamilton syringe controlled by a WPI UltraMicroPump
II) at the following stereotaxic coordinates: +0.7 mm
anterior-posterior (AP), + 2.7 mm medial-lateral (ML),
relative to bregma, and -5.0 mm dorsal-ventral (DV)
from dura. Injections of NPCs (~150,000 viable cells per
animal) or L15 alone (sham) were performed 21 days
after QA lesioning into two adjacent sites in the
lesioned striatum (~37,500 viable cells/pl; 2 pl per injec-
tion site; 400 nl/min with a 26G Hamilton syringe) at
the following stereotaxic coordinates: +0.5 mm AP, +
2.5 mm ML, at -5.0 and -4.0 mm DV [9,11]. To assess
whether transplanted adult NPCs formed anatomically
appropriate efferent projections, the neuronal tracer
hydroxystilbamidine, Fluorogold (0.2 pl of 2% solution;
FG; Invitrogen) was injected into the ispilateral globus
pallidus 11 weeks after transplant at the following
stereotaxic coordinates: -0.9 mm AP, 3.5 mm ML, and
-6.0 mm DV.

Sensorimotor function analysis

Functional sensorimotor performance in the sponta-
neous exploratory forelimb-use test [20] and corridor
task [21-25] was assessed 1 week before QA lesioning, 3
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weeks after QA lesioning (before transplantation), and
periodically for 12 weeks after transplantation by an
investigator blinded to treatment. Forelimb use was
assessed as a single asymmetry score representing the
overall ipsilateral forepaw use for rearing, wall place-
ment, and landing during exploratory rearing over a 5-
minute trial period in a clear Perspex cylinder (200 mm
internal diameter). The corridor task assessed ipsilateral
retrieval bias/contralateral sensorimotor neglect with
left/right food selection from adjacent containers evenly
spaced along a narrow corridor with retrievals analyzed
as ipsilateral or contralateral to the treated striatum.
The first 20 retrieval attempts (5 minutes maximum)
were recorded on each testing occasion. Rats were sub-
jected to fasting by food withdrawal for 12 hours before
corridor testing to elicit enhanced appetite for
motivation.

Immunohistochemical analysis

Rats were killed 12 weeks after transplantation with
sodium pentobarbital (120 mg/kg i.p.) followed by trans-
cardial perfusion with 0.9% saline and 4% paraformalde-
hyde. Brains were cryoprotected in 30% sucrose before
sectioning at 40 um on a HM450 sliding microtome
(Microm International GmbH, Walldorf, Germany).
Eight sets of sections were collected from each brain
(distance of 320 pm between consecutive sections in
each set) and stored at -20°C.

Diaminobenzidine (DAB) peroxidase immunohisto-
chemistry was performed on free-floating coronal sec-
tions from each animal to identify transplanted BrdU-
labeled NPCs (mouse anti-BrdU, 1:250; Billerica, MA,
USA). DNA was denatured in 2N hydrochloric acid at
37°C for 60 minutes and rehydrated in 0.1 M sodium
tetraborate (pH 8.5). The sections were blocked in Tris-
buffered saline containing 0.1% Triton X-100 with 3%
normal goat serum. After incubation with the primary
antibody, a biotinylated secondary antibody (1:500; goat
anti-mouse; Sigma-Aldrich, St. Louis, MO, USA) was
added before incubation in ExtrAvidin peroxidase
(1:500; Sigma-Aldrich). Antibodies were visualized by
using 0.4 mg/ml DAB, 25 mg/ml nickel sulfate, and
0.005% hydrogen peroxide in 0.2 M phosphate buffer.

Primary antibody dilutions for double-label immuno-
fluorescence were 1:250 for BrdU (mouse anti-BrdU Alexa
Fluor 594; Invitrogen), 1:250 for DARPP-32 (rabbit anti-
DARPP-32; Millipore), 1:500 for GFAP (rabbit anti-GFAP;
DAKO), 1:500 for NeuN (mouse anti-NeuN; Millipore),
and 1:50 for SOX2 (rabbit anti-SOX2; R & D Systems,
Minneapolis, MN, USA). In the detection of BrdU label-
ing, free-floating sections first underwent DNA denatura-
tion, as described earlier, before serial incubation with
appropriate primary antibodies. Secondary goat anti-rabbit
and goat anti-mouse Alexa Fluor 488 conjugated
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antibodies (1:500; Invitrogen) were used. Fluorescently
labeled sections were imaged by using a confocal laser-
scanning microscope (Leica TCS SP2) equipped with UV,
argon, argon/krypton, and helium/neon lasers (Biomedical
Imaging Resource Unit, University of Auckland). All fig-
ures were compiled by using Adobe Photoshop (Adobe
Systems, Inc., San Jose, CA, USA).

Quantification

The number and distribution of BrdU-labeled adult
NPCs present in the QA-lesioned adult rat brain 12
weeks after transplantation were measured on DAB/
nickel sulfate-stained sections labeled for BrdU. To
determine the distribution of transplanted NPCs in the
lesioned hemisphere, an entire series from every animal
(320 pm distance between each section) was systemati-
cally analyzed at 20x magnification from both the ante-
rior (bregma +4.5 mm) and posterior maxima (bregma
-8.0 mm) inward until the first BrdU-labeled cell
nucleus and process was identified and recorded in
stereotaxic coordinates.

