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Cerebral microvascular damage occurs early after
hypoxia–ischemia via nNOS activation in the neonatal brain
Yi-Ching Hsu1, Ying-Chao Chang2, Yung-Chieh Lin3,4, Chun-I Sze5, Chao-Ching Huang4,6 and Chien-Jung Ho4

Microvascular injury early after hypoxic ischemia (HI) may contribute to neonatal brain damage. N-methyl-D-aspartate receptor
overstimulation activates neuronal nitric oxide synthases (nNOS). We hypothesized that microvascular damage occurs early post-HI
via nNOS activation and contributes to brain injury. Postpartum day-7 rat pups were treated with 7-nitroindazole (7-NI) or
aminoguanidine (AG) before or after HI. Electron microscopy was performed to measure neuronal and endothelial cell damage.
There were vascular lumen narrowing at 1 hour, pyknotic neurons at 3 hours, and extensive neuronal damage and loss of vessels at
24 hours post HI. Early after reoxygenation, there were neurons with heterochromatic chromatin and endothelial cells with enlarged
nuclei occluding the lumen. There was also increased 3-nitrotyrosin in the microvessels and decreased cerebral blood perfusion.
7-NI and AG treatment before hypoxia provided complete and partial neuroprotection, respectively. Early post-reoxygenation, the
AG group showed significantly increased microvascular nitrosative stress, microvascular interruptions, swollen nuclei that narrowed
the vascular lumen, and decreased cerebral perfusion. The 7-NI group showed significantly decreased microvascular nitrosative
stress, patent vascular lumen, and increased cerebral perfusion. Our results indicate that microvascular damage occurs early and
progressively post HI. Neuronal nitric oxide synthases activation contributes to microvascular damage and decreased cerebral
perfusion early after reoxygenation and worsens brain damage.
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INTRODUCTION
Hypoxic ischemia (HI) in neonates triggers sequential cascades of
neurotoxic events within hours that last for days to weeks after
the injury, resulting in significant neuronal injury.1,2 Neurons
and vascular cells are closely related developmentally and
functionally.3 Communication between the nervous and vascular
systems is required for maintaining the integrity of the blood–
brain barrier (BBB) and promoting neural function.4 Dysfunction of
the neurovascular unit that occurs early after injury may disrupt
microcirculation and promote the development of neurologic
diseases.4,5 The neurovascular unit, therefore, is the major target
of neuroprotection in the neonatal brain.6–10

Studies in the mature brain have shown that the microvascular
responses after ischemia are rapid and temporally linked to
neuronal injury.5,11–13 Nitric oxide (NO) biosynthesis is a key factor
in the pathophysiologic response to ischemia.14 Ischemia causes
neuronal membrane depolarization that leads to massive
glutamate releases and overstimulation of N-methyl-D-aspartate
receptors (NMDAR). Calcium over-influxes through NMDAR-
activated neuronal nitric oxide synthases (nNOS) lead to high
levels of free radical NO that may react with superoxide to form
toxic peroxynitrite, a compound that can add nitrate to tyrosine
groups on proteins, lipids, and DNA, and promotes cytotoxic and

proinflammatory responses.2 Cerebrovascular nitrosative stress
may mediate neurovascular dysfunction.15,16

Experimental evidence suggests that NMDAR activation occurs
very early during HI.1,2 Although neurons are the cellular target of
neonatal HI, injury on microvessels in the early phase post HI may
contribute greatly to neuronal damage, as BBB disruption has
been linked to the severity of HI injury in neonatal brains.17

Whether microvascular damage occurs early after HI via nNOS
activation and contributes to neonatal brain injury remains
unknown.

