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Nitric oxide (NO) is a small, short-lived molecule released from a variety of cells that is implicated in a multitude of biological processes.
In pathological conditions, overproduction of NO may lead to the generation of highly reactive species, such as peroxynitrite and stable
nitrosothiols, that may cause irreversible cell damage. Accordingly, several studies have suggested that NO may be involved in the
pathogenesis of various neuroinflammatory/degenerative diseases. Increased concentrations of NO in the CNS in such cases are usually
attributed to an increase in the inducible isoform of NO synthase (iNOS) usually produced by inflammatory cells. However, recent reports
have suggested that the constitutive isoforms of NOS, neuronal (nNOS) and endothelial (eNOS), can also play a role. Here we examined the
role that the constitutive isoforms of NOS might play in the cuprizone-induced model of demyelination/remyelination. Our results
demonstrate that demyelination was greatly prevented in mice lacking nNOS. Protection was associated with a dramatic increase in
mature oligodendrocyte survival and a decrease in apoptosis. Moreover, nNOS�/� mice did not respond to cuprizone with the extensive
recruitment of microglia/macrophages and astrocytes, which is a typical feature in wild-type mice. Although demyelinating less,
nNOS�/� mice exhibited a delay in remyelination. In eNOS�/� mice, demyelination progressed to the same extent as in wild type, but they
showed a slight delay in spontaneous remyelination. In conclusion, this study highlights the importance of considering the source of NO
when assessing its role in neuroinflammation/degeneration and emphasizes the differing pathological effects driven by the different NOS
isoforms.
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Introduction
Multiple sclerosis (MS) is a complex inflammatory demyelinat-
ing disease; its etiology is believed multifactorial and essentially
unknown. Perhaps, one of the most frustrating drawbacks en-
countered in the treatment of MS patients is the inadequacy of
the healing response known as remyelination. Details of the pro-
cess of remyelination have been somewhat difficult to ascertain
because, in most experimental models of demyelination/remyeli-
nation, the severity, lesion localization, or time course of the
pathophysiology are quite variable. Recently, the model origi-
nally described by Suzuki and Kikkawa (1969) has been revived in
which feeding of mice with the copper chelator cuprizone in-

duces demyelination restricted to the corpus callosum and supe-
rior cerebellar peduncles. When the cuprizone challenge is termi-
nated, an almost complete remyelination takes place in a matter
of weeks (Matsushima and Morell, 2001). The molecular basis of
this process of demyelination/remyelination is not understood,
but studies have pointed that various cytokines and reactive mol-
ecules take part in the process (Popko et al., 1997; Mason et al.,
2000, 2003; Arnett et al., 2001; Plant et al., 2005). Of particular
interest here is the report that nitric oxide produced by inducible
nitric oxide synthase (iNOS) is moderately protective in this
model of demyelination (Arnett et al., 2002).

Nitric oxide (NO) is a highly reactive molecule with diverse
physiological functions, found in many types of cells (Nathan and
Xie, 1994). In addition to the inducible form mentioned above,
there are two more constitutive forms of the enzyme: endothelial
(eNOS) and neuronal (nNOS). iNOS is most often associated
with inflammatory conditions in which it is produced in large
amounts by monocyte/macrophage lineage cell types. In the
CNS, iNOS is not significantly expressed by resident cells unless
cellular activation occurs, after which iNOS is produced by sev-
eral types of cells, such as macrophages, microglia, astrocytes
(Simmons and Murphy, 1992; Hewett et al., 1993), oligodendro-
cytes (Merrill et al., 1997), and even cerebral endothelial cells
(Borgerding and Murphy, 1995). nNOS and eNOS are constitu-
tively expressed in the CNS in which they play an essential role in
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several processes, including intracellular signaling, neurotrans-
mission, and vasoregulation (Bredt and Snyder, 1992; Murphy et
al., 1993). Besides being constitutively driven by calmodulin or
increases in intracellular calcium, under some circumstances,
nNOS and eNOS are also inducible (Murphy et al., 1993; Ma et
al., 1994). In fact, eNOS and nNOS genes incorporate putative
promoter region containing consensus sequences for activator
protein 2, acute-phase reactants, nuclear factor 1, shear stress (for
eNOS), and nuclear factor �B (for nNOS) (Moro et al., 2004).
Because little is known about the role of NO derived from nNOS
and eNOS in demyelinating diseases, in the present study, we
examined the role that nNOS and eNOS play in the demyelina-
tion and remyelination process by using the demyelination
model induced by cuprizone. Our results show that the lack of the
constitutive isoforms for NOS influences the demyelination and
remyelination processes. Moreover, the data derived from the
current study suggest a key role for the neuronal NOS isoform in
promoting demyelination in response to the chemical insult.

Materials and Methods
Animals. Studies were conducted on 10- to 12-week-old male mice on
C57BL/6 background. Breeding pairs of homozygous mutant mice lack-
ing the gene for neuronal NOS (nNOS�/�) or endothelial NOS
(eNOS�/�) were obtained from Paul Huang at Massachusetts General
Hospital (Boston, MA) (Huang et al., 1994, 1996). Age- and sex-matched
wild-type littermate C57BL/6 controls were used in the studies. Mice
were maintained in pathogen-free conditions and used between the ages
of 8 and 14 weeks. All animal experimentation was approved by the
Animal Experimentation Ethics Committee of the Australian National
University.

