
Adult neural progenitor cells from Huntington’s disease mouse brain exhibit
increased proliferation and migration due to enhanced calcium and ROS
signals
Wenjuan Xie*, Jiu-Qiang Wang*, Qiao-Chu Wang*, Yun Wang*, Sheng Yao† and Tie-Shan Tang*

*State Key Laboratory of Biomembrane and Membrane Biotechnology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
and †Department of Neurology, Navy General Hospital, Beijing 100048, China

Received 9 March 2015; revision accepted 10 June 2015

Abstract
Objectives: Huntington’s disease (HD) is an inher-
ited human neurodegenerative disorder characterized
by uncontrollable movement, psychiatric disturbance
and cognitive decline. Impaired proliferative/differ-
entiational potentials of adult neural progenitor cells
(ANPCs) have been thought to be a pathogenic mech-
anism involved in it. In this study, we aimed to eluci-
date intrinsic properties of ANPCs subjected to
neurodegenerative condition in YAC128 HDmice.
Materials and methods: ANPCs were isolated from
the SVZ regions of 4-month-old WT and YAC128
mice. Cell proliferation, migration and neuronal dif-
ferentiation in vitro were compared between these
two genotypes with/without Ca2+ inhibitors or ROS
scavenger treatments. Differences in ANPC prolif-
eration and differentiation capabilities in vivo
between the two genotypes were evaluated using
Ki-67 and Doublecortin (DCX) immunofluores-
cence respectively.
Results: Compared to WT ANPCs, YAC128 ANPCs
had significantly enhanced cell proliferation, migra-
tion and neuronal differentiation in vitro, accompa-
nied by increased Ca2+ and ROS signals. Raised
proliferation and migration in YAC128 ANPCs were
abolished by Ca2+ signalling antagonists and ROS
scavenging. However, in vivo, HD ANPCs failed to
show any elevated proliferation or differentiation.

Conclusions: Increased Ca2+ signalling and higher
level of ROS conferred HD ANPC enhancement of
proliferation and migration potentials. However, the
in vivo micro-environment did not support endoge-
nous ANPCs to respond appropriately to neuronal
loss in these YAC128 mouse brains.

Introduction

Throughout adulthood, mammalian neurogenesis mainly
occurs in two regions: the subventricular zone (SVZ) of
brain lateral ventricles and subgranular zone (SGZ) of
the hippocampal dentate gyrus (DG) (1,2). Newborn
neurons form functional connections with existing cir-
cuitry to maintain and reorganize the olfactory bulb (3–
5) and contribute to hippocampal-dependent memory
and behaviour (6–8). Importantly, neurogenesis can be
up-regulated by a variety of stimuli such as occurrence
of seizures, either ischaemic or by stroke (9–12). These
findings spark considerable interest in endogenous cell
repair strategies, and the adult neural progenitor cells
(ANPCs) have been proposed to be an endogenous
source of cells for treatment of neurodegenerative dis-
eases (13,14). Neurogenesis has been widely studied in
a number of neurodegenerative disorders including
Alzheimer’s disease (15–17), Parkinson’s disease (18–
20) and Huntington’s disease (HD) (21–24).

HD is an inherited human neurodegenerative disorder
caused by hugely expanded CAG repeats in the huntingtin
(HTT) gene, characterized by neuronal cell death in dis-
crete brain regions, resulting in movement disorders, psy-
chiatric disturbance, and cognitive decline (25,26). The
striatum is the brain structure primarily affected, although
other areas can also be affected in patients with advanced
HD (27). Due to close proximity of the SVZ to the
striatum, neurogenesis in the SVZ has consistently been
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studied in HD transgenic mouse models, as well as in HD
patients. Several lines of evidence have demonstrated nor-
mal ANPC proliferation in the SVZ in multiple HD trans-
genic mouse brains in vivo (21–24), while others have
shown impaired proliferation capacity of neural stem cells
(NSCs) isolated/cultured from embryonic HD mouse
brains in vitro (28,29). Interestingly, in human post-mor-
tem HD brains, increase has been found in ANPC prolif-
eration in the SVZ, specially in patients with advanced
HD (30). To date, there has not been any clear explanation
for these conflicting observations.

Neurogenesis is a complex process which includes
proliferation, migration and differentiation, and can be
affected by intrinsic properties of endogenous neural pro-
genitor cells (NPCs) and the micro-environment in which
they reside in vivo. YAC128 HD mouse model animals
express the full-length human mutant HTT gene with 128
CAG repeats, and faithfully recapitulates many features
of the human condition (31,32). In the present study, to
determine whether intrinsic properties of ANPCs were
changed in response to HD, we examined proliferation,
migration and neuronal differentiation capacities of
ANPCs isolated from SVZ regions of age-matched WT
and YAC128 HD mouse brains, in vitro. Somewhat sur-
prisingly, we found that proliferation, migration and neu-
ronal differentiation significantly increased in YAC128
ANPCs, and that enhanced Ca2+ and ROS signals were
essential for enhancements of proliferation and migration
in YAC128 ANPCs. Mutant HTT protein-triggered ele-
vated Ca2+ and ROS signalling have been previously
reported to be harmful to mature neurons including stri-
atal medium spiny neurons (MSNs) in HD (33–39).
Thus, in contrast to their toxicities to mature neurons in
HD, elevated Ca2+ and ROS signalling seem to deliver
increased capabilities of proliferation and migration to
HD ANPCs. Interestingly, unlike results in vitro,
YAC128 HD mouse brains had similar levels of ANPC
proliferation and differentiation to WT SVZ ones,
in vivo, indicating that the micro-environment in which
the ANPCs were organized was the key limiting factor
for adult neurogenesis in YAC128 HD mouse brains,
rather than intrinsic proliferation and differentiation prop-
erties of the cells. Thus, to promote endogenous neuroge-
nesis to counteract striatal neurodegeneration in HD
brains, liberating ANPCs from their constrained micro-
environment is a key approach that should be considered.

