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NOS3 Inhibition Confers Post-Ischemic Protection to Young
and Aging White Matter Integrity by Conserving
Mitochondrial Dynamics and Miro-2 Levels
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White matter (WM) damage following a stroke underlies a majority of the neurological disability that is subsequently observed. Although
ischemic injury mechanisms are age-dependent, conserving axonal mitochondria provides consistent post-ischemic protection to young
and aging WM. Nitric oxide synthase (NOS) activation is a major cause of oxidative and mitochondrial injury in gray matter during
ischemia; therefore, we used a pure WM tract, isolated male mouse optic nerve, to investigate whether NOS inhibition provides post-
ischemic functional recovery by preserving mitochondria. We show that pan-NOS inhibition applied before oxygen-glucose deprivation
(OGD) promotes functional recovery of young and aging axons and preserves WM cellular architecture. This protection correlates with
reduced nitric oxide (NO) generation, restored glutathione production, preserved axonal mitochondria and oligodendrocytes, and
preserved ATP levels. Pan-NOS inhibition provided post-ischemic protection to only young axons, whereas selective inhibition of NOS3
conferred post-ischemic protection to both young and aging axons. Concurrently, genetic deletion of NOS3 conferred long-lasting
protection to young axons against ischemia. OGD upregulated NOS3 levels in astrocytes, and we show for the first time that inhibition of
NOS3 generation in glial cells prevents axonal mitochondrial fission and restores mitochondrial motility to confer protection to axons by
preserving Miro-2 levels. Interestingly, NOS1 inhibition exerted post-ischemic protection selectively to aging axons, which feature
age-dependent mechanisms of oxidative injury in WM. Our study provides the first evidence that inhibition of glial NOS activity confers
long-lasting benefits to WM function and structure and suggests caution in defining the role of NO in cerebral ischemia at vascular and
cellular levels.
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Introduction
Oxidative stress is one of the injury pathways that converge with
excitotoxicity, leading to mitochondrial impairment during white

matter (WM) ischemic injury (Baltan, 2014). We have shown that
aging WM produces excessive oxidative stress markers, primarily
due to alterations in axonal mitochondrial ultrastructure and
function (Stahon et al., 2016). Aging axons are characterized by
longer and thicker mitochondria that correlate with lower ATP
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Significance statement

White matter (WM) injury during stroke is manifested as the subsequent neurological disability in surviving patients. Aging
primarily impacts CNS WM and mechanisms of ischemic WM injury change with age. Nitric oxide is involved in various mito-
chondrial functions and we propose that inhibition of glia-specific nitric oxide synthase (NOS) isoforms promotes axon function
recovery by preserving mitochondrial structure, function, integrity, and motility. Using electrophysiology and three-dimensional
electron microscopy, we show that NOS3 inhibition provides a common target to improve young and aging axon function, whereas
NOS1 inhibition selectively protects aging axons when applied after injury. This study provides the first evidence that inhibition of
glial cell NOS activity confers long-lasting benefits to WM structure and function.
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levels and increased generation of nitric oxide (NO), protein ni-
tration, and lipid peroxidation (Stahon et al., 2016). Predictably,
this increase in oxidative stress contributes to the increased vul-
nerability of aging WM to ischemia (Baltan, 2009, 2014). Re-
markably, conserving axonal mitochondria before or after
ischemia promotes axon function recovery in both young and
aging WM, providing a universal target to protect WM structural
and functional integrity against ischemia (Baltan et al., 2011; Bru-
net et al., 2016). Because NO is involved in different mitochon-
drial signaling pathways that control energy metabolism and
mitochondrial function (Peinado et al., 2014; Litvinova et al.,
2015) such that excessive formation of reactive oxygen species
(ROS; Kowaltowski and Vercesi, 1999) contributes to mitochon-
drial dysfunction, we hypothesized that activation of nitric oxide
synthase (NOS) isoforms expressed in glial cells contributes to
mitochondrial dysfunction and oxidative injury in WM.

NO, ROS, and reactive nitrogen species (RNS) are key medi-
ators of oxidative injury that are produced as a result of NOS
activation (Moncada et al., 1991; Lander, 1997). NO serves sev-
eral physiological functions (Christopherson and Bredt, 1997);
however, unrestricted accumulation of ROS and/or RNS above a
critical concentration results in damage to nearby cellular com-
ponents. For instance, NO can react with superoxide free radicals
to form peroxynitrite (ONOO�) free radicals, which nitrate pro-
teins and damage lipids and DNA (Radi et al., 1991; Ischiropou-
los et al., 1992; Douki and Cadet, 1996). In addition, NO and
peroxynitrite can react with mitochondrial enzymes to inhibit
oxidative phosphorylation (Drapier and Hibbs, 1986; Cassina
and Radi, 1996; Welter et al., 1996; Brown, 2001), thus limiting
ATP production. The three isoforms of NOS, all derived from
separate genes, are NOS1, NOS2, and NOS3 (Nathan and Xie,
1994b). NOS1 and NOS3 are constitutively expressed and are
calcium-dependent, whereas NOS2 is inducible and calcium-
independent (Nathan and Xie, 1994a). Despite extensive investi-
gation into the role of NOS isoform activation in neurons in
mediating preconditioning or post-ischemic protection, reports
regarding the contribution of glial cells have been limited to
NOS2 overactivation in the rat middle cerebral occlusion model
(Iadecola et al., 1995a,b,c; Peng et al., 1996; Zhang et al., 1996).
Indeed, glial cells have been viewed mainly as potential reservoirs
of L-arginine, which is the substrate for NOS, rather than a source
of NO production (Simmons and Murphy, 1993). It is now es-
tablished that WM is injured during stroke and injury to glial cells
and axons primarily contribute to neurological dysfunction (Fern et
al., 1995; Garthwaite et al., 1999; Matute et al., 2007; Tekkök et al.,
2007; Cho et al., 2015). Therefore, we hypothesize that glial cells
play an extensive role in WM ischemic injury by activating NOS
in an isoform- and age-specific manner, which damages mito-
chondria and impairs functional recovery of axons. We found
that pan-NOS inhibition promoted axon function recovery in
young and aging WM when applied before a period of oxygen-
glucose deprivation (OGD), whereas selective inhibition of
NOS3 in young axons and NOS3 or NOS1 in aging axons con-
ferred post-ischemic protection. Interestingly, inhibition of
NOS3 upregulation in astrocytes promoted post-ischemic recov-
ery of axon function by preserving axonal mitochondrial integ-
rity and motility, suggesting a role for NO in mediating glia-axon
interactions. At the vascular level, NOS3 confers protection dur-
ing ischemia (Iadecola, 1997; Iadecola et al., 2011; Li et al., 2014)
primarily by causing vasodilatation and improving cerebral cir-
culation (Iadecola, 1997; Yamada et al., 2000; Iadecola et al.,
2011; Li et al., 2014). Therefore, activation of NOS3 can be pro-
tective or destructive, depending upon the cellular source and the

stage of evolution of the ischemic process in gray matter and WM
portions of the brain.

Materials and Methods
Animals and chemicals. All experimental procedures were approved by
The Institutional Animal Care and Use Committee of the Cleveland
Clinic. C57BL/6J male mice were purchased from The Jackson Labora-
tory and were used at 3 or 12 months of age. Mice expressing mitochon-
drial-targeted CFP on a C57BL/6J background (Thy-1 mito-CFP mice;
Misgeld et al., 2007) were originally obtained at the University of Wash-
ington and were later relocated to and bred at the Cleveland Clinic Foun-
dation. All mice were maintained on a 12 h light/dark cycle with food and
water provided ad libitum. All chemicals used for electron microscopy
were purchased from Electron Microscopy Sciences, except for aspartic
acid (Sigma-Aldrich). N(�)-Nitro-L-arginine methyl ester hydrochloride
(L-NAME), N5-(1-iminoethyl)-L-ornithine dihydrochloride (L-NIO), (S)-
methylisothiourea sulfate (SMT), and 3-bromo-7-nitroindazole (3Br7NI)
were all purchased from Tocris Bioscience. The sources for other chem-
icals used were described previously (Baltan et al., 2008; Stahon et al.,
2016).

Optic nerve preparation, electrophysiological recordings, and OGD. Fol-
lowing CO2 asphyxiation, mouse optic nerves (MONs) were obtained
from C57BL/6J mice or Thy-1 mito-CFP mice at 3 or 12 months of age.
MONs were gently cleared from their dural sheaths and transferred to a
Haas-top perfusion chamber (Harvard Apparatus) and superfused with
artificial cerebrospinal fluid (ACSF) containing the following (in mmol/
L): 124 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 23 NaHCO3, and
10 glucose. MONs were allowed to equilibrate for at least 15 min in the
recording chamber in normal ACSF bubbled with a 95% O2/5% CO2

mixture. All electrophysiological recordings were performed at 37°C.
Suction electrodes back-filled with ACSF were used for stimulation and
for recording compound action potentials (CAPs). The stimulation elec-
trode was connected to a stimulus isolation unit (A365R stimulus isola-
tor; WPI) and elicited CAPs every 30 s. Stimulus pulse (30 �s duration)
strength was adjusted to evoke the maximum CAP possible and then
increased another 25% for supramaximal stimulation. The recording
electrode was connected to an Axoclamp 900A amplifier (Molecular De-
vices) and the signal was amplified 20 or 50 times, filtered at 3 kHz
(SR560; Stanford Research Systems), and acquired at 20 –30 kHz. During
experiments, the supramaximal CAP was elicited every 30 s. OGD was
induced as previously described (Baltan et al., 2008, 2010, 2011; Murphy
et al., 2014; Stahon et al., 2016) by switching to glucose-free ACSF (re-
placed with equimolar sucrose to maintain osmolarity) and a gas mixture
containing 95% N2/5% CO2. OGD was applied for 60 min, glucose-
containing ACSF and O2 were restored, and CAPs were recorded for up
to 5 h after the end of OGD. All MONs were collected and fixed for
subsequent immunohistochemical analysis.