In the model of HI in postnatal (P) day-7 rat pups, per-
manent ligation of unilateral carotid artery followed by systemic
hypoxia progressively damages the hemisphere ipsilateral to
the artery occlusion.9 The damage area resembles the
hypoxic ischemic brain damage in the asphyxiated full-term
newborn.6–9 The present study used this neonatal model of HI
brain injury to test the following hypotheses: (1) microvascular
nitrosative stress and damage, and decreased cerebral blood
flow (CBF) and cerebral perfusion occur early post-HI reoxygena-
tion; and (2) nNOS inhibition during HI decreases nitrosative
stress, normalizes microvasculature, improves CBF and cerebral
perfusion early after reoxygenation, and provides significant
neuroprotection.
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MATERIALS AND METHODS
Hypoxic Ischemia Injury
This study was approved by the Animal Care Committee of National Cheng
Kung University and was performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize animal suffering and the number of animals
sacrificed. Rat pups were housed with their dam in a temperature- and
humidity-controlled manner with a 12-hour light–dark cycle. Food and
water were available ad libitum. The right common carotid artery of
postpartum day-7 (P7) Sprague–Dawley male pups was permanently
ligated. After 1 hour, the pups were placed in airtight 500-mL containers
with 8% oxygen flow rate of 3 L per minute for 2 hours.6–8,10 The pups were
randomly assigned into different groups: intraperitoneally injected with
7-nitroindazole (7-NI; 75 mg/kg), a nNOS inhibitor; aminoguanidine
(AG; 300 mg/kg, in saline), an inducible NOS (iNOS) inhibitor; or vehicle
at 30 minutes before or 3 hours after HI. Technicians performed the
experiments, while investigators masked to the groupings did the
quantitative measurements.

Immunohistochemistry
At different designated time point, post-HI reoxygenation, the brains were
perfused and sectioned (14-mm or 50-mm thick) coronally. The sections in
the three reference planes, plates 18, 31, and 39 of a rat brain atlas18 were
used for immunohistochemistry. The sections were probed with primary
antibody, followed by horseradish peroxidase-conjugated anti-immuno-
globulin G secondary antibodies (1:200, Chemicon, EMD Millipore, Billerica,
MA, USA). Four continuous visual fields (0.145 mm2/field) in the cortex
per section (magnification, � 200) (Supplementary Figure 1) and three
sections per rat were analyzed.7

Neurons, endothelial cells, and blood–brain barrier damage and microglia
activation. The sections (14-mm) were incubated with the following
primary antibodies: microtubular-associated protein 2 (1:100, Cell Signaling),
rat endothelial cell antigen-1 (1:100, Abcam), biotinylated anti-rat immuno-
globulin G antibody (biotinylated 1:400, Chemicon), anti-3 nitrotyrosine
(1:100; Chemicon), or anti-ED1 (1:200, Millipore) antibody. The immuno-
histochemistry staining was quantified using Image-Pro Plus 6.0 at � 200
magnification per visual field (0.145 mm2). The integrated optical density
(equals to area� average optical density) of the positive staining of
immunoglobulin G signals for BBB damage and 3 nitrotyrosine was
calculated, and the number of ED1(þ ) microglia was analyzed from each
section. ED1(þ ) cells were expressed as the average ED1(þ ) cell numbers
per visual field. The mean integrated optical density values in the ipsilateral
hemispheres of each experimental group were compared with those of the
control group to obtain the relative integrated optical density ratios.7

Microvascular density measurement. The sections (50 mm) were incubated
with anti-rat endothelial cell antigen-1 (1:100). Vascular density was
defined as the total length of the microvessel per unit area of the image
(mm/mm2). The vascular number in the ipsilateral cortex was counted and
compared with that of the contralateral cortex.16

Cerebral Perfusion and Blood Flow
Cerebral blood perfusion. Red blood cells in the vessels were used to
measure cerebral perfusion. The brains were obtained without perfusion at
1 hour after reoxygenation and the sections (50 mm) were hydrated and
rinsed. 3, 3’-diaminobenzidine was used as a substrate for superoxide
peroxidase in red blood cells.19

Cerebral blood flow. Cerebral blood flow was measured using a fiberoptic
laser–Doppler device (PERIMED, Stockholm, Sweden) with dual probe tips
oriented to the calvarium bilaterally over the parietal cortex. The
translucent calvarium of the pups enabled CBF monitoring in real time
without opening the skull. The dual probe tips were positioned over the
left and right hemisphere 3 mm posterior to the bregma and 3 mm lateral
to the midline. Cerebral blood flow was measured continuously during the
2 hours of hypoxia and in the first 3 hours after reoxygenation,8 and
expressed as percentage of changes of the baseline for each pup.

