Original Article

Acta Pharmacologica Sinica (2009) 30: 907-912
© 2009 CPS and SIMM  All rights reserved 1671-4083/09 $32.00

®

www.nature.com/aps

Neuron differentiation and neuritogenesis stimulated

by N-acetylcysteine (NAC)

Hao-ran QIAN**, Yi YANG?

Department of General Surgery, Institute of Micro-Invasive Surgery of Zhejiang University, Sir Run Run Shaw Hospital, Medical College
of Zhejiang University, Hangzhou 310016, China; 2Department of Biomedical Engineering, Key Laboratory of Biomedical Engineering
of Ministry of Education, Zhejiang University, Hangzhou 310027, China

Aim: To investigate the effect of N-acetylcysteine (NAC), a potent antioxidant, on neuron differentiation of cultured mouse embryonic
stem cells (ESCs) induced by retinoic acid (RA) in vitro. Superior cervical ganglion (SCG) neurons were used to study the effect of NAC

on neuritogenesis.

Methods: Immunoblotting was performed to detect the expression of microtubule-associated protein 2 (MAP2). MTT assays were used
to determine cell viability. Cell death was estimated with trypan blue exclusion and Hoechst 33342 staining. Immunocytochemical

analysis was carried out to identify neurons.

Results: We obtained a high percentage of MAP2-positive neurons derived from embryoid bodies (EBs) induced by RA by administering
1 mmol/L NAC at differentiation day 0. On differentiation day 8, the expression of MAP2 protein was strongly upregulated in the pres-
ence of NAC. NAC promoted neuron differentiation of ES cells in a dose- and time-dependent manner. Notably, NAC suppressed cell
death caused by RA during neuron differentiation. In addition, neurite extension of SCG neurons was greatly stimulated in the pres-

ence of NAC.

Conclusion: These results show that NAC enhanced both neuron differentiation and neuritogenesis, suggesting that it may be used in
the development of novel therapeutic approaches targeting neuron loss and neurite dystrophy in neurodegenerative diseases.
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Introduction

N-acetylcysteine (NAC), a precursor of glutathione, is a potent
antioxidant and free radical scavenger that effectively reduces
free radical species and other oxidants". The neuroprotec-
tive effect of NAC has been demonstrated in ischemia and
ischemia/reperfusion models®®, and in traumatic injury of
the nervous system!”. NAC is also thought to play a possible
beneficial role in age-associated neurodegenerative diseases!..
However, the effect of NAC on neuron differentiation and
neuritogenesis is poorly understood.

Embryonic stem cells (ESCs), derived from the inner cell
mass of the blastula, can maintain self-renewal capability
and pluripotency through exogenous application of leukemia
inhibitory factor (LIF) or feeder cells. Under appropriate con-
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ditions, ESCs are able to differentiate spontaneously into spe-
cialized cell types®, including neurons®"'?; however, the effi-
ciency of neuron differentiation is typically low. In the current
study, mouse ESCs were differentiated into a high percentage
of neurons via the application of NAC, suggesting a potential
role for NAC in chemically modifying the neuron differentia-
tion of ESCs.

Since neurites of neuron-like cells derived from ESCs grow
slowly and display a neuronal-network formation, it is dif-
ficult to test neurite elongation. We therefore extended our
studies to tissue cultures of sympathetic neurons, in which
neurites grow rapidly without overlap. An explant culture of
superior cervical ganglion (SCG) neurons provides a simple
model for investigating neurite degeneration after transec-
tion (termed “Wallerian degeneration”)™!, nerve growth fac-
tor (NGF) withdrawal™, amyloid-p peptide (Ap) toxicity™,
neurite regeneration after injury and neurite outgrowth!”.,
After the application of NAC, increased neurite extension was
observed, implicating NAC promotes neuritogenesis.
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Materials and methods

ES cell culture and differentiation

Undifferentiated mouse ES-D3 cells (passages 10-20) were
maintained on 0.1% gelatin-coated dishes in DMEM medium
(GIBCO), supplemented with 15% FCS (fetal calf serum), 0.1
mmol/L B-mercaptoethanol (Sigma), penicillin (100 U/mL),
and streptomycin (0.1 mg/mL). Routine cultures of ESCs were
grown in the presence of LIF (1000 U/mL, GIBCO). Medium
was changed every 2 days. For neuron differentiation, cells
were induced to generate embryoid bodies (EBs) by omitting
LIF from medium and allowing aggregation in Agar-coated
Petri dishes" at a density of 5x10° cells/mL. Two days later,
EBs with similar diameters were plated onto 3.5 cm gelatin-
coated dishes in ESC medium supplemented with retinoic
acid (RA) for differentiation. Subsequently, cells were either
harvested for Western blot or fixed for immunocytochemis-
try. The day of RA application was defined as differentiation
day 0.

