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Introduction: We previously demonstrated that cyclic AMP-dependent protein kinase (PKA) phosphorylates
neuronal nitric oxide synthase (nNOS) at Ser1412 in the hippocampal dentate gyrus after forebrain ischemia; this
phosphorylation event activates NOS activity and might contribute to depression after cerebral ischemia. In this
study, we revealed chronological and topographical changes in the phosphorylation of nNOS at Ser1412 immediately after subarachnoid hemorrhage (SAH).
Methods: In a rat single-hemorrhage model of SAH, the hippocampus and adjacent cortex were collected up to
24 h after SAH. Samples from rats that were not injected with autologous blood were used as controls. NOS was
partially puriﬁed from crude samples via an ADP-agarose gel. Levels of nNOS, nNOS phosphorylated at Ser1412
(p-nNOS), PKA, and p-PKA at Thr197 were studied in the rat hippocampus and cortex using Western blot analyses
and immunohistochemistry.
Results: According to the Western blot analysis, levels of p-nNOS at Ser1412 were signiﬁcantly increased in the
hippocampus, but not in the cortex, between 1 and 3 h after SAH. Immunohistochemistry revealed the phosphorylation of nNOS at Ser1412 and PKA at Thr197 in the dentate gyrus, but not in the CA1 area, 1 h after SAH. An
injection of saline instead of blood also signiﬁcantly increased levels of p-nNOS at Ser1412 in the hippocampus 1 h
after the injection.
Conclusions: An immediate increase in intracranial pressure (ICP) might induce transient cerebral ischemia and
promote the PKA-mediated phosphorylation of nNOS at Ser1412 in the dentate gyrus. This signal transduction
pathway induces the excessive production of nitric oxide (NO) and might be involved in cognitive dysfunction
after SAH.

1. Introduction
Various factors are associated with a poor outcome after subarachnoid hemorrhage (SAH). Previous studies have mainly focused on
vasospasm and its sequela, which are involved in the high morbidity
and mortality associated with SAH [1]. However, treatment with clazosentan, an endothelin receptor antagonist, after aneurysmal SAH has
been shown to signiﬁcantly reduce the incidence of vasospasm-related
delayed ischemic neurological deﬁcits (DINDs) and delayed cerebral
infarctions but does not improve the poor neurological outcomes in
patients with aneurysmal SAH [2]. Early brain injury (EBI) occurs

immediately after SAH, is considered a physiological insult to the brain,
and has recently been postulated to be the primary cause of the poor
outcomes in patients with SAH [3]. A high proportion of survivors of
SAH experience long-term cognitive impairment that aﬀects their
functional status and quality of life [4]. Cognitive dysfunction is increasingly recognized as a poor outcome after SAH [5]. However, its
mechanism remains to be elucidated.
Increased proliferation of progenitor cells in the subgranular zone
and neurogenesis in the dentate gyrus have often been observed in
several experimental models of brain injury, including cerebral
ischemia, hypoglycemia, seizure, and traumatic brain injury [6].

Abbreviations: PKA, cyclic AMP-dependent protein kinase; SAH, subarachnoid hemorrhage; ICP, intracranial pressure; EBI, early brain injury; CNS, central nervous system; CPP, cerebral
perfusion pressure
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Minocycline enhances neurogenesis in the dentate gyrus and reduces
the cognitive impairments in spatial learning and memory induced by
experimental focal cerebral ischemia [7]. Nitric oxide (NO) acts as a
neurotransmitter and is involved in learning, long-term potentiation
and the regulation of cerebral blood ﬂow in the central nervous system
(CNS). Excess NO produced by neuronal nitric oxide synthase (nNOS)
reacts with a superoxide anion to form the potent oxidant peroxynitrite,
which causes primary brain injury [8]. Brain damage is substantially
reduced in nNOS knockout mice after cerebral ischemia [9]. We previously reported that forebrain ischemia induces the phosphorylation of
nNOS at Ser1412 in the dentate gyrus, which is suggested to negatively
contribute to neurogenesis [10]. However, to date, the role of nNOS in
the dentate gyrus after SAH has not been elucidated. Therefore, the
present study was undertaken to determine whether phosphorylation of
nNOS at Ser1412 occurs after SAH in rats. We also studied the distribution of nNOS phosphorylated at Ser1412 using an immunohistochemical technique to provide further information regarding
regional diﬀerences in the reaction of nNOS in hippocampal neurons
after SAH.