The number of BrdU-labeled NPCs in the QA-
lesioned hemisphere 12 weeks after transplantation was
quantified by using MicroBrightfield Neurolucida soft-
ware (Williston, VT, USA) on a Nikon €800 microscope
with MicroFire S99808 digital camera (Optronics, Musk-
ogee, OK, USA). Virtual slices were created at 20x mag-
nification of the ipsilateral hemisphere in one series
(bregma +2.20 mm to bregma -0.92 mm) from each ani-
mal that received an NPC transplant. With NIH Image
J, the virtual slices underwent semiautomated analysis
based on intensity thresholding and particle size to
determine the number of BrdU-positive particles.
Counts from one section per animal were verified with a
manual count by using Neurolucida software. Auto-
mated counts were then extrapolated by using Aber-
crombie’s correction [26].

Fluorescent double-label analysis was undertaken on a
Leica TCS SP2 confocal laser scanning microscope (Bio-
medical Imaging Resource Unit, University of Auckland).
Colocalization of BrdU and a cell marker or Fluorogold
was confirmed with z-series (interslice gap, 0.28 pm) and
orthogonal reconstruction through the cell of interest.
For quantification, a total of 500 transplanted cells per
animal within anterior, medial, and posterior sections of
the lesioned striatum for each phenotypic marker were
manually identified with confocal microscopy. For FG
analysis, all cells counted were from anterior and medial
sections of the striatum at least 1 mm rostral of the injec-
tion site to avoid confound due to passive diffusion. Each
channel was imaged sequentially with collection from
selective emission spectra to reduce cross-excitation or
bleed-through of fluorophores. Analysis was undertaken
blind to the treatment of each animal.
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Statistical analysis

Statistical analysis and graph composition was undertaken
by using GraphPad Prism version 4.02 for Windows
(GraphPad Software, San Diego, CA, USA). In text, values
and bar graphs are presented as mean + standard error of

Page 4 of 11

the mean (SEM); some graphs (Figure 1m and 1n) are pre-
sented as Tukey box-and-whisker plots. Two-tailed
unpaired Student ¢ tests were used for direct comparisons
between primed and nonprimed NPCs. One-way or two-
way ANOVAs were used for multiple group comparisons

Non-Primed

Lithium Primed
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g (T Lithium NPC

Injection Site +1.7 mm Injection Site Injection Site -0.8 mm
(Bregma + 0.5)

n Site (mm)
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Figure 1 BrdU-labeled cells were found throughout the rostrocaudal axis of the QA-lesioned striatum 12 weeks after transplantation
of nonprimed (a through f) and lithium chloride-primed (g through |) transplants. No difference was found in the number (m) or
distribution (n) of BrdU-labeled cells between lithium chloride-primed and nonprimed transplants (Tukey box plot with min/max inner fences).
Boxed regions in (a through c) and (g through i) indicate the regions imaged in (d through f) and (j through 1), respectively. Scale bar: (a
through ¢) and (g through i), 100 um; (d through f) and (j through 1), 25 um. **f < 0.01.
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with Tukey or Bonferroni post hoc tests, respectively. Sta-
tistical significance was established at P < 0.05.

Results
Survival and migration of transplanted adult neural
progenitor cells
Neural progenitor cells (NPCs) were isolated from the
SVZ of the adult rat brain and cultured in proliferative
conditions for 14 days, including 4 days of priming with
lithium chloride. As we previously demonstrated [16],
lithium chloride priming had no effect on NPC prolif-
eration or viability when compared with nonprimed
NPC cultures. To enable detection of adult NPCs after
transplantation into the QA-lesioned rat striatum, cells
were labeled with BrdU 4 days before harvest. With
CldU and IdU co-labeling, we identified that the major-
ity of SVZ-derived adult NPCs exhibit a cell cycle of 18
to 26 hours. In agreement with previous studies [9,11],
this results in labeling of 83.86 + 10.18% of NPCs with
BrdU, with no difference in labeling efficiency observed
between primed and nonprimed cultures (P = 0.79).
Twelve weeks after transplantation, BrdU-labeled
NPCs were distributed across the rostrocaudal axis of
the QA-lesioned striatum in all transplanted animals
(Figure 1a through 11). Quantification of BrdU-labeled
cell number in the ipsilateral hemisphere between AP
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+2.20 mm and -0.92 mm (relative to bregma) deter-
mined that lithium chloride priming did not augment
the survival of transplanted adult NPCs (32,680 + 9,663
nonprimed (27%) versus 38,216 + 13,113 primed (32%);
0 = 0.33; P = 0.74; Figure 1m). Furthermore, lithium
chloride priming did not alter the maximal distribution
of NPCs across the striatum (AP +4.5 mm to -8.0 mm
relative to bregma) compared with nonprimed cells
(nonprimed = 1.5 + 0.09 mm; primed = 1.67 + 0.09
mm; ¢y = 1.32; P = 0.19; Figure 1n).