Transmission Electron Microscopy
The animals were perfused through the left ventricle with normal saline
followed by fixative with 2% paraformaldehyde and 2% glutaldehyde in

0.1 mol/L phosphate buffer (pH¼ 7.2). At 1-, 3-, and 24-hour post-
reoxygenation, the perfused cortices (2� 2� 2 mm block) were examined
for the area between the bregma � 3.3 to � 5.3 mm and 3.5 mm lateral to
the midline. The samples were postfixed overnight, blocked, and fixed in
1% OsO4 aqueous solution for 1 hour, and washed with ddH2O for
10 minutes and then dehydrated in increasingly graded ethanol and pure
propylene oxide. The samples were embedded in Epon at room
temperature and polymerized in oven at 551C for 1 day. Sections (80-nm
thin) were collected onto the grids, stained with lead citrate and uranyl
acetate, and examined using a JOEL 1200 electron microscope (Joel, Tokyo,
Japan) at 80 kV.20 The cytologic features and the microvascular lumen area
per endothelial cell with identifiable cell nucleus were assessed.

Brain Damage Measurement
Brain damage was determined by Nissl staining at P14. The cross-sectional
area of the cortex in the five reference planes, corresponding to plates 15,
18, 27, 31, and 39 in a rat brain atlas18 was calculated. The percentage of
cortical area loss in the lesion versus the non-lesion hemisphere was
determined.6–8,10

NOS Activity
The ipsilateral cortex was excised and the constitutive nitric oxide
synthases (NOS) and iNOS activity determined by monitoring the conver-
sion of 3H-arginine into 3H-citrulline (NOS activity kit, Cayman Chemicals,
Ann Arbor, MI, USA).21 The reaction was performed to measure the
constitutive NOS and iNOS, respectively. The cortices were homogenized,
centrifuged, and the supernatant was transferred to microcentrifuge tubes.
The reaction buffer containing 1 mL of 3H-arginine monohydrochloride
(1mCi/mL; Perkin-Elmer Life Sciences, Boston, MA, USA), 5 mL of 10 mmol/L
NADPH (freshly prepared in 10 mmol/L Tris-HCl, pH 7.4, Sigma, St Louis,
MO, USA), 5 mL of 6 mmol/L CaCl2 (or H2O for iNOS test), and 4 mL of
deionized H2O was combined with 5 mL of tissue homogenate. The
reaction was incubated for 30 or 60 minutes at room temperature for
constitutive NOS and iNOS test, respectively. After incubation, the
reactions were stopped with stop buffer, 100mL of equilibrated resin was
added to each microtube, and each reaction mix was transferred to a
microcentrifuge tube. Samples were centrifuged in a microcentrifuge at
full speed for 30 seconds. The resulting elute was transferred to scintillation
vials, and 4 mL of liquid scintillation cocktail (Perkin-Elmer Life Sciences)
was added. Radioactivity corresponding to 3H-citrulline was measured
(cpm) in a liquid scintillation counter (Beckman LS 6500, Brea, CA, USA).
The conversion of arginine to citrulline was calculated with the following
equation: Percentage conversion¼ (cpm of the eluate—cpm blank)/total
cpm)� 100. Values in each experimental group were compared with those
of the control group to obtain ratios.

Statistics
Statistical analysis was performed using the SPSS version 13.0 (SPSS
Institute, Chicago). Numerical continuous data were presented as
mean±s.e.m. and analyzed using one-way analysis of variance. The
Tukey’s test was used for post hoc comparisons. The Kruskal–Wallis test and
Tukey’s test for post hoc comparisons were used to compare brain area
between groups. Statistical significance was set at a two-tailed Po0.05.

RESULTS
Microvascular Damage Occurred Early and Progressively after
Reoxygenation
After HI, microtubular-associated protein 2 staining showed
neuronal injury at 6 hours and marked neuronal damage at
24 hours after reoxygenation in the ipsilateral cortex (Figure 1).
Nissl staining revealed progressive neuronal damage: a small
amount of pyknotic neurons at 1 hour, a few neurons with
pyknotic nuclei at 3 hours, many pyknotic neurons at 6 hours, and
extensively pale and damaged neurons at 24 hours post
reoxygenation. In the control pups, rat endothelial cell antigen-1
staining showed a high density of radially penetrating and
branching vessels originated from the pial surface of the cortex.
There were early and progressive vessel damages: narrowing of
the vascular lumen at 1 hour, discontinuation and fragmentation
of the microvessels at 3 hours, disappearance of the branching
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vessels at 6 hours, and extensive loss of microvessels at 24 hours
post reoxygenation (Figure 1).

Rat endothelial cell antigen-1 staining showed significantly
decreases of vascular number at 12 and 24 hours post reoxygena-
tion (Figure 2). Immunohistochemistry also showed that BBB injury
progressed from 3 to 24 hours after reoxygenation, and microglia
activation increased from 12 to 24 hours post reoxygenation
(Figure 2).