Tissue culture of SCG

Explant cultures of SCG were prepared from postnatal 1-day-
old mice (C57BL/6) as described previously™. Briefly, dis-
sected SCGs were plated on collagen-coated 12-well plates.
One ganglion was plated for each well. Cultures were main-
tained in AM50 medium: Eagle’s minimum essential medium
(MEM) supplemented with 5% fetal bovine serum (FBS)
(Trace Bioscience, Ltd, Sydney, Australia), 50 ng/mL NGF,
10 pmol/L fluorodeoxyuridine, 10 pmol/L uridine, 50 U/mL
penicillin, and 50 pg/mL streptomycin. Cultures were grown
in a humidified atmosphere of 5% CO,/95% air at 36 °C. The
cultures were treated with 5 pmol/L aphidicolin (Sigma) at
DIV (day in vitro) 1 after dissection for two days to reduce the
number of non-neuronal cells.

Determination of cell proliferation

To evaluate cell proliferation, the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was performed.
Each data point represented results from 3 independent
experiments, and each treatment was performed in sextu-
plicate. EBs with similar diameter were plated onto 96-well
plates, one EB per well. On differentiation day 0, cells were
incubated with different concentrations of NAC in combina-
tion with RA. After the appropriate incubation time (0, 4, and
8 days), 15% volume of MTT (5 mg/mL) was added to each
well. After another 4 h of incubation at 37 °C, the medium
was removed and 100 pL dimethyl sulfoxide (DMSO) was
added to each well to resuspend the MTT metabolic product.
The absorbance of the dissolved formazan was measured at
570 nm (As;) with a microplate reader (Versa Max, Molecular
Devices). The percentage of cell proliferation was calculated
with the formula: MTT activity (%)=100-[(As7, contro=As70, Nac)/
As70, Control] ¥100.

Immunoblotting
Proteins were extracted from cells using radioimmunoprecipi-
tation assay (RIPA) buffer. Protein extracts were separated on
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SDS-polyacrylamide gel, transferred to a polyvinylidene diflu-
oride (PVDF) membrane (Millipore, Burlington, MA), blocked
with 5% skim milk in Tris-buffered saline containing 0.1%
Tween (TBS-T), and then probed with monoclonal anti micro-
tubule-associated protein 2 (MAP2) (1:50, Sigma-Aldrich) at
4 °C overnight. Secondary horseradish peroxidase (HRP)-
conjugated anti-mouse IgG was used at a dilution of 1:2000
for 1 h at room temperature. Visualization of immunoreactive
bands was performed with an enhanced chemiluminescence
detection kit (ECL; Amersham Biosciences, Piscataway, NJ).
Anti-actin (1:2000, Santa Cruz Biotechnology) was used for
normalization. Western blot analysis was performed in tripli-
cate.

Evaluation of cell survival

Cell viability was evaluated by the Trypan-Blue dye exclusion
method as described previously™.
cells were stained with 0.2% Trypan Blue for 15 min followed
by fixation with 4% paraformaldehyde (PFA) in PBS for 30 min
at room temperature. The percentage of viable cells that were

On differentiation day 8,

capable of excluding the dye was calculated from the total
number of cells in each area. At least 15 photomicrographs
were evaluated randomly per treatment, and each treatment
was performed in triplicate.

Hoechst 33342 staining

Apoptotic cell death was identified by nuclear staining with
bis-benzimide (Hoechst 33342). On differentiation day 8, cells
were fixed with PFA in PBS for 15 min at room temperature,
then washed three times with PBS and exposed to 10 mg/L
Hoechst 33342 at 37 °C in the dark for 15 min. After washing
with PBS, nuclei were visualized under UV illumination with
fluorescence microscope (Olympus). The percentage of apop-
totic cells was estimated by counting the cells with condensed
and/or fragmented nuclei. At least 15 photomicrographs
were evaluated randomly per treatment, and each treatment
was performed in triplicate.