Immunohistochemistry. Perfusion-fixed (4% paraformaldehyde and
0.025% glutaraldehyde) MONs were used to determine the cellular loca-
tion and expression pattern of NOS isoforms to compare young mice
with aging mice. The effects of OGD were assessed in MONs collected at
the end of electrophysiological recordings (5 h after the end of OGD).
MONs were cryoprotected in a 30% sucrose solution for 16 –18 h at 4°C.
Using a cryostat (Leica, CM3050S), all MONs were sectioned at a thick-
ness of 16 �m, blocked in 5% normal goat/donkey serum (50% by
volume; Sigma-Aldrich), and permeabilized in 0.3% Triton X-100
(Sigma-Aldrich) for 1 h at room temperature. To achieve optimal adeno-
matous polyposis coli (APC) labeling of mature oligodendrocytes,
MONs were blocked in 20% normal goat/donkey serum (by volume) for
1 h at room temperature. MON sections were incubated in various pri-
mary antibodies overnight at 4°C (Table 1). The specificities of the NOS
isoform antibodies were verified by Western blot analysis of MON lysates
(see Fig. 5B) and, in addition, expression patterns were verified in
brain slices containing hippocampus and corpus callosum (data not
shown). Donkey anti-rabbit Cy5, anti-mouse Cy5, anti-mouse Cy3,
and anti-rabbit Cy3 (Jackson ImmunoResearch) at 1:100 dilutions
were prepared in 2% normal goat serum (2 h at room temperature).
Sytox green (ThermoFisher Scientific) was used to label cell nuclei.
Sections were double- or triple-labeled.
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Confocal imaging. A Leica TCS SP5 upright confocal microscope was
used for digital image acquisition except for CFP imaging, for which a
Leica TCS SP511 upright multiphoton laser scanning microscope was
used (see next section). Argon and He–Ne lasers were used to excite Sytox
Green/488 nm, Cy3/543 nm, and Cy5/647 nm. Two to three adjacent
sections from each MON were imaged for a total of five areas of interest.
A total of 10 –16 optical sections of 1 �m thickness at 1024 � 1024 pixel
size were collected in the z-axis from a single microscopic field using a
63� objective lens (HCX PLAN APO, oil-immersion; numerical aper-
ture 1.40; Leica) under fixed gain, laser power, pinhole, and photomul-
tiplier tube settings.

Multiphoton imaging and pixel intensity analysis of Thy-1 mito-CFP(�)
mice. As we previously described (Stahon et al., 2016), expression of CFP
was imaged using a Leica TCS SP511 upright multiphoton laser-scanning
microscope. Two to three adjacent sections for each MON were imaged
with the wavelength set at 900 nm. A total of 10 optical sections of 1 �m
thickness at 512 � 512 pixel size were collected in the z-axis from a single
microscopic field using the 25� objective lens (HCX IRAPO, water-
immersion; numerical aperture, 0.95; free working distance, 2.5 mm)
under fixed gain, laser power, pinhole, and photomultiplier tube settings.
To compare pixel intensity, all sections were processed concurrently with
Leica imaging software (LAS-AF v2.7) using a single channel. The Z-stacks
were projected into a single plane image before analysis and assessment of
pixel intensity.

NOS m-RNA levels. RNA from MON samples was isolated using RNeasy
Mini Kits (74104, Qiagen). Reverse transcription was performed to obtain
cDNA using moloney murine leukemia virus reverse transcriptase
(28025013, Invitrogen), 10 mmol/L deoxynucleoside triphosphate mix,
and Promega Random and Oligo (dT) Primers (PRC1101 and PRC1181,
Fisher Scientific) for 1 h at 37°C. TaqMan Gene Expression Assay probes
specific for NOS1 (Mm00435175_m1), NOS2 (Mm00440502_m1), NOS3
(Mm00435217), and �-actin (Mm00607939_s1) were purchased from
Invitrogen. TaqMan Fast Universal PCR Master Mix (2X) (4352042,
Invitrogen) was used in a 7500 Fast Real-time PCR system (Applied
Biosystems). Cycle threshold values were normalized to �-actin levels,
from which normalized gene expression levels were calculated.

NOS isoforms and miro-2 protein expression. MON samples (two pairs)
were homogenized (W-220F sonicator, Qsonica) on ice in 75 �l of RIPA
buffer (EMD Millipore) or Cell Lysis buffer (Cell Signaling Technology)
with protease inhibitor and phosphatase inhibitor cocktails (Sigma-
Aldrich). Samples were then centrifuged at 14,000 rpm for 10 min, the
supernatant was collected, and the protein concentration was estimated
using a bicinchoninic acid assay (BCA; ThermoFisher Scientific). Protein
lysates were prepared in 4� laemmli sample buffer (Bio-Rad) and
2-mercaptoethanol (Sigma-Aldrich) at a 10:1 ratio and incubated at 95°C
for 10 min. Equal amounts of protein were loaded into each well (10 –22
�g) of stain-free 4 –20% Mini-Protean TGX gels (Bio-Rad). After gel
electrophoresis and transfer, blots were blocked in 5% milk powder in
TBS-Tween (0.1%) and incubated with rabbit NOS3 (1:250) and mouse
�-actin (1:20,000) antibodies overnight at 4°C. Blots were incubated with
secondary antibodies (goat anti-mouse HRP and goat anti-rabbit HRP)

for 2 h at room temperature. Chemiluminescence was detected using
Clarity Western ECL substrate (Bio-Rad), imaged using a Bio-Rad Chemi-
doc MP, and analyzed using Image Lab software v4.1.

Reduced glutathione assay. MONs were sonicated (W-220F sonicator,
Qsonica) in 100 �l of PBS with 2 mmol/L EDTA and then centrifuged at
14,000 rpm for 10 min at 4°C. The supernatant was collected and 30 �l
were immediately used for glutathione measurements with a glutathione
assay kit (V6911, Promega) and for BCA protein assays. Luminescence
was measured using a 200 gain filter and 5 s integration on a Biotek
Synergy4 system and Gen5 software. Reduced glutathione concentra-
tions were calculated from a standard curve, normalized to protein con-
centration, and expressed as fold-change relative to control conditions.

NO generation assays. MONs were sonicated (W-220F sonicator,
Qsonica) within 75 �l RIPA buffer, vortexed every 2 min for 10 total min,
and centrifuged at 14,000 rpm for 10 min at 4°C. After estimating the
protein concentration of the supernatant (23225; ThermoFisher), 20 –30
�g of protein were used for NO generation assays (NB78, Oxford Bio-
medical). Ultrasensitive colorimetric NOS Assay Kits use recombinant
nitrate reductase for conversion of nitrate to nitrite before quantification
of nitrite using Griess Reagent, thus providing an accurate determination
of total NOS activity. The completed reaction is read at 540 nm. The
amount of NO generated was calculated from a log–log plot of the stan-
dard curve, normalized to protein concentration, and expressed as fold-
change relative to control conditions.

3-D electron microscopy. The method used for 3-D electron micros-
copy (3-D EM) of MONs was as previously published with slight
modifications (Ohno et al., 2011; Stahon et al., 2016). MONs were
immersion-fixed in 0.1 M sodium cacodylate buffer containing 4% para-
formaldehyde and 2.5% glutaraldehyde, pH 7.4. Samples were processed
sequentially in 2% osmium tetroxide/potassium ferrocyanide, 1% thio-
carbohydrazide, and 2% osmium tetroxide solution, and then left over-
night in saturated uranyl acetate solution. Samples were then incubated
in lead aspartate solution for 30 min at 60°C and dehydrated over an
ethanol gradation series of freshly-prepared, ice-cold solutions of 20, 60,
80, 90, 95, and 100% ethanol and anhydrous ice-cold 100% acetone.
Samples were embedded in epon resin (formulated as 10 ml EMBed-812,
8 ml dodecenyl succinic anhydrid, 4 ml methyl-5-norbornene-2,
3-dicarboxylic anhydride, and 0.4 ml 2,4,6-tri(dimethylaminomethyl)-
phenol). Sample blocks were trimmed and mounted on a pin. The block
face was sectioned serially by a diamond knife alternating with image
capture at 100 nm thickness and 4000� magnification using a Zeiss
Sigma VP scanning electron microscope equipped with a Gatan 3View
in-chamber ultramicrotome and low KV backscattered electron detector.
Image sets were registered using the Fiji (ImageJ) plugin for linear align-
ment with SIFT (Schindelin et al., 2012). Macros written for Fiji (ImageJ)
were used to randomly select axons for 3-D image analysis. Investigators
analyzing the data were blinded to the experimental conditions. Recon-
struct softwarev1.1.00 (Fiala and Harris, 2001) was used to trace axons
and to label mitochondria (Fiala, 2005). Traces were made either manu-
ally or using the “wildfire” tool. From each sample set, 20 randomly
selected axons were traced and the mitochondria were labeled using pre-
defined grid traces as normal or abnormal using the Grid Tool specified
in the Grids tab. Data generated by Reconstruct software were imported
to Excel 2016 (Microsoft) to obtain the corrected volume of axons and
mitochondrial counts for quantification.

ATP assays. ATP assays were performed as described previously (Bal-
tan et al., 2011; Stahon et al., 2016). MONs were sonicated in 75 �l of 10%
HClO4 and centrifuged at 4500 rpm for 10 min at 4°C. The supernatant
was neutralized with 30 �l of 2.5 mol/L KOH and centrifuged at 14,000
rpm for 10 min at 4°C. The supernatant was used to measure total cellular
ATP using a kit (11699709001, Roche Diagnostics). The absorbance was
measured at 560 nm on a Biotek Synergy4 system using Gen5 software.
ATP concentrations were calculated from a log–log plot of the standard
curve and normalized to protein concentration. The values were calcu-
lated as �mole ATP/mg protein and are expressed as relative to control
conditions. Protein content was quantified in one nerve (23225; Ther-
moFisher) and ATP levels were measured in the other.