Materials and methods

Isolation and culture of adult neural progenitor cells

YAC128 HD transgenic mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). Generation

and breeding of transgenic YAC128 HD mice (FVBN/
NJ background strain) have previously been described
(31). All animal experiments were reviewed and
approved by our Institute of Zoology Institutional Ani-
mal Care and Use Committee and were conducted
according to the committee’s guidelines. 4-month-old
wild type and YAC128 mice (FVB strain) were sacri-
ficed by decapitation. Subventricular zones from individ-
ual animals was dissociated with accutase (Millipore,
Temecula, CA, USA) for 10 min at 37 °C, and mechan-
ically dissociated using a fire-polished 1000 ll plastic
tip. After centrifugation, cells were re-suspended in
growth medium consisting of neurobasal medium, 2%
B27 supplement without vitamin A, 1% glutamax,
1 9 penicillin/streptomycin (all from Invitrogen, Carls-
bad, CA, USA) and 20 ng/ml of both epidermal growth
factor (EGF) and basic fibroblast growth factor (FGF2)
(Peprotech, Rocky Hill, NJ, USA). Cells were plated in
growth medium either on to six-well uncoated plastic
plates for floating spheres, or on to poly-L-ornithine-
coated plastic plates for monolayer cultures. Half the
volume of each culture medium was changed every
2 days, and cells were passaged every 4–6 days with
accutase. After expanding and propagating them for at
least 14 passages, monolayer cultured cells were fixed
and probed with antibodies against Nestin (1:200; Milli-
pore) and SOX2 (1:200; Abcam, London, UK).

Adult neural progenitor cell differentiation

Adult neural progenitor cells were induced to differen-
tiate after plating on poly-L-ornithine-coated glass
coverslips. The detailed procedure was adapted from a
protocol previously described, which requires with-
drawal of EGF and slow reduction of FGF2 while
introducing and increasing brain-derived neurotrophic
factor (BDNF) (40). Half the medium was exchanged
after 72 h incubation in respective defined media. Cells
were then fixed and probed with antibodies against
microtubule-associated protein (MAP2) (1:400; Chemi-
con, Temecula, CA, USA) and glial fibrillar acidic pro-
tein (GFAP) (1:400; Chemicon). Soma area neurite
length of MAP2+ cells were measured using Image-J
software.

Cell proliferation assays

Self-renewal was first assessed by dissociating neuro-
spheres into single cells and re-culturing them at low
density of 1000 cells per well, in 24-well plates. Size of
secondary spheres after 8 days culture was measured
using Image-J software. Neurospheres with diameters
>40 lm were assessed.
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Growth curve experiments were also used to evalu-
ate capability for cell proliferation. 5 9 104 cells per
well were seeded in poly-L-ornithine-coated six-well
plates in 2 ml growth medium, with or without testing
agents (100 lM glutamate, 50 lM 2-APB, 1 mM NAC,
1 lM/2 lM U73122), and each sample was plated in
triplicate. Cell number was counted after 0, 2 and
4 days culture. At each time point, cells were dissoci-
ated using accutase then resuspended in growth medium.
Aliquots of cells were incubated in trypan blue (Sigma,
St. Louis, MO, USA) then counted with the aid of a
haemocytometer.

Proliferation was further determined using 5-bro-
modeoxyuridine (BrdU) incorporation. Dissociated cells
were plated on glass coverslips coated with poly-L-
ornithine (0.015 mg/ml) and cultured for 48 h. Cells
were incubated for 5 h with 10 lM BrdU, and then fixed
and washed. DNA was denatured by incubating the cells
in 1 N HCl for 45 min at room temperature. Cells were
washed and blocked with 10% bovine serum albumin
for 60 min at room temperature, and primary mouse
anti-BrdU antibody (1:200, BD, San Jose, CA, USA)
was applied and incubated for 60 min at 37 °C followed
by goat anti-mouse Alexa 546 antibody (1:500, Invitro-
gen). Nuclei were stained with 10 lg/ml Hoechst 33342
(Sigma). Images were acquired using a Leica inverted
fluorescence microscope.

Migration assay

Neurospheres with similar diameters were selected and
plated on poly-L-ornithine-coated six-well culture plates
containing neurobasal medium supplemented with 2%
B27 with or without NAC (5 mM) or 2-APB (50 lM) or
U73122 (2 lM/5 lM) for 12 or 24 h. Cell migration was
evaluated by measuring distances ANPCs had migrated
from edges of neurospheres towards exernal borders.