Immunofluorescence analysis

Immunostaining with mouse anti-MAP2 (1:50) and Alexa
Flour 488-conjugated anti-mouse IgG secondary antibody
(1:100, Molecular Probes, Inc, Eugene, OR, USA) was per-
formed as described previously™. In brief, cells plated on gel-
atin-coated glass coverslips were left untreated or treated with
1 mmol/L NAC and then fixed with 4% PFA, permeabilized
with 0.05% Triton X-100 and double stained to detect nuclear
and MAP2. Images were visualized with confocal laser scan-
ning microscopy.

Measurement of neurite elongation

Photomicrographs were taken using an Olympus phase-
contrast microscope equipped with a digital camera. Neurite
outgrowth was assessed by measuring the distance between
the edge of a ganglion and the tips of neurites. At least 10
ganglia were analyzed for each experimental group, and each
treatment was performed in triplicate.



Statistical analysis

The data were plotted as mean+SD from three independent
experiments. Determinations of statistically significant differ-
ences were made using one-way ANOVA followed by Tukey’s
post-hoc tests. P<0.01 was considered statistically significant.

Results

Enhancement of RA-induced neuron differentiation of ESCs by
application of NAC

To assess the effect of NAC on neuron differentiation, ESCs
were first induced to form EBs by suspension culture. EBs
with similar diameters were then plated onto dishes and dif-
ferentiated with RA in the presence or absence of 1 mmol/L
NAC. On differentiation day 8, many neuron-like cells with
small cell bodies and long processes were generated around
EBs in the presence of NAC (Figure 1A). MAP2 has been
recognized as a major agent responsible for promoting assem-
bly and preservation of dendritic microtubules®™ *, and has
been extensively used as a somatodendritic marker for all
dendrites and the proximal part of axons®. Neurons derived
from ESCs were cultured for 8 days with or without NAC (1
mmol/L) and then cell extracts were subjected to immunoblot-
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Figure 1. RA-induced neuron differentiation of ESCs was enhanced in
the presence of NAC. (A) EBs were induced to differentiate into neurons
by RA with (right) or without (left) 1 mmol/L NAC from differentiation
day 0. Phase-contrast photomicrographs were taken on day 8. *
indicate the location of EBs. Scale bars, 85 uym. (B) Cells were then
lysed and subjected to immunoblotting with anti-MAP2 antibody. The
upregulation of MAP2 expression was detected in the presence of NAC.
Actin immunoreactive bands were used for normalization. (C) EBs with
the similar diameter were picked up, plated onto 96-well plates, and
differentiated by RA with or without NAC. On differentiation day O, 4, and 8,
cell proliferation was determined by MTT assay.
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ting analysis with anti-MAP2 antibody. As Figure 1B shows,
MAP?2 protein was strongly upregulated in the presence of
NAC, suggesting that NAC enhaces RA-induced neuron dif-
ferentiation of ESCs. To rule out the possibility that NAC
promotes neuron differentiation by increasing cell prolifera-
tion, the MTT assay was used. EBs were differentiated by RA
with or without NAC. On differentiation days 0, 4, and 8, cell
proliferation was determined. As shown in Figure 1C, no sig-
nificant difference was detected in cells with NAC treatment
as compared with control, implying that NAC has no effect in
promoting cell proliferation.

NAC promotes ESC neuron differentiation in a dose- and time-
dependent manner

To further investigate the effect of NAC on promoting ESC
neuron differentiation, the extension of dendrite-like processes
was analyzed by immunocytochemistry, using the anti-MAP2
antibody. The average nuclear area of the cells derived from
EBs in the presence of NAC was similar to that of controls
as identified by propidium iodide (PI) staining (Figure 2Aa,
d). However, the number of differentiated cells expressing
neuronal-specific protein MAP2 was significantly increased in
NAC-treated cultures (Figure 2Ae) compared with untreated
control (Figure 2Ab). Enhanced dendritic networks could also
be observed after NAC treatment (Figure 2Ae, f). In addition,
the positive effect of the antioxidant NAC on neuron differ-
entiation of ESCs was tested using doses ranging from 0.1 to
10 mmol/L. NAC increased the number of MAP2-positive
cells derived from EBs in a dose-dependent manner (Figure
2B). However, minor toxicity was observed with doses over
10 mmol/L (data not shown). Cultures at different stages of
differentiation (Days 0, 4, and 8) were exposed to 1 mmol/L
NAC for 2 days. On Day 12, MAP2-positive cells derived
from EBs were counted. As shown in Figure 2C, immature
cultures (Day 0) responded to NAC with increased numbers of
MAP2-positive cells differentiated from ESCs, whereas more
highly differentiated cultures (Day 8) had only a moderate
response to NAC stimulation. This result indicates that NAC-
driven promotion of ESC neuron differentiation depends on
the developmental stage.

