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factors have not been studied.

signaling and promoting neural differentiation.
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(Bacl(ground: NO and BDNF are responsible for numerous functions in the CNS; however, joint actions exerted by these

Results: BDNF reversed the block on neural differentiation caused by insufficient NO signaling.
Conclusion: The NO-citrulline cycle and BDNF through up-regulation of p75 expression interact for restoring normal NO

Significance: New insights are provided for BDNF and NO-citrulline cycle actions in neurogenesis.

J

The diffusible messenger NO plays multiple roles in neuro-
protection, neurodegeneration, and brain plasticity. Arginino-
succinate synthase (AS) is a ubiquitous enzyme in mammals and
the key enzyme of the NO-citrulline cycle, because it provides
the substrate L-arginine for subsequent NO synthesis by induc-
ible, endothelial, and neuronal NO synthase (NOS). Here, we
provide evidence for the participation of AS and of the NO-cit-
rulline cycle in the progress of differentiation of neural stem
cells (NSC) into neurons, astrocytes, and oligodendrocytes. AS
expression and activity and neuronal NOS expression, as well as
L-arginine and NO, production, increased along neural differ-
entiation, whereas endothelial NOS expression was augmented
in conditions of chronic NOS inhibition during differentiation,
indicating that this NOS isoform is amenable to modulation by
extracellular cues. AS and NOS inhibition caused a delay in the
progress of neural differentiation, as suggested by the decreased
percentage of terminally differentiated cells. On the other hand,
BDNF reversed the delay of neural differentiation of NSC
caused by inhibition of NO, production. A likely cause is the lack
of NO, which up-regulated p75 neurotrophin receptor expres-
sion, a receptor required for BDNF-induced differentiation of
NSC. We conclude that the NO-citrulline cycle acts together
with BDNF for maintaining the progress of neural
differentiation.

The gaseous messenger NO has been widely studied because
of its significant importance for human cell physiology. Under-
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standing the role of NO in the development of CNS has been a
complex task because the analysis of NO accumulation in cell
lines does not mimic the large diversity of neural phenotypes in
the brain (1). The CNS develops from a specific set of precursor
cells that divide in order to form the neural epithelium, migrate
to appropriate niches, and differentiate into glia or various neu-
ronal phenotypes. Neural stem cells (NSC)* can be grown in
vitro as neurospheres and still retain their multipotent capacity
(2-5). Under controlled experimental conditions, NSC prolif-
erate, migrate, differentiate, and form neural networks, closely
reflecting conditions of cortical development. NSC are useful
for studying brain development and provide promising tools for
cell therapy of neurodevelopmental and neurodegenerative dis-
eases (reviewed in Ref. 5). Here, we have used neurospheres
obtained from embryonic rat telencephalon (embryonic day 14)
to investigate the roles of NO and enzymes of the NO-citrulline
cycle in neural differentiation.

NO is a molecule generated from L-arginine by the action of
the enzyme NO synthase (NOS). There are three NOS iso-
forms: NOS1 or neuronal NOS (nNOS), which is primarily
found in the brain, although its expression is also observed in
skeletal muscle and other tissues; NOS2 or inducible NOS; and
NOS3 or endothelial NOS (eNOS), which was first observed in
endothelial cells but is also present in other cell types (reviewed
in Ref. 6). L-Arginine is the only substrate of NOS for NO syn-
thesis. This semiessential amino acid can be directly obtained
from the breakdown of dietary proteins, but it is also de novo
synthesized from L-citrulline (reviewed in Ref. 7).

L-Citrulline is metabolized to L-arginine involving the
enzymes argininosuccinate synthase (AS, EC 6.3.4.5) and
argininosuccinate lyase (EC 4.3.2.1). AS is responsible for the
condensation reaction between L-citrulline and L-aspartate in

“The abbreviations used are: NSC, neural stem cell(s); AS, argininosuccinate
synthase; GFAP, glial fibrillary acidic protein; MAP-2, microtubule-associ-
ated protein 2; NOS, nitric-oxide synthase; eNOS, endothelial NOS; nNOS,
neuronal NOS; L-NAME, L-N"-nitroarginine methyl ester; MDLA, a-methyl-
pL-aspartic acid; 7-Ni, 7-nitroindazole; p75NTR, p75 neurotrophin receptor.
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TABLE 1
Primers used for real-time PCR
Primers
Genes Forward (5'-3’) Reverse (5'-3")

Nestin TGGAGCGGGAGTTAGAGGCT ACCTCTAAGCGACACTCCCGA
B3-tubulin AGACCTACTGCATCGACAATGAAG GCTCATGGTAGCAGACACAAGG
GFAP AAGAGTGGTATCGGTCCAAGTTTG CAGTTGGCGGCGATAGTCAT
MAP-2 GTTTACATTGTTCAGGACCTCATGG TCGGTAAGAAAGCCAGTGTGGT
eNOS AAAATGAGCAGAAGGCCA TTTTGCTGCACTTTTCCTTTC
nNOS CAGCCAAAGCAGAGATGA ATTGAAGACGCGGTCATT
AS TGCACTCTATGAGGACCGCTATC CTAGGCACCTCTCTCGCCAGGCCT
BDNF CAACATCGATGCCAGTTGCT TCCGCAAGCTTCAACTCTCA
p75NTR CGACCAGCAGACCCATACG GGCTACTGTAGAGGTTGCCATCA
GAPDH TGGCCTCCAAGGAGTAAGAAA GGCCTCTCTCTTCCTCTCAGTATC

an ATP-dependent manner in order to form argininosuccinate,
AMP, and pyrophosphate; argininosuccinate lyase catalyzes the
conversion of argininosuccinate into fumarate and L-arginine,
which is then metabolized by NOS into NO and L-citrulline,
closing the NO-citrulline cycle (8). AS expression increases
during brain development (9), suggesting a possible function
for the enzyme in this process. In addition, AS activity has been
described as a limiting step for the biosynthesis of NO in
numerous tissues (10). Among the many functions of NO (11),
this transcellular-signaling molecule regulates proliferation of
NSC (12) by acting cytostatically on cell division, which is a
prerequisite for cells to enter a program of differentiation (13).
It is also known that in spinal cord development, interneurons
express NOS during migration to their final destination (14).
However, the exact functions of NO and the NO-citrulline
cycle enzymes in brain development remain unknown.