Neuronal differentiation of transplanted adult neural
progenitor cells

To determine the resultant phenotype of the adult NPCs
12 weeks after transplantation into the QA-lesioned stria-
tum, we used BrdU labeling and double- or triple-label
immunofluorescence for cell type-specific markers.
Confocal microscopy revealed that 12 weeks after trans-
plantation, a small population of BrdU-labeled cells in
the QA-lesioned striatum co-expressed the immature
progenitor cell marker SOX2 (Figure 2a through 2d).
BrdU-labeled cells coexpressing SOX2 were observed in
both nonprimed and primed transplants. SOX2 is widely
expressed by adult rat SVZ-derived NPCs after 14 days of
in vitro proliferation [9,11,16]. In vitro priming
with lithium chloride significantly (Welch’s corrected
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Figure 2 In vitro priming of SVZ-derived adult neural progenitor cells with lithium chloride reduces gliogenesis 12 weeks after
transplantation. Representative confocal micrographs in low power and in high power with orthogonal projections of BrdU-labeled lithium
chloride-primed adult neural progenitor cells co-expressing (a through d) the immature neural progenitor cell marker SOX-2, (f through i) the
astrocytic marker GFAP, and (k through n) the mature neuronal marker NeuN. Graphs comparing the proportion of transplanted BrdU-labeled
cells co-expressing (e) SOX2, (j) GFAP, or (o) NeuN labeling 12 weeks after transplantation. Scale bar, 40 um (a, f, and k) and 20 um (B-D, G-, L-
N). *P < 0.05; ***P < 0.001.
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s = 2.36; P = 0.027) reduced the proportion of trans-
planted BrdU-labeled cells coexpressing SOX2 (Figure
2e). Rats that received lithium chloride-primed adult
NPC transplants exhibited a residual population of 1.82 +
0.19% BrdU-labeled cells coexpressing SOX2, compared
with 2.56 + 0.3% of BrdU-labeled cells that expressed
SOX2 in nonprimed adult NPCs 12 weeks after trans-
plantation. This suggests that in vitro priming of adult
NPCs with lithium chloride can direct NPCs away from
maintaining an immature phenotype in vivo.
Throughout the QA-lesioned striatum of rats that
received either primed or nonprimed transplants, we
observed a population of BrdU-labeled cells exhibiting a
mature astrocytic morphology and coexpressing the
astroglial marker GFAP (Figure 2f through 2i), with the
majority located close to the injection site. In agreement
with our previous data [16], in vitro priming of adult
NPCs with lithium chloride robustly decreased the pro-
portion (Welch’s corrected t;9 = 5.16; P < 0.0001; Figure
2j) of BrdU-labeled cells coexpressing GFAP from 29.11
+ 3.04% in nonprimed transplants to 11.78 + 1.42% in
primed NPC transplants. An additional population of
BrdU-labeled cells within the QA-lesioned striatum
expressed the mature neuronal marker NeuN 12 weeks
after transplantation of either primed or nonprimed
adult NPCs (Figure 2k through 2n). However, in vitro
priming with lithium chloride did not significantly alter
(Welch’s corrected t19 = 0.81; P = 0.43) the proportion
of BrdU-labeled cells coexpressing NeuN when com-
pared with nonprimed cells (primed, 28.40 + 4.0%; non-
primed, 24.73 + 2.2%; Figure 20). We also examined the
effect of in vitro priming with lithium chloride on the
phenotypic differentiation of transplanted adult NPCs.
In particular, we examined the effect of lithium chloride
on the generation of DARPP-32 positive cells, a marker
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of striatal medium-sized spiny neurons representing the
main neuronal cell type lost in HD. Although the pro-
portion of BrdU-labeled cells coexpressing NeuN was
not altered by lithium chloride priming of adult NPCs,
we did observe a significant increase (¢,; = 2.23; P =
0.035; Figure 3e) in the proportion of BrdU-labeled cells
coexpressing DARPP-32 in rats that received lithium-
primed (9.37 + 0.98%) compared with nonprimed (6.99
+ 0.55%) adult NPCs transplants (Figure 3a, b, d).

These results indicate that in vitro priming of adult
NPCs with lithium chloride can reduce the generation
of glial progeny after transplantation into the QA-
lesioned striatum. Although lithium chloride priming
alone did not increase the overall proportion of mature
neurons generated from transplanted adult NPCs, our
results suggest that lithium chloride priming is able to
enhance the phenotypic differentiation and/or matura-
tion of regionally specific DARPP-32 neurons in the
QA-lesioned striatum.

Formation of efferent projections

To assess whether transplanted adult NPCs formed ana-
tomically appropriate efferent projections, rats received
an injection of the retrograde tracer Fluorogold (FQG)
into the globus pallidus 11 weeks after transplantation.
BrdU/DARPP-32/FG (Figure 3a through 3d) co-labeled
neuronal soma were identified in the lesioned striatum
of animals that received either nonprimed or lithium
chloride-primed adult NPC transplants. Quantitative
analysis determined that lithium chloride-primed trans-
plants produced significantly more BrdU/FG-colabeled
projections to the globus pallidus than did nonprimed
transplants by approximately 60% (nonprimed, 6.90 +
1.14%; primed, 11.26 £ 1.52%; t;5 = 2.21; P = 0.040;
Figure 3f). FG is not taken up by fibers of passage

(b) (c)

DARPP-32

Figure 3 In vitro priming of SVZ-derived adult neural progenitor cells with lithium chloride enhances the formation of region-specific
mature neurons 12 weeks after transplantation. (a through d) Representative confocal micrographs with orthogonal projections of BrdU-
labeled lithium chloride-primed adult neural progenitor cells co-expressing DARPP-32, a marker of striatal medium-size spiny projection neurons
retrogradely co-labeled with Fluorogold (FG) from the globus pallidus. Graphs comparing the proportion of transplanted BrdU-labeled cells co-
expressing (e) DARPP-32, or (f) FG labeling 12 weeks after transplantation. Scale bar = 20 um. *P < 0.05.