NAC suppressed cell death caused by RA during neuron differen-
tiation

Given the fact that NAC enhanced RA-induced neuron differ-
entiation of ESCs in a dose- and time-dependent manner, we
asked whether NAC relies on RA for promoting neuron dif-
ferentiation. For this purpose, ESCs were first induced to form
EBs by incubating them for 2 days in suspension culture. Sub-
sequently, EBs were plated onto gelatin-coated dishes for dif-
ferentiation under different conditions. On differentiation day
8, cells were subjected to immunocytochemical analysis with
the anti-MAP2 antibody. As shown in Figure 3A, about 5% of
MAP2-positive cells could be observed in cultures that were
not supplemented. The percentage of MAP2-positive cells
increased to over 20% with the application of RA on differ-
entiation day 0. Consistent with previous results (Figure 2B),
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Figure 2. NAC promotes ESCs neuron differentiation in a dose- and time-
dependent manner. (A) Immunocytochemical analysis of MAP2-positive
neurons in differentiated ESCs. Pl nuclear staining (red) was used as the
marker of total number of cells. Note that the average nuclear area was
similar, while MAP2-positive (green) neurons with dendritic processes
were significantly increased in the presence of NAC (1 mmol/L), compared
with untreated control. Scale bars, 50 um. (B) NAC promoted neuron
differentiation in a dose-dependent manner. Different concentrations
of NAC were added into culture medium on differentiation day 0. Eight
days later, cells were subjected to immunocytochemical analysis with
anti-MAP2 antibody. The number of MAP2-positive cells was counted per
area and was presented as a percentage of the total number of cells. At
least 15 photomicrographs were evaluated randomly per treatment and
each treatment was performed in triplicate. °P<0.01 compared with
cultures without NAC treatment. (C) NAC enhanced neuron differentiation
in a time-dependent manner. Cultures of different differentiation stage
(differentiation day O, 4, and 8) were exposed to 1 mmol/L NAC for two
days. On day 12, neuron differentiation was estimated as described in
(B). Cultures without NAC treatment were used as control (Ctrl). °P<0.01
compared with control.

when cells were exposed to RA accompanied with 1 mmol/L
NAC on differentiation day 0, significant enhancement of
neuron differentiation was observed. However, NAC itself
had no ability to induce ESC neuron differentiation, implying
that NAC relies on RA for promoting neuron differentiation.
In addition, cell survival estimated by trypan blue exclusion
showed that NAC prevented cell death caused by RA during
differentiation (Figure 3B). Similarly, apoptotic cell death was
decreased in cultures with NAC treatment compared with that
of cells treated with RA only (Figure 3C). Collectively, these
results indicate that NAC suppressed cell death caused by RA
during neuron differentiation.
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Figure 3. NAC suppressed cell death caused by RA during differentiation.
(A) NAC relied on RA in promoting neuron differentiation of ESCs. ESCs
were induced to form EB formation by two days of suspension culture in
Agar-coated dishes. EBs were then plated onto dishes for differentiation
in culture medium supplemented with or without either RA or 1 mmol/L
NAC as indicated. On differentiation day 8, MAP2-positive cells were
counted and presented as percentages of total cells. (B) Cell viability was
assessed by trypan blue exclusion test as described in “Materials and
Methods”. (C) Apoptotic cell death was determined by Hoechst 33342
staining. The percentage of apoptotic cells was estimated by counting
the number of cells with condensed and/or fragmented nuclei. °P<0.01
compared with cultures without any supplementary materials.