NOS3�/� mouse genotyping. DNA extraction was performed on tail
samples collected from NOS3 complete knock-out animals (B6.129P2-

Table 1. List of primary antibodies used

Antigen Host Catalog # Dilution Source

NOS1 Rabbit BML-SA227 1:100 Enzo
NOS1 Mouse 37-2800 1:100 Invitrogen
NOS2 Rabbit ADI-905-431 1:100 Enzo
NOS2 Mouse NBP2-22119 1:100 Novus Biologicals
NOS3 Rabbit ADI-KAP-NO020 1:100 Enzo
NOS3 Mouse 610296 1:100 BD Transduction Laboratories
GFAP-Cy3 Mouse C9205 1:1000 Sigma-Aldrich
GFAP Rabbit 22522 1:15 Immunostar
APC Mouse OP80 1:100 Calbiochem
SMI-31 Mouse SMI31R 1:100 BioLegend
Sytox Green 57020 1:25000 EMD Millipore
Iba-1 Rabbit 019-19741 1:100 Wako
Miro-2 Rabbit AB154946 1:500 Abcam
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Nostm1Unc/J) and C57BL/6J animals using a REDExtract-N-Amp tissue
PCR kit (XNAT-1KT, Sigma-Aldrich) according to the manufacturer’s
protocol. Wild-type (WT) forward 5�-AGGGGAACAAGCCCAGT
AGT-3�, Mutant forward 5�-AATTCGCCAATGACAAGACG-3�, and
common reverse 5�-CTTGTCCCCTAGGCACCTCT-3� primers (Inte-
grated DNA Technologies) were used. PCR was performed in a T100
Thermal Cycler (Bio-Rad). Gel analysis of amplicons was performed
using a 1.5% agarose gel prepared with 1� tris borate-EDTA (TBE) and
SYBR Safe DNA gel stain (S33102, Invitrogen) and electrophoresed (150
V, 30 min) in 1� TBE running buffer and imaged using a ChemiDoc MP
(Bio-Rad) using Image Lab software v4.1. Molecular weights of the PCR
products were determined by comparison to a 1kb Plus DNA ladder
(10787-018, Invitrogen).

Time-lapse live imaging of mitochondrial fission and motility. MONs
obtained from Thy-1 mito-CFP(�) mice were transferred to a C-Stim
CMC Microscope Chamber System (IonOptix) attached to an in-line
heater (Cell micro controls MTCII temperature controller and heater,
IonOptix) to keep the chamber at 37°C. MONs were superfused with
ACSF bubbled with a 95% O2/5% CO2 mixture at a flow rate of 3 ml/min.
OGD was induced by switching to glucose-free ACSF saturated with 95%
N2/5% CO2. To determine mitochondrial motility in both the antero-
grade and retrograde directions, Thy-1 mito-CFP(�) MONs were im-
aged every 1 s at 1024 � 256 resolution from a single microscopic field
using an inverted confocal microscope (Leica, DMI6000; 40� water-
immersion objective; numerical aperture, 0.80). The imaging area was set
to contain at least three axons (confirmed during analysis) in which there
would be at least 10 mitochondria moving in either direction. Time-lapse
images were captured during the last 5 min of baseline (20 min), during
OGD (60 min), and during the recovery period (20 min). Imaging
parameters were chosen and set to minimize photobleaching. Control
experiments consisting of imaging MONs using the same parameters
without OGD, which showed �10% CFP fluorescent loss over the same
duration (data not shown). Mitochondrial motility, direction, and
changes in mitochondrial size were analyzed using ImageJ software com-
bined with the KymoTool Box plugin (Zala et al., 2013). Stationary and
motile mitochondria, as well as the direction of motility, were identified
and kymographs were generated to measure the anterograde and retro-
grade movements during baseline, OGD (60 min), and recovery.

Data acquisition and statistical analysis. Optic nerve function was
monitored quantitatively as the area under the supramaximal CAP using
Clampfit v10.2 (Molecular Devices). CAP area is a complex spatiotem-
poral summation of action potentials from individual axons (Stys et al.,
1991). To compare CAP area among experimental groups, data from
each group of experiments were pooled and CAP areas were normalized
to baseline conditions. Data were normalized by setting the mean of
initial baseline values (measured over 15 min) to a value of 1 as previously
described (Baltan et al., 2008, 2011; Stahon et al., 2016). All data are
presented as mean � SEM (see Figs. 1C, 2C, 3D–F, 4D, 5A, 6, 7, 8 A, D,
9 B, D) or median values (see Figs. 3C, 4C). GraphPad Prism v4.0c was
used for statistical analysis. For normally-distributed data, statistical sig-
nificance was determined by unpaired Student’s two-tailed t tests for
comparing two groups (see Fig. 8D) or one-way ANOVAs followed by
Bonferroni’s post hoc tests for three or more groups (see Figs. 1C, 2C,
3D–F, 4D, 5A, 6, 7, 8 A, D, 9 B, D). Nonparametric Kruskall–Wallis tests
followed by Dunn’s multiple-comparison tests were used for analysis for
comparing the medians of non-normally distributed data (Figs. 3C, 4C).
The n values indicate the number of axons in Figures 3C and 4C, whereas
in all other figures they indicate the number of optic nerves except in
Figures 5A, 8A, and 9D, where they represent the number of pairs of optic
nerves. The p values and significance values are indicated individually for
each figure in the text.

Results
Pan-NOS inhibition selectively promotes axon function
recovery in young WM
The isolated optic nerve, which is a purely-myelinated CNS tract,
has been successfully used to study mechanisms of ischemic in-
jury in young and aging WM (Tekkök et al., 2007; Baltan et al.,

2008, 2011; Baltan, 2012, 2016; Murphy et al., 2014; Stahon et al.,
2016). The effects of OGD on axon function recovery were deter-
mined in young and aging C57BL/6J (Figs. 1 and 2, respectively)
or Thy-1 mito-CFP mice (Misgeld et al., 2007), which allowed
fluorescent identification of mitochondrial distribution, shape,
and size (Figs. 3A, 4A). The functional integrity of young (Fig.
1A,B) and aging (Fig. 2A,B) optic-nerve axons was monitored by
quantifying the area under CAPs evoked by a supramaximal
stimulus. To determine whether blocking pan-NOS activity pro-
tects axon function, L-NAME, which is a pan-NOS inhibitor, was
introduced for 30 min after a 30 min baseline recording period.
Superfusion conditions were maintained through 60 min of
OGD and for the initial 30 min of the reperfusion period (Fig. 1B,
cyan line). Evoked CAPs in MONs were then recorded for a total
of 5 h in the absence of L-NAME. After OGD, the CAP area
recovered to 23 � 4% of the maximum recorded CAP area (Fig.
1A,B, dark blue), whereas L-NAME (200 �M) improved CAP
area recovery to 77 � 3% (p � 0.001; Fig. 1A, cyan traces, B, cyan
line, C, cyan histogram). The L-NAME concentration was se-
lected based on maximal protection conferred as previously
reported (Zaleski et al., 2013). Furthermore, the presence of
L-NAME preserved CAP area during OGD compared with OGD
alone (Fig. 1A–C, dark blue vs cyan traces, time courses, and
histograms). Because poststroke protection is more clinically rel-
evant for stroke patients, L-NAME was also applied starting right
after the end of OGD for 30 min before switching to regular ACSF
(Fig. 1A,B, magenta traces and time course). Whereas OGD pre-
dictably suppressed CAP area completely, L-NAME (200 �M)
application post-OGD rapidly improved CAP area recovery to
51 � 6% (p � 0.01; Fig. 1A–C, magenta), albeit not to the same
extent as application before OGD. This sustained improvement
conferred by L-NAME application after OGD suggests a thera-
peutic window of opportunity to attenuate axon injury in young
WM.

The risk of a stroke increases with age and CNS WM becomes
intrinsically more vulnerable to injury with age (Baltan et al.,
2008; Baltan, 2012), despite the fact that the distribution of glial
cell types remains constant in different WM tracts and across
different age groups (Tekkök and Goldberg, 2001; Baltan, 2014).
Therefore, the effects of pan-NOS inhibition on axon function
after OGD were determined in MONs obtained from 12-month-
old C57BL/6J mice (Fig. 2A–C). In these aging MONs, CAP area
showed minimal recovery (10 � 2%) following OGD (60 min;
Fig. 2A, dark blue traces, B, dark blue time course, C, dark blue
histogram). Administration of L-NAME (200 �M) as a pretreat-
ment failed to preserve CAP area during OGD (Fig. 2B, green
time course), but following OGD it improved CAP area recovery
to 56 � 5% (p � 0.001; Fig. 2B, green time course, C, green
histogram). In contrast, L-NAME application after the end of
OGD did not promote CAP area recovery in aging MONs (9 �
1%; Fig. 2B, red time course, C, red histogram).

NOS inhibition preserves axonal mitochondrial structure
and function
The protective outcome of pan-NOS inhibition revealed by elec-
trophysiological analysis in young and aging WM was further
confirmed in a series of imaging studies (Figs. 3, 4). Mitochondria
are essential for normal axonal function; however, they can also
serve as a source of ROS/RNS. We evaluated the morphology and
ultrastructure of mitochondria by monitoring CFP fluorescence
in MONs from Thy-1 mito-CFP(�) mice, where axonal mito-
chondria can be selectively imaged (Figs. 3A, 4A) or using 3-D
EM (Figs. 3B, 4B) in MONs from C57BL/6J mice under control
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conditions and OGD with or without NOS inhibition. OGD con-
sistently caused loss of mitochondrial CFP(�) fluorescence com-
pared with control conditions in young MONs (Fig. 3A, left and
middle) as previously reported (Baltan et al., 2011, 2013; Baltan,
2012, 2014; Murphy et al., 2014). Application of L-NAME (200
�M) considerably attenuated the loss of CFP(�) fluorescence
(Fig. 3A, right).