Ca2+ imaging

Intracellular Ca2+ measurements were performed on cells
bathed in imaging buffer comprised of 140 mM NaCl,
5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM glucose
and 20 mM HEPES (pH 7.3). Cells were loaded with
4 lM of Fura-2 AM (Invitrogen) for 40 min at room
temperature (RT), then allowed further 10 min after
washing to de-ester the dye before imaging. Images
were captured using a Nikon inverted microscope
(Eclipse Ti) and 940 magnification oil-immersion objec-
tive lens (N.A. = 1.40). Cells were alternatively excited
at 340 nm and 380 nm, using a single-band multi-ex-
citer filter set (FURA2-C-000, BrightLine; Semrock,
Rochester, New York, USA), emissions were collected

through a 409 nm single-edge dichroic beam splitter
(BrightLine, Semrock) and 510/84 nm single-band emit-
ter (BrightLine, Semrock). Images were collected every
2 seconds for the duration of the experiment. Intracellu-
lar Ca2+ concentration ([Ca2+]i) within single cells was
reported as ratio of the 510 nm emission excited at 340
and 380 nm (340/380). Glutamate (100 nM) was added
at 100 s to induce calcium signaling and changes in
Ca2+ levels were monitored for 400 s. To verify effi-
ciency of 2-APB (50 lM) and U73122 (2 lM), these
drugs were added at 60 s before 100 lM glutamate was
added at 200 s.

ROS measurement

Intracellular ROS level was assessed using
20,70-dichlorodihydrofluorescein diacetate (DCFH-DA)
(Beyotime, Shanghai, China), which can be hydrolysed
to 20,70-dichlorodihydrofluorescein (DCFH) by esterases;
then DCFH is oxidized by ROS in the cells, yielding
20,70-dichlorofluorescein (DCF). After treatment with
NAC (1 mM, 18 h; 5 mM, 4 h), cells were washed with
neurobasal medium, incubated in 10 lM of DCFH-DA at
37 °C for 30 min, and washed twice in neurobasal med-
ium. Then they were resuspended into a single cell sus-
pension using accutase, and analysed by flow cytometry.
To detect mitochondrial superoxide production, mono-
layer cultured cells were treated for 15 min at 37 °C
with 5 lM of MitoSOXTM Red (Molecular Probes; Invit-
rogen), and washed three times, digested with accutase,
collected by centrifugation, and analysed by flow cytom-
etry. Flow cytometric analysis was performes immedi-
ately after dye treatment. All measurements were
repeated at least three times.

Immunofluorescence

To examine cell proliferation and differentiation in vivo,
a separate set of 4-month- (4 WT, 5 YAC128) and 18-
month- (7 WT, 6 YAC128) old mice were sacrificed.
Mice were deeply anaesthetized with chloral hydrate,
perfused transcardially with PBS and fixed with 4%
paraformaldehyde. Brains were excised, post-fixed over-
night at 4 °C, and transferred to 30% sucrose. 25 lM
coronal brain sections were processed for detection of
Ki-67-positive cells and DCX-positive cells. After rins-
ing briefly in PBS, sections were treated for 2 h in 10%
donkey serum and 0.3% Triton X-100 in PBS then incu-
bated in rabbit polyclonal antibody against Ki-67
(1:200, Abcam) or a rabbit polyclonal antibody against
DCX (1:200, Abcam) in PBS containing 5% donkey
serum, for 12 hours at 4 °C. Sections were then rinsed
three times in PBST (PBS plus 0.3% tween-20) and
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incubated for 2 hours in Alexa Fluor 488-labelled don-
key anti-rabbit IgG antibody (1:1000; Invitrogen).
Hoechst33342 (10 lg/ml;, Invitrogen) labelled the posi-
tions of cell nuclei. Fluorescence-stained sections were
analysed using a confocal laser-scanning microscope
(Carl Zeiss LSM510).

Data collection and analyses

In experiments when cell counts or measurements were
involved, a naive person collected all images, to mini-
mize potential observer bias. All such experiments were
repeated at least three times and a representative experi-
ment is presented here. Data are shown as mean � SE,
statistical comparisons were made using the independent
samples t-test, and significance level was set at 5%.

Results

Characteristics of NPCs isolated from adult mouse SVZ

In our study, NPCs were isolated from SVZs of 4-
month-old WT and YAC128 mice. NPCs were grown
as either neurospheres in non-coated plates (Fig. 1a) or
monolayer cultures on poly-L-ornithine-coated dishes
(Fig. 1b) in the presence of EGF and FGF2. After
expanding and propagating cells for at least 14 passages,
they uniformly expressed Nestin and SOX2 (Fig. 1c),
markers typically found in uncommitted neural stem
cells (41,42), indicating that our ANPCs maintained
stem cell characteristics over the culture period and that
these cell populations were highly homogeneous.

ANPCs were plated as monolayers and differentiated
using a previously described protocol (40), in which
EGF was withdrawn and FGF2 concentrations reduced
while BDNF was increased. Differentiated cells were
stained for lineage-specific differentiation markers MAP2
(for neurons) and GFAP (for astrocytes) (Fig. 1d),
demonstrating multipotencies of ANPCs isolated from
SVZ regions of adult WT and YAC128 mouse brains.