Neurite extension was significantly stimulated by NAC application
in SCGs

Given the evidence that NAC enhanced the number of neurons
derived from ESCs, we asked whether NAC could promote
neurite extension. To answer this question, we took advan-
tage of explant SCGs to further investigate the effect of NAC



on neurite elongation. After dissection, ganglia were cultured
on collagen-coated 12-well plates with or without NAC (1
mmol/L). On the following day, ganglion cells were observed
to send out processes. As shown in Figure 4A, treatment with
NAC resulted in significant neurite elongation compared with
untreated control. Neurite outgrowth was determined by
measuring neurite length starting from the ganglia to the dis-
tal ends, and the average length of neurites was counted every
2 days as described in “Materials and methods” (Figure 4B).
The results suggest that NAC is capable of promoting neurito-
genesis.
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Figure 4. NAC promoted neurite extension in SCG neurons. NAC 1 mmol/L
was added to explant SCG culture on the day when ganglia were planted
on tissue dishes. (A) Phase-contrast photomicrographs of cultures with or
without NAC treatment were taken on DIV 4 after dissection. Scale bar,
300 uym. (B) Average neurite length in control or NAC-treated cultures
from day O to day 8. °P<0.01 compared with control.

Discussion

Results of the present study indicate that NAC promoted neu-
ron differentiation and suppressed cell death caused by RA
in ESCs. After NAC treatment, the number of MAP2-positive
cells derived from EBs was greatly increased. Moreover,
neuritogenesis in cultured SCG neurons was significantly
enhanced by the application of NAC.

NAGC, a glutathione precursor, is known to be an excellent
source of sulfhydryl groups and is converted into metabolites
that are capable of stimulating glutathione synthesis, acting
directly as free radical scavengers™?". It has been shown
to directly reduce the level of reactive oxygen species (ROS)
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as well as acrolein. In addition to its antioxidant properties,
NAC has the capacity to inhibit several inflammatory elements
related to oxidant stress and is involved in the pathophysiol-
ogy of inflammation"}
in suppressing RA-induced oxidative stress during neuron
differentiation of ESCs, we added NAC with RA to the cul-
ture medium. Notably, in the presence of NAC, the number
of neurons derived from EBs was significantly increased. To
further investigate the effect of NAC on ESC neuron differen-
tiation, immunoblotting analysis was performed to measure
the expression level of MAP2, a somatodendritic marker for all
dendrites and the proximal part of axons™®!. Upregulation of
MAP2 protein expression was observed on differentiation day

. Because of the possible role of NAC

8 in the presence of NAC. This result was also confirmed by
immunocytochemistry in which the percentage of MAP2-posi-
tive cells was significantly increased compared with untreated
cultures. In addition, the application of NAC on differentia-
tion day 0 showed the most powerful effect on promoting neu-
ron differentiation, suggesting that NAC may regulate neuron
differentiation in a manner dependent on the developmental
stage.

Although the powerful role of RA in ESC neuron differ-
entiation has been widely accepted, it should be noted that
RA induces oxidative stress during EB formation, leading to
cell death®'.
orders, is thought to be caused by two kinds of compounds:

Oxidative stress, which can lead to various dis-

1) ROS, such as superoxide anion radical O,~, hydrogen per-
oxide (H,O,) and hydroxyl radical (-OH), and 2) unsaturated
aldehydes, such as acrolein and hydroxynonenal® *!. There
are many reports concerning the roles of ROS and unsatu-
rated aldehydes in cell damage, and it is thought that ROS
play a predominant role in cell damage. To confirm the pos-
sible role of NAC in suppressing RA-induced cell death, EBs
were exposed to different culture media for differentiation.
On differentiation day 8, cells treated with RA alone showed
increased cell death as determined by trypan blue exclusion
and Hoechst 33342 staining. However, NAC remarkably pre-
vented cell death (Figure 3B, C).

The results raised the question as to whether NAC can
induce neurite promotion. However, neuron-like cells dif-
ferentiated from ESCs exhibited network formation, hinder-
ing the test of neurite extension. Thus, we conducted a study
using a primary culture of SCG neurons, in which the rate of
neurite extension is rapid and relatively easy to estimate. Tis-
sue cultures of sympathetic neurons have been widely used to
131l and neurite outgrowth!”. In
the current study, 1 mmol/L NAC efficiently enhanced neu-
rite extension in SCG neurons. However, we can not rule out
the possibility that NAC attenuated the ability of neurites to
adhere to the substratum and thus facilitated neurite exten-

study neurite degeneration

sion.

Altogether, these results show that NAC enhances both neu-
ron differentiation and neuritogenesis. Therefore, it is likely
that NAC would be a beneficial agent for targeting neuron loss
and neurite dystrophy in neurodegenerative diseases.
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