We hereby show that AS and nNOS are differentially
expressed along differentiation and that L-arginine as well as
intracellular and extracellular NO levels, follow up the appear-
ance of neural phenotypes. Moreover, we have observed that
eNOS expression was induced by NOS inhibition, indicating
that this isoform is amenable to modulation by extracellular
cues. Inhibition of NOS and AS enzymatic activities prevented
final differentiation, indicating the importance of correct work-
ing of the NO-citrulline cycle for the progress of neural differ-
entiation. Nevertheless, no neuroanatomical alterations were
detected in adult nNOS or eNOS knock-out mice (15, 16). This
discrepancy might be explained by the existence of physiologi-
cal and biochemical compensation mechanisms. Based on pre-
vious observations that BDNF and NO play similar biological
activities in the brain (17, 18), and NO inhibits BDNF release
(19), we have now investigated the role of BDNF in reverting
effects caused by interruption of the NO-citrulline cycle.

Here we show that BDNF reverses the block of neural differ-
entiation caused by insufficient NO signaling. We suggest that
BDNF-mediated effects may be mediated by the p75 neurotro-
phin receptor (p75NTR), whose expression was up-regulated as
consequence of inhibition of NO production. Taken together,
we present evidence that the NO-citrulline cycle and BDNF
interact for promoting neural differentiation.

EXPERIMENTAL PROCEDURES

Isolation, Culture, and Differentiation of NSC—NSC were
obtained by dissection of embryonic telencephalons (embry-
onic day 14) of Wistar rats or telencephalons (embryonic day
13) of C57BL/6 mice representing similar stages of neuronal
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development. The animals were housed in the animal facility of
the Instituto de Quimica of the Universidade de Sdo Paulo and
sacrificed in a CO, gas chamber using protocols reviewed and
approved by the local ethics committee. Telencephalons were
dissected under a stereo microscope in aseptic conditions fol-
lowed by incubation with trypsin for 10 min at 37 °C. Then an
equal volume of FBS was added for inactivation of trypsin, and
the cells were mechanically dissociated in order to obtain a
single cell suspension. Cell viability was evaluated by trypan
blue staining (Invitrogen). Cells were plated at a density of 2 X
10° cells/ml in culture medium containing 2% (v/v) B-27 (Life
Technologies), 98% (v/v) DMEM/Ham’s F-12 medium, 20
ng/ml EGF (Sigma-Aldrich), 20 ng/ml FGF-2 (Sigma-Aldrich),
5 ug/ml heparin (Sigma-Aldrich), and antibiotics (100 units/ml
penicillin and 100 pg/ml streptomycin) and cultured at 37 °Cin
a water-saturated atmosphere and 5% of CO,,. For induction of
neural differentiation, neurospheres were plated onto adherent
poly-L-lysine- and laminin-precoated cell culture grade dishes
and cultured in the absence of EGF and FGF-2. The medium
was changed every 2 days. Under these experimental condi-
tions, enrichment of neurons and glias in the culture was con-
firmed by immunofluorescence staining against 83-tubulin and
glial fibrillary acidic protein (GFAP) on day 7 of differentiation
(20). On day 14, peak values of expression of proteins charac-
teristic for mature neurons, such as microtubule-associated
protein 2 (MAP-2), and for astrocytes, such as GFAP, were
observed, whereas expression of Nestin, a marker protein for
NSC and neural progenitor cells, was decreased, being in agree-
ment with the conversion of undifferentiated cells into defined
neural phenotypes (20). For studying the role of NO-citrulline
cycle during differentiation, NSC were also cultured in the
presence of substrates of NOS or AS (1 mM L-arginine or 1 mm
L-citrulline), or 1 mwm L-N"-nitroarginine methyl ester
(L-NAME), 1 mM a-methyl-pL-aspartic acid (MDLA), or 1 um
7-nitroindazole (7-Ni), inhibiting all isoforms of NOS, AS, or
nNOS, respectively. In other experiments, NSC were cultured
in the presence of 1 mm L.-NAME and 20 ng/ml BDNF or 1 mm
MDLA and 20 ng/ml BDNF, concomitantly, or with 20 ng/ml
BDNF alone. The drugs were newly supplied every day along
differentiation.

Real Time Polymerase Chain Reaction—Total RNA was
extracted from NSC using TRIzol (Invitrogen). All samples
were further treated with amplification grade DNase I
(Sigma-Aldrich). Reverse transcription for cDNA synthesis was
carried out with a thermal cycler using the SuperScript III first
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strand synthesis system according to the manufacturer’s proto-
col (Invitrogen) in the presence of specific primers listed in
Table 1. The transcription rates of selected mRNAs were mea-
sured by real time PCR using the ABI Step One Plus instrument
(Life Technologies). Real time PCR was performed in 25 ul of
buffer reaction containing 1 ul of cDNA, SYBR Green Master
Mix (Life Technologies), and 5 pmol of each sequence-specific
primers (Table 1). Thermal cycling conditions consisted of a
preincubation step for 2 min at 50 °C, then denaturation for 10
min at 95 °C followed by 40 cycles for denaturation for 15 s at
95 °C, and annealing/extension for 1 min at 60 °C. The compar-
ative 27 22T method was employed for relative quantification
of gene expression as described previously (21) using glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) gene expres-
sion as an internal standard for normalization.