To validate that the changes in CFP fluorescence observed
were related to mitochondrial structural changes, 3-D EM studies
were performed on MONs that were immersion-fixed at the con-
clusion of electrophysiology experiments. Axonal profiles to-
gether with their enwrapping myelin sheaths and their respective
mitochondria (Fig. 3B, top left, white rectangle) were clearly vis-
ible in 2-D images (Fig. 3B, top middle, green arrow) and recon-
structed 3-D EM axons and mitochondria (Fig. 3B, top right).

OGD caused structural changes to MONs such as swollen axons,
thinning of myelin sheaths, shrunken axoplasm, and mitochon-
drial degradation (Fig. 3B, left middle, blue rectangle). In addi-
tion, abnormal mitochondria were frequently observed when
nerves were exposed to OGD and were characterized by short,
round swollen mitochondria with diminished or abnormal
cristae (Fig. 3B, middle center, magenta arrow) surrounded by
numerous degradation products (Fig. 3B, middle center, red as-
terisks). This was in clear contrast to the long mitochondria (Fig.
3B, top right, green) with distinct cristae that were seen in control
conditions. There were few normal-looking mitochondria (Fig.
3B, middle right, green) in swollen axons, which consisted mainly
of injured mitochondria (Fig. 3B, middle right, magenta) and
degradation products (Fig. 3B, middle right, red). Application of
L-NAME attenuated these mitochondrial changes after OGD

Figure 1. Pan-NOS inhibition promotes functional recovery of young WM when applied before or after OGD. A, Representative CAP traces at baseline for control ACSF (Aa), 60 min OGD (Ab), and
recovery (Ac) conditions are shown for control (blue), pan-NOS inhibitor L-NAME applied pre-OGD (cyan), and L-NAME applied post-OGD (magenta). Scale bars: 0.5 ms, 0.5 mV. B, At baseline, CAP
area remained stable over time, but was completely lost after OGD (Bb, blue), followed by a small but sustained recovery (Bc, blue; 23 � 4%). L-NAME (200 �M) application before OGD (cyan)
preserved CAP area during OGD and improved CAP area recovery during reperfusion. L-NAME post-OGD application (magenta) similarly conferred protection to axon function during reperfusion,
albeit to a lesser extent. Cyan and magenta horizontal lines represent L-NAME pretreatment and post-treatment applications, respectively. C, Pan-NOS inhibition in young WM preserved axon
function independent of onset of application, although pretreatment with L-NAME was more beneficial to axon function. CAP area recovery after 60 min of OGD was robust when MONs were
pretreated with L-NAME (78 � 3%), whereas CAP area recovered to 51 � 6% when MONs were post-treated with L-NAME. n � number of MONs. **p � 0.01, ***p � 0.001; one-way ANOVA
followed by Bonferonni’s post hoc test. Error bars indicate SEM.
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(Fig. 3B, bottom), conserved the elongated shape of mitochon-
dria (Fig. 3B, bottom middle, green arrows), reduced degradation
products (Fig. 3B, bottom middle, red asterisks), and conserved
axonal profiles (Fig. 3B, bottom right). Quantification of mito-
chondrial numbers based on mitochondrial morphology re-
vealed a significant loss of normal mitochondria [Fig. 3C; control
and OGD normal median mitochondrial numbers were 0.68 per
10 �m (white) and 0.18 per 10 �m (blue), p � 0.001, Kruskal–Wallis
test followed by Dunn’s multiple-comparison test] and an in-
crease in the number of abnormal mitochondria in axons ex-
posed to OGD [Fig. 3C; control and OGD abnormal median
mitochondrial number were 0.87 per 10 �m (white) and 2.8 per
10 �m (blue), p � 0.001, Kruskal–Wallis test followed by Dunn’s
multiple-comparison test], whereas L-NAME application effec-
tively reduced mitochondrial damage [Fig. 3C; L-NAME dam-
aged median mitochondrial number 1.7 per 10 �m (cyan), p �

0.01 vs OGD, Kruskal–Wallis test followed by Dunn’s multiple-
comparison test].

To determine whether the morphological changes observed at
the fluorescent and ultrastructural levels were associated with
functional changes, ATP levels were quantified and compared
among control, OGD, and L-NAME-treated MONs. MONs ex-
posed to OGD showed a 	60% decrease in levels of ATP, indi-
cating major mitochondrial dysfunction (Fig. 3D; 0.47 � 0.07%,
p � 0.001). ATP levels were preserved following L-NAME appli-
cation (0.9 � 0.2%, p � 0.05) compared with OGD alone (0.5 �
0.1%). Damaged mitochondria following OGD may be a major
source of ROS/RNS generation, affecting axon recovery. Expect-
edly, NOS activity and NO generation increased with OGD
(1.4 � 0.1%; p � 0.05) compared with control MONs (Fig. 3E;
1.0 � 0.1%). L-NAME treatment attenuated NOS activity during
OGD such that it was comparable to control levels (1.0 � 0.1%;

Figure 2. Pan-NOS inhibition promotes functional recovery of aging WM only when applied before OGD. A, Representative CAP traces at baseline for control ACSF (Aa), 60 min OGD (Ab), and
recovery (Ac) conditions are shown for control (blue), pan-NOS inhibitor L-NAME applied pre-OGD (green), and L-NAME applied post-OGD (red). Scale bars: 1 ms, 1 mV. B, CAP areas showed minimal
recovery after OGD (Ba–Bc, blue; 10 � 2%). L-NAME (200 �M) application before OGD (green) preserved CAP area during OGD and improved CAP area recovery during reperfusion. L-NAME post-OGD
application (red) failed to promote aging axon function recovery during reperfusion. Green and red horizontal lines represent L-NAME pretreatment and post-treatment applications, respectively.
C, Pan-NOS inhibition in aging WM preserved axon function only with pretreatment with L-NAME; post-treatment was ineffective. CAP area recovery after 60 min of OGD was robust when MONs were
pretreated with L-NAME (56 � 5%), whereas CAP area recovered to 9 � 1% when MONs were post-treated with L-NAME. n � number of MONs. ***p � 0.001; one-way ANOVA followed by
Bonferonni’s post hoc test. Error bars indicate SEM.
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Figure 3. Pan-NOS inhibition protects axonal mitochondrial structure and function and restores NOS and glutathione levels in young WM. A, Two-photon microscopy images show that OGD
drastically reduced CFP fluorescence in MONs from Thy-1 mito-CFP(�) mice. L-NAME application conserved CFP(�) mitochondria. Note that mitochondrial numbers declined and mitochondria
became smaller and more round with OGD. Scale bar, 5 �m. B, L-NAME preserved mitochondrial morphology. Representative electron micrographs obtained from 3-D EM stacks of MONs (left and
middle) under baseline conditions and OGD with or without L-NAME application. OGD was associated with myelin thinning, swelling of axons, abnormal mitochondria (magenta arrow), and
formation of degradation products (red asterisks). L-NAME preserved mitochondrial structure (normal mitochondria, green arrow) and axons. Scale bar, 1 �m. Middle, Magnified views of
representative axons from the left and right panels show 3-D EM reconstruction of these axons displaying normal (green) and abnormal (magenta) mitochondria and degradation products (red) in
axons following OGD. C, OGD decreased the number of normal mitochondria and increased the number of abnormal mitochondria, whereas L-NAME ameliorated mitochondrial damage. n�number
of MONs. *p � 0.05, **p � 0.01, ***p � 0.001; Kruskal–Wallis test followed by Dunn’s multiple-comparison test. D, L-NAME preserved MON ATP levels following (Figure legend continues.)

Bastian et al. • NOS3 Inhibition Protects WM Following Ischemia J. Neurosci., July 11, 2018 • 38(28):6247– 6266 • 6253



p � 0.05). In addition, we examined levels of glutathione (GSH),
which is a key free radical scavenger. GSH levels were significantly
decreased in MONs exposed to OGD (0.8 � 0.1%; p � 0.01)
compared with control levels (Fig. 3F; 1.0 � 0.1%). Application

of L-NAME preserved levels of GSH (Fig. 3F; 0.9 � 0.1%; p �
0.05). These results suggest that the maintenance of structural
and functional integrity of mitochondria resulting from NOS
inhibition can promote axon function recovery.

Consistent with improved axonal recovery in aging MONs,
CFP(�) mitochondrial fluorescence in 12-month-old Thy-1
mito-CFP(�) mice was conserved by L-NAME application (Fig.
4A). Aging axons characteristically exhibited longer and thicker
mitochondria [Fig. 4A, left, B, top left, (white rectangle), top
center (green arrow); Baltan, 2012; Stahon et al., 2016]. OGD

4

(Figure legend continued.) OGD. *p � 0.05, ***p � 0.001; one-way ANOVA with a Bonferonni’s
post hoc test. E, L-NAME treatment attenuated NOS activity during OGD and (F) L-NAME treat-
ment preserved reduced glutathione levels in MONs exposed to OGD. *p � 0.05, ***p � 0.001;
one-way ANOVA with Bonferonni’s post hoc test.