YAC128 ANPCs had higher cell proliferation, migration
and neuronal differentiation capabilities

One major property of stem cell is self-renewal (43),
thus we first compared proliferation capabilities between
WT and YAC128 ANPCs; neurosphere formation was
evaluated as an indicator of this. To minimize effects of

cell aggregation during growth of neurospheres, ANPCs
were plated at low density. After 8 days of culture,
diameters of neurospheres were measured. As shown in
Fig. 2a, there was significant increase in size of the
spheres, detected in YAC128 ANPCs compared to WT
cells, suggesting that YAC128 ANPCs had much higher
proliferative potential than WT ANPCs. This result was
further confirmed by growth curve experimentation.
YAC128 ANPCs had a much higher growth rates than
WT ANPCs (Fig. 2b), confirming their higher potential
for self-renewal in HD ANPCs. Furthermore, percent-
ages of BrdU-positive cells in YAC128 ANPCs was
significantly higher than that in WT cells as shown by
BrdU incorporation assay (Fig. 2c,d).

To determine whether there was any difference in
mobility between WT and YAC128 ANPCs, an
in vitro migration assay was employed. After culturing
on poly-ornithine-coated plates for 12 h, ANPCs from
neurospheres migrated radially outwards (Fig. 2e). Dis-
tances from edges of neurospheres to borders to which
the ANPCs migrated were measured to evaluate cell
migration. Statistics analysis indicated that YAC128
ANPCs migrated significantly faster than WT ANPCs
(Fig. 2f).

We next compared potentials for neuronal differenti-
ation between WT and YAC128 ANPCs in vitro.
ANPCs were differentiated using a previously described
protocol (40). As shown in Figs. 1d and 2g, both geno-
types of ANPCs were able to differentiate into neurons
(MAP2+). Percentages of MAP2+ cells were then quanti-
fied by normalizing total MAP2+ cells to total Hoech-
st33342+ cells. YAC128 ANPCs differentiated for
21 days had significantly higher percentages of MAP2+

cells compared to WT ANPCs of identical passage and
differentiation times (Figs. 1d,2g). Moreover, neurite
length of differentiated YAC128 MAP2+ cells was sig-
nificantly longer than that of WT MAP2+ cells (Fig. 2i).
No significant difference was detected in soma area
between YAC128 and WT neuronal like cells (Fig. 2h).
Thus, YAC128 HD ANPCs were able to differentiate
into greater numbers of neurons with longer neurites
compared to WT ANPCs, indicating enhanced neuronal
differentiation capacities in HD ANPCs.

ANPCs exhibited enhanced Ca2+ signals

It has already been demonstrated that polyQ expansion in
HTT induces enhanced Ca2+ signalling in HD MSNs

Figure 1. ANPC cultures and monolayer ANPC differentiation in vitro. (a) ANPCs were grown as neurospheres in a non-coated six-well plastic
plate. Scale bar: 250 lm. (b) ANPCs were grown as monolayers in poly-ornithine-coated six-well plastic plates. Scale bar: 250 lm. (c) Monolayer
ANPCs were stained with Nestin (green) and SOX2 (red). Scale bar: 50 lm. (d) Monolayer ANPCs were able to differentiate into neurons (MAP2,
red) and astrocytes (GFAP, green). Scale bar: 50 lm.
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(33–37). To investigate whether this also exists in
ANPCs, we compared glutamate-induced Ca2+ signalling
between WT and YAC128 ANPCs. Intracellular Ca2+

concentration was monitored using Fura-2 imaging, and
data are presented as 340/380 ratios (Fig. 3a–c). On aver-
age, basal Ca2+ levels before glutamate application were
not significantly different from each other between geno-
types of ANPC (Fig. 3a). Treatment with 100 nM gluta-

mate caused significantly higher amplitude of transient
cellular Ca2+ in YAC128 ANPCs over WT ANPCs
(Fig. 3a–b). To quantify amounts of Ca2+ loaded into
cytoplasm during glutamate stimulation, we calculated
areas (ratio*s) below transient Ca2+ traces. Significantly
higher amounts of Ca2+ were loaded into the cytoplasm in
YAC128 ANPCs than WT ANPCs (Fig. 3c). Similarly,
treatment with 100 lM glutamate also caused significantly

Figure 2. ANPCs derived from SVZ of HD mouse brain exhibit increased proliferation, migration and neurogenic differentiation compared
with that of WT control. (a) Neurosphere assay. The size of neurospheres were determined after 8-day culture in vitro (n = 70 neurospheres per
group, ***P < 0.001). (b) YAC128 HD ANPCs had a much higher rate of growth compared with the WT control (n = 3, ***P < 0.001). (c,d)
BrdU incorporation assay. The percentage of BrdU-positive cells in YAC128 ANPCs was significantly higher than that in WT cells (n = 6,
***P < 0.001). Scale bar: 100 lm. (e) Neurospheres cultured on poly-L-ornithine dishes migrated outwards radially. Scale bar: 500 lm. (f) The
radial migration distance of YAC128 HD neurospheres were significantly increased compared with the WT control after 12-hour cultivation
(n = 40 neurospheres per group, ***P < 0.001). (g) The percentage of neuronal cells (MAP2+) was quantified by normalizing the total MAP2+

cells to the total Hoechst33342+ cells after 21-day differentiation (n = 3, **P < 0.01). (h) Quantification of the soma area of neurons derived from
WT and YAC128 ANPCs (n = 50 neurons per group). (i) Neurite lengths of MAP2+ cells derived from WT and YAC128 ANPCs were measured.
Independent t-test showed a significant increase in neurite length in YAC128 neurons compared with WT neurons (n = 50 neurons per group,
**P < 0.01). Data were shown as the mean � SE.
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(a) (b) (c)