-
1

=2

Lithourn N PCs

O

Percentage of Bec Coll
Co-enptessng DARP .1

pr—

C

Percantage of Brdl Coll
Co-mbeling wn FG

Narrmal HPCs Lt NPCa




Vazey and Connor Stem Cell Research & Therapy 2010, 1:41 Page 7 of 11
http://stemcellres.com/content/1/5/41

(a)
3
® - Sham
- - Normal NPC
.E Lithium NPC
® ’
Pt
o
w
@
=
E n L] L] L] L] L] L) L L] Ll L] T L}
o e * L5 hHO0A D0
QQ &&. &‘\ N
<° q :
<&
(b) Weeks Post Transplant
_—
2 100+
=~ 90- -# Sham
12}
= 80- -~ Normal NPC
> 70 Lithium NPC
& 60
< 1
o 50
u =
g
® 20
= 104
2 o L} L) Ll Ll L] L] L} L L Ll L] L] L
(p 6- ‘\ TS5 oG 6A DS D NG
o & & e
A8
Weeks Post Transplant
Figure 4 Transplantation of lithium chloride-primed SVZ-derived adult neural progenitor cells accelerated the onset of sensorimotor-
function recovery after QA striatal lesioning compared with rats that received nonprimed transplants. Unilateral lesioning of the
striatum results in lateralized deficits to the rats’ sensorimotor behavior that was quantitatively assessed in (a) the spontaneous exploratory
forelimb-use test, and (b) sensorimotor-neglect corridor task to monitor the development of functional impairments after QA injection and
functional improvement after adult SVZ-derived neural progenitor-cell transplantation. Significance designated by repeated-measure two-way
analysis of variance (ANOVA) with Bonferroni post hoc analysis relative to sham transplant. *P < 0.05; **P < 0.01.

[27,28]. Therefore, it can be proposed that BrdU/  Sensorimotor-function analysis

DARPP-32/FG-colabeled soma in the QA-lesioned stria-  Rats were tested for spontaneous exploratory forelimb
tum had processes that terminated in the globus palli- use and ipsilateral retrieval bias to assess whether trans-
dus. These findings further indicate that in vitro plantation of lithium chloride-primed adult NPCs could
priming of adult NPCs with lithium chloride enhances augment sensorimotor-function improvement compared
neuronal maturation of transplanted adult NPCs in vivo  with transplantation of nonprimed adult NPCs.

and augments the formation of anatomically appropriate  Spontaneous exploratory forelimb use

efferent projections from the damaged host striatum to  After QA lesioning, all treatment groups exhibited a
the globus pallidus. strong preference for use of the ipsilateral forelimb
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compared with baseline (F(y, 24) = 287.0; P < 0.0001; two-
way RM ANOVA, baseline and post-QA time points only;
Figure 4a). After transplantation, no change in ipsilateral
forelimb use in sham (media only) transplanted animals
was noted across the duration of the study (F(o, 45) = 0.68;
P = 0.72; RM one-way ANOVA; Figure 4a). However, in
animals that received a transplant of adult NPCs, two-way
repeated-measure ANOVA comparing sham with either
priming status at each time point confirmed a significant
effect of transplantation on forelimb asymmetry (F(3, 150) =
3.62; P = 0.008) and an interaction between transplanta-
tion and time (F(a0, 150y = 1.57; P = 0.01) with transplanted
animals, showing decreased ipsilateral forelimb use over
time (Figure 4a). In these animals, Bonferroni post hoc
analysis identified the onset of a sustained and significant
reduction in ipsilateral forelimb use in NPC-transplanted
compared with sham-transplanted animals from 7 weeks
after transplantation (P < 0.05; Figure 4a). In animals that
received lithium chloride-primed transplants, a sustained
and significant reduction in ipsilateral forelimb use com-
pared with sham animals was also identified at 7 weeks
after transplant (P < 0.01; Figure 4a). No significant differ-
ence in onset or extent of motor-function recovery was
identified through Bonferroni analysis of spontaneous
exploratory forelimb use between rats receiving trans-
plants of either nonprimed or lithium chloride-primed
NPC transplants (P > 0.05).

Corridor Task

QA-lesioned animals in each treatment group showed a
strong ipsilateral retrieval bias/contralateral sensorimo-
tor neglect in corridor-task performance (F(;, 24) =
207.1; P < 0.0001, two-way RM ANOVA, baseline and
post-QA time points only; Figure 4b). As with sponta-
neous exploratory forelimb-use analysis, no spontaneous
recovery was seen in sham-transplanted animals across
the 12-week period after transplant (F(o, gg) = 0.61; P =
0.78; one-way RM ANOVA; Figure 4b). Rats that
received either nonprimed or lithium chloride-primed
adult NPC transplants showed a recovery from lesion-
induced ipsilateral bias with a return to baseline scores
by 12 weeks after transplantation (Fq, 21y = 0.74; P =
0.54 baseline versus 12 weeks after transplant; Figure
4b). Both nonprimed and lithium chloride-primed adult
NPC transplants eventually resolved ipsilateral bias
(effect of transplant: F5 19g) = 16.84; P < 0.0001; inter-
action between time and transplant: Fop, 198) = 2.62; P <
0.0001; two-way RM ANOVA; Figure 4b). Bonferroni
post hoc tests identified that animals with lithium chlor-
ide-primed NPC transplants showed a sustained and sig-
nificant reduction in ipsilateral bias from 4 weeks after
transplantation compared with sham-transplanted ani-
mals (P < 0.05). Furthermore, a significant preference
for contralateral retrievals was observed at 5 weeks after
transplant in rats receiving lithium chloride-primed
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NPC transplants compared with both sham-transplanted
animals (P < 0.01) and animals receiving nonprimed
adult NPC transplants (P < 0.05). In contrast, animals
with nonprimed adult NPC transplants did not show a
significant reduction in ipsilateral bias compared with
sham-transplanted animals until 10 weeks after trans-
plantation (P < 0.05).