containing 50 mmol/L Tris base/HCl (pH 7.5), 0.1 mmol/L dithiothreitol, 0.2 mmol/L EDTA, 0.2 mmol/L EGTA, 0.2 mmol/L phenylmethylsulfonyl ﬂuoride (PMSF), 1.25 mg/mL pepstatin A, 0.2 mg/
mL aprotinin, 5 nmol/L tetrahydrobiopterin (BH4), 1 mmol/L sodium
orthovanadate, 50 mmol/L sodium ﬂuoride, 2 mmol/L sodium pyrophosphate, and 1% Nonidet P-40 (NP-40) using a homogenizer.
Homogenates were then centrifuged at 15,000 g for 8 min at 4 °C.
Protein concentrations of the supernatants were determined using the
Bradford method and bovine serum albumin as the standard.
Supernatant fractions were used as crude fractions. NOS was partially
puriﬁed using 2′,5′-ADP-agarose, as previously described [11], to prepare the nNOS fractions. Brieﬂy, 20 μL of 2′,5′-ADP-agarose and the
same concentration of crude fraction (1500 μg/250 μL) were incubated
with gentle mixing for 1 h at 4 °C. The agarose was washed with 200 μL
of the homogenization buﬀer lacking NP-40, and nNOS was eluted from
the 2′,5′-ADP-agarose using 50 μL of 10 mmol/L β-NADPH.

2. Methods

Extracts (12.5 μL) were separated on 7.5% SDS-PAGE gels, and
proteins were transferred onto polyvinylidene diﬂuoride (PVDF)
membranes and incubated with a 1:200 dilution of a primary polyclonal
antibody against nNOS phosphorylated (p) at Ser1412 (NP1412) and
1:750 dilution of an antibody against the catalytic subunits of cyclic
AMP-dependent protein kinase (PKA C, Cell signaling Technology,
Beverly, MA, USA) overnight at 4 °C. This NP1412 antibody only recognizes Ser1412-phosphorylated nNOS [12]. Membranes were then
incubated with a horseradish peroxidase-conjugated secondary antibody for 30 min at room temperature, and the antibody-bound proteins
were visualized using enhanced chemiluminescence plus reagents (ECL
plus; GE Healthcare, Buckinghamshire, UK). The NP1412 antibodies
were stripped from the PVDF membranes and reblotted with a 1:3000
dilution of a primary monoclonal antibody against nNOS (Transduction
Lab., Lexington, KY, USA) for 45 min at room temperature. Finally,
membranes were developed using an ECL plus system, and band intensities were quantiﬁed by densitometric scanning using ImageQuant
software (GE Healthcare).
In addition, Western blot analyses of the crude fractions were performed using 1:750 dilutions of antibodies against PKA C (Cell
Signaling Technology) and PKA C phosphorylated at Thr197 (Cell
Signaling Technology) by following the procedure described above.