AS Activity Assay—AS activity was determined based on
accumulation of the product pyrophosphate as inorganic phos-
phate following cleavage by pyrophosphatase. After lysis of
NSC by heat shock, 50 ug of total proteins were used for mea-
suring enzymatic activity of AS. Samples were added to the
reaction buffer (20 mm Tris-HCI, pH 7.8, 2 mm ATP, 2 mm
citrulline, 2 mm aspartate, 6 mm MgCl,, 20 mm KCI, and 0.2
units of pyrophosphatase) to a final volume of 0.2 ml. Reactions
were incubated at 37 °C in 96-well microtiter plates and
stopped after 30 min by the addition of an equal volume of
molybdate buffer (10 mm ascorbic acid, 2.5 mmM ammonium
molybdate, 2% (v/v) sulfuric acid). Accumulation of phosphate
was determined spectrophotometrically at 650 nm, and con-
centrations were extrapolated from a standard curve of inor-
ganic phosphate (22).

Determination of L-Arginine Concentration—The methodol-
ogy used to measure total L-arginine levels is described else-
where (23). Both extra- and intracellular media of NSC were
collected for determination of L-arginine concentration by
reversed phase high performance liquid chromatography (HP
1100 series HPLC) with amino acid detection analysis following
sample separation on a C18 analytical column (250-mm length,
4.6-mm diameter, 5-um particle size; Merck).

Chemiluminescence Assay for Detection and Quantification
of Nitric Oxide Products—NO, (nitrate, nitrite, nitrosothiol,
nitrosamines, and iron-nitrosyl complexes) concentration in
extracellular and intracellular media of NSC were determined
using a chemiluminescence Sievers nitric oxide analyzer
(NOA280i; GE Analytical Instruments) according to the proce-
dure optimized by Feelisch et al. (24). Intracellular media were
obtained following cell lysis with radioimmune precipitation
assay buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 1% (v/v) Non-
idet P-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 1
mwm diethylene triamine pentaacetic acid (DTPA), and 10 mm
N-ethylmaleimide) and centrifugation as previously described
(25). Extra- and intracellular media of NSC were directly
injected into a vessel containing a saturated solution of vana-
dium (III) chloride in 1 M HCl at 90 °C. Under these conditions,
all nitric oxide-derived products (NO,) were reduced and com-
pared with those of standard nitrate solutions (24).

Flow Cytometry Analysis of Neural Marker Proteins and
p75NTR Expression—Flow cytometry procedures were in
agreement with previously published protocols (5, 20). NSC
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FIGURE 1. Expression and activity of AS along neural differentiation. A, AS
gene expression in neurospheres was determined by real time PCR. Normal-
ization of expression levels was done by comparison with GAPDH RNA tran-
scription levels as internal standard for gene expression. B, determination of
AS enzymatic activity of neurospheres along differentiation using a colori-
metric assay. C, quantification of intra- and extracellular L-arginine levels dur-
ing neurosphere differentiation. Cell culture supernatants and intracellular
contents were collected and analyzed for L-arginine by HPLC. The experimen-
tal data are presented as the mean values = S.E. **, p < 0.01; **¥*, p < 0.001,
compared with control data collected on day 0 or 1 of differentiation.

were detached from the flasks using trypsin, then centrifuged
for 5 min at 200 X g, and dissociated to provide a single cell
suspension. The cells were fixed for 20 min in ice-cold 1% (v/v)
formaldehyde in PBS, washed with PBS supplemented with 2%
(v/v) EBS, and incubated for 2 h with primary antibodies spe-
cific for neural markers B3-tubulin (Sigma-Aldrich), GFAP
(DAKO), and Nestin (Millipore) at 1:500 dilutions in 0.05%
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FIGURE 2. Gene expression of eNOS and nNOS and NO metabolite (NO,) production along neurosphere differentiation. A and B, NNOS (A) and eNOS (B)
gene expression changes in neurospheres cultures from days 0-14 following induction to neural differentiation were analyzed by real time PCR. Normalization
of expression levels was done by comparison to GAPDH gene expression. The data are shown as the mean values = S.E. of three independent experiments. C
and D, cells in differentiation were lysed with radioimmune precipitation assay buffer for measuring NO, contents in intracellular (C) and extracellular media (D)
by a chemiluminescence assay. The culture medium of neurospheres was changed 1 day before the collection of intra- and extracellular media. The values of
concentration of NO, in the basal media used for measurement of nitric oxide were subtracted from the samples collected during NSC differentiation. In
addition, we have normalized the production of these metabolites to the protein concentration of the culture. NO concentrations are expressed as mean
values = S.E. of six independent experiments. *, p < 0.01; **, p < 0.01; ***, p < 0.001, compared to control data collected on days 0 or 1 of differentiation.

days of differentiation

(v/v) Triton X-100. For determination of p75NTR expression,
NSC were incubated with a primary antibody anti-NGFR p75
C-20 (Santa Cruz) at 1 pug/1 X 10° cells in PBS supplemented
with 2% (v/v) FBS. Following a washing step with PBS, cells
were incubated with 1:500 Alexa Fluor 488 or 555 conju-
gated secondary antibodies (Invitrogen) and then analyzed with
a flow cytometer (Fc500; Beckman Coulter).

An argon laser line was used for fluorescence excitation
(emission wavelengths of FL1, 525 nm, and FL2, 575 nm, were
defined by band pass filter). Thirty-thousand events were
acquired per sample with fluorescence emission values mea-
sured in logarithmic scales. Background fluorescence was
determined using unlabeled cells and cells labeled with second-
ary antibody alone and used to set gating parameters between
stained and unstained cell populations. Forward and side light
scatter gates were set to exclude cell aggregates and small
debris. The data were analyzed using the Flowjo 7.6.4 software
(Ashland, OR).