Induction of demyelination and remyelination. To induce demyelina-
tion, nNOS�/� and eNOS�/� mice and their respective littermates con-
trols were fed 0.25% cuprizone mixed with ground chow. After 4 weeks
of feeding, normal food was restored for an additional 4 weeks. Food was
provided ad libitum, and levels were checked daily.

Histology and immunohistochemistry. For histological examination,
mice were killed and perfused intracardially with 15 ml of 4% parafor-
maldehyde in PBS. Brains were removed and fixed in 4% paraformalde-
hyde for 1 week. Brains were then placed in a David Kopf Instruments
(Tujunga, CA) brain blocker and trimmed at a level 2 mm anterior to
bregma. Serial coronal sections were examined between levels 1 and �1
mm bregma according to the mouse brain atlas of Franklin and Paxinos
(1997).

Demyelination was evaluated in 5 �m paraffin sections of the corpus
callosum using Luxol fast blue (LFB) with periodic acid-Schiff reaction.
Myelin was also immunostained with monoclonal antibody (mAb)
8-18C5, which recognizes myelin oligodendrocyte glycoprotein (MOG).
Briefly, mouse anti-MOG mAb (clone 8-18C5) (Linnington et al., 1984)
was purified from hybridomas on a Protein G-Sepharose 4B Fast Flow
column (Thermo Electron Corporation, Waltham, MA) according to the
instructions of the manufacturer. Antigen retrieval was performed by
heating the sections in citrate buffer, pH 6.0, at 90°C for 20 min (Shi et al.,
2002). Sections were incubated with 0.3% of H2O2 in methanol for 3 min
at room temperature (RT) for quenching endogenous peroxidase activ-
ity, blocked with 5% BSA/PBS for 1 h at RT, and incubated with 8-18C5
antibody (Ab) at 20 �g/ml. Sections were then incubated with 1:500 of
anti-mouse IgG1– biotin (Chemicon, Temecula, CA). After rinsing, they
were incubated for 1 h with streptavidin– horseradish peroxidase (Inno-
Genex, San Ramon, CA) and with 3-amino-9-ethylcarbazole (AEC) sub-
strate (InnoGenex). Demyelination score was evaluated by two indepen-
dent readers using a five-point scale, ranging from 0 (no demyelination)
to 5 (total demyelination of corpus callosum). At least four sections at
three different levels were examined for each mouse. Results were ex-
pressed as average of at least four mice per group.

Paraffin-embedded sections were stained for the � isoform of gluta-
thione S-transferase (GST-�) (a marker of mature oligodendrocytes),
Ricinus communis aglutin-1 (RCA-1) (a marker for microglia/macro-

phages), and glial fibrillary acidic protein (GFAP) a marker for astro-
cytes). Briefly, for GST-� and GFAP staining, antigen retrieval was per-
formed by boiling sections in citrate buffer, pH 6.0, for 30 min. Sections
were incubated with 0.3% of H2O2 in methanol for 3 min at RT for
quenching endogenous peroxidase activity, blocked with 5% BSA/PBS
for 1 h at RT, and incubated with 1:500 and 1:1000 of rabbit anti-GFAP
Ab and rabbit anti-GST-� Ab (Chemicon), respectively. After rinsing,
the sections were incubated with goat anti-rabbit IgG–HRP (Chemicon)
and with AEC substrate pack (InnoGenex). For macrophages and micro-
glia staining, antigen retrieval was performed by incubating with
proteinase-K (Fermentas, Hanover, MA) for 2 min at 43°C. Sections were
then incubated with biotinylated RCA-1 (Vector Laboratories, Burlin-
game, CA) for 1 h at room temperature. After rinsing, they were incu-
bated with streptavidin– horseradish peroxidase and then with AEC
substrate.

To identify apoptosis in the corpus callosum, the ApopTag Peroxidase
In Situ Oligo Ligation Apoptosis Detection kit (Chemicon) was used on
paraffin sections. Briefly, 5 �m paraffin sections were incubated with 3%
of H2O2 in PBS to quench endogenous peroxidase activity. Antigen re-
trieval was performed by boiling sections in citrate buffer, pH 6.0, for 30
min. Sections were incubated with Apoptag equilibration buffer (Chemi-
con) for 1 min at RT, followed by a mixture of T4 DNA ligase and a
blunt-ended biotinylated oligo (Chemicon) for 18 h at 4°C. Sections were
further exposed to streptavidin–peroxidase for 1 h at RT, and the positive
reaction was visualized with diaminobenzidine as substrate (Chemicon).
For cell quantification, three fields of the corpus callosum were examined
from each animal by two different observers. Results are expressed as
average � SD of at least three mice per group in each time point.

For staining of mature oligodendrocytes and oligodendrocyte precur-
sors (OPCs), mice were killed and perfused intracardially with cold PBS
for 15 min. Brains were removed and trimmed and were immediately
frozen in cold isopentane on dry ice before being stored at �70°C. Sec-
tions at 10 �m were fixed with cold acetone for 30 min, and endogenous
peroxidase activity was quenched with 0.3% of H2O2 in methanol. Sec-
tions were incubated overnight at 4°C with adenomatous polyposis coli
antibody (CC-1) (Abcam, Cambridge, MA) at dilution 1:20 for mature
oligodendrocytes and rabbit anti-NG2 (Chemicon) at dilution 1:400 for
OPCs. As secondary antibody, goat anti-mouse IgG–HRP or goat anti-
rabbit IgG–HRP (Chemicon) were used, and the positive reaction was
visualized with AEC substrate (InnoGenex). For cell quantification, three
fields of corpus callosum immunostained for GST-� or NG2 were exam-
ined from each animal by two different observers. Cell counts are ex-
pressed as the mean number in the three sections per animal at each time
point. Results are expressed as average of at least four mice per group for
GST-� and three mice per group for NG2. Analysis was performed using
a Nikon (Tokyo, Japan) digital camera D100 and Nikon capture
software.