2.4. Western blot analysis

2.1. Materials
β-nicotinamide adenine dinucleotide phosphate (β-NADPH) was
purchased from Oriental Yeast (Osaka, Japan). Unless speciﬁed otherwise, all other chemicals were obtained from Sigma-Aldrich Co., Ltd.
(St. Louis, MO, USA).
2.2. Experimental model of SAH and saline injection
The experiments were performed in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory
Animals and with the approval of the Animal Care and Use Committee
of Nagoya University Graduate School of Medicine. All eﬀorts were
made to minimize the number of animals used and their suﬀering.
General anesthesia was induced in male Sprague-Dawley rats
(300–350 g, Chubu Kagaku Shizai Ltd., Nagoya, Japan) using chloral
hydrate (400 mg/kg, intraperitoneal (IP) injection). Then, the animals
were intubated and ventilated with 1.0% halothane in an oxygen/nitrous oxide (30%/70%) gas mixture. The animals' temperature was
monitored using a rectal probe and was maintained between 36.5 and
37.5 °C with a heating pad and lamp. The right femoral artery was
exposed and catheterized using a 22-gauge catheter to enable blood
sampling. A midline skin incision was created from the middle of the
calvarium to the cervical spine during stereotactic surgery. The atlantooccipital membrane was exposed under a microscope, and a 27-gauge
needle was inserted into the cisterna magna. SAH was induced by infusing 300 μL of autologous arterial blood over a 1.5-min period.
Additionally, the same dose of saline (300 μL) was injected instead of
blood using the same procedure. The rats were maintained in a headdown position for 5 min to ensure that the blood or saline contacted the
basilar artery; then, the needle was withdrawn and all wounds were
sutured. Animals that did not receive an injection of blood or saline
were used as controls.

2.5. Immunohistochemistry
Rats were perfused with 200 mL of ice-cold 4% paraformaldehyde
in 0.1 mol/L sodium phosphate (pH 7.4) 1 h after SAH (n = 3). Brains
were removed, placed in the ﬁxation solution for 3 h and rinsed with
0.1 mol/L lysine hydrochloride in 0.1 mol/L phosphate-buﬀered saline
for an additional 3 h. Serial coronal cryostat sections (10 μm) were
stained using the avidin-biotinylated peroxidase complex (ABC) technique at room temperature. After blocking with 2% goat or horse serum
for 30 min, sections were incubated with one of the following primary
antibodies: rabbit anti-p-nNOS at Ser1412 (1:200), rabbit anti-nNOS
(1:100, Sigma-Aldrich), rabbit anti-PKA C (1:500, Cell Signaling
Technology) and rabbit anti-p-PKA C at Thr197 (1:500, Cell Signaling
Technology). The incubation with a primary antibody was followed by
successive incubations with biotinylated anti-rabbit IgG for 1 h and
then ABC for 1 h. The sera used for the blocking step, the biotinylated
antibodies, and ABC were purchased from Vector Laboratories
(Burlingame, CA, USA). Reaction products were developed by incubating sections with 0.05% 3,3 -diaminobenzidine tetrachloride and
0.01% H2O2 in 50 mM Tris-HCl (pH 7.5) for 10 min. Rats that were not
subjected to SAH were used as controls (n = 3).