Immunofluorescence Staining Assay—Imunocytochemistry
assays were performed according to Ref. 26. Briefly, the cells
were blocked for 1 h with 3% (v/v) FBS in PBS, 0.1% (v/v) Triton
X-100, followed by a 2-h incubation with primary antibodies
against B3-tubulin (Sigma-Aldrich), Nestin (Millipore), and
GFAP (DAKO) at 1:500 dilution. NSC were washed with PBS
and anti-mouse Alexa 555-conjugated, or anti-rabbit Alexa
488-conjugated secondary antibodies (Invitrogen) at 1:500
dilution were added. After washing with PBS, DAPI solution
(Sigma-Aldrich; 0.3 ug/ml) was used as a nuclear stain. Cover-
slips were mounted, and slides were analyzed under a fluores-
cence microscope (Axiovert 200, Zeiss, Jena, Germany).
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BrdU Incorporation Assay—Cell proliferation was measured
following incubation with 0.2 uM 5-bromo-2-deoxyuridine
(BrdU; Sigma-Aldrich) for 12 h. The cells were fixed with ice-
cold methanol for 10 min, washed with PBS, and incubated for
30 min in 1.5 M HCL. After washing with PBS, they were incu-
bated for 2 h with rat anti-BrdU antibodies (Abcam; 1:200 dilu-
tion). Alexa Fluor-488 secondary antibodies (Invitrogen) were
used at 1:500 dilution. After another washing step, DAPI solu-
tion (Sigma-Aldrich; 0.3 ug/ml) was used as a nuclear stain.
Slides were mounted and analyzed under a fluorescence micro-
scope (Axiovert 200, Zeiss). The percentages of BrdU-positive
cells were calculated as the ratio of immunolabeled cells over
the total number of DAPI-stained cells.

Determination of Protein Expression Levels by Western
Blotting—Following lysis of NSC in radioimmune precipitation
assay buffer, samples were incubated on ice for a period of 20
mins and centrifuged for 5 min, at 21,000 X gand the superna-
tant were stored at —80 °C. After quantification of protein con-
centration, 50 ug of each protein sample was separaed by SDS-
PAGE (10%). Proteins were transferred onto nitrocellulose
membranes in 0.38 M Tris-HCl, 0.18 M glycine, and 20% (v/v)
methanol under constant voltage of 30V for 12 h. The membrane
was incubated in 5% (w/v) BSA dissolved in TBS-Tween (20 mm
Tris-HCI, pH 7.4, 0.15 M NaCl and 0.05% (v/v) Tween 20). After
three washes with TBS-Tween-20, membranes were incubated
for 2 h with primary antibodies against eNOS, $3-tubulin, and
GFAP. Next, the membrane was incubated with the secondary
antibody conjugated to alkaline phosphatase (Promega Corp.,
Madison, WTI) and revealed with alkaline phosphatase solution
(5 M NaCl, 1 m Tris-HCI, pH 9.5, 1 m MgCl, in the presence of

JOURNAL OF BIOLOGICAL CHEMISTRY 29693



NO and BDNF in Neural Differentiation

0.02% (w/v) 5-bromo-4-chloro-3-indolyl phosphate and 0.03%
(w/v) nitro blue tetrazolium).

Statistical Analysis—Comparisons between experimental
data were made by one- or two-way analysis of variance follow-
ing the Bonferroni post-test using GraphPad Prism 5.0 software
(GraphPad Software Inc., San Diego, CA). The criteria for sta-
tistical significance were set at p < 0.05 (*), p < 0.01 (**), orp <
0.001 (***).

RESULTS

Expression and Activity of AS during Neural Differentiation—
The role of AS as step-limiting enzyme in the synthesis of sub-
strate for NOS (L-arginine) was studied along differentiation of
NSC. Real time PCR experiments revealed increasing AS
expression during differentiation. Peak values were observed
on day 14 when cells were completely differentiated (2.5-fold
increase compared to expression on day 0) (Fig. 1A4). In agree-
ment with these results, AS enzymatic activity also augmented
during differentiation with peak values of 5.62 £ 0.90 um/min
compared to 3.48 * 0.34 um/min at the onset of differentiation
(day 1) (Fig. 1B). Augmented expression and enzymatic activity of
ASwas accompanied by an increase in intracellular levels of L-argi-
nine from 217.8 * 88.9 um in undifferentiated cells reaching max-
imal levels of 630.5 = 104.6 um on day 14 of differentiation,
whereas extracellular L-arginine levels remained constant along
the course of differentiation (Fig. 1C).

Detection of nNOS and eNOS Expression and NO Production
during Neural Differentiation—Gene expression of nNOS and
eNOS and NO production were detected in undifferentiated
NSC and along differentiation into neural phenotypes (Fig. 2).
However, inducible NOS could not be detected by Western blot
analysis during NSC differentiation (data not shown), in agree-
ment with previous findings (27) excluding inducible NOS as
participant in NO production during NSC differentiation.
Increased expression of nNOS (Fig. 24) accompanies rising lev-
els of the neural markers 83-tubulin and GFAP during ongoing
differentiation (5, 26). Different from nNOS, the eNOS expres-
sion pattern was partially uniform throughout the days of dif-
ferentiation, with the highest values on day 14 (Fig. 2B).

NO is a gaseous molecule with short half-life, because it is
quickly converted into nitrate, nitrite, nitrosothiols, nitro-
samines, and nitrosylated compounds (NO,) (24). Intra- and
extracellular NO, levels in NSC at different days of differentia-
tion were measured in gaseous phase by a chemiluminescence
assay (28). Intracellular NO concentrations decreased from
6.9 = 0.7 uMm on the onset of differentiation to 2.3 = 0.3 um on
day 14 (Fig. 2C), while extracellular NO, concentration ranged
from 1.6 *+ 0.4 on day 1 to 3.4 = 0.2 uM on day 14 of differen-
tiation (Fig. 2D).