Figure 4. Pan-NOS inhibition protects axonal mitochondrial structure and function in aging WM. A, Two-photon microscopy images show that OGD drastically reduced CFP(�) fluorescence in
MONs from Thy-1 mito-CFP(�) mice. L-NAME application conserved CFP(�) mitochondria. Note that aging axons display longer and thicker mitochondria, which became smaller in size and fewer
in number when exposed to OGD. Scale bar, 5 �m. B, L-NAME preserved mitochondrial morphology. Representative electron micrographs obtained from 3-D EM stacks of MONs (left and middle)
under baseline, OGD, and OGD with L-NAME pretreatment. OGD was associated with myelin thinning, marked swelling of axons, abnormal-appearing swollen mitochondria (magenta arrow), and
few degradation products (red asterisks). L-NAME preserved mitochondrial structure (normal mitochondria, green arrow) and axons profiles. Scale bar, 1 �m. Middle, Magnified views of
representative axons from left and right panels show 3-D EM reconstructions of these axons displaying normal (green) and abnormal (magenta) mitochondria and degradation products (red) in
axons following OGD. C, OGD increased the number of abnormal mitochondria, whereas L-NAME attenuated mitochondrial numbers. n�number of MONs. *p�0.05, ***p�0.001; Kruskal–Wallis
test followed by Dunn’s multiple-comparison test. D, L-NAME preserved MON ATP levels following OGD. *p � 0.05, **p � 0.01, one-way ANOVA with Bonferonni’s post hoc test.
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nevertheless caused extensive mitochondrial fission (Fig. 4A,
middle) associated with mitochondrial swelling (Fig. 4B, middle
left, blue rectangle), loss of cristae, formation of degradation
products (Fig. 4B, middle center, magenta arrow and red aster-
isk), and marked axonal swelling (Fig. 4B, middle right). Treating
aging MONs with L-NAME preserved mitochondrial structure
(Fig. 4B, bottom left, cyan rectangle), reduced mitochondrial
damage (Fig. 4B, bottom center, green arrow), and prevented

axonal swelling (Fig. 4B, bottom right).
Quantification of mitochondrial ultra-
structure confirmed that OGD-induced
increases in abnormal mitochondria in
axons was consistently reduced by L-NAME
application [Fig. 4C; OGD and L-NAME
abnormal median mitochondrial num-
bers were 0.58 per 10 �m (blue) and 0.31
per 10 �m (cyan), respectively; p � 0.05,
Kruskal–Wallis test followed by Dunn’s
multiple-comparison test]. Note that with
aging, the number of axonal mitochon-
dria is lower compared with mitochondrial
numbers in young axons, as we previously
reported (Stahon et al., 2016). Further-
more, ATP levels were reduced with OGD
(Fig. 4D; 0.5 � 0.9%, p � 0.01) compared
with control conditions (1.0 � 0.1%), but
was restored by L-NAME application in
aging WM (0.8 � 0.1%, p � 0.05). The
effect of L-NAME application on restoring
ATP levels was consistent between young
and aging optic nerves, despite the fact
that ATP levels in aging axons are consid-
erably lower compared with younger
MONs (Stahon et al., 2016).

All three NOS isoforms are readily
expressed in MONs
Because NOS inhibition selectively ex-
erted protection to young axons when ap-
plied after injury, we reasoned that the
cellular origins of specific NOS isoforms
that mediate ischemic injury in WM change
with age. To characterize NOS isoforms
present in WM, we evaluated levels of
isoform-specific NOS mRNAs. Quantifi-
cation showed that mRNAs for NOS1,
NOS2, and NOS3 were readily detected in
WM (Fig. 5A). NOS1 mRNA levels were
the highest (3.4 � 0.7-fold, p � 0.01)
compared with either NOS2 (1.3 � 0.3-
fold) or NOS3 (1.0 � 0.4-fold). Because
mRNA levels do not necessarily predict
protein levels (Greenbaum et al., 2003),
we further assessed NOS protein levels by
Western blotting using isoform-specific
antibodies (Fig. 5B). Protein levels of all
three NOS isoforms were present in
MONs. Next, we evaluated the expression
pattern and localization of NOS isoforms
using immunohistochemistry and isoform-
specific antibodies in conjunction with
confocal imaging, to support a biological
basis for NOS inhibition in young (Fig.

5C,D) and aging WM (Fig. 5E,F). Glial cells were identified by
GFAP for astrocytes, APC for mature oligodendrocytes, Iba-1 for
microglia, and SMI-31 for axonal neurofilaments (Table 1). In
young WM, the expression of NOS3 (red) colocalized with GFAP(�)
astrocytes (green), in both processes and cell bodies (Fig. 5C, white
arrow, bottom right, merged), APC(�) oligodendrocytes (green;
Fig. 5D, white asterisks, top right, merged) and in Iba-1(�) mi-

Figure 5. NOS isoforms are abundantly expressed in MONs in an age- and cell-specific manner. A, NOS1, NOS2, and NOS3
mRNAs were readily detected in MONs. NOS1 mRNA levels were the highest compared with either NOS2 or NOS3. **p � 0.01;
one-way ANOVA with Bonferonni’s post hoc test. B, All three NOS isoforms were detected in MONs by Western blotting.
C, Immunolabeling for NOS1, NOS2, or NOS3 in young WM showed colocalization with GFAP(�) astrocytes (white arrows) for all
three isoforms. D, NOS3 also colocalized with APC(�) oligodendrocyte soma (top, asterisks), SMI-31(�) axons (middle, white
double arrowheads), and Iba-1(�) microglia (bottom, white arrowhead). Scale bars, 10 �m. E, Immunolabeling for NOS1, NOS2,
or NOS3 in aging WM showed colocalization with GFAP(�) astrocytes. NOS1 and NOS3 showed extensive expression in astrocytic
cell bodies (white arrows), processes, and end-feet of astrocytes. F, NOS3 colocalized with APC(�) oligodendrocyte soma (top,
asterisks), SMI-31(�) axons (middle, white double arrowheads), and Iba-1(�) microglia (bottom, white arrowhead). Note that
the merged images on the right are enlarged areas indicated by the squares with dashed lines on the left. Scale bars, 10 �m.
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croglia cell bodies and processes (green; Fig. 5D, white arrow-
head, bottom right, merged). The expression of NOS2 (red) was
restricted to astrocytes (green; Fig. 5C, middle right, merged) and
oligodendrocytes (Table 2). NOS1 (red) was observed predomi-
nantly on astrocyte soma and processes (Fig. 5C, white arrow, top
right, merged), but minimally on APC(�) oligodendrocytes
(Table 2). SMI-31(�) axons (green) selectively expressed NOS3
(red) in young WM (Fig. 5D, white double arrowheads, middle
right, merged). In aging WM, the expression of NOS3 colocalized
with GFAP(�) astrocyte cell bodies along the entire length of
their processes and end-feet outlining the blood vessels (Fig. 5E,
white arrow, bottom right, merged). Similar to young WM, oli-
godendrocytes (Fig. 5F, white asterisks, top right, merged), axons
(Fig. 5F, white double arrowheads, middle right, merged), and
microglia (Fig. 5F, white arrowhead, bottom right, merged) ex-
tensively expressed NOS3 in aging WM. In contrast to young
WM, NOS2 expression was abundant in microglia, while astro-
cytes and oligodendrocytes also expressed NOS2 (Table 2). The
expression of NOS1 was limited to astrocytes in aging WM such
that neither oligodendrocytes nor microglia expressed this iso-
form (Table 2). However, the expression of NOS1 was evident in
aging axons (Fig. 5E, white arrow, top right, merged). Labeling
characteristics and the antibodies that were used are all summa-
rized in Figure 10 and Tables 1 and 2. The labeling characteristics
and the specificity of these antibodies were also validated on brain
slices that contained hippocampus and corpus callosum (data
not shown). The extensive expression of these NOS isoforms in
glial cells and axons implicated them as cellular targets for
L-NAME, but also raised the question as to whether specific NOS
isoforms expressed by specific glial cells could mediate ischemic
injury via localized generation of ROS/RNS to cause age- and
isoform-specific WM injury.

Isoform-specific NOS inhibition promotes post-ischemic
recovery in an age-dependent manner following OGD
To assess specific contributions from each NOS isoform in me-
diating ischemic damage, isoform-specific NOS inhibitors were
applied to young (Fig. 6) and aging (Fig. 7) MONs exposed to
OGD, as either a pre- or post-treatment. For each drug, dose–re-
sponse curves were plotted to study CAP area recovery following
OGD, which identified the optimal drug concentration necessary
to protect MONs for post-treatment applications (Fig. 6A,C,E).
Caution was taken to choose drug concentrations based on their
IC50 values. Pre-OGD application of a NOS3-selective blocker,
L-NIO, improved CAP area recovery at a concentration of 1 �M

(Fig. 6F, cyan; 46 � 6%, p � 0.01) compared with OGD alone

(blue; 22 � 3%). A NOS2 blocker, SMT, and a NOS1 blocker,
3Br7NI, were most effective at concentrations of 10 �M (Fig. 6D,
cyan; 61 � 9%, p � 0.01) and 30 �M (Fig. 6B, cyan; 41 � 8%, p �
0.05), respectively. Interestingly, L-NIO preserved axon function
when used either as pretreatment or post-treatment at 1 �M (Fig.
6F, magenta; 38 � 4%, p � 0.05; Fig. 6F). On the other hand,
SMT (Fig. 6D) and 3Br7NI (Fig. 6B) did not improve CAP area
recovery when applied post-OGD [SMT: 21 � 3%, p � 0.95; (D,
magenta); 3Br7NI: 16 � 4%, p � 0.2; (B, magenta)]. The speci-
ficity of L-NIO has been challenged by other studies, where L-NIO
was also proposed to block NOS1 (Moore and Handy, 1997).
Based on Ki values, we used L-NIO at a 1 �mol/L concentration to
specifically target NOS3 (inhibitory constant Ki for NOS3 � 0.2
�mol/L, NOS1 � 3.9 �mol/L and NOS2 � 2.2 �mol/L; Mulligan
et al., 1992; Boucher et al., 1999; Jiang et al., 2002; Pritchett and
Shippy, 2014). 3Br7NI, the NOS1-specific blocker, did not dem-
onstrate preservation of axon function post-OGD. To validate
that L-NIO protection was mediated specifically through NOS3
inhibition, we combined L-NIO and 3Br7NI to determine
whether any additive/synergistic effects of blocking both NOS3
and NOS1 could be observed. The combination of L-NIO and
3Br7NI promoted axon function to 53 � 7% (p � 0.001) when
applied as a pre-application, which was comparable to the max-
imum protection conferred by either of the drugs alone (data not
shown). On the other hand, application of L-NIO and 3Br7NI
after OGD showed improvement in CAP area recovery that was
identical to that of L-NIO alone (40 � 5% vs 38 � 4%, p � 0.6).
These results suggest that all of the NOS isoforms contribute to
injury during ischemia in young MONs, but that only NOS3
contributes to the post-ischemic injury period in MONs, suggest-
ing that NOS3 is a potential therapeutic target to preserve young
WM following ischemic injury (Fig. 8D).