Microvascular Injury and Nitrative Stress, and Decreased Cerebral
Perfusion and Blood Flow Occurred Early after Reoxygenation
Transmission electron microscopy of the neurovascular unit
showed that after HI, neurons had heterochromatic chromatin at
1 hour; condensed nucleus chromatin, swollen mitochondria,
cytoplasmic vacuoles, and loss of synapses at 3 hours; and broken
cellular nuclear membrane and loss of organelles at 24 hours
post reoxygenation (Figure 3A). Endothelial cells showed irregular
cell surface and enlarged nuclei that narrowed the vascular
lumen at 1 hour; vacuolated cytoplasmic structures containing
electron-dense material and loss of tight junction at 3 hours; and
large vacuoles in the cytoplasm and nuclei, ballooning of the
surface and broken cell membrane at 24 hours post reoxygena-
tion. Compared with the control, the vascular lumen area was
significantly decreased at 1 hour and 3 hours after reoxygenation
(Figure 3A).

3 nitrotyrosine staining revealed significant increases of 3-nitro-
tyrosin expression in the microvessels immediately post reox-
ygenation (Figure 3B). Cerebral perfusion study showed clearly
visible and continuous erythrocyte columns filling intact micro-
vessels before hypoxia, but marked interruptions of the erythro-
cyte columns 1 hour after reoxygenation (Figure 3C). There was
significantly decreased CBF (B40% of baseline) during hypoxia
that persisted (B60% of baseline) within the first 3 hours after
reoxygenation (Figure 3D).

Neuronal Nitric Oxide Synthases Inhibition before Hypoxia
Afforded Complete Neuroprotection
Constitutive NOS activity increased to 120% of baseline during
hypoxia, decreased to 40% to 50% of baseline at 1–12 hours post
reoxygenation, and gradually increased to baseline after 24 hours.
Inducible NOS activity decreased to 15% of baseline during
hypoxia, further decreased to 25% of baseline at 1 hour, returned
to baseline at 12 hours, and increased to 300% of baseline at
24 hours post reoxygenation (Supplementary Figure 2A and B).

Compared with vehicle, 7-NI treatment before hypoxia sig-
nificantly decreased constitutive NOS activity during hypoxia
(vehicle 120% versus 7-NI 30% of baseline), but had no significant
difference at 24 hours post reoxygenation (100% versus 110% of
baseline). The results showed that 7-NI treatment before hypoxia
was sufficient to decrease constitutive NOS activity during HI but

Figure 1. Neuronal injury progressed from 3 to 24 hours (Nissl staining) and from 6 to 24 hours (microtubular-associated protein 2 (MAP-2)
staining) after reoxygenation. Vascular lumen narrowed at 1 hour and progressed to extensive losses of microvessels at 24 hours post
reoxygenation (rat endothelial cell antigen-1 (RECA-1)). Nissl and RECA-1 stainings were photographed from the cortex of MAP-2 images
marked with asterisks. n¼ 3–4 per time point. Scale bar, 100 mm.
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not at 24 hours post-HI. In contrast, AG treatment before hypoxia
showed no effect on constitutive NOS activity during hypoxia
(vehicle 120% versus AG 110% of baseline) and 24 hours after
reoxygenation (100% versus 110% of baseline). Compared with
vehicle, 7-NI and AG treatment before hypoxia had similar effects
on iNOS activity during hypoxia (vehicle 15% versus 7-NI 20%
versus AG 25% of baseline), but both 7-NI and AG significantly
decreased iNOS activity 24 hours after reoxygenation (285% versus
100% versus 115% of baseline) (Supplementary Figure 2C and D).
These data showed that 7-NI and AG treatment before
hypoxia significantly decreased iNOS activity 24 hours post-HI
reoxygenation.

Pathology examination showed that treatment before hypoxia,
7-NI provided complete neuroprotection and AG showed sig-
nificant but partial neuroprotection compared with vehicle
(Figure 4A). 7-nitroindazole had significantly better neuroprotec-
tion than AG. In contrast, treatment at 3 hours post reoxygena-
tion, AG, but not 7-NI, still provided significant neuroprotection
(Figure 4B).