Involvement of the NO-Citrulline Cycle in the Progress of Neu-
ral Differentiation—The role of the NO-citrulline cycle in neu-
ral differentiation was assessed by treating NSC with L-citrul-
line or vL-arginine, which are AS and NOS substrates,
respectively, until day 7 of differentiation. Expression levels of
neural markers were compared to those of neurospheres differ-
entiated in the absence of these compounds. L-Arginine pro-
moted NSC differentiation, as shown by 25 and 35% increases
in B3-tubulin and GFAP expression, respectively. Chronic
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)
control

treatment of NSC with L-citrulline augmented GFAP expres-
sion by 56%, whereas (33-tubulin expression did not change
(Fig. 3A4). In addition, total NO, production by L-arginine- and
L-citrulline-treated NSC was measured on day 7 of differentia-
tion. Increases of 70% in NO, levels were detected in NSC dif-
ferentiated in the presence of L-citrulline, whereas NO levels of
L-arginine-treated differentiated NSC were equal to those of
control cells (Fig. 3B). Treatment of cells with inhibitors of AS
and NOS enzymes resulted in inhibition of the progress of neu-
ral differentiation, measured as alterations in neural marker
expression. Both L-NAME- and MDLA-treated NSC along dif-
ferentiation revealed about 30 (Fig. 44) and 6 times increased
Nestin expression (Fig. 4B), respectively, when compared to
cells differentiated in the absence of these drugs. Expression
levels of neuronal 83-tubulin and glial GFAP in differentiated
cells were drastically reduced by both treatments, whereas
expression rates of MAP-2 were not affected. Flow cytometry
analysis revealed changes in the percentage of Nestin-, 33-tu-
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FIGURE 4. Interference of NO inhibition with neurosphere differentiation. A and B, gene expression levels of specific markers for mature neurons
(MAP-2), glia (GFAP), differentiating neurons (B3-tubulin), and progenitor cells (nestin) of L-NAME-treated (A) and MDLA-treated (B) neurospheres on
day 7 of differentiation were determined by real time PCR. Neurospheres were maintained in culture until day 7 of differentiation in the absence or
presence of 1 mm L-NAME, a nonselective antagonist of NOS, or 1 mm MDLA, an inhibitor of AS, which were newly supplied every day. The medium was
changed every 2 days. Cells differentiated in the absence of these compounds were used as control. C, flow cytometry analysis of Nestin, 83-tubulin, and
GFAP expression in neurospheres differentiated for 7 days in the absence or presence of 1 mm MDLA or 1 mm L-NAME. Representative histograms
compare expression levels of neural markers in differentiated neurospheres (gray) with neurospheres treated with MDLA (red) or L-NAME (blue). D and
E,immunoblots of protein extracts from NSC on day 7 of differentiation cultures in the absence or presence of 1 mm L-NAME (D) or 1 mm MDLA (E) were
probed for GFAP and B3-tubulin expression levels. F, flow cytometry analysis of Nestin, B3-tubulin, and GFAP expression in murine neurospheres
differentiated for 7 days in the presence of 1 um 7-Ni. Representative histograms compare expression levels of neural markers in untreated neurospheres
(gray) and treated with 7-Ni (green). G, regulation of AS, eNOS and nNOS expression in differentiated neurospheres (day 7) in the presence of activators
and inhibitors of the NO-citrulline cycle. H, Western blot analysis was performed to confirm increased eNOS expression in L-NAME-treated neurospheres.
The data shown are representative for at least two independent experiments. The data are presented as the mean values = S.E. *** p < 0.001. B-tub,
B-tubulin, t-cit, L-citrulline.

bulin-, and GFAP-positive cells from the group treated with
L-NAME and MDLA when compared to cells differentiated in the
absence of these inhibitors. Expression of nestin was detected in
13.9% of untreated neurospheres and in 14.3 and 65.2% of MDLA
and L-NAME-treated neurospheres, respectively, on day 7 of dif-
ferentiation. A slight decrease in 83-tubulin expression (from 65 to
55.5%) and a marked reduction of GFAP-expressing cells (from
47.8 to 14.5%) were observed following chronic treatment with
L-NAME along differentiation. The presence of MDLA during dif-
ferentiation led to a pronounced reduction of 83-tubulin-express-
ing cells (from 65 to 22.5%), whereas GEAP expression only slightly
decreased (from 47.8 to 34%) (Fig. 4C). Western blot analysis of
B3-tubulin and GFAP also confirmed the decreased expression of
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neural markers in cells differentiated in the presence of .-NAME
(Fig. 4D) or MDLA (Fig. 4E). Because L-NAME inhibits both NOS
isoforms, we have used 7-Ni to identify which isoform is involved
in the delay on neural differentiation caused by deficiency in the
NO production. The results of flow cytometry analysis showed
that nNOS inhibition during differentiation caused changes in the
percentage of Nestin-, 83-tubulin-, and GFAP-positive cells, sim-
ilarly to those observed in the presence of MDLA and L-NAME.
The chronic treatment of neurospheres with 7-Ni led to an
increase of Nestin-expressing cells (from 19.6 to 76.8%), a decrease
in B3-tubulin expression (from 61.7 to 15.2%), and a reduction in
GFAP-expressing cells compared to untreated neurospheres
(from 47.6 to 6.9%) (Fig. 4F).
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FIGURE 5. Differential BDNF expression during neurosphere differentia-
tion. For real time PCR experiments, neurospheres were cultured in the
absence or presence of 1 mm of L-NAME, T mm MDLA, 1 mmL-arginine, or T mm
L-citrulline and collected on different days of differentiation on day 7 of dif-
ferentiation. A, BDNF gene expression along neurospheres differentiation.
B, BDNF expression changes in neurospheres treated during 7 days of differ-
entiation with inhibitors or substrates of NO-citrulline cycle enzymes. The
obtained data are shown as the mean values = S.E. of three independent
experiments. ***, p < 0.001. L-arg, L-arginine; L-cit, L-itrulline.

Gene Expression of AS, nNOS, and eNOS in Neurospheres
Treated with Substrates and Inhibitors of the NO-Citrulline
Cycle—Gene expression of AS, nNOS and eNOS was studied in
neurospheres treated with substrates and inhibitors of enzymes
of the NO-citrulline cycle. Cells treated during differentiation
with the NOS inhibitor .-NAME for a period of 7 days revealed
about 30 times elevated eNOS expression compared to
untreated cells, whereas nNOS and AS expression did not
change under these conditions (Fig. 4, G and H). Exposure of
cells to the NOS substrate L-arginine, the AS substrate L-citrul-
line, or MDLA, a competitive inhibitor of AS, during differen-
tiation, did not affect the expression of any of the analyzed
enzymes of the NO-citrulline cycle (Fig. 4G).