Combined, these results suggest that transplantation
of adult NPCs primed in vitro with lithium chloride can
accelerate the onset of sensorimotor-function recovery
compared with transplantation of nonprimed NPCs.

Discussion

Predetermining the fate of transplanted NPCs and direct-
ing their maturation will form a cornerstone for enhan-
cing the success of therapeutic transplantation. Our
results demonstrate that in vitro priming of adult NPCs
with lithium chloride before transplantation leads to a
reduction in gliogenesis and enhanced occurrence of
DARPP-32-positive neurons 12 weeks after transplanta-
tion into the QA-lesioned striatum. In addition, lithium
chloride priming increased the formation of anatomically
appropriate efferent projections and accelerated improve-
ment in sensorimotor-function performance when com-
pared with that of nonprimed adult NPC transplants.

Regional environmental cues present in the adult
brain play a strong role in determining the lineage
potential of adult NPCs. Previous studies have demon-
strated that transplantation of adult NPCs into homo-
trophic or heterotrophic neurogenic regions of the
normal brain results in site-specific neuronal differentia-
tion [14,29-31], whereas transplantation into non-neuro-
genic sites, such as the striatum, results in the majority
of transplanted cells differentiating into glia, with
approximately 0.1% to 9% of transplanted NPCs forming
neurons in either the normal brain, or in lesion models
of Parkinson disease or stroke [10,12,13,15]. We pre-
viously demonstrated that SVZ-derived adult NPCs dif-
ferentiate into GABAergic striatal neurons 8 weeks after
transplantation into the QA-lesioned striatum [9].
Nonetheless, the majority of transplanted adult NPCs
coexpressed the astrocytic marker GFAP. This indicates
that microenvironmental changes induced by a CNS
lesion in nonneurogenic brain regions are not sufficient
to induce extensive neuronal differentiation from trans-
planted adult NPCs.

This led us to develop a novel mechanism by which to
predirect the neuronal fate of adult NPCs before trans-
plantation to enhance therapeutic efficiency [16]. We
demonstrated that transient priming with lithium chlor-
ide during expansion of adult SVZ-derived NPCs in cul-
ture increased the proportion of cells expressing
neuronal markers, while concurrently reducing glial pro-
geny in vitro. Extending these observations, we now
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demonstrate that in vitro priming of adult SVZ-derived
NPCs with lithium chloride before transplantation
reduces glial differentiation of transplanted NPCs in the
QA-lesioned striatum by nearly 60% compared with
nonprimed transplants. Reducing glial differentiation
from transplanted NPCs is important for optimizing
therapeutic efficacy, as this reduces the potential for
transplanted NPCs to contribute to gliosis. Preferential
differentiation of transplanted cells into astrocytes may
compound the neurologic consequences of glial scarring
and impede the development and functional integration
of transplant-derived neurons [32,33]; this is of particu-
lar concern for transplantation strategies targeted
toward HD due to preexisting glial scarring manifested
during the disease process [34-36].

In strong contrast with our previous in vitro observa-
tions [16], lithium chloride priming did not alter the
proportion of transplanted adult NPCs expressing the
mature neuronal marker, NeuN, when compared with
nonprimed transplants. However, we did observe an
increase in the proportion of transplanted adult NPCs
expressing the striatal phenotypic marker DARPP-32 in
rats that received lithium chloride-primed transplants
compared with nonprimed transplants. These results
suggest that although lithium chloride priming of adult
NPCs may not be sufficient to enhance the proportion
of newly generated neurons 12 weeks after transplanta-
tion, it may provide a mechanism by which to enhance
phenotypic differentiation or maturation or both of new
neurons in the lesioned striatum, possibly through
enhanced expression of the neurogenic factor BDNF
[37-41]. This is further supported by the observation
that lithium chloride priming augmented the formation
of anatomically appropriate efferent projections from
the damaged host striatum to the globus pallidus.