Neuronal Nitric Oxide Synthases Inhibition Attenuated Early and
Progressive Microvascular Injury
Examining whether 7-NI or AG treatment before hypoxia provided
neurovascular protection, Nissl staining showed the vehicle group

had a small amount of pyknotic neurons at 1 hour, and markedly
pale and damaged neurons at 24 hours post reoxygenation. The
AG group showed no significant neuronal changes at 1 hour but
many pyknotic neurons at 24 hours post reoxygenation, while the
7-NI group had no obvious neuronal damage (Figure 4C).

By rat endothelial cell antigen-1 staining, the vehicle group
revealed many interruptions in the microvessels at 1 hour and
extensive loss or fragmentation at 24 hours post reoxygenation. In
the AG group, there were interruptions in some microvessels at
1 hour and 24 hours post reoxygenation. In contrast, the 7-NI
group showed patent vascular lumen without interruption or
fragmentation in the same time points. Compared with the
vehicle, the 7-NI and AG groups had significant increases in
vascular density, and decreases of BBB damage and microglia
activation (Figure 5) at 24 hours post reoxygenation.

Neuronal Nitric Oxide Synthases Inhibition Decreased
Microvascular Nitrative Stress and Restored Cerebral Blood Flow
and Perfusion Early Post Reoxygenation
Transmission electron microscopy ultra-structure study at 1 hour
post reoxygenation showed neurons with heterochromatin foci
and swollen organelles in the vehicle and AG groups, but intact
neuron with spherical nucleoli and deeply stained euchromatin
in the 7-NI group. The vehicle and AG groups had perivascular

Figure 2. (A, B) Vascular density (rat endothelial cell antigen-1 (RECA-1) staining) showed significantly decreased vascular number at 12 and
24hours after reoxygenation. Blood–brain barrier (BBB) injury (immunoglobulin G extravasation) progressed from 3 to 24 hours, and microglia
activation (ED1 staining) occurred at 12 to 24 hours after reoxygenation. n¼ 4–5 per time point; values are mean±s.e.m. Scale bar, 100 mm;
*Po0.05, **Po0.01, #Po0.001.
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edema and swollen nuclei that occluded the vascular lumen,
whereas the 7-NI group showed more preserved vascular lumen
(Figure 6A). By 3 nitrotyrosine staining, the vehicle and AG groups
had markedly increased microvascular nitrotyrosination than the
control. The 7-NI group had significantly decreased microvascular
nitrotyrosination than the vehicle and AG groups (Figure 6B).
Erythrocyte staining at 1 hour post reoxygenation revealed
interruptions of the erythrocyte columns in the microvessels of
the vehicle and AG groups, but not in the 7-NI group (Figure 6C).
Both the vehicle and AG groups had significantly decreased CBF
during hypoxia and in the first 3 hours post reoxygenation.
In contrast, the 7-NI group showed increased CBF and had

significantly higher CBF than the vehicle and AG groups in the first
3 hours after reoxygenation (Figure 6D).

DISCUSSION
Hypoxic ischemia affects not only neurons but also vessels in the
neonatal brain. Impaired CBF and reperfusion through injured
microvessels, if early after HI, are likely to aggravate tissue
damage. As such, normalization of microvasculature after HI is
critical for improving neuroprotective therapies in the neonatal
brain. The present study shows microvascular damage occurring
early and progressively post-HI reoxygenation. There is increased

Figure 3. (A) Transmission electron microscopy of a normal neurovascular unit: neuron (N), microvessel with lumen lined by endothelial (E)
cells and visible tight junction (black circle). After hypoxic ischemia, neurons showed heterochromatic chromatin at 1 hour; condensed
nucleus chromatin, swollen mitochondria, and cytoplasmic vacuoles at 3 hours; and broken membrane and loss of organelles at 24 hours after
reoxygenation. Endothelial cells showed visible tight junction (black circle) but increased enlarged nuclei narrowing the vascular lumen at
1 hour; vacuolated cytoplasm-containing electron-dense material and loss of tight junction at 3 hours, and large vacuoles (arrow) in the
cytoplasm and nuclei and broken cell membrane at 24 hours after reoxygenation. R, erythrocyte. The microvascular lumen areas with
identifiable endothelial cell nucleus were significantly decreased at 1 hour and 3 hours after reoxygenation. n¼ 30–40 microvessels per group.
(B) 3 nitrotyrosine (3-NT) showed markedly increased 3-nitrotyrosin expression in the microvessels (arrows) immediately post reoxygenation
compared with the control. (C) Cerebral perfusion evaluated by erythrocyte staining revealed marked interruptions of the erythrocyte column
in the microvessels at 1 hour post reoxygenation. (D) Cerebral blood flow showed significantly decreased blood flow during hypoxia and in
the first 3 hours after reoxygenation. n¼ 4–5 per group, scale bar, 2mm (A), 100 mm (B, C). Values are mean±s.e.m. *Po0.05, **Po0.01,
#Po0.001. IOD, integrated optical density.
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microvascular nitrative stress and decreased CBF and perfusion
early after reoxygenation. Neuronal nitric oxide synthases, but not
iNOS, inhibition decreases microvascular nitrative stress, protects
against microvascular damage, restores CBF and perfusion early
after reoxygenation, and provides complete neuroprotection.
These suggest that eliminating NO production via nNOS inhibition
normalizes the microvasculature and leads to improved CBF and
perfusion early after reoxygenation, and protects the neonatal
brain.