Up-regulation of Gene Expression of BDNF in Differentiating
Neurospheres and in Neurospheres Treated with Inhibitors of
the NO-Citrulline Cycle—Evidence from in vitro studies sug-
gests crucial functions for BDNF in neurogenesis (29). Real
time PCR analysis in neurospheres during differentiation
revealed that gene expression of BDNF was up-regulated begin-
ning from day 7 of differentiation. Peak values of BDNF expres-
sion were reached on day 14 with a 30-fold increase compared
to expression levels on day 7 (Fig. 54). Treatment of cells with
the NOS inhibitor L-NAME and the AS antagonist MDLA dur-
ing differentiation induced BDNF expression by factors of 3-
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and 20-fold, respectively, whereas chronic exposure of differ-
entiating cells to L-arginine or L-citrulline did not evoke any
changes in BDNF expression (Fig. 5B).

Effects of BDNF on Neurosphere Differentiation—In the pres-
ent work, BDNF by itself did not affect NSC differentiation; i.e.,
neurogenesis was not promoted by this factor such as reported
in previous studies (30). However, we have verified that BDNF
reversed the delay in NSC differentiation caused by inhibition
of NO production. Immunofluorescence studies revealed
reduced expression of GFAP and B3-tubulin in neurospheres
treated along differentiation with MDLA or L.-NAME (Fig. 6A).
The concomitant treatment of NSC with BDNF and .-NAME or
BDNF and MDLA did not affect the progress of neural differenti-
ation when compared to control cells differentiated in the absence
of these compounds. In agreement, real time PCR studies con-
firmed increased nestin and decreased GFAP and B3-tubulin
expression in neurospheres differentiated in the presence of
L-NAME and MDLA. Expression levels of 83-tubulin in cells dif-
ferentiated in the presence of BDNF or of both BDNF and
L-NAME were identical to those observed in NSC differentiated
without any of these compounds (Fig. 6B8). MAP-2 expression lev-
els were not affected in any of the mentioned experimental condi-
tions (Fig. 6).

Effects of Endogenous NO and BDNF on Cell Proliferation and
Migration—Effects of L-NAME, MDLA, and BDNF on cell pro-
liferation were evaluated. To this end, neurospheres were dif-
ferentiated for 7 days in the presence of one of those. .L-NAME
and MDLA induced proliferation rates were about 50% higher
than those of untreated control neurospheres, whereas BDNF-
treated neurospheres revealed proliferation levels similar to
those of untreated cells (Fig. 7A). Co-treatment with BDNF and
inhibitors of NO production (.-NAME or MDLA) (31, 32) re-
established normal proliferation levels. Neurosphere migra-
tion, a prerequisite for neurogenesis, was also inhibited by
L-NAME and MDLA, and such as in the proliferation assay,
BDNEF reversed this effect caused by inhibition of NO produc-
tion (Fig. 8).

Involvement of p75NTR in the Effect of BDNF on Differentiat-
ing Neurospheres—Experimental evidence indicates that
many growth factors including BDNF play an important role
in regulating proliferation and differentiation of NSC. How-
ever, the effects of BDNF on neurogenesis have not yet been
fully elucidated (30, 33). In this context, it is known that
p75NTR defines the population of NSC responsive to BDNF
(34). Therefore, we have measured the relative expression of
p75NTR in untreated and treated NSC on day 7 of differen-
tiation. In fact, treatment with MDLA or .-NAME increased
p75NTR gene expression 2- and 3-fold, respectively (Fig.
9A). Moreover, flow cytometry analysis revealed a 31%
increase of p75NTR-expressing cells when compared to
untreated cells, providing a mechanism for BDNF-driven
reversion of inhibition of neural differentiation as conse-
quence of impaired NO production (Fig. 9B).

DISCUSSION

Evidence collected in many studies indicates crucial effects of
NO signaling in promotion of neural differentiation (reviewed
in Ref. 35); however, excessive levels of NO can be deleterious to
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differentiated without any of these compounds.

the organism. In the NO-citrulline cycle, NOS is the enzyme
that synthesizes NO from L-arginine, whereas AS is a step-lim-
iting enzyme in the supply of this substrate for NOS. Therefore,
AS has been considered as such important as NOS in the process
of NO formation, because the regulation of L-arginine supply may
be of pivotal importance for a delicate balance of NO benefiting
physiological actions and avoiding the induction of pathological
events. In the present work, we have addressed the role of the
NO-citrulline cycle in regulating neurogenesis and gliogenesis.

We show here that nNOS expression progressively increased
throughout NSC differentiation, in agreement with previous
studies describing the pattern of nNOS gene expression in
developing rat cerebral cortex (36). We also observed that the
enzymatic activity of AS, as well as its expression, increased
during differentiation, augmenting the concentration of intra-
cellular L-arginine, concomitantly with the onset of in vitro dif-
ferentiation of NSC into neural phenotypes. These data are in
line with the work of Husson et al. (9) showing differential gene
expression of this enzyme in the brain of adult and fetal rats and
suggesting the physiological significance of AS during brain
development.
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Expression of eNOS did not uniformly increase during dif-
ferentiation, such as observed for AS and nNOS. Peak expres-
sion of eNOS was reached on day 14 together with maximal
immunostaining for MAP-2 and GFAP. Expression of eNOS
was induced by chronic inhibition of NOS, indicating that this
isoform is subject to modulation by extracellular signals. High
concentrations of nNOS are present in the CNS; thus, other
mechanisms may exist for compensation of interruption of NO
production including up-regulation of eNOS activity (37).
Expression of eNOS is relatively uniform throughout the brain
development of ewe fetuses, whereas peak expression is
observed during pregnancy. It is known that both isoforms of
NOS are expressed in the developing and mature brain; however,
eNOS expression does not present a differential pattern of expres-
sion such as observed for rising nNOS expression accompanying
the increasing complexity of neural development (38).

Several studies have attempted to identify factors that regulate
NSC proliferation and subsequently lineage specifications. We
hypothesized that NO production is a determinant for the pro-
gress of NSC differentiation and neural phenotype determination.
NO can be directly and rapidly synthesized in response to growth
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factor stimulation and other extracellular signals and then rear-
range gene expression. We observed that inhibition of NOS and
AS activity prevented the progress of differentiation.