Electron microscopy. For electron microscopy, mice were anesthetized
and perfused with 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer. Brains were removed and fixed for an additional 12 h in 2.5%
glutaraldehyde. Brains were then placed in a David Kopf Instruments
brain blocker, trimmed at a level 2 mm anterior to bregma, and sliced
into 1 mm sections. Sections were reoriented in a way that allowed per-
forming cross sections of the corpus callosum. Sections were further
trimmed and postfixed for 90 min in 1% osmium tetroxide. They were
then washed in distilled water, dehydrated in a graded acetone series, and
embedded in Spurr’s resin. Ultrathin sections were cut with an ultrami-
crotome and viewed and photographed with Toshiba (New York, NY)
transmission electron microscope. For each mouse, myelinated and un-
myelinated axons were counted from three different electron micro-
graph images.

RNA analysis. Mice were perfused with cold PBS, and brains were
removed and trimmed 1 mm anterior to bregma using the David Kopf
Instruments brain blocker. Five milligrams of corpus callosum were
taken from each brain with a glass Pasteur pipette under dissecting mi-
croscope. Total RNA was prepared using Trizol technology (Invitrogen,
Melbourne, Victoria, Australia). Purity of the RNA was determined by
A260/A280. RNA (5 �g) for each sample was reverse transcribed into
cDNA using Omniscript RT kit (Qiagen, Doncaster, Victoria, Australia).
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For quantitative real-time PCR, first-strand cDNA was synthesized as
above. SYBR-Green-based real-time PCR was used to measure relative
gene expression of tumor necrosis factor-� (TNF�), IGF-1,
interleukin-1� (IL-1�), iNOS, nNOS, eNOS, and MOG in each sample.
Each master mix (20 ml) contained a single gene-specific primer set
(sense and antisense, 2.5 mM), 20 ng of cDNA, and 2� SYBR-Green PCR
master mix (Applied Biosystems, Foster City, CA). Each experimental
sample was assayed using three replicates for each primer, including the
�-actin-specific primer that was used as an internal standard. Negative
controls lacking the cDNA template were run with every assay to assess
specificity. Primer Express software (Applied Biosystems) was used for
primer design. Gene-specific primer sets were designed to span intron–
exon junctions to discriminate between cDNA and genomic DNA. The
primer sets used in these studies were as follows: �-actin sense, 5�-CGT
GAA AAG ATG ACC CAG AT CA-3�; antisense, 5�-CAC AGC CTG GAT
GGC TAC GT-3; IL-1� sense, 5�-CAA CCA ACA AGT GAT ATT CTC
CAT G-3�; antisense, 5�-GAT CCA CAC TCT CCA GCT GCA-3�; TNF�
sense, 5�-GGG CCA CCA CGC TCT TC-3�; antisense, 5�-GGT CTG
GGC CAT AGA ACT GAT G-3; IGF-1 sense, 5�-CCA CAC TGA CAT
GCC CAA GA-3�; antisense, 5�-CTC CTT TGC AGC TTC GTT TTC
T-3�; iNOS sense, 5�-AGA GAG ATC CGA TTT AGA GTC TTG GT-3�;
antisense, 5�-TGA CCC GTG AAG CCA TGA C-3; nNOS sense, 5�-TCC
TAA ATC CAG CCG ATC GA-3�; antisense, 5�- TCA TGG TTG CCA
GGG AAG AC-3; eNOS sense, 5�-GGA AAT GTC AGG CCC GTA CA-
3�; antisense, 5�-GGT CTG AGC AGG AGA CAC TGT TG-3; MOG
sense, 5�-GCA GCA CAG ACT GAG AGG AAA A-3�; and antisense,
5�-GCA CCC TCA GGA AGT GAG GAT-3. PCR amplification was per-
formed in 7300 Sequence Detection PCR system (Applied Biosystems).
The cycling conditions were as follows: one cycle at 95°C for 10 min,
followed by 40 cycles of PCR amplification, each consisting of 95°C for
15 s and 60°C for 45 s. Sequence Detection Software (SDS version 1.2.2;
Applied Biosystems) was used for analysis of the results. A threshold cycle
(Ct) was determined for each sample. PCR assays showing nonspecific
products at the end point were excluded from additional data analysis.
Relative quantification using comparative Ct method was used for ana-
lyzing results (Livak and Schmittgen, 2001). The results were expressed as
relative fold change over the values for untreated mice.

Statistical analysis. Data were expressed as a mean � SD. Statistical
analysis was performed using the GraphPrism program package, version
4 (GraphPad Software, San Diego, CA). Data was evaluated by perform-
ing two-way ANOVA and Bonferroni’s tests, as appropriate. A value of
p � 0.05 was considered to be statistically significant.