(d) (e)

(g) (h)

(f)

Figure 3. YAC128 ANPCs exhibit increased Ca2+ signalling compared with the WT controls. (a) 100 nM glutamate-induced Ca2+ signals in
ANPCs from the WT and YAC128 mouse brains. Intracellular Ca2+ concentration ([Ca2+]i) was presented as a 340/380 Fura-2 ratio. The average
340/380 values (mean � SE) were shown for WT (n = 23) and YAC128 (n = 30) ANPCs. Both peak values (b) and peak areas (c) were signifi-
cantly higher in YAC128 ANPCs than in the WT controls (*P < 0.05, ***P < 0.001). (d) The 100 lM glutamate-induced Ca2+ signals in ANPCs
from the WT and YAC128 mouse brains. Both peak values (g) and peak areas (h) were significantly higher in YAC128 (n = 21) ANPCs than in
the WT (n = 23) controls (**P < 0.01, ***P < 0.001). The 100 lM glutamate-induced [Ca2+]i transients in WT and YAC128 ANPCs were signifi-
cantly reduced in the presence of the InsP3R blocker 2-APB (50 lM) (e) and PLC inhibitor U73122 (2 lM) (f). (g) Effect of 2-APB and U73122
on the peak value of [Ca2+]i in WT and YAC128 ANPCs in response to 100 lM glutamate. Pre-treatment with 2-APB and U73122 significantly
decreased the peak value of [Ca2+]i in both WT (n = 20 for 2-APB and n = 23 for U73122) and YAC128 ANPCs (n = 26 for 2-APB and n = 22
for U73122) when compared with the control group (***P < 0.001). (h) Effect of 2-APB and U73122 on the peak area of [Ca2+]i in WT and
YAC128 ANPCs in response to 100 lM glutamate. Pre-treatment with 2-APB and U73122 significantly decreased the peak area of [Ca2+]i in both
WT and YAC128 ANPCs when compared with the control group (*P < 0.05, **P < 0.01,***P < 0.001).
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higher transient Ca2+ and more Ca2+ load in YAC128
ANPCs than in WT ANPCs (Fig. 3d,3g–h). Additionally,
both 2-APB and U73122 significantly reduced Ca2+ levels
in both ANPC genotypes (Fig. 3d–h).

Enhanced Ca2+ signals were required for increased
proliferation and migration of HD ANPCs

Ca2+ signalling has previously been discussed in regulat-
ing neural stem/progenitor cell proliferation (44–47) and
migration (48–51). In our study, we first evaluated effects
of glutamate-induced Ca2+ signalling on ANPC prolifera-
tion in each genotype. After incubation with 100 lM glu-
tamate for 4 days, both genotypes underwent significant
increases in proliferative rate compared to their control
groups, and YAC128 HD ANPCs proliferated more
rapidly than WT ANPCs (Fig. 4a), indicating that eleva-
tion of cellular Ca2+ lead to higher ANPC growth rate.
Thus, increased proliferation of YAC128 ANPCs could
be associated with their enhanced Ca2+ signalling. To

confirm this, Ca2+ signalling was inhibited either by
2-APB [a cell-permeable IP3R inhibitor (52)] or U73122
[a specific PLC inhibitor (53)], and cell proliferation was
assessed under these conditions respectively. Treatment
with 50 lM 2-APB significantly reduced cell proliferation
in both WT and YAC128 HD ANPCs, and HD ANPCs
no longer exhibited any proliferative advantage (Fig. 4b).
Similar results were obtained when Ca2+ signalling in
ANPCs was inhibited by U73122 (Fig. 4c). When treat-
ing with 2 lM of U73122, YAC128 ANPCs exhibited
similar cell proliferation rates as WT ANPCs (Fig. 4c).
These results indicate that increased proliferation of
YAC128 ANPCs was calcium-dependent. In addition,
treatments with 2-APB and U73122 did not cause signifi-
cant cell death, excluding the possibility that inhibition of
proliferation was due to increased cell death. (Fig. S1).

Ca2+ signalling has also been shown to play a role
in neuronal motility, for example in migration of neural
precursors, as well as elongation and branching of neu-
rites (54). To test whether increased migration in

(a)

(d) (e)

(b) (c)

Figure 4. Enhanced Ca2+ signals are required for the enhanced proliferation and migration in YAC128 HD ANPCs compared with WT
ANPCs. (a) Glutamate promoted the proliferation of both WT and YAC128 ANPCs. 2-APB, an inhibitor of intracellular Ca2+ signal, strongly
inhibited the proliferation (b) and migration (c) U-73122, a PLC blocker, dose-dependently inhibited the proliferation of ANPCs from WT and
YAC128 mice. (d) of both WT ANPCs and YAC128 ANPCs (**P < 0.01; ***P < 0.001). WT ANPCs were more sensitive to 2-APB than
YAC128 ANPCs in cell migration. (e) U-73122 inhibited the migration of WT ANPCs significantly (***P < 0.001), while the migration of
YAC128 ANPCs was not affected by U-73122. Data were presented as mean � SE.
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YAC128 ANPCs could be attributed to enhanced Ca2+