Moreover, our results revealed that extracellular production
of NO, increased, whereas intracellular NO, levels diminished
during neural maturation. The synthesized NO diffuses into
neighboring cells without the need for packaging, vesicle secre-
tion, or membrane receptors and can interact with a variety of
intracellular proteins. It is a gaseous molecule with an
extremely short half-life being rapidly converted into other
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FIGURE 7. Effects of inhibition of NO production and of BDNF on neural
progenitor cell proliferation. A, immunodetection of BrdU incorporation
following a 12-h pulse in differentiating neurospheres on day 7 in the pres-
ence of 1 mm L-NAME, 1 mm MDLA, 20 ng/ml BDNF, 20 ng/mI BDNF and 1 mm
MDLA, or 20 ng/ml BDNF and 1 mm L-NAME. BrdU incorporating nuclei are
shown in green. Scale bar, 20 um. B, quantification of proliferation in different
conditions of treatment was performed by determining the ratio of BrdU+
over DAPI+ cells. Six fields were analyzed for each treatment by using the NIS
Elements software (Nikon). *, p < 0.05, compared with untreated control
cells). CTR, control.

BDNF+L-NAME NI

products such as nitrite or nitrate or incorporated into proteins
by nitrosylation (24). Opposing changes of quantities of NO
metabolites in intra- and extracellular environments through-
out differentiation suggest differences in expression patterns of
proteins that are nitrosylated along neural differentiation. NO
can exert its effects on neuronal function through modification of
sulthydryl groups such as S-nitrosylation (39, 40). For example, the
impaired dendrite outgrowth of nNOS ™/~ mice was explained by
the absence of nitrosylation of the collapsin response mediator
protein (41, 42). Target proteins for S-nitrosylation as studied
in brain lysates, include metabolic enzymes, ion channels such
as NMDA -glutamate receptors and structural proteins such as
neurofilament heavy chain (NF-H) and $3-tubulin (43).

We have also investigated which is the most important NOS
isoform for neural differentiation, using a selective inhibitor of
nNOS. The obtained results indicate that nNOS inhibition
alone was sufficient to block the progress of neural differentia-
tion, suggesting key functions for nNOS in NO production dur-
ing CNS formation.

Specific blockade of nNOS during neural differentiation
resulted in increased expression of the NSC and progenitor
antigen Nestin and decreased expression of neuron-specific
B3-tubulin and glia-specific GFAP. MAP-2 expression levels
were not affected in any of the mentioned experimental condi-
tions, suggesting that NO signaling is essential for the initial
progress of neural fate determination and less important for
final neuronal maturation. An underlying mechanism for the
observed effects during the onset of differentiation might be the
failure of transition into cytostasis in the presence of L-NAME
or MDLA. Inhibition of AS in cultured cells blocked production
of L-arginine and consequently NO formation (44). NOS inhi-
bition maintained NSC in a proliferative state, thereby sup-
pressing neuronal differentiation; furthermore, L-NAME
administration into lateral ventricle of adult mice significantly
increased the number of proliferating cells (45). Thus, besides
being important for triggering neural differentiation, NO plays
an important signaling role in proliferation. As further evidence
for NO as an essential factor in neural development, the addi-
tion of the substrates of NOS and AS, L-arginine and L-citrul-
line, respectively, to the culture medium during differentiation
resulted in an increase of the number of cells expressing neural
marker proteins, despite an increase in NO, production was
only observed in cultures that had received L-citrulline, a phe-
nomenon that can be explained by the “L-arginine paradox”
(46). The underlying mechanism implies the existence of sepa-
rate intracellular pools of L-arginine directed to different path-
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FIGURE 8. Interference of inhibited NO production with neural stem cell migration. Neurospheres were differentiated for 7 days in the presence or absence
of T mmL-NAME or T mm L-NAME and 20 ng/ml BDNF. The cells were visualized by cell nuclei staining, and the distances of migration were determined by using

the NIS Elements software (Nikon).

29698 JOURNAL OF BIOLOGICAL CHEMISTRY

pCEEY S

VOLUME 287 +NUMBER 35+ AUGUST 24, 2012



NO and BDNF in Neural Differentiation

ways. This L-arginine is synthesized in the NO-citrulline cycle

49 by L-citrulline recycling (44). The enhancement of NO, pro-
i duction by exogenous L-citrulline can therefore be attributed to

34 the capacity of NSC to efficiently regenerate L-arginine from
ik L-citrulline. Besides providing a source for NO production,

L-arginine is a basic amino acid that has versatile metabolic
roles, being involved in the generation of a wide range of bio-
logically active intermediates such as NO, polyamines, creatine,
et and L-amino acids (47). As an alternative to NO production,

L-arginine can be deviated to polyamines synthesis (reviewed in
Ref. 7).

Agmatine derived from L-arginine decarboxylation (48) is a
central neuromodulator with high affinity for a2-adrenocep-
tors and imidazoline-binding sites, in addition to blocking cal-
— Control cium influx, particularly by inhibiting receptors of the NMDA
= nNOS inhibitor class (49). Moreover, it has been shown that agmatine increases
neurogenesis by recruiting NSC in the hippocampus of adult
mice because of blockade of NMDA receptors (50). Further-
more, treatment with drugs with marked affinity to imidazo-
line-binding sites led to increased levels of GFAP immuno-
staining together with increased density of imidazoline-binding
sites in rat brain (51). Thus, L-arginine, even without altering
0 NO concentration, increased GFAP and 33-tubulin expression,

e T T :
0 1 2 3 4 . . . . .
10 10 10 10 10 possibly because of induction of polyamine synthesis, such as

P75 NTR Alexa Fluor 555 agmatine. At the same time L-citrulline only affected GFAP

FIGURE 9. Modulation of p75 neurotrophin receptor expression in neuro-  expression. Having in mind that NO-induced effects depend on
spheres. The cells were culture in the presence of 1 mm MDLA, 1 mm .-NAME, he d d local of ducti f thi
20 ng/ml BDNF, or 1 um 7-Ni. A, neurospheres were collected on day 7 of ~the dose and local of production of this gaseous messenger 7,

differentiation for RNA extraction, and p75NTR expression was analyzed by ~ 42), the incapability of L-citrulline in promoting neurogenesis

real time PCR. B, flow cytometry analysis of p75NTR expression in murine . L,
neurospheres differentiated for 7 days in the absence or presence of the can be explained by the lack of NO production in most of the

nNOS inhibitor. The data are shown as mean values = S.E. of three independ- ~ cells of the heterogeneous population of differentiating NSC.
enlt| experiments. **, p < 0.01; ***,p < 0.001, compared with untreated control Consequently, NOis only produced in a subset of cells express-
cells. . . . .

ing L-citrulline transporters (51), by yet unknown mechanisms
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FIGURE 10. BDNF restores neural differentiation inhibited by lack of nitric oxide. NO signaling is essential for the spontaneous progress of neural fate
determination. After plating, neural stem cells spontaneously differentiate into neurons, astrocytes, and oligodendrocytes. However, when formation of
endogenous NO is interrupted by inhibitors of the NO-citrulline cycle (L-NAME, 7-Ni, and MDLA inhibiting all isoforms of NOS, AS, and nNOS, respectively), the
progress of neural differentiation is blocked. In these conditions, NSC remain in a proliferative state; they do not migrate, nor do they differentiate into neural
cells. BDNF does not affect neural differentiation in the absence of the above-cited inhibitors, but it re-establishes migration and differentiation of NSC when
the NO-citrulline cycle is blocked. The addition of BDNF to NSC cultures treated with .-NAME, 7-Ni, or MDLA decreases proliferation and promotes migration
and neural differentiation. These BDNF-induced effects are suggested to result from an increase in p75NTR expression induced by lack of NO. The p75NTR is
required for BDNF-induced differentiation of neural stem cells, pointing at a novel mechanism for joint actions between the NO-citrulline cycle and BDNF for
the maintenance of normal neurodevelopment processes.

NO-citrulline cycle
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supporting gliogenesis but not neurogenesis. Further studies
will be necessary to validate such a hypothesis. Cheng et al. (45)
have demonstrated that regulation of proliferation and/or dif-
ferentiation fate occurred under the control of BDNF, acting in
a positive feedback loop with NO for the correct neuronal phe-
notype choice. Moreover, there are very similar biological activ-
ities of NO and this other diffusible factor, BDNF (17, 18),
implying potential interaction and association between these
neurotransmitter. It is known that endogenous NO regulates
BDNF production, supporting the hypothesis that BDNF and
NO influence each other and may function as trans-synaptic
signaling molecules in the brain (52). We have observed that
BDNF expression increased along with neural differentiation of
NSC and neuronal maturation, similarly to the pattern of nNOS
expression.

Because BDNF signaling is associated with neurogenesis, we
have investigated the possible interference with BDNF produc-
tion in conditions of chronic exposure of NSC to .-NAME and
MDLA along differentiation. Corroborating such hypothesis,
we hereby show that the blocked endogenous NO production
in culture as consequence of NOS or AS inhibition led to aug-
mented BDNF gene expression. As further support for our
experimental data, cerebroventricular administration of a NOS
inhibitor increased BDNF content in the neocortex (52).

As an underlying mechanism, NSC-induced BDNF expres-
sion may be an attempt to compensate missing signaling caused
by the lack of NO. However, neither induction of endogenous
BDNF production nor induction of eNOS expression as a con-
sequence of missing NO availability were enough to restore
normal signaling in vitro. We hypothesized that endogenous
paracrine effects of this neuron-derived factor might not be
sufficient for restoring the normal progress of differentiation,
because just few neurons, being able to secrete this factor, had
been originated from differentiating NSC (53). As expected, the
addition of 20 ng/ml BDNF to the culture medium reversed the
block on neural differentiation caused by insufficient NO sig-
naling. In addition to inducing neural differentiation, NO plays
a role as negative regulator of precursor proliferation (35). As
further evidence of re-establishing missing NO signaling by
BDNF treatment, inhibition of proliferation caused by L-NAME
and MDLA was re-established in the presence of the neu-
rotrophic factor. On the other hand, treatment of differentiat-
ing neurospheres with BDNF in the absence of any inhibitor of
NO production did not induce any changes in the progress of
NSC differentiation and cell fate determination when com-
pared with control differentiation assays performed without
any of these compounds.

BDNEF exerts its signaling by acting through two receptors:
the high affinity trkB and the low affinity tyrosine receptor
p75NTR, which does not have any enzymatic activity. The
p75NTR is required for BDNF-induced blockade of prolifera-
tion and induction of differentiation of NSC, even in NSC pop-
ulations that did not express trkB, suggesting that BDNF
induced neurogenesis via p75NTR activation alone (34, 53, 54).
NSC cultures obtained from embryonic rat telencephalon are
not responsive to BDNF, indicating a low expression of
p75NTR. However, our data show that the lack of NO, produc-
tion following treatment with L-NAME, MDLA, or 7-Nij,
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induced p75NTR expression; subsequently NSC became
BDNF-responsive. These data are in line with previous studies
that relate inhibition of NO expression to the up-regulation of
p75NTR expression (55, 56).

In summary, we have shown for the first time that AS and NO
are directly involved in the progress of NSC differentiation by
using an in vitro system, which reflects differentiation condi-
tions occurring in the developing cortex (5). Moreover, our
results indicate that the cross-talk between BDNF- and NO_-
mediated signaling represents a mechanism by which NSC reg-
ulate their maintenance as precursor cells and subsequent neu-
ral differentiation (Fig. 10). Thus, this work provides new
insights for understanding the involvement of the NO-citrul-
line cycle in regulation of NSC proliferation and differentiation,
underlying the complex process of brain development. Further
studies may reveal the roles of NO and BDNF in the mainte-
nance of neurogenesis throughout postnatal life.
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