In accordance with the effect of lithium chloride prim-
ing on the formation of efferent projections from trans-
planted adult NPCs, rats that received lithium chloride-
primed transplants exhibited accelerated sensorimotor
function recovery compared with those with nonprimed
transplants. This was most prominent in the corridor
task, in which rats receiving lithium chloride-primed
NPCs exhibited an accelerated onset of sensorimotor-
function improvement compared with rats with non-
primed transplants. Most surprising, a significant prefer-
ence for contralateral retrievals was observed at 5 weeks
after transplant in rats receiving lithium chloride-primed
NPC transplants compared with both sham-transplanted
animals and animals receiving nonprimed adult NPC
transplants. Although the mechanism resulting in this
contralateral recovery bias is unclear, it may reflect the
effect of lithium chloride priming on efferent fiber
growth and anatomic integration of transplanted cells
with the host.
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The molecular mechanisms by which lithium chloride
priming directs the differentiation, maturation, survival
(or a combination of these) of adult SVZ-derived NPCs
remains to be specifically clarified. Previous studies have
demonstrated that lithium chloride activates a number
of cell-survival factors including the PI3-kinase/Akt sig-
naling pathway, and neurotrophic/neuroprotective pro-
teins such as BDNF, heat-shock protein, and Bcl-2 [42],
as well as promoting neurogenesis through activation of
the Wnt/MAPK, ERK-, and CREB-dependent signaling
pathways [17,18,43,44].

Alternatively, lithium chloride has been shown to
increase the active form of the Notch receptor and
upregulate its target genes in SVZ-derived NPCs inde-
pendent of GSK-3f or inositol signaling [45]. Lithium
chloride is well known to act as a direct inhibitor of gly-
cogen synthase kinase-3 (GSK-3), a component of the
canonic Wnt signaling pathway. Wexler and colleagues
[17] demonstrated that treatment of adult hippocampal
NPCs with lithium chloride in vitro increased prolifera-
tion and enhanced neuronal differentiation through
inhibition of GSK-3a/f, suggesting that much of lithium
chlorides effect on neurogenesis may be attributable to
activation of the canonic Wnt pathway. Supporting this
hypothesis, Kim and colleagues [18] demonstrated that
treatment of adult rats with lithium chloride increased
the proportion of BrdU-labeled hippocampal NPCs cells
expressing p-CREB. In addition, Su and colleagues [46]
demonstrated that treatment of spinal cord-derived
NPCs with lithium chloride increased proliferation,
BDNF production and neuronal differentiation of NPCs
in vitro. Inhibition of GSK-3 by lithium chloride in rat
cortical neurons increases BDNF by activating BDNF
promoter IV [43,44]. This suggests that the CREB-
BDNF pathway is involved in the neurogenic effect
observed both in vitro and in vivo after priming of adult
NPCs with lithium chloride.

Based on these previous findings, we propose that
inhibition of GSK-3 in adult SVZ-derived NPCs before
transplantation may facilitate CREB activation and
increase the expression and production of BDNF,
thereby enhancing NPC differentiation or maturation or
both. This is in agreement with our previous findings in
which we demonstrated that ectopic expression of
BDNEF in the striatum promoted neuronal differentiation
of transplanted adult SVZ-derived NPCs [15].

Conclusions

These initial results demonstrate the potential for
lithium chloride priming to augment neuronal phenoty-
pic differentiation, maturation, and functional integra-
tion of transplanted adult NPCs in the QA-lesion rat
model of HD. Priming NPCs toward a specific neuronal
fate in a controlled in vitro environment before
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transplantation has the potential to enhance the effi-
ciency of NPC transplantation therapy. Whereas the QA
lesion model was used in this initial study to provide a
rapid, reliable, and well-substantiated model of the
selective and extensive striatal cell loss observed in HD,
future studies using transgenic models of HD are neces-
sary to assess whether the diseased host brain affects the
long-term efficiency and survival of lithium chloride-
primed adult NPC transplants. Future analysis regarding
the molecular mechanisms by which lithium chloride
directs neuronal differentiation of adult SVZ-derived
NPCs may also allow the identification and development
of more specific modulators of neuronal fate.

Abbreviations
BDNF: brain-derived neurotrophic factor; HD: Huntington disease; NPC:
neural progenitor cell; QA: quinolinic acid; SVZ: subventricular zone.

Acknowledgements

This work was supported by the Neurological Foundation of New Zealand.
EMV was a Neurological Foundation of New Zealand W and B Miller
Postgraduate Scholarship recipient.

Author details

'Department of Pharmacology and Clinical Pharmacology, Centre for Brain
Research, Faculty of Medical Health Sciences, The University of Auckland,
Private Bag 92019, Auckland Mail Centre, Auckland 1142, New Zealand.
“Current address: Department of Neurosciences, Medical University of South
Carolina, BSB 403, 173 Ashley Avenue, Charleston, SC, 29403, USA.

Authors’ contributions
EMV and BC designed the research and wrote and edited the manuscript.
EMV performed experiments and collected the data.

Competing interests
The authors declare that they have no competing interests.

Received: 3 August 2010 Accepted: 22 December 2010
Published: 22 December 2010

References

1. Bjorklund A, Lindvall O: Cell replacement therapies for central nervous
system disorders. Nat Neurosci 2000, 3:537-544.

2. Nakao N, Itakura T: Fetal tissue transplants in animal models of
Huntington’s disease: the effects on damaged neuronal circuitry and
behavioral deficits. Prog Neurobiol 2000, 61:313-338.

3. Dunnett SB, Rosser AE: Cell therapy in Huntington'’s disease. NeuroRx
2004, 1:394-405.

4. Dunnett SB, Rosser AE: Stem cell transplantation for Huntington’s disease.
Exp Neurol 2007, 203:279-292.

5. Aubry L, Bugi A, Lefort N, Rousseau F, Peschanski M, Perrier AL: Striatal
progenitors derived from human ES cells mature into DARPP32 neurons
in vitro and in quinolinic acid-lesioned rats. Proc Natl Acad Sci USA 2008,
105:16707-16712.