The neurovascular unit has been investigated as a framework
for the development of treatment that targets neuron and vessels
in neurologic diseases.4 Disruption of cerebral circulation impairs

the delivery of adequate substrates and interrupts the homeo-
stasis of the microenvironment in which neurons function.
Vascular dysfunction may be present early in neurologic diseases,
even before the onset of neuronal death, implying that vascular
abnormality may actively contribute to neural injury.5,11,22 Early
hemodynamic alteration may contribute significantly to HI brain
lesions, and studies have shown that significant neurovascular
protection post HI is related with long-term neuroprotection in
neonatal brain.6–8 The present study provides evidence of early
and progressive damage to the cortical microvessels that markedly
reduces CBF and perfusion early post HI. The microvessels are
irregular, swollen, and discontinuous, and show marked nitrative

Figure 4. (A) 7-nitroindazole (7-NI) treatment before hypoxia provided complete neuroprotection compared with vehicle, while
aminoguanidine (AG) treatment showed partial neuroprotection. (B) Treatment at 3 hours post hypoxic ischemia showed that AG but not
7-NI still provided significant neuroprotection. (C) Treatment before hypoxia showed a small amount of pyknotic neurons in the vehicle group
but no significant changes in the 7-NI or AG groups at 1 hour after reoxygenation. At 24 hours post-reoxygenation, the vehicle group had
extensive neuronal damage, the AG-treated group showed many pyknotic neurons, and the 7-NI group had no neuronal damage. There were
vascular interruptions in the vehicle and AG groups (arrows) at 1 hour after reoxygenation, and extensive microvessel loss in the vehicle group
and some vascular narrowing in the AG group at 24 hours post reoxygenation. The 7-NI group had patent vascular lumen at 1 hour and
24 hours post reoxygenation. Scale bar, 100 mm; **Po0.01, #Po0.001.
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stress. Vascular normalization or restoration of the normal
structure and function in blood vessels early after HI may
emerge as a strategy for treating high-risk neonates with asphyxia.

Nitric oxide is produced by nNOS, an enzyme tethered to the
NMDAR complex, by the postsynaptic density protein-95. Under
physiologic conditions, NO is involved in critical NMDAR-mediated
neuroplasticity and contributes to the increase in CBF evoked by
neural activity.23 Under pathologic condition, excess NO, formed
in response to NMDAR overactivation early during HI, is crucial in
neurotoxicity.1,2 A study using a rat pup model of pure arterial
occlusion shows that nNOS inhibition increases CBF in male pups
but does not significantly change infarct volumes.24 The present
study, using the HI model in male pups, shows that inhibiting
nNOS markedly decreases microvascular nitrative stress and
significantly increases CBF and perfusion in the early phase post
HI. Inhibiting nNOS also protects against microvascular damage at
microscopic and ultrastructural levels, and provides complete
neuroprotection. These findings suggest that increased micro-
vascular nitrative stress via nNOS overactivation initiated during HI
is involved in microvascular damage early post-reoxygenation.

Neuronal nitric oxide synthases has a distinct local role in the
physiologic regulation of human microvascular tone in vivo.25

Neuronal nitric oxide synthases-derived NO can influence
vascular tone by inducing direct vasodilation in cerebral arteries.