Results
nNOS�/� mice are virtually resistant to CNS demyelination
induced by cuprizone feeding
In normal conditions, nNOS is constitutively expressed by neu-
rons and astrocytes in the CNS. However, several reports have
indicated that the expression of nNOS can also be induced; par-
ticularly, an upregulation in its expression has been documented
in certain pathological conditions (Wu et al., 1998, 2001). Ac-
cordingly, we first evaluated whether the expression of nNOS was
altered in response to cuprizone treatment. As shown in Figure
1A, the expression of nNOS was markedly upregulated in the
corpus callosum at weeks 3 and 4 of feeding. However, once
cuprizone was removed from the diet, nNOS mRNA expression
returned to basal levels. Conversely, the expression of eNOS did
not appear to vary in response to cuprizone treatment (Fig. 1B).
We next evaluated whether the lack of nNOS influences the de-
myelination and remyelination process associated with cupri-
zone administration. Figure 2A shows that, before cuprizone ex-
posure, the corpus callosum of nNOS�/� mice was myelinated to
the same extent as the wild-type mice. After 3 weeks of exposure
to the neurotoxicant, loss of myelin staining became evident in
the edges of the corpus callosum of wild-type mice. At this time
point, nNOS�/� mice did not show any sign of demyelination.
The differences in the extent of demyelination between groups

became more dramatic after 4 weeks of cuprizone feeding.
Whereas the corpus callosum of wild-type mice progressed to
complete demyelination, nNOS�/� mice demonstrated minor
loss of myelin staining, restricted to the lateral edges of the corpus
callosum (Fig. 2A,B).

After 4 weeks, cuprizone was removed from the diet to evalu-
ate remyelination. As shown in the Figure 2A, 2 weeks after nor-
mal food was reestablished, consistent remyelination was appar-
ent in the medial region of the corpus callosum of wild-type mice.
Conversely, the lesioned edges of nNOS mice remained demyeli-
nated at this time point, indicating that either nNOS�/� mice
carry a partial impairment in their ability to remyelinate in re-
sponse to cuprizone or that the required mechanisms needed for
remyelination have not been generated in these mice because of
the lack of a consistent demyelination. Four weeks after cupri-
zone removal, myelin staining was evident in the entire area of the
corpus callosum of both experimental groups, which suggests
that the impairment in remyelination efficiency showed by
nNOS�/� mice was a transient phenomenon. Altogether, our
results indicate that the expression of nNOS plays an essential
role in the demyelinating syndrome associated with cuprizone
feeding (Fig. 2B). We next investigated whether the lack of eNOS
alters the demyelination and remyelination process instigated by
the neurotoxicant. By week 4, both wild-type and eNOS�/� mice
progressed to almost complete demyelination (Fig. 2D,E). When
remyelination was assayed, a slight reduction in the extent of
remyelination was observed in eNOS�/� mice compared with
wild-type control mice (Fig. 2D,E). However, at the termination
of the experiment, extensive remyelination was evident in both
experimental groups.

MOG is a CNS-specific protein exclusively localized in the
myelin. Its expression appears late in development compared
with other myelin proteins (Quarles, 1997). MOG expression is
restricted to mature oligodendrocytes, which make it an excellent
marker for myelin deposition (Solly et al., 1996). Immunostain-
ing of the corpus callosum using the monoclonal Ab 8-18C5
revealed a marked reduction in the extent of MOG immunostain-
ing in wild-type mice that have been fed cuprizone for 4 weeks. In
contrast, little differences were observed after 4 weeks of cupri-
zone exposure in nNOS�/� mice compared with untreated mice
(Fig. 2C). Figure 2F shows no consistent differences in MOG
staining between eNOS�/� and wild-type mice during acute de-
myelination. However, when normal food was restored, the re-
covery in the extent of MOG immunostaining appears to be
reduced in eNOS�/� compared with wild-type control mice
(Fig. 2F).

The differences observed in demyelination between nNOS�/�

and wild-type mice were further confirmed using electron

Figure 1. Relative expression of nNOS (A) and eNOS (B) during demyelination and remyeli-
nation induced by cuprizone in wild-type mice. mRNA was isolated from the corpus callosum of
wild-type mice, and quantitative real-time PCR using gene-specific primers for nNOS (A) and
eNOS (B) was performed. �-Actin gene was used for normalization. The results are expressed as
relative fold change over untreated mice. *p � 0.05; **p � 0.01.
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microscopy. Representative electron micrograph of the corpus
callosum from nNOS�/�, eNOS�/�, and wild-type mice are
shown in Figures 3 and 4. Demyelination was also evaluated by
estimating the percentage of unmyelinated axons during differ-
ent time points of the treatment. As shown in Figure 3, the num-

ber of myelinated axons dramatically de-
creases in wild-type mice after 4 weeks of
cuprizone exposure. Remyelination was
corroborated by the large proportion of
axons that appear to be sheathed by new
layers of myelin after 4 weeks of cuprizone
removal. With electron microscopy, it was
especially evident that the majority of ax-
ons of nNOS�/� mice preserve their mye-
lin sheath throughout the whole experi-
mental period with just a marginal
decrease in the number of myelinated fi-
bers observed in response to the treatment.
During remyelination, only a modest re-
covery in the number of myelinated axons
was observed in nNOS�/� mice. Figure 4
shows no consistent differences in the
number of unmyelinated axons between
eNOS�/� and wild-type mice in response
to the treatment.