signalling, we compared migration capabilities between
WT and YAC128 ANPCs with/without Ca2+ signalling
inhibitors. Neurospheres with similar diameters were
plated into poly-L-ornithine-coated dishes, cultured for
12 or 24 h with or without Ca2+ signalling inhibitors.
As shown in Fig. 4d, 12 h after initiation of culture,
50 lM of 2-APB significantly inhibited radial migration
of both WT and YAC128 ANPCs, in a time-dependent
manner. Similar results were obtained using U73122
treatment (Fig. 4e). Both Ca2+ signalling inhibitors (2-
APB and U73122) were very effective in reducing
migration of WT ANPCs but less of YAC128 ANPCs.
These results indicated that reduction in Ca2+ signalling
slowed ANPC migration, and relatively higher levels
of Ca2+ signalling were essential for rapid migration.
YAC128 ANPCs, which had much higher levels of
Ca2+ signalling compared to WT ANPCs, may not be
so sensitive to reduction in Ca2+ signalling during
migration.

Taken together, these data indicate that enhanced
Ca2+ signaling is essential for increased proliferation
and migration capacities of YAC128 ANPCs.

YAC128 ANPCs had increased levels of reactive oxygen
species

Marked changes in levels of reactive oxygen species
have previously been identified in HD brain and in HD
cell models (29,38,55–57). Primary cultured medium
spiny neurons (MSNs) from YAC128 neonatal mouse
brains have higher levels of reactive oxygen species
(ROS) than WT cortical neurons (39). To determine if
changes in ROS levels occurred in YAC128 ANPCs,
ROS levels in live cells were measured by using DCFH-
DA. This is hydrolysed by esterases to DCFH, and
DCFH is oxidized by ROS in the cells, yielding DCF.
We found significant increase in DCF fluorescence in
YAC128 compared to WT cells (Fig. 5a). Given the
pivotal role of mitochondria in generation of ROS (58),
mitochondrial ROS (mt-ROS) were monitored by Mito-
SOXTM Red (Molecular Probes). Levels of mt-ROS in
YAC128 ANPCs were also significantly higher than in
WT controls (Fig. 5b).

Enhanced ROS signals were required for increased
proliferation and migration of YAC128 ANPCs

ROS may play roles in regulating neural progenitor
cell proliferation (59–62). Thus, to determine potential
relationships between enhanced ROS and increased
proliferation in HD ANPCs, cells were cultured at the

same density in the presence or absence of the ROS
scavenger N-acetylcysteine (NAC) and analysed for
changes in proliferation. As expected, NAC signifi-
cantly reduced cellular ROS levels of both WT and
YAC128 ANPCs (Fig. 6a). In the absence of NAC,
YAC128 ANPCs had more rapid proliferation than WT
ANPCs (Fig. 6b), while in the presence of 1 mM NAC
[which could not cause significant cell death during
treatment (Fig. S1)], both WT and YAC128 ANPCs
failed to proliferate (Fig. 6b), demonstrating ROS to be
an essential signal for maintenance of ANPC self-re-
newal.

ROS has also been linked to cell migration (63–65).
Next, we investigated the relationship between redox
state and ANPC migration. Chelating cellular ROS by
NAC strongly inhibited migration of both WT and
YAC128 HD ANPCs (Fig. 6c), indicating that ROS
signalling is also required for ANPCs migration.

In summary, these observations indicated that
increased proliferation and migration in YAC128
ANPCs were critically depended on enhanced ROS
signalling.

(b)

(a)

Figure 5. YAC128 ANPCs show enhanced ROS signals. (a) DCF
fluorescence was used as a marker of ROS and was measured in live
cells with flow cytometry. Left, measurements of ROS in YAC128
ANPCs and WT ANPCs. YAC128 ANPCs had higher levels of ROS
compared with WT controls. Right, scatter plot histogram of a repre-
sentative experiment. (b) MitoSOXTM Red fluorescence was used as an
indicator of mitochondrial superoxide and was measured in live cells
with flow cytometry. Left, measurement of mitochondrial superoxide
in YAC128 ANPCs compared to WT ANPCs. YAC128 ANPCs had
higher levels of mitochrondrial ROS compared with WT control.
Right: scatter plot histogram of a representative experiment. Data were
presented as mean � SE (n = 3, **P < 0.01).
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YAC128 ANPCs exhibited normal proliferation and
differentiation in the subventricular zone of mouse
brains

Our experiments provide compelling evidence that
YAC128 ANPCs manifest Ca2+/ROS signalling-dependent

enhancement in proliferation and migration in vitro. To
discover any substantiation of our in vitro observations,
experiments were undertaken to address whether
ANPCs in HD mouse brains would have higher rates
of cell proliferation than that in WT brains, in vivo.
Antibody to Ki-67, a nuclear antigen expressed during
all stages of the cell cycle except G0, was used to
label proliferating cells (Fig. 7a). There were no signif-
icant differences in cell proliferation between YAC128
and WT mouse brains at either 4 or 18 months of age,
although there was significantly age-dependent decline
in numbers of proliferating cells in the SVZ of both
genotypes (Fig. 7b). These results were consistent with
previous reports (24), that proliferation of ANPCs
appears to be no more than normal in SVZ of
YAC128 HD mouse brains compared to WT brains.
Moreover, numbers of immature neurons in the SVZ
were also quantified by immunofluorescence for DCX
(Fig. 7c). YAC128 mice displayed similar numbers of
DCX-positive cells in the SVZ as their WT controls
(Fig 7d). We propose that micro-environment in the
SVZ constrained proliferation and differentiation capac-
ities of HD ANPCs in vivo.