6. Song J, Lee ST, Kang W, Park JE, Chu K, Lee SE, Hwang T, Chung H, Kim M:
Human embryonic stem cell-derived neural precursor transplants
attenuate apomorphine-induced rotational behavior in rats with
unilateral quinolinic acid lesions. Neurosci Lett 2007, 423:58-61.

7. Armstrong RJ, Watts C, Svendsen CN, Dunnett SB, Rosser AE: Survival,
neuronal differentiation, and fiber outgrowth of propagated human
neural precursor grafts in an animal model of Huntington'’s disease. Cell
Transplant 2000, 9:55-64.

8. McBride JL, Behrstock SP, Chen EY, Jakel RJ, Siegel |, Svendsen CN,
Kordower JH: Human neural stem cell transplants improve motor
function in a rat model of Huntington’s disease. / Comp Neurol 2004,
475:211-219.

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 10 of 11

Vazey EM, Chen K, Hughes SM, Connor B: Transplanted adult neural
progenitor cells survive, differentiate and reduce motor function
impairment in a rodent model of Huntington’s disease. Exp Neurol 2006,
199:384-396.

Richardson RM, Broaddus WC, Holloway KL, Fillmore HL: Grafts of adult
subependymal zone neuronal progenitor cells rescue hemiparkinsonian
behavioral decline. Brain Res 2005, 1032:11-22.

Chen K, Hughes SM, Connor B: Neural progenitor cells derived from the
adult rat subventricular zone: characterization and transplantation. Cel/
Transplant 2007, 16:799-810.

Dziewczapolski G, Lie DC, Ray J, Gage FH, Shults CW: Survival and
differentiation of adult rat-derived neural progenitor cells transplanted
to the striatum of hemiparkinsonian rats. Exp Neurol 2003, 183:653-664.
Toda H, Takahashi J, lwakami N, Kimura T, Hoki S, Mozumi-Kitamura K,
Ono S, Hashimoto N: Grafting neural stem cells improved the impaired
spatial recognition in ischemic rats. Neurosci Lett 2001, 316:9-12.

Herrera DG, Garcia-Verdugo JM, Alvarez-Buylla A: Adult-derived neural
precursors transplanted into multiple regions in the adult brain. Ann
Neurol 1999, 46:867-877.

Chen K, Henry RA, Hughes SM, Connor B: Creating a neurogenic
environment: the role of BDNF and FGF2. Mo/ Cell Neurosci 2007,
36:108-120.

Vazey EM, Connor B: In vitro priming to direct neuronal fate in adult
neural progenitor cells. Exp Neurol 2009, 216:520-524.

Wexler EM, Geschwind DH, Palmer TD: Lithium regulates adult
hippocampal progenitor development through canonical Wnt pathway
activation. Mol Psychiatry 2008, 13:285-292.

Kim JS, Chang MY, Yu IT, Kim JH, Lee SH, Lee YS, Son H: Lithium
selectively increases neuronal differentiation of hippocampal neural
progenitor cells both in vitro and in vivo. J Neurochem 2004, 89:324-336.
Chen G, Rajkowska G, Du F, Seraji-Bozorgzad N, Manji HK: Enhancement of
hippocampal neurogenesis by lithium. J Neurochem 2000, 75:1729-1734.
Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST: CNS plasticity
and assessment of forelimb sensorimotor outcome in unilateral rat
models of stroke, cortical ablation, parkinsonism and spinal cord injury.
Neuropharmacology 2000, 39:777-787.

Dobrossy MD, Dunnett SB: The corridor task: striatal lesion effects and
graft-mediated recovery in a model of Huntington’s disease. Behav Brain
Res 2007, 179:326-330.

Dowd E, Monville C, Torres EM, Dunnett SB: The corridor task: a simple
test of lateralised response selection sensitive to unilateral dopamine
deafferentation and graft-derived dopamine replacement in the
striatum. Brain Res Bull 2005, 68:24-30.

Fitzsimmons DF, Moloney TC, Dowd E: Further validation of the corridor
task for assessing deficit and recovery in the hemi-parkinsonian rat:
restoration of bilateral food retrieval by dopamine receptor agonism.
Behav Brain Res 2006, 169:352-355.

Kells AP, Connor B: AAV-mediated expression of Bcl-xL or XIAP fails to
induce neuronal resistance against quinolinic acid-induced striatal
lesioning. Neurosci Lett 2008, 436:326-330.

Kells AP, Henry RA, Connor B: AAV-BDNF mediated attenuation of
quinolinic acid-induced neuropathology and motor function
impairment. Gene Ther 2008, 15:966-977.

Abercrombie M: Estimation of nuclear population from microtome
sections. Anat Rec 1946, 94:239-247.

Schmued LC, Fallon JH: Fluoro-Gold: a new fluorescent retrograde axonal
tracer with numerous unique properties. Brain Res 1986, 377:147-154.
Pieribone VA, Aston-Jones G: The iontophoretic application of Fluoro-
Gold for the study of afferents to deep brain nuclei. Brain Res 1988,
475:259-271.

Gage FH, Coates PW, Palmer TD, Kuhn HG, Fisher LJ, Suhonen JO,
Peterson DA, Suhr ST, Ray J: Survival and differentiation of adult neuronal
progenitor cells transplanted to the adult brain. Proc Natl Acad Sci USA
1995, 92:11879-11883.