Hypoxic ischemia triggers sequential cascades of neurotoxic
events that are initiated within hours, last for days, and pro-
gressively result in prominent neuronal loss. After HI, there are two
peaks of NO metabolites in the injured cortex of neonatal brain:
one during hypoxia (involving nNOS) and the other during
reoxygenation (involving iNOS).26 Our data showed that during HI,
the constitutive NOS activity is upregulated whereas iNOS is
downregulated. At 24 hours post-reoxygenation, the constitutive
NOS activity returns to baseline levels whereas iNOS is markedly
activated that correlated with evident microglial activation at the
time point. A diagram is provided to propose that after HI, NO-
mediated microvascular damage occurs early and progressively:
via nNOS in the early phase and via iNOS in the late phase post
reoxygenation (Figure 7).

The present study shows that there is increased microvascular
nitrative stress, and decreased CBF and perfusion early after
reoxygenation. Neuronal nitric oxide synthases but not iNOS
inhibition significantly attenuates microvascular nitrative stress
and damage, and markedly increases CBF and perfusion in the
early phase post reoxygenation, and subsequently provides
complete neuroprotection against HI injury. These data suggest
that damage to the microvasculature that occurs early after
reoxygenation via nNOS has an important initiation role for the
progressive neuronal injury after HI.

Figure 5. (A, B) Compared with the vehicle group, the 7-nitroindazole (7-NI) and aminoguanidine (AG) groups had significant increases of
vessel number, decreases of blood–brain barrier (BBB) damage and microglia activation at 24 hours post reoxygenation. n¼ 4–5 per group;
values are mean±s.e.m. Scale bar, 100 mm; *Po0.05, **Po0.01. Contr, control; IOD, integrated optical density; RECA-1, rat endothelial cell
antigen-1; Veh, vehicle.

nNOS activation in early microvascular damage
Y-C Hsu et al

674

Journal of Cerebral Blood Flow & Metabolism (2014), 668 – 676 & 2014 ISCBFM



Figure 6. (A) Transmission electron microscopy examination at 1 hour post reoxygenation showed heterochromatic neurons in the vehicle
and aminoguanidine (AG) groups, but intact neuron in the 7-nitroindazole (7-NI) group. The vehicle and AG groups had swollen nuclei that
occluded the vascular lumen whereas the 7-NI group had more preserved vascular lumen. (B) The 7-NI group had significantly decreased
nitrotyrosination in the microvessels than the vehicle and AG groups immediately after reoxygenation. (C) At 1 hour post reoxygenation, the
vehicle and AG groups had interrupted erythrocyte columns in the microvessels, whereas the 7-NI group showed continuous erythrocyte
columns. (D) The vehicle and AG groups had significantly decreased cerebral blood flow (CBF) during hypoxia and in the early hours post
reoxygenation. The 7-NI group had significantly higher CBF than these two groups in the first 3 hours post reoxygenation. n¼ 4–5 per group;
values are mean±s.e.m. Scale bar, 2mm (A), 100 mm (B, C); *Po0.05, #Po0.001. 3-NT, 3 nitrotyrosine; IOD, integrated optical density.

Figure 7. Microvascular damage occurs early and progressively post hypoxic ischemia (HI) reoxygenation. There is decreased cerebral blood
flow and perfusion early after reoxygenation. Nitric oxide (NO)-mediated microvascular damage occurs in the early phase post reoxygenation
via neuronal nitric oxide synthases (nNOS) and in the late phase via inducible NOS (iNOS). RBC, red blood cell.
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Our study also revealed that HI not only causes neuronal and
endothelial cell damages but also progressively activates micro-
glia. After reoxygenation, damaged microvessels may recruit
activated leukocytes into the injured brain through the disrupted
BBB, resulting in sustained microglial activation, which in turn
further damages the brain and its vessel through prolonged
production of inflammatory cytokines.27 Aminoguanidine has a
longer half-life (8 hours) than 7-NI (4 hours). Our study showed
that inhibition of iNOS significantly attenuates microglia activation
and HI injury suggesting that iNOS and microglia activation that
work later after reoxygenation still contribute to HI injury.

The role of eNOS in microvascular damage early post-HI remains
unclear. In contrast to the neuroprotective effect observed in
nNOS and iNOS knockout mice, eNOS knockout mice are quite
susceptible to ischemic injury, suggesting that eNOS activation
during hypoxia is protective.28 In conclusion, discovering how
neurovascular protection early after HI may salvage neurons can
lead to new treatment of neonatal HI brain injury. The micro-
vasculature, acting as a factor contributing to the development
and progression of HI, may become a major therapeutic target in
the treatment of neonatal HI encephalopathy.
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