Discussion

To evaluate intrinsic capacities of adult neural progeni-
tor cells for proliferation and neuronal differentiation
subjected to Huntington’s disease conditions, we iso-
lated neural progenitor cells from adult brains of mice
expressing endogenous levels of full-length human
mutant HTT protein (YAC128). Both WT and YAC128
ANPCs were able to differentiate to both neurons and
astrocytes. Compared to wild-type ANPCs, YAC128
HDs manifested increased cell proliferation, migration,
and neuronal differentiation capacities, accompanied by
enhanced Ca2+ signalling and higher levels of intracellu-
lar reactive oxygen species (ROS). Here, we provide
compelling evidence to demonstrate that enhanced Ca2+

and ROS signals (which are detrimental to mature med-
ium spiny neurons), are essential for this intrinsic
change in properties in HD ANPCs. This is the first
report that mutant HTT protein triggers Ca2+ and ROS
signalling-dependent enhancement of proliferation and
migration in HD ANPCs. Interestingly, increased prolif-
eration and neuronal differentiation of HD ANPCs was
largely constrained by the in vivo micro-environment in
mouse brains. Thus, our results also point to a new
direction for development of cell-based therapeutic
strategies in HD: remodelling the in vivo micro-environ-
ment is the key to liberate ANPC potential for promot-
ing endogenous neurogenesis.

(b)

(c)

(a)

Figure 6. Increased ROS signals are required for enhanced prolif-
eration and migration in YAC128 ANPCs compared with WT
ANPCs. (a) Measurement of ROS levels in YAC128 and WT ANPCs
pre-treated with NAC, a ROS scavenger. NAC was able to decrease
ROS signal significantly in both YAC128 and WT ANPCs (n = 3,
*P < 0.05; **P < 0.01; ***P < 0.001). (b) NAC inhibited the prolifer-
ation of YAC128 and WT ANPCs. (c) NAC inhibited the migration of
YAC128 and WT ANPCs significantly (n = 40 neuropheres per group,
***P < 0.001). Data were presented as mean � SE.
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Previous studies have shown that Ca2+ elevations
induced by growth factors and neurotransmitters tightly
regulate proliferation of NPCs. For example, EGF, a
well-known regulator of NPC proliferation, mobilizes
Ca2+ signalling by activation of receptor-tyrosine-kinase
coupled to the PLC–InsP3 pathway (66); FGF2, another
well-known regulator of NPC proliferation, induces
Ca2+ influx via TRPC1 channels (45). Likewise, gluta-
mate, which triggers Ca2+ mobilization, has long been
reported to promote neural progenitor cell proliferation
(67–70). In our study, increase in cellular Ca2+ induced
by 100 lM glutamate led to significant increase in cell
proliferation, while reduction in intracellular Ca2+

release with 50 lM 2-APB resulted in significant inhibi-
tion of cell proliferation in both ANPC genotypes. Fur-
thermore, inhibition of upstream of Ca2+ signalling by
PLC inhibitor U73122 also significantly reduced cell
proliferation. These findings indicated that appropriate
higher intracellular Ca2+ concentration leads to higher

proliferation of ANPCs. Importantly, inhibition of intra-
cellular Ca2+ signalling abolished increased proliferation
of HD ANPCs, strongly suggesting that enhanced Ca2+

signalling contributed to the higher rate of proliferation
in HD ANPCs.

Significant reduction in numbers of migrating cells
from neurospheres has been found in the presence of T-
type channel blockers (51), suggesting that entry of
Ca2+ from the extracellular medium plays a role in neu-
ral progenitor cell migration. Intracellular Ca2+ stores
have also been reported to affect migration of neural
progenitor cells (NPC). One study from Pregno and col-
leagues showed that migratory activity induced by
Neuregulin1 was through long-lasting increase in intra-
cellular calcium concentration, dependent on release of
Ca2+ from internal stores (50). In our present study,
inhibition of Ca2+ release from internal stores with 2-
APB or U73122, resulted in significantly reduced cell
migration in both WT and YAC128 HD ANPCs,

Figure 7. YAC128 HD mice show similar levels of ANPC proliferation and differentiation as WT mice in SVZ. (a) Endogenous ANPC pro-
liferation in the SVZ was assessed by immunofluorescence for cell cycle marker Ki67. (b) Statistic analysis of Ki-67-positive cells in SVZ. No sig-
nificant difference between the genotypes in the number of Ki-67-positive cells was observed. (c) Endogenous ANPC neuronal differentiation in the
SVZ was assessed by DCX immunofluorescence. (d) Statistic analysis of DCX-positive cells in SVZ. No significant difference between the geno-
types in the number of DCX-positive cells was observed. Data were presented as mean � SE. Scale bar: 100 lm.
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indicating that Ca2+ signalling was essential for active
ANPC migration. Due to higher levels of Ca2+ sig-
nalling in YAC128 HD ANPCs, YAC128 ANPCs
moved significantly faster than WT controls.