Mice lacking nNOS show a dramatic
decrease in the inflammatory cellular
infiltrate in response to
cuprizone treatment
It has been shown previously that cupri-
zone exposure results in an extensive re-
cruitment of activated microglia/macro-
phages in the demyelinating areas
(McMahon et al., 2002). Concomitantly,
several authors have also reported an ex-
tensive astrocytosis in response to cuprizone
intoxication (Matsushima and Morell,
2001). Accordingly, we next evaluated the
extent of the inflammatory cell infiltrate in
mice lacking nNOS or eNOS expression. As
shown in Figure 5A, nNOS�/� mice showed
little accumulation of RCA-1-positive cells
after 4 weeks of treatment. In sharp contrast,
RCA-1-positive cells were present in the cor-
pus callosum of wild-type mice as early as
week 3 and continued to increase by week 4
(Fig. 5A). The number of RCA-1-positive
cells was consistently decreased when cupri-
zone was removed from the diet, with resid-
ual RCA-1 immunostaining after 4 weeks of
normal feed (data not shown). No signifi-
cant differences in the number of RCA-1-
positive cells were observed between
eNOS�/� and wild-type mice (Fig. 5C).
GFAP antibody was used to evaluate astro-
cytosis in response to the neurotoxicant ex-
posure. In accordance with the reduced de-
myelinating syndrome showed by nNOS�/�

mice, GFAP-positive cells were almost ab-
sent during the whole experimental period
in these mice. In contrast, at weeks 3 and 4,
activated astrocytes were observed inside

and outside the corpus callosum in wild-type mice (Fig. 5B). Resid-
ual astrocytosis was still apparent in wild-type mice 4 weeks after
cuprizone removal (data not shown). Figure 5D shows that no sig-
nificant differences were observed in the number of GFAP-positive
cells between wild-type and eNOS�/� mice.

Figure 2. nNOS�/� mice are resistant to CNS demyelination induced by feeding with the copper chelator cuprizone.
nNOS�/� (A) and eNOS�/� (D) mice together with their respective wild-type controls were fed with cuprizone for 4 weeks, and
coronal brain sections at the level of the corpus callosum were stained with LFB with periodic acid-Schiff reaction at three time
points. After cuprizone feeding, mice were fed for another 4 weeks with normal food to evaluate spontaneous remyelination.
Semiquantitative data of the extent of demyelination of the corpus callosum, including middle part and lateral sides, for nNOS�/�

mice (B) and eNOS�/� mice (E) were assessed by two independent observers in a blind manner as described in Materials and
Methods. Representative coronal sections at the level of the corpus callosum of nNOS�/� (C) and eNOS�/� (F ) mice were also
immunostained with the monoclonal antibody 8-18C5, which recognizes MOG. Scale bar, 500 �m. *p � 0.05; **p � 0.01.
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Loss of mature oligodendrocytes is
significantly inhibited in mice
lacking nNOS
The demyelination instigated by cupri-
zone feeding has been associated with an
extensive oligodendrocyte death in the
corpus callosum (Matsushima and Morell,
2001). Therefore, we asked whether the
observed differences in demyelination be-
tween nNOS�/�, eNOS�/�, and wild-type
mice could be related to a distinctive sur-
vival rate of mature oligodendrocytes dur-
ing demyelination. Before treatment with
cuprizone, nNOS�/�, eNOS�/�, and wild-
type mice exhibited equal numbers of ma-
ture oligodendrocytes in the corpus callo-
sum (Fig. 6A–F). During demyelination,
the number of oligodendrocytes was
readily reduced in wild-type mice (Fig.
6A–F). Conversely, only a slight decrease
in the number of either GST-�- or CC-1-
positive cells was appreciated in nNOS�/�

mice, thus explaining the dramatic differ-
ences observed in myelin staining between
nNOS�/� and wild-type mice during de-
myelination (Fig. 6A,C,E). When cupri-
zone was eliminated from the diet, a rapid
recovery in the number of mature oligo-
dendrocytes was observed in wild-type
mice, and only a small increase in the
number of GST-�-positive cells was noted
in nNOS�/� mice (Fig. 6A,E). These re-
sults suggest that mature oligodendrocytes
appear to be protected in mice lacking
nNOS during acute demyelination.

Figure 6, B, D, and F, shows no differ-
ences in the number of mature oligoden-
drocytes between eNOS�/� and wild-type
mice during demyelination. eNOS�/�

mice show a delay in the generation of new
mature oligodendrocytes when normal
food was restored, although this was not
significant. The higher numbers of GST-
�-positive cells observed in wild-type mice
2 weeks after cuprizone removal may be
well in accordance with their accelerated
remyelination observed using LFB and MOG immunostaining
compared with eNOS�/� mice.

It has been documented previously that apoptosis is the main
mechanism leading to oligodendrocyte death in the corpus callo-
sum after cuprizone exposure (Arnett et al., 2002). Accordingly,
sections were stained for apoptosis using Apoptag Peroxidase in
situ Apoptosis Detection kit as described in Materials and Meth-
ods. Figure 7A shows that a high number of cells from wild-type
mice undergo apoptosis at 3 and 4 weeks of feeding. At week 6,
when normal food was reestablished, the number of apoptotic
cells was dramatically reduced in those mice (Fig. 7A). In con-
trast, only few apoptotic cells were detected in nNOS�/� mice in
response to cuprizone, suggesting that lack of nNOS appears to
protect mature oligodendrocytes from undergoing apoptosis
during acute demyelination. We did not observe differences in
the number of cells undergoing apoptosis between eNOS�/� and
wild-type mice during treatment (Fig. 7B).