2.3. Sample preparation for western blot analysis
One sample from each animal was prepared for analysis. Brain
samples were obtained via decapitation under deep anesthesia at 1, 3,
6, 12 or 24 h after SAH (n = 6, each group) and 1 h after the saline
injection (n = 5). Hippocampal and adjacent cortical samples at the
same brain level were immediately dissected on ice, frozen in liquid
nitrogen and stored at −80 °C until use. Brain samples from rats that
were not subjected to SAH or the saline injections were used as controls
(n = 6). Samples were homogenized in 15 vol of homogenization buﬀer
2
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3.2. Phosphorylation of nNOS at Ser1412 occurred in the dentate gyrus of
the hippocampus
We then investigated in which region of the hippocampus nNOS
phosphorylation at Ser1412 occurred; we meticulously explored levels of
p-nNOS at Ser1412 in the hippocampus 1 h after SAH. Nonpyramidal
neurons in the dentate gyrus were immunopositive for nNOS at Ser1412
1 h after SAH (Fig. 2A, B and D arrows), whereas no apparent staining
for p-nNOS at Ser1412 was observed in the CA1 area (Fig. 2A, C and E) or
the CA3 area. These impressive ﬁndings led us to subsequently focus on
the serial changes in the hippocampal dentate gyrus after SAH.
Then, we compared the expression levels of nNOS and p-nNOS at
Ser1412 in the dentate gyrus of the hippocampus between the control
and SAH rats. The nNOS immunoreactivity was primarily detected in
neurons and was not detectably altered 1 h after SAH compared with
that in the control rats (Fig. 3A and B). Intense immunoreactivity for pnNOS at Ser1412 was observed in nonpyramidal neurons located in the
dentate gyrus 1 h after SAH (Fig. 3D and F) but was not detected in the
dentate gyrus of the control rats (Fig. 3C and E).
3.3. PKA C phosphorylation at Thr197 occurred in the hippocampus
Ser1412 of nNOS was previously identiﬁed as a potential PKA
phosphorylation site in vitro [12]. We examined the temporal relationship between nNOS and PKA C phosphorylation after SAH. First,
we investigated whether SAH induced PKA C phosphorylation at Thr197
in the hippocampus using the NP-40-soluble crude fractions. Approximately equal levels of β-actin and PKA C were detected in the crude
fractions, even after SAH (Fig. 4). According to the densitometric
analysis and one-way ANOVA followed by Fisher's PLSD, SAH signiﬁcantly induced PKA C phosphorylation at Thr197 from 1 to 3 h after
SAH (P < 0.05, Fig. 4), which is the same period in which nNOS is
phosphorylated at Ser1412 in the hippocampus (Fig. 1A).

Fig. 1. Phosphorylation of nNOS at Ser1412 after SAH. At 1, 3, 6, 12 and 24 h after the
intracisternal injection of autologous blood (300 μL), as indicated below the panel, nNOS
was aﬃnity-puriﬁed from the hippocampus (A) and cortex (B) by ADP-agarose aﬃnity
chromatography. These samples were subjected to Western blots using the anti-nNOS (αnNOS) and anti-phosphorylated nNOS at Ser1412 (α-NP1412) antibodies. The histogram
shows the amount of α-NP1412 relative to α-nNOS in the membrane. The means ± SEM
of six animals are shown. Control; control basilar artery not subjected to SAH. *P < 0.05
indicates a signiﬁcant diﬀerence between the control and SAH groups based on an
ANOVA followed by Fisher's PLSD.

3.4. Neurons expressed PKA C phosphorylated at Thr197 in the dentate
gyrus after SAH
Then, we examined the spatial relationship between nNOS and PKA
C phosphorylation after SAH. PKA C was mainly observed in the cytoplasm of nonpyramidal neurons in the dentate gyrus both in the control
rats and 1 h after SAH (Fig. 5A and B). The immunoreactivity of p-PKA
C at Thr197 was observed in the neurons in the subgranular layer of the
dentate gyrus 1 h after SAH (Fig. 5D and F), which is the same location
observed for nNOS phosphorylated at Ser1412 (Fig. 3D and F), but p-PKA
C at Thr197 immunoreactivity was not observed in the dentate gyrus in
the control rats (Fig. 5C and E).

2.6. Statistical analysis
Data are expressed as mean values ± standard errors of the means
(SEM). Signiﬁcant diﬀerences between groups were assessed using oneway analysis of variance (ANOVA), followed by Fisher's protected least
signiﬁcant diﬀerences (PLSD) test for multiple comparisons. A Pvalue < 0.05 was considered signiﬁcant.

3.5. Colocalization of nNOS and PKA C after SAH
3. Results
We explored the interaction between PKA C and nNOS in the hippocampus using ADP-agarose aﬃnity chromatography. PKA C was
present in the NOS fraction after SAH, suggesting that PKA colocalized
with nNOS after SAH (Fig. 6).