Parallel experiments in aging MONs revealed that L-NIO at a 1
�M concentration (Fig. 7E) improved CAP area recovery to a
similar extent when applied before or after OGD (Fig. 7F, green;
29 � 5%, p � 0.01 vs red, 27 � 5%, p � 0.01) compared with
OGD (blue; 10 � 2%) in aging MONs (Fig. 7F). Interestingly,
SMT at a 0.5 �M concentration (Fig. 7C), which is a much lower
dose compared with that used in young axons (Fig. 6C), pro-
moted CAP area recovery only when applied before OGD (Fig.
7D, green; 48 � 11%, p � 0.001), but failed to confer any protec-
tion when applied after OGD (red; 15 � 5%, p � 0.76) compared
with OGD alone in aging MONs (11 � 2%). The most extensive
protection to aging axons was conferred by 3Br7NI (Fig. 7A; 30
�M) when applied before (B, green; 57 � 5%, p � 0.001) or after
OGD (B, red; 36 � 4%, p � 0.001). To our surprise, both L-NIO
and 3Br7NI provided post-ischemic protection to aging axons,
suggesting that NOS3 and NOS1 both contribute to oxidative
injury in aging WM, whereas NOS3 emerged as the universal
NOS isoform to mediate post-ischemic oxidative injury in young
and aging MONs.

Ischemia upregulates NOS3 levels in WM
Previous studies have shown that transient ischemia upregulates
NOS3 levels, which confers neuroprotection in gray matter
(Zhang et al., 1993; Nagafuji et al., 1994). To provide proof-of-
principle that ischemia also upregulates NOS3 levels in WM, we
exposed young MONs to OGD for 1 h and subsequently MONs
were collected at 1 or 3 h after the conclusion of OGD. Western
blots showed a time-dependent upregulation of NOS3 protein
levels, which reached a peak at 3 h after the end of OGD (Fig. 8A;
3 h following OGD: 3.8 � 0.9-fold vs Control: 1.0 � 0.1, p �
0.05). Expectedly, L-NIO application effectively prevented up-

Table 2. Cell-specific expression of NOS isoforms in WM differ in an age-dependent
manner

Young Aging

NOS1 NOS2 NOS3 NOS1 NOS2 NOS3

Astrocyte � � � ��� � ��
Oligodendrocyte � �� �� � �� ��
Axon � � � � � �
Microglia � � � � ��� �

NOS1 was expressed in astrocyte somata and processes, and in oligodendrocytes in young MONs. Expression of NOS3
was observed in both processes and cell bodies of astrocytes, oligodendrocytes, and in microglia. The expression of
NOS2 was restricted to astrocytes and oligodendrocytes. Axons selectively expressed NOS3 in young WM. In contrast
to young WM, expression of NOS1 was limited to astrocytes in aging WM such that neither oligodendrocytes nor
microglia expressed this isoform. In addition, the expression of NOS1 was evident in aging axons. NOS2 expression
was strikingly abundant in microglia in aging WM compared to young WM, whereas astrocytes and oligodendro-
cytes also expressed NOS2. NOS3 was expressed in astrocyte cell bodies along the entire length of their processes and
end-feet, outlining blood vessels in aging WM. Similar to young WM, oligodendrocytes, axons, and microglia ex-
pressed NOS3 in aging WM.
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regulation of NOS3 protein levels following OGD. To verify that
the increase in protein levels was correlated with increased im-
munoreactivity, MONs were labeled for NOS3 (Fig. 8B,C, red),
glial cell-specific markers, and nuclei with Sytox (blue). Under
control conditions, NOS3 is expressed in APC(�) oligodendro-
cytes (Fig. 8B, first row, control) and GFAP(�) astrocytes (Figs.
8C, first row, control; Table 2). OGD caused widespread loss of
APC(�) oligodendrocytes (Fig. 8B, second row, OGD), but the
expression levels of NOS3 labeling increased and displayed a dif-
fuse pattern mostly colocalizing to GFAP(�) astrocytes following
OGD (Fig. 8C, second row, OGD). L-NIO application attenuated
NOS3 reactivity and restored the expression pattern akin to con-

trol conditions (Fig. 8B,C last row; OGD � L-NIO). To further
verify that attenuation of cellular upregulation of NOS3 levels
in WM confers functional protection, we monitored axon
function recovery in MONs obtained from NOS3 knock-out
(NOS3 �/�) mice (Fig. 8D). NOS3 knock-out mice were con-
firmed by performing genotyping PCR on DNA from tail sam-
ples of NOS3 �/� animals (B6.129P2-Nostm1Unc/J, The
Jackson Laboratory) against WT animals (Fig. 8E; mutant
band 300 bp, WT band 337 bp). CAP area of NOS3 �/� con-
sistently recovered better (48 � 9%, p � 0.001) compared with
WT (23 � 4%). These results suggest that ischemia upregu-
lates NOS3 protein levels in WM astrocytes, leading to oligo-

Figure 6. NOS3 inhibition promotes young axon function recovery following OGD. A, The NOS1 inhibitor 3Br7NI showed maximum protection with pretreatment (cyan) at 30 �M. Post-treatment
(magenta) was not protective at any dose tested. B, In young WM, 3Br7NI (30 �M) pretreatment preserved axon function during OGD and improved axon function recovery following OGD;
post-treatment was not protective. n � number of MONs. *p � 0.05, **p � 0.01; one-way ANOVA followed by Bonferonni’s post hoc test. C, The NOS2 inhibitor SMT showed maximum protection
with pretreatment (cyan) at 10 �M. Post-treatment (magenta) was not protective at any dose tested. D, In young WM, SMT (10 �M) pretreatment preserved axon function during OGD and improved
axon function recovery following OGD; post-treatment was not protective. n � number of MONs. *p � 0.05, **p � 0.01; one-way ANOVA followed by Bonferonni’s post hoc test. E, The
NOS3 inhibitor L-NIO showed maximum protection with pretreatment (cyan) at 1 �M. Remarkably, L-NIO 1 �M treatment post-OGD (magenta) also provided protection. F, In young WM,
L-NIO (1 �M) pretreatment and post-treatment improved axon function recovery following OGD. n � number of MONs. *p � 0.05, **p � 0.01; one-way ANOVA followed by Bonferonni’s
post hoc test.
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dendrocyte death and compromising axon function recovery
following ischemia (see Fig. 10).

NOS3 inhibition preserves axonal mitochondrial motility
following OGD
Our recent studies showed that mitochondria undergo extensive
fission during ischemia, and that mitochondrial fragmentation
correlated with loss of mitochondrial motility (Bastian et al., 2018).
More importantly, preventing mitochondrial fission maintained
mitochondrial motility during OGD and improved it further af-
ter OGD, which promoted axon function recovery (Bastian et al.,
2018). Because pan-NOS inhibition preserved mitochondrial
structural integrity, we anticipated that functional protection

conferred by NOS3 inhibition in WM is mediated via conserva-
tion and promotion of mitochondrial motility during and after
OGD. Time-lapse live imaging of mitochondria, using optic
nerves obtained from Thy-1 mito-CFP(�) mice, showed mito-
chondrial movement in the anterograde (Fig. 9A, Control, green
arrows) and retrograde (Control, red arrows) directions as iden-
tified using kymographs (Fig. 9A), which represent 2-D images of
stationary and motile mitochondria during the entire time-lapse
sequence. Vertical lines represent the stationary mitochondria,
while diagonal lines represent motile mitochondria (Fig. 9A).
Note that the majority of mitochondria were stationary, and that
mitochondria maintained a stable speed under control condi-
tions. Onset of OGD caused a 50% reduction in mitochondrial