Oligodendrocyte precursors accumulate and differentiate in
the demyelinating lesions in response to mature oligodendrocyte
death (Matsushima and Morell, 2001). In view of the reduced
oligodendrocyte death observed in nNOS�/� mice in response to
cuprizone, we next investigated whether the absence of the con-
stitutive isoforms of NOS influence the recruitment of oligoden-
droglial precursor during demyelination. As shown in Figure 7C,
the number of NG2-positive cells was significantly higher in wild-
type mice compared with nNOS�/� mice during the whole ex-
perimental period. The reduced number of oligodendrocyte pre-
cursors detected in nNOS�/� mice correlates with their
impairment in remyelination efficiency, suggesting that the sur-
vival of mature oligodendrocytes in nNOS�/� mice may inhibit
the repopulation of the demyelinating areas with nascent oligo-
dendrocyte precursors. Figure 7D shows no significant differ-
ences in the number of NG2-positive cells between wild-type and
eNOS�/� mice in the corpus callosum in response to cuprizone.

Figure 3. The minor loss of myelin exhibited by nNOS�/� mice in response to cuprizone was further confirmed by electron
microscopy. A, Electron micrographs show that, although the majority of axons of the corpus callosum in nNOS�/� mice preserve
their myelin, few myelinated axons were observed in wild-type mice after 4 weeks of exposure to the neurotoxic cuprizone. For
quantification of myelinated and unmyelinated axons, three different electron micrograph images from two different cuts of the
midline of the corpus callosum were photographed for each mouse as described in Materials and Methods. Scale bar, 1 �m. *p �
0.05; **p � 0.01. n � 6 –7 mice for each time point derived from two different experiments.

Figure 4. Electron microscopy of cross sections of corpus callosum in wild-type and eNOS�/� mice. A large number of axons
are demyelinated in both wild-type and eNOS�/� mice after 4 weeks of cuprizone exposure. Myelinated and unmyelinated axons
in the corpus callosum were counted from three different electron micrograph images of each mouse at different time points of
cuprizone feeding. Scale bar, 1 �m. *p � 0.05; **p � 0.01. n � 6 –7 mice for each time point derived from two different
experiments.
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nNOS�/� mice show a different pattern in the alteration of
the expression of several genes in response to
cuprizone feeding
It has been documented that toxic demyelination is accompanied by
an upregulation in the expression of several cytokines and growth

factors and by an extensive downregulation
in the expression of several myelin proteins
expressed by mature oligodendrocytes (Ju-
revics et al., 2002). In view of the observed
differences in oligodendrocyte survival and
recruitment of several cellular types in the
corpus callosum between experimental
groups in response to the toxic agent, we
measured the expression of various mole-
cules that have been implicated previously in
demyelination/remyelination. After 3 weeks
of cuprizone treatment, MOG expression
was markedly downregulated in wild-type
mice, which is in accordance with the greater
rate of oligodendrocyte death seen in these
mice (Fig. 8A). The expression of MOG was
also downregulated in nNOS�/� mice, but
mRNA levels for this myelin protein were
significantly higher than in their wild-type
controls during acute demyelination. When
normal food was restored, MOG expression
in wild-type mice was considerably in-
creased, surpassing MOG expression levels
of untreated mice. For nNOS�/� mice,
MOG transcript levels remained under basal
level after 2 weeks of feeding with normal
food, corroborating the defective remyelina-
tion exhibited by these mice (Fig. 8A). Dur-
ing cuprizone treatment, no significant dif-
ferences in MOG mRNA response were
noted between wild-type and eNOS�/�

mice, although eNOS�/� mice evidenced a
delay in the recovery of MOG expression
when normal food was restored (Fig. 8B).
We next evaluated the gene expression of
several cytokines and growth factors and
found that the expression of the entire array
of molecules analyzed (TNF�, IGF-1, IL-1�,
and iNOS) was significantly higher in wild-
type mice compared with nNOS�/� mice in
response to cuprizone feeding (Fig. 8A).
During demyelination and remyelination,
no significant differences were observed in
the expression of TNF�, IL-1�, and iNOS
between wild-type and eNOS�/� mice.
However, when IGF-1 expression levels were
evaluated, it was observed that eNOS�/�

mice expressed significant lower levels of this
grown factor after 4 weeks of cuprizone feed-
ing compared with wild-type mice.

Discussion
NO is a labile molecule that has been associ-
ated with numerous pathologic processes. In
particular, previous studies have suggested
that NO plays a deleterious role in demyeli-
nating diseases such as multiple sclerosis
(Kolb and Kolb-Bachofen, 1998; Brenner et
al., 2001; Duncan and Heales, 2005). In the

CNS, oligodendrocytes, when compared with other glial cells, are
extremely sensitive to damage by NO (Smith and Lassmann, 2002),
and, in this respect, oligodendrocyte death may represent the under-
pinning mechanism in the pathophysiology of MS.