3.1. Eﬀects of SAH on nNOS phosphorylation at Ser1412
We ﬁrst investigated whether SAH induced nNOS phosphorylation
at Ser1412 (NP1412) in both the hippocampus and cortex of rat SAH
models using a Western blot analysis. Compared with that in the control
samples, an approximately 3-fold increase in nNOS phosphorylation at
Ser1412 was observed in the hippocampus 1 h and 3 h after SAH
(Fig. 1A). We did not detect signiﬁcant changes in the levels of phosphorylated nNOS in the cortex (Fig. 1B). Equal levels of nNOS were
puriﬁed from crude fractions, even after SAH, indicating that the SAH
episode primarily modulated nNOS phosphorylation at Ser1412 in the
hippocampus. The densitometric analysis of the NP1412/nNOS bands
showed a signiﬁcant increase compared with control values from 1 h to
3 h after SAH by one-way ANOVA and subsequent Fisher's PLSD test
(P < 0.05).

3.6. Eﬀects of saline on nNOS phosphorylation at Ser1412
We injected the same volume of saline or autologous blood into the
cisterna magna and removed the hippocampus 1 h after SAH to further
investigate the mechanism by which SAH induced nNOS phosphorylation at Ser1412. As shown in the immunoblot analyses and subsequent
one-way ANOVA followed by Fisher's PLSD, nNOS phosphorylation at
Ser1412 was signiﬁcantly increased by approximately 3.5-fold following
the saline injection compared with the control level (P < 0.05, Fig. 7).
This increase was nearly equivalent to the increase observed following
the autologous blood injection.
3
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Fig. 2. Immunohistochemical staining for nNOS phosphorylated at
Ser1412 (NP1412) in the hippocampus after SAH. Rats were perfused
with 4% paraformaldehyde 1 h after an injection of autologous
blood. Ten-micrometer coronal slices were immunostained with an
antibody recognizing NP1412 using the ABC method. The whole
image of the left hippocampus is shown (A). The dentate gyrus areas
in the white rectangle, which are labeled in A and B, are shown at a
higher magniﬁcations in B and D, respectively. The CA1 areas in the
white rectangle, which are labeled in A and C, are shown at a higher
magniﬁcations in C and E, respectively. Note that positive staining
for the NP1412 antibody was observed in the nonpyramidal neurons
in the dentate gyrus 1 h after SAH (D, arrows), but no apparent
staining was observed in CA1 (C and E).

4. Discussion

hyperacute SAH [20]. Approximately two-thirds of patients suﬀer from
cerebral ischemia at 1–3 days after the onset of SAH, which was clinically revealed in a magnetic resonance imaging (MRI) study [21]. In
particular, 81% of poor-grade patients display ischemic ﬁndings on
diﬀusion-weighted images within 24 h after SAH [22]. An injection of
subarachnoid blood hemolysate produced DNA fragmentation and
apoptotic cell death in the mouse cortex, but an injection of saline did
not produce these results [23]. However, the administration of the same
volume of both autologous blood and saline signiﬁcantly increased the
level of p-nNOS at Ser1412 compared with that in the control rats.
Therefore, early cerebral ischemia, which was induced by the increased
ICP, might be the cause of EBI rather than extravasated blood hemolysate after SAH.
PKA plays a critical role in the various intracellular metabolic and
physiological eﬀects of cAMP. The late phase of long-term potentiation
and memory were triggered by PKA in mice [24]. After forebrain or
global ischemia, calcium/calmodulin-dependent protein kinase II
(CaM-KII) activity in the hippocampus was rapidly and extensively
decreased, whereas the PKA activity was not signiﬁcantly changed
[25,26]. Based on the known regional-speciﬁc vulnerability of the
hippocampal tissue to ischemic insult, a signiﬁcant reduction in PKA
activity in the CA1 subﬁeld was revealed during the acute phase of
cerebral ischemia, without signiﬁcant changes in the CA3 subﬁeld or
dentate gyrus [