Figure 7. NOS1 or NOS3 inhibition promotes aging axon function recovery following OGD. A, The NOS1 inhibitor 3Br7NI showed maximum protection to axon function with pretreatment (green)
at 30 �M. Post-treatment (red) was similarly protective. B, In aging WM, 3Br7NI (30 �M) pretreatment preserved axon function during OGD and improved axon function recovery following OGD;
post-treatment also promoted axon function recovery. n � number of MONs. ***p � 0.001; one-way ANOVA followed by Bonferonni’s post hoc test. C, The NOS2 inhibitor SMT showed maximum
protection with pretreatment (green) at 0.5 �M. Post-treatment (red) was not protective at any dose tested. D, In aging WM, SMT (0.5 �M) pretreatment preserved axon function during OGD and
improved axon function recovery following OGD, whereas post-treatment was not protective. n � number of MONs. *p � 0.05, ***p � 0.001; one-way ANOVA followed by Bonferonni’s post hoc
test. E, The NOS3 inhibitor L-NIO showed maximum protection with pretreatment (green) at 1 �M. Remarkably, L-NIO (1 �M) post-OGD (red) also conferred protection. F, In aging WM, L-NIO (1 �M)
pretreatment as well as post-treatment improved axon function recovery following OGD. n � number of MONs. **p � 0.01; one-way ANOVA followed by Bonferonni’s post hoc test.
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Figure 8. Inhibition of NOS3 upregulation in astrocytes protects oligodendrocytes and deletion of NOS3 promotes axon function against ischemia. A, MONs exposed to 60 min of OGD showed a
progressive increase in NOS3 expression levels, which was attenuated with L-NIO (3 h following OGD: 3.8 � 0.9% vs Control: 1.0 � 0.1%), n � number of MONs. *p � 0.05, **p � 0.01; one-way
ANOVA followed by Bonferonni’s post hoc test. B, Colocalization of APC(�) oligodendrocytes, NOS3 (red), and Sytox (blue, nuclear staining) showed upregulation of NOS3 with OGD and loss of
oligodendrocytes (white asterisks, right, merged). L-NIO (1 �M) application attenuated NOS3 upregulation and preserved oligodendrocytes. Scale bar, 5 �m. C, Colocalization of GFAP(�)
astrocytes, NOS3 (red), and Sytox (blue, nuclear staining) showed upregulation of NOS3 mostly colocalized to activated astrocytic soma and processes (white arrows, right, merged). L-NIO (1 �M)
application attenuated NOS3 upregulation in astrocytes and preserved oligodendrocytes. D, Axon function in MONs obtained from NOS3 knock-out mice showed improved axon function recovery
following 60 min of OGD compared with control (WT) mice. n � number of MONs. ***p � 0.001; unpaired Student’s two-tailed t test. E, Genotyping confirmation results for amplified DNA from
tail samples. Note that the mutant band (NOS3 �/�) was observed at 330 bp and the WT band (NOS3 �/�) was observed at 337 bp on a 1.5% agarose gel.
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motility both in the anterograde (Fig. 9A,B, blue histograms
green border; Control OGD 0.13 � 0.01 �m/s vs Control Base-
line 0.24 � 0.01 �m/s, p � 0.001) and retrograde directions
(Fig. 9A,B, blue histograms red border; Control OGD 0.13 �

0.01 �m/s, vs Control Baseline 0.27 � 0.01 �m/s, p � 0.001).
Recovery in the anterograde direction (Fig. 9 A,B, Control Recov-
ery, blue histograms green border; 0.17 � 0.01 �m/s, p � 0.05)
and retrograde directions were significant (Fig. 9A,B, Control

Figure 9. NOS3 inhibition preserves mitochondrial motility and Miro-2 levels against ischemia. A, Representative kymographs created from mito-CFP(�) live mitochondrial imaging show
immotile mitochondria as vertical lines. Note the diagonal lines representing mitochondrial movement in axons in the anterograde direction (green arrows) as well as the retrograde direction (red
arrows). B, Quantification of mitochondrial motility from kymographs revealed a 50% reduction in mitochondrial motility, both in the anterograde (blue with green border histograms) and
retrograde directions with OGD (blue with red border histograms). L-NIO Pre-OGD application caused a prominent increase in mitochondrial motility in both directions within 10 min of application
(cyan histograms), suggesting that NOS3 inhibition enhanced mitochondrial transport within the myelinated axons under control conditions. This increase in mitochondrial motility persisted during
OGD (60 min) and improved further during recovery (20 min) in both directions. n � number of mitochondria, number of MONs. *p � 0.05, **p � 0.01, ***p � 0.001; one-way ANOVA with
Bonferonni’s post hoc test. C, D, MONs exposed to 60 min of OGD showed a decrease in Miro-2 protein levels. Miro-2 plays a crucial role in regulating mitochondrial motility. L-NIO application (1 �M)
preserved Miro-2 levels. **p � 0.01, ***p � 0.001; one-way ANOVA with Bonferonni’s post hoc test.
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Recovery, blue histograms red border; 0.18 � 0.01 �m/s, p �
0.05). Application of 1 �M L-NIO for 10 min caused a prominent
increase in mitochondrial motility under control conditions in
the anterograde direction (Fig. 9B, Anterograde, L-NIO Baseline,
cyan histograms with green border, 0.35 � 0.03 �m/s, p � 0.001)
and retrograde direction (Fig. 9B; Retrograde: L-NIO Baseline,
cyan histograms with red border; 0.36 � 0.04 �m/s, p � 0.05).
This increase in mitochondrial motility persisted during OGD
(60 min; Fig. 9B; Anterograde: L-NIO OGD, cyan histograms
with green border: 0.26 � 0.02 �m/s vs Control OGD, blue his-
tograms with green border: 0.13 � 0.01 �m/s, p � 0.001; Retro-
grade: L-NIO OGD, cyan histograms with red border: 0.27 � 0.02
�m/s vs Control OGD, blue histograms with red border: 0.13 �
0.01 �m/s, p � 0.001) and recovery (20 min; Fig. 9 B; Antero-
grade: L-NIO Recovery, cyan histograms with green border:
0.32 � 0.02 �m/s vs Control Recovery, blue histograms with
green border: 0.17 � 0.01 �m/s, p � 0.001; Retrograde: L-NIO
Recovery, cyan histograms with red border: 0.28 � 0.03 �m/s vs
Control Recovery, blue histograms with red border: 0.17 � 0.01
�m/s, p � 0.01) in both directions. Mitochondrial motility along
microtubules is regulated by protein complexes, of which ATP
and the calcium-dependent protein Miro-2 play a major role
(Guo et al., 2005; Saotome et al., 2008; Russo et al., 2009; Melkov
et al., 2016). Miro-2 has been shown to be increasingly associated
with neurodegenerative diseases that are characterized with mi-
tochondrial dysfunction (Tang, 2015). Dysregulation of Miro-2
leads to mitochondrial arrest in movement and clearance (Wang
et al., 2011). Miro also affects both anterograde (Macaskill et al.,
2009; Wang and Schwarz, 2009) and retrograde motility (Morlino et
al., 2014) and the fusion-fission dynamics of mitochondria (Misko
et al., 2010; Tang, 2015). We observed that OGD resulted in a
decrease in Miro-2 protein levels in optic nerves (Fig. 9C,D; Con-
trol 1.0 � 0.03-fold vs OGD 0.5 � 0.02, p � 0.001); 1 �M L-NIO
application preserved Miro-2 levels in MONs exposed to OGD
(0.8 � 0.07, p � 0.01 compared with OGD). Together with the
electrophysiology and CFP imaging results, these findings sug-
gest that NOS3 inhibition promotes axon function recovery by
preventing mitochondrial fission and by preserving mitochon-
drial structure and motility during ischemia because of a decrease
in Miro-2 levels (Figs. 9, 10).

Discussion
We showed that inhibition of NOS activity, specifically inhibition
of NOS3 activity, before or after an ischemic episode promotes
functional recovery of axons in young and aging optic nerves and
preserves WM architecture. The main correlates of these effects
included preservation of oligodendrocytes, attenuated NOS3 up-
regulation, a reduction in NO generation, improved glutathione
levels, maintenance of mitochondrial structure and motility, and
preservation of ATP levels. Our findings suggest that NOS3 inhi-
bition in glial cells targets mitochondrial energy regulation and
oxidative injury in young and aging WM, thus promoting recov-
ery following ischemia (Fig. 10).

The central finding in our study was that NOS inhibition with
L-NAME preserved axon structure and function of WM. This
effect was apparent in young and aging WM when L-NAME was
applied before ischemia, whereas post-ischemic L-NAME appli-
cation was only effective in young WM. Axon function directly
correlates with tissue energy reserves, since Na�-K� ATPase ac-
tivity is closely dependent upon ATP levels. As a result, OGD
caused a significant reduction in ATP levels and a drastic loss of
CFP fluorescence, which was profoundly restored after NOS

inhibition in young and aging optic nerves. Expectedly, in-
creased NO generation and reduced glutathione levels caused
by OGD were also restored to control levels by NOS inhibi-
tion. Consequently, the optic nerves were found to abundantly
express NOS1, NOS2, and NOS3, which showed a glial cell-
specific pattern that differed with aging. Subsequently,
isoform-specific inhibition of NOS identified NOS3 in young
and aging WM as a universal target to attenuate post-ischemic
injury. Consistent with these results, NOS3 cellular expression
patterns remained similar between young and aging WM, in
contrast to NOS1 and NOS2. NOS3 was consistently expressed
by young and aging oligodendrocytes, astrocytes, axons, and
microglia and NOS3 inhibition consistently provided signifi-
cant protection of axon function that correlated with preser-
vation of mitochondria at the ultrastructural level, suggesting
that intervention in the oxidative pathway provides post-
ischemic protection to WM.

Interestingly, NOS1 inhibition with 3Br7NI provided similar
post-ischemic protection selectively in aging WM. NOS1 is selec-
tively expressed by aging axons, but not by young axons, suggesting
that NOS isoforms expressed in axons may dictate the amount of
post-ischemic functional recovery. Additional confirmation was
provided when NOS2 inhibition, which was expressed neither in
young nor in old axons, was ineffective in conferring post-
ischemic functional protection to young or aging WM. NOS2 was
abundantly expressed in aging microglia, in contrast to young
microglia, and it is possible that failure of L-NAME application to
exert post-ischemic protection to aging axons may be due to its
broad inhibition of all NOS isoforms, including NOS2, in aging
WM. This suggestion presumes that microglial NOS2 activation
following OGD is protective of aging WM (Fig. 10; Neumann et
al., 2006; Kawano et al., 2007; Li et al., 2008; Kato et al., 2016).
Protective effects of specific NOS isoforms in microglia during
ischemia remain to be discovered.