Figure 5. nNOS�/� mice exhibit a dramatic decrease in the inflammatory cellular infiltrate in response to cuprizone feeding.
Paraffin-embedded section from wild-type and nNOS�/� mice were stained with RCA-1 (A) and GFAP (B) antibodies. During
cuprizone treatment, a massive accumulation of activated microglia/macrophages and astrocytes is observed inside and outside
of the corpus callosum in wild-type mice. Cellular infiltrate is reduced after cuprizone removal in wild-type mice. Few RCA-1- and
GFAP-positive cells are observed in the corpus callosum of nNOS�/� mice during the whole experimental period. Representative
coronal sections from wild-type and eNOS�/� mice stained with RCA-1 (C) and GFAP (D) antibodies are also shown. Cuprizone
treatment leads to a massive accumulation of RCA-1-positive cells and severe astrogliosis in both wild-type and eNOS�/� mice.
RCA-1- and GFAP-positive cells were quantified by two independent observers in a blind manner, and the results are expressed as
the mean of the number of positive cells in the corpus callosum at different time points of cuprizone feeding. Scale bar, 500 �m.
*p � 0.05; **p � 0.01.
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NO produced by iNOS is locally se-
creted by inflammatory cells in response to
CNS inflammatory stimuli. iNOS is capa-
ble of producing large quantities of NO
when compared with the constitutive iso-
forms, nNOS and eNOS. For these rea-
sons, most of the studies evaluating the ef-
fect of NO production in various forms of
CNS pathology have been focused on NO
produced by the former isoform. A recent
report using the cuprizone model of de-
myelination explored the role of iNOS in
demyelination and remyelination (Arnett
et al., 2002). These investigators found
that mice lacking iNOS showed a modest
increase in the extent of demyelination in
the corpus callosum.

Although constitutively expressed in
the CNS, nNOS and eNOS are capable of
being induced under some circumstances
(Moncada and Higgs, 1995). In particular,
treatment with certain neurotoxic agents
increases expression of mRNA for nNOS
in the hippocampus (Bagetta et al., 1993),
and transection of the sciatic nerve in rats
dramatically upregulates nNOS mRNA in
the ipsilateral dorsal root ganglion (Verge
et al., 1992). In the present study, we dem-
onstrated upregulation of not only iNOS
mRNA in the corpus callosum in response
to cuprizone but also of nNOS mRNA. We
also shown that mice lacking the gene for
nNOS are almost completely protected
against cuprizone-induced demyelina-
tion. Moreover, the lack of eNOS did not
seem to contribute to the extent of demy-
elination; however, eNOS�/� mice exhib-
ited a delay in their capacity to undergo
regenerative remyelination when cupri-
zone was removed from the diet.

Our results showing that nNOS�/�

mice were highly protected against demy-
elination are in discordance with the sug-
gested protective role of NO produced by
iNOS in this model (Arnett et al., 2002). It
is known that NO has pleiotropic physio-
logical actions throughout the body (Moncada and Erusalimsky,
2002). Thus, it has been documented that NO exerts several ac-
tions on cell respiration, particularly that NO is able to inhibit
complex IV in the respiratory chain on mitochondria (Brunori et
al., 2004). As a result of this inhibition, NO has been reported to
posses both pro-apoptotic and anti-apoptotic effects (Beltran et
al., 2000; Xu et al., 2005). Because apoptosis appears to be the
main mechanism leading to oligodendrocyte death in this model
(Arnett et al., 2002), it is possible that differences in time, dose,
and site of NO secretion by the different NOS isoforms in re-
sponse to cuprizone may lead to divergent effects in oligodendro-
cyte apoptosis and, therefore, explain the differences between the
various NOS mutant strains and wild-type mice.

Our results showed that the lack of nNOS expression notably
modulates oligodendrocyte survival in response to cuprizone ex-
posure because elevated number of mature oligodendrocytes
were still observed in the corpus callosum after several weeks of

cuprizone feeding in nNOS�/� mice. Accordingly, the numbers
of cells undergoing apoptosis were greatly reduced in nNOS�/�

mice, suggesting that nNOS is a key component in the cascade of
events after cuprizone administration.

The cuprizone model represents an excellent tool for studying
the role of microglia/macrophages in demyelinating diseases. Our
results showed that, after 3 and 4 weeks of cuprizone feeding, mas-
sive numbers of RCA-1-positive cells were present in the corpus
callosum of wild-type mice. In sharp contrast, only few macrophages
and/or activated microglia were observed in nNOS�/� mice in re-
sponse to cuprizone. These differences appear to be in accordance
with the phagocytic role of microglia in the clearance of myelin de-
bris after nerve injury (Minghetti and Levi, 1998). Because minor
oligodendrocyte death was observed after cuprizone feeding in
nNOS�/� mice, it is reasonable to assume that the number of phago-
cytic cells required for the clearance of myelin debris in those mice
would be significantly lower than in wild-type mice.

Figure 6. Mature oligodendrocytes are not depleted in nNOS�/� mice in response to cuprizone feeding. Mature oligodendro-
cytes were detected in the corpus callosum by both GST-� (A, B) and CC-1 (C, D) immunostaining in nNOS�/� and eNOS�/� mice
together with their respective wild-type controls. The lack of the nNOS gene considerably protects mature oligodendrocytes
against the toxic effects derived from cuprizone feeding. No differences in the number of mature oligodendrocytes were observed
between wild-type and eNOS�/� mice during acute demyelination. Scale bars: GST-� immunostaining, 50 �m; CC-1 immuno-
staining, 25 �m. GST-�-positive cells were also quantified, and results are expressed as mean of the number of GST-�-positive
cells per square millimeter in the corpus callosum at different time points of cuprizone feeding (E, F ). *p � 0.05; **p � 0.01.
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After CNS trauma, astrocytes rapidly proliferate at the site of
the lesion and become activated, a process that is often referred as
reactive astrogliosis or glial scar (Silver and Miller, 2004). It has
been shown that, after several weeks of cuprizone feeding, mas-
sive astrogliosis takes place inside and outside the corpus callo-
sum (Matsushima and Morell, 2001). Our results demonstrated
that the reactive astrogliosis exhibited by nNOS�/� mice was
greatly reduced compared with their wild-type littermates, which
further supports the protective phenotype exhibited by nNOS�/�

mice in response to cuprizone. These observations are also in
accordance with the significant reduction in the expression of
several cytokines and grown factors mainly secreted by macro-
phages, activated microglia, and reactive astrocytes observed in
nNOS�/� mice compared with wild-type mice.