In mouse embryonic stem cells, Neuronatin pro-
moted neural induction through increasing intracellular
Ca2+ concentration, which in turn increased phosphory-
lation of Erk1/2, inhibited the BMP4 pathway and co-
operated with the FGF/Erk pathway to induce neural
generation (71). In cultured ANPCs isolated from rodent
hippocampus, evoked intracellular Ca2+ concentration
was relayed to activation of transcription factor NeuroD,
leading to neurogenesis (72). Similarly, isoxazole (a
small molecule capable of triggering Ca2+ influx via
Ca2+ channels and NMDA receptors), has been shown
to induce robust neuronal differentiation in adult neural
stem/progenitor cells (73). These findings indicate that
increase in intracellular Ca2+ is critical for neural fate
determination. In our present study, due to higher levels
of Ca2+ signals in YAC128 HD ANPCs, YAC128 HD
ANPCs differentiated into higher amounts of neurons
with longer neurites than did WT controls, indicating
that mutant HTT-induced elevated Ca2+ signals actually
enhanced potentials of HD ANPCs for neuronal differ-
entiation and neuritogenesis.

Reactive oxygen species (ROS) overproduction has
been implicated in pathogenesis of various neurodegen-
erative disorders such as Parkinson’s (74), Alzheimer’s
(75) and Huntington’s diseases (76). Besides their
well-known toxicity, ROS can also play roles as sec-
ond messengers, regulating various cellular functions
including proliferation of NPCs/NSCs. Yoneyama et al.
have observed that antioxidant treatments significantly
inhibit hippocampal progenitor proliferation (60). Le
Belle and colleagues reported that increases in endoge-
nous ROS levels consistently enhanced neurosphere
generation of neural stem cells (NSCs) derived from
CNS, and addition of exogenous agents that elevate
ROS levels increased production of neurospheres (61).
In addition, endogenous production of ROS has been
demonstrated to be necessary to maintain neural stem
populations in the brain (77). In agreement with these
findings, we found that YAC128 ANPCs manifested
higher levels of endogenous ROS compared to WT
cells. More importantly, HD ANPCs exhibited ROS
signal-dependent enhancement of proliferation, as ROS
scavenging abolished proliferation of both YAC128
and WT ANPCs. ROS might also be linked to cell
migration. In haematopoietic stem cells, it has been
shown that low level of ROS can retain stem cell qui-
escence, while high levels of ROS promote their
migration (78). In our study, YAC128 ANPCs had
higher ROS levels than WT cells; accordingly, they

also showed ROS signal-dependent increases in cell
migration capability.

Our experiments demonstrate that YAC128 HD
ANPCs not only maintained their “stemness”, but also
had increased capabilities for proliferation, migration
and neuronal differentiation in vitro. But in vivo,
YAC128 mice brains failed to show any enhancement
in ANPC proliferation/neuronal differentiation in the
SVZ compared to WT mice, even by 18-months of age,
a time point at which the YAC128 mice not only exhib-
ited behavioural and neuropathological changes (includ-
ing neuronal loss) but also presented huntingtin
inclusions in striatal cells (31). These observations
strongly suggest that the striatal micro-environment
severely constrained neurogenesis in the SVZ, and failed
to provide appropriate signals for generating new neu-
rons to replace dead ones in YAC128 mouse brains.
Given that the intrinsic potentials of HD ANPCs for
proliferation and differentiation had not been impaired
(were actually enhanced), endogenous cell repair strate-
gies are potentially possible in HD, and may require
exogenous factors to up-regulate ANPC proliferation
and neurogenesis (72,79–83). However, our present
study suggests that the SVZ micro-environment in
which ANPCs are organized limits adult neurogenesis in
HD mouse brains. Thus, remoulding the micro-environ-
ment into a suitable condition for endogenous neurogen-
esis, is critical for cell repair strategies.

Under neurodegenerative conditions in the SVZ of
YAC128 mouse brains, intrinsic properties of HD
ANPCs were not impaired. In contrast, mutant HTT-
induced elevated Ca2+ and ROS signalling conferred
HD ANPCs with enhanced capabilities of proliferation,
migration and neuronal differentiation. Additional path-
ways could also contribute to these phenotypes. A recent
unbiased RNAi screen for modifiers of HD pathogenesis
identified RRAS signalling as an affected pathway,
which plays a role in both cell migration and neurite
outgrowth (84). Interestingly, the in vivo micro-environ-
ment did not support endogenous ANPCs to respond
appropriately to neuronal loss in YAC128 mouse brains.
Thus, how to liberate ANPCs from their constrained
micro-environment, by remoulding the niche, is a crucial
step for cell replacement therapy in HD.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1 Effect of 2-APB (50 lM), U73122 (2 lM)
and NAC (1 mM) on the apoptosis and necrosis of WT
and YAC128 ANPCs. (a) Flow cytometry results after
staining cells with Annexin V and PI. Cells were classi-
fied as healthy (Annexin V�,PI�), apoptotic (Annexin
V+, PI�) and necrotic (Annexin V+, PI+). (b) Statistic
analysis of the percentage of Annexin V-positive cells
(n = 3). All of these drugs did not cause much cell
death, and there were no significant differences between
the genotypes in the percentage of Annexin V+ cells.
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