A novel aspect of our study was the demonstrated post-
ischemic efficacy of NOS3 inhibition to protect axon function
and structure against ischemia. Improved axon function recovery
in optic nerves from NOS3 knock-out mice provided further
confirmation of our pharmacological results. NOS3 activation in
in vivo ischemia limits the degree of flow reduction by promoting
vasodilatation and by inhibiting microvascular plugging by plate-
lets and leukocytes, thereby conferring protection in the initial
few hours following ischemia (Toda et al., 2009). Subsequently,
ischemia in NOS3 knock-out mice produces a larger infarct size,
because of the loss of beneficial hemodynamic effects of endothe-
lial NO synthesis (Huang et al., 1996). In addition, pharmacolog-
ical interventions that upregulate NOS3 (Laufs et al., 2002; Asahi
et al., 2005; Tsai et al., 2007) and/or increase cerebral blood flow
acting via endothelial mechanisms (Jiang et al., 2002; Rikitake et
al., 2005; Shin et al., 2007) have been shown to be protective
following ischemic stroke. Together with our results showing that
NOS3 inhibition protects axon function after ischemia, these re-
sults suggest using caution when defining the role of NOS3 in
cerebral ischemia at the vascular and cellular levels once the
blood– brain barrier is compromised after a stroke. We pro-
pose that NOS3 inhibition is a universal target to protect WM
independent of age, whether applied before or after ischemia, and
that this is a result of the drug targeting the oxidative pathway
during spatiotemporal progression of WM injury. Expectedly,
NOS inhibition attenuated oxidative stress markers, preserved
CFP(�) fluorescent mitochondria, and ultimately conserved
mitochondrial ultrastructure and ATP production. Spatio-
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temporal progression of injury mechanisms in WM varies with
age and approaches that protect young WM are often ineffective
in, or even harmful to, aging WM (Baltan et al., 2008; Baltan,
2009, 2014). Among a number of molecular and structural
changes that are responsible for dictating age-specific injury
mechanisms in WM, alterations in mitochondrial structure and
function underlie the increased vulnerability of aging WM to
ischemia. It is plausible that the number of mitochondria and/or
the capacity to scavenge products of oxidative injury may underlie
the differential vulnerability of glial cells and axons to ischemia.
Specifically, aging mitochondria produce elevated oxidative
stress markers, predisposing aging axons to subsequent injury
(Stahon et al., 2016). Therefore, conserving mitochondrial struc-
ture, and subsequently function, provides a common target to

attenuate injury in young and aging WM. Excitotoxicity initiates
the oxidative injury pathway during ischemia, but oxidative stress
becomes the primary injury mechanism during reperfusion.
Therefore, interventions that conserve mitochondria and atten-
uate oxidative stress provide post-ischemic protection to WM
function. These results suggest that NO generation contributes to
the destruction of mitochondria either by disrupting the elec-
tron transport chain and/or by peroxynitrites, which are gen-
erated by the combination of NO and ROS. It is also possible
that NOS3 inhibition may affect downstream components of
oxidative injury. Alternatively, NOS3 could also be regulated
post-transcriptionally by influencing mRNA stability (Laufs and
Liao, 1998) and post-translationally by modulation of protein
stability or protein phosphorylation (Dimmeler et al., 1999; Ful-

Figure 10. Age- and isoform-dependent distribution of NOS in young and aging WM and the mechanisms of NOS3-mediated WM injury. Schematic represents localization of the three NOS
isoforms in glial and axonal WM components as a function of age and injury. A, In young WM, NOS3 is expressed in astrocytes, oligodendrocytes, axons, and microglia. NOS1 and NOS2 expression
were observed in oligodendrocytes and astrocytes. Inset, CAP with three distinct peaks recorded from a young MON. Miro-2 regulates mitochondrial movement along microtubules. B, With aging,
astrocyte processes are more defined and are arranged in a transverse orientation relative to the axons. NOS3 showed a similar pattern of expression as observed in the young WM; however, it was
also extensively present in astrocytes. In contrast to young WM, NOS2 was localized to microglia in addition to astrocytes and oligodendrocytes in aging WM. Expression of NOS1 was limited to
astrocytes in aging WM such that neither oligodendrocytes nor microglia expressed this isoform. NOS2 was not expressed in axons in young and aging WM. C, When exposed to OGD, NOS3 levels were
upregulated in astrocytes, resulting in increased NO generation, which led to oligodendrocytic death and interruption of mitochondrial motility through downregulation of Miro-2 levels, leading to
mitochondrial fission and degradation. Note the myelin thinning and axonal swelling with OGD. D, L-NIO application preserves NOS3 levels during OGD, thus preserving mitochondrial structure,
function, and motility to improve axon function recovery (inset, CAP).
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ton et al., 1999). These post-translational modifications might
provide a powerful mechanism for downregulation of NOS3 ac-
tivity, similar to NOS1 phosphorylation, which decreases NOS1
catalytic activity and might be a useful strategy for neuroprotec-
tion (Hayashi et al., 1999). These plausible mechanisms in WM
injury are currently under investigation.

A novel finding in our study was that Miro-2, which is a cal-
cium sensing protein that couples mitochondria to microtubules
and regulates anterograde and retrograde motility (Guo et al.,
2005; Russo et al., 2009; Wang and Schwarz, 2009; Melkov et al.,
2016), was attenuated following WM ischemic injury. NOS3 in-
hibition promoted mitochondrial motility by preserving Miro-2
levels when MONs were exposed to OGD. Interestingly, even
under baseline conditions, NOS3 inhibition increased mito-
chondrial motility in both the anterograde and retrograde di-
rections. This is the first report on the effects of NOS3
inhibition on mitochondrial motility. NO acts via soluble gua-
nylyl cyclase and second messenger cGMP to regulate intra-
cellular calcium in a cell-specific manner (Clementi and
Meldolesi, 1997; Yao and Huang, 2003). It is possible that
attenuation of NO and ROS following NOS3 inhibition causes
a decrease in cytosolic calcium, promoting Miro-2 binding to
the cytoskeletal motor proteins kinesin and dynein, either di-
rectly or via adaptor proteins to promote mitochondrial mo-
tility (Saotome et al., 2008; Cai and Sheng, 2009; Macaskill et
al., 2009; Wang and Schwarz, 2009).

Another significant finding in our study was the demonstra-
tion that the axon-protective action associated with NOS3 inhi-
bition correlated with preservation of oligodendrocytes in WM.
Oligodendrocytes myelinate axons and support axon function
(Lubetzki et al., 1993; Tekkök and Goldberg, 2001; Arai and Lo,
2009; Baltan et al., 2011). We observed NOS3 labeling in mature
oligodendrocytes. WM ischemia resulted in loss of oligodendro-
cytes and axon function, which was attenuated by NOS3 inhibi-
tion. The presence of NOS3 in mature oligodendrocytes warrants
further studies to understand the cell-specific role of NOS3 in the
regulation of oligodendrocyte differentiation and maturation.
Whether application of a NOS3 blocker preserving oligodendro-
cyte precursors will prove to be therapeutically relevant in con-
ditions such as human periventricular WM injury that leads to
cerebral palsy in preterm infants, which is a condition that pre-
dominantly affects late oligodendrocyte precursors (Back et al.,
2012; Back and Miller, 2014; Back, 2015), will be an interesting
area to investigate in future studies. OGD caused widespread loss
ofoligodendrocytes,whichcorrelatedwithupregulationofNOS3levels
in astrocytes. NOS3 inhibition attenuated NOS3 upregulation,
reduced astrocyte activation, and ameliorated oligodendrocyte
loss. Because NOS3 levels were elevated in astrocytes, it is
possible that diffusion of astrocytic NO (Gibson et al., 2005)
contributed to oligodendrocyte death (Fig. 10). Astrocytes
and neuronal elements can also cross talk through glutamate
(Shimizu-Sasamata et al., 1998), the NO/D-serine system
(Darra et al., 2009), and other diffusible molecules (Quirié et
al., 2013); however, these remain unexplored in WM. It is also
plausible that microglial NOS3 activation may damage oligo-
dendrocytes in a NO-dependent manner or via activation of
inflammatory pathways (Merrill et al., 1993; Murphy et al.,
1993). Importantly, preservation of oligodendrocytes pro-
vided significant protection of axon function that correlated
with preservation of CFP(�) mitochondria and ultrastruc-
tural integrity and function of mitochondria. These results
further support the novel concept that oligodendrocytes sup-

port axons structurally and metabolically and regulate axon
function by providing energy metabolites (Saab et al., 2016).

It is intriguing that despite having a deleterious effect on gray
matter, NOS3 inhibition preserves WM against ischemia. Devising
ways for targeted delivery of L-NIO directly to WM and bypassing
the blood– brain barrier is technically challenging; however, if
successful, it can be beneficial in disorders such as vascular
dementia, where cognitive deficits are caused by extensive
WM lesions, and similar to stroke, the risk increases with aging
(Englund, 1998; Barber et al., 1999; Rosenberg et al., 2001).
Because NOS3 inhibition promoted axon function in both
young and aging WM, it may have a potential role in treating
this disorder. Furthermore, the protective effect of precondi-
tioning WM with NOS3 inhibition has never been studied and
may have possible therapeutic significance to decrease the
cognitive decline associated with WM lesions in aging (Wong
et al., 2002).

Our studies conclude that ischemic WM injury leads to axonal
dysfunction through NOS-mediated mitochondrial disruption
and oxidative injury (Fig. 10). WM components diffusely express
all three isoforms of NOS in a cell-specific manner that changes
with age, establishing a prominent “nitrinergic role” for glial cells
(Murphy et al., 1993) in contrast to previous reports (Garthwaite
et al., 2002, 2005). Furthermore, NOS3 provides a universal tar-
get for post-ischemic benefit to young and aging WM (Fig. 10).
Activation of NOS3 can be protective or destructive, depending
on its effects on the vascular versus cellular sites and on the stage
of evolution of ischemic processes in gray matter (Iadecola et al.,
1994; Wiencken and Casagrande, 1999; Li et al., 2014). The WM
is injured in most strokes, contributing to the disability associ-
ated with clinical deficits. Therefore, defining the role of NOS3 in
cerebral ischemia remains an important step for the development
of new targeted neuroprotective strategies for the post-ischemic
brain.
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