Suhonen JO, Peterson DA, Ray J, Gage FH: Differentiation of adult
hippocampus-derived progenitors into olfactory neurons in vivo. Nature
1996, 383:624-627.

Richardson RM, Broaddus WC, Holloway KL, Sun D, Bullock MR, Fillmore HL:
Heterotypic neuronal differentiation of adult subependymal zone
neuronal progenitor cells transplanted to the adult hippocampus. Mo/
Cell Neurosci 2005, 28:674-682.


http://www.ncbi.nlm.nih.gov/pubmed/21015608?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21015608?dopt=Abstract

Vazey and Connor Stem Cell Research & Therapy 2010, 1:41
http://stemcellres.com/content/1/5/41

32. McKeon RJ, Hoke A, Silver J: Injury-induced proteoglycans inhibit the
potential for laminin-mediated axon growth on astrocytic scars. Exp
Neurol 1995, 136:32-43.

33, McKeon RJ, Schreiber RC, Rudge JS, Silver J: Reduction of neurite
outgrowth in a model of glial scarring following CNS injury is correlated
with the expression of inhibitory molecules on reactive astrocytes.

J Neurosci 1991, 11:3398-3411.

34. Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP Jr:
Neuropathological classification of Huntington’s disease. J Neuropathol
Exp Neurol 1985, 44:559-577.

35, Beal MF, Kowall NW, Ellison DW, Mazurek MF, Swartz KJ, Martin JB:
Replication of the neurochemical characteristics of Huntington’s disease
by quinolinic acid. Nature 1986, 321:168-171.

36. Johann V, Schiefer J, Sass C, Mey J, Brook G, Kruttgen A, Schlangen C,
Bernreuther C, Schachner M, Dihne M, Kosinski CM: Time of
transplantation and cell preparation determine neural stem cell survival
in a mouse model of Huntington’s disease. Exp Brain Res 2007,
177:458-470.

37. Kirschenbaum B, Nedergaard M, Preuss A, Barami K, Fraser RA, Goldman SA:
In vitro neuronal production and differentiation by precursor cells
derived from the adult human forebrain. Cereb Cortex 1994, 4:576-589.

38. Ahmed S, Reynolds BA, Weiss S: BDNF enhances the differentiation but
not the survival of CNS stem cell-derived neuronal precursors. J Neurosci
1995, 15:5765-5778.

39. Benraiss A, Chmielnicki E, Lerner K, Roh D, Goldman SA: Adenoviral brain-
derived neurotrophic factor induces both neostriatal and olfactory
neuronal recruitment from endogenous progenitor cells in the adult
forebrain. J Neurosci 2001, 21:6718-6731.

40. Pencea V, Bingaman KD, Wiegand SJ, Luskin MB: Infusion of brain-derived
neurotrophic factor into the lateral ventricle of the adult rat leads to
new neurons in the parenchyma of the striatum, septum, thalamus, and
hypothalamus. J Neurosci 2001, 21:6706-6717.

41. Henry RA, Hughes SM, Connor B: AAV-mediated delivery of BDNF
augments neurogenesis in the normal and quinolinic acid-lesioned adult
rat brain. Eur J Neurosci 2007, 25:3513-3525.

42, Chuang DM: The antiapoptotic actions of mood stabilizers: molecular
mechanisms and therapeutic potentials. Ann N Y Acad Sci 2005,
1053:195-204.

43. Laeng P, Pitts RL, Lemire AL, Drabik CE, Weiner A, Tang H, Thyagarajan R,
Mallon BS, Altar CA: The mood stabilizer valproic acid stimulates GABA
neurogenesis from rat forebrain stem cells. J Neurochem 2004, 91:238-251.

44. Yasuda S, Liang MH, Marinova Z, Yahyavi A, Chuang DM: The mood
stabilizers lithium and valproate selectively activate the promoter IV of
brain-derived neurotrophic factor in neurons. Mol Psychiatry 2009,
14:51-59.

45. Higashi M, Maruta N, Bernstein A, lkenaka K, Hitoshi S: Mood stabilizing
drugs expand the neural stem cell pool in the adult brain through
activation of notch signaling. Stem Cells 2008, 26:1758-1767.

46. Su H, Zhang W, Guo J, Guo A, Yuan Q, Wu W: Lithium enhances the
neuronal differentiation of neural progenitor cells in vitro and after
transplantation into the avulsed ventral horn of adult rats through the
secretion of brain-derived neurotrophic factor. J Neurochem 2009,
108:1385-1398.

doi:10.1186/scrt41

Cite this article as: Vazey and Connor: Differential fate and functional
outcome of lithium chloride primed adult neural progenitor cell
transplants in a rat model of Huntington disease. Stem Cell Research &
Therapy 2010 1:41.

Page 11 of 11

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central




	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animals
	Isolation, expansion, and priming of adult neural progenitor cells
	Surgical procedures
	Sensorimotor function analysis
	Immunohistochemical analysis
	Quantification
	Statistical analysis

	Results
	Survival and migration of transplanted adult neural progenitor cells
	Neuronal differentiation of transplanted adult neural progenitor cells
	Formation of efferent projections
	Sensorimotor-function analysis
	Spontaneous exploratory forelimb use
	Corridor Task


	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