The deleterious role of nNOS in CNS injury has been docu-
mented previously in other animal models of neurodegeneration.
It has been shown that nNOS�/� mice are protected against
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced neuro-
toxicity, which is used as an animal model for Parkinson’s disease
(Przedborski et al., 1996). Although we still do not fully under-
stand the reasons explaining the differences in susceptibility to
acute demyelination exhibited by the different NOS isoforms
mutant strains, the fact that the production of NO in mitochon-
dria appears to be closely linked to the nNOS gene may explain
the differences in apoptosis rate and subsequent demyelination
observed in response to cuprizone feeding between various NOS

isoforms mutant strains. In fact, several
authors have suggested the existence of a
new isoform of NOS known as mitochon-
drial isoform (mtNOS), which may pro-
duce NO locally at mitochondria and,
therefore, modulate mitochondria respi-
ration (Giulivi et al., 1998; Ghafourifar et
al., 1999). In this regard, a recent study has
documented that nNOS�/� mice show an
impairment in the production of NO by
mitochondria, suggesting that mtNOS
may represent an alternative splice variant
of nNOS (Kanai et al., 2001).

Interestingly, our results also revealed
that nNOS mice remyelinate relatively
slower compared with wild-type mice.
Considering the minor damage exhibited
by nNOS mice, one would expect a rapid
regenerative remyelination once normal
food was restored. Unexpectedly, demyeli-
nation was still apparent 2 weeks after cu-
prizone removal. Although activated mi-
croglia, macrophages, and reactive
astrocytes can release several molecules
that can aggravate the severity of the de-
myelinating lesion, they are also the pre-
dominant source of multitude of mole-
cules with regenerative capabilities, which
influence the recruitment and differentia-
tion of OPCs (Diemel et al., 1998). Several
studies have shown that OPCs, because of
their ability to differentiate into myelin-
forming cells, are responsible for the sub-
sequent remyelination after cuprizone
feeding (Mason et al., 2001). In the current
study, nNOS�/� mice did not respond
with a consistent recruitment of inflam-

matory cells or reactive astrocytes in the demyelinating lesions,
and, therefore, they did not upregulate the expression of several
molecules such as IL-1�, TNF-�, and IGF-1 to the same extent as
the wild-type mice in response to cuprizone. In this regard, pre-
vious work using this model has pointed out to the importance of
these latter molecules in promoting remyelination after CNS
trauma (Arnett et al., 2001; Mason et al., 2001, 2003).

Here, we also revealed that eNOS�/� mice demyelinated to the
same extent than wild-type mice, but they showed a slight delay in
spontaneous remyelination when cuprizone was removed from
the diet. Interestingly, although this impairment in remyelina-
tion was not correlated with a reduction in the number of OPCs
in the lesioned areas, eNOS�/� mice upregulated IGF-1 mRNA
levels to a lesser extent in response to cuprizone feeding. Several
studies have pointed out to the important role that IGF-1 plays in
the maturation of OPCs and therefore in the mechanisms leading
to spontaneous remyelination after CNS trauma (Wilson et al.,
2003).

Together, this study shows the important role that the consti-
tutive isoforms of NOS plays in the demyelination and remyeli-
nation associated with the exposure to the neurotoxic cuprizone.
In particular, the presence of the neuronal isoform significantly
modulates the rate of oligodendrocyte death and the subsequent
repopulation of the demyelinating areas with new myelin-
forming cells. Interestingly, the protection afforded by the lack of
the neuronal isoform does not appear to be restricted to the cu-

Figure 7. Representative coronal sections from nNOS�/� mice (A) and eNOS�/� mice (B) and their respective wild-type
controls were stained for apoptosis using Apoptag Peroxidase in situ Apoptosis Detection kit as described in Materials and
Methods. The number of cells undergoing apoptosis in the corpus callosum of nNOS�/� mice fed with cuprizone was significantly
lower than that in wild-type mice. Scale bar, 25 �m. Effects of the lack of nNOS (C) and eNOS (D) genes on the accumulation of
OPCs in response to cuprizone feeding. OPCs detected using NG2 antibody accumulate in the demyelinating corpus callosum in
wild-type mice after 3 and 4 weeks of cuprizone treatment. Few NG2-positive cells were observed in the corpus callosum of
nNOS�/� mice in response to the neurotoxicant. NG2-positive cells were quantified as described in Materials and Methods. Scale
bar, 25 �m. *p � 0.05; **p � 0.01.
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prizone model of demyelination because nNOS�/� mice develop
a less severe symptomatology when experimental autoimmune
encephalomyelitis was induced by myelin oligodendrocyte glyco-
protein (D. O. Willenborg, unpublished results). Based on this,
the data derived from our investigations should further stimulate
the study of the role that the neuronal isoform of NOS plays in
other animal models of demyelination, with the ultimate goal of
developing future therapies for human demyelinating diseases as
MS.

In conclusion, this study highlights the importance of consid-
ering the possible deleterious effect associated with the secretion
of NO derived from other isoforms apart from iNOS in the treat-
ment of demyelinating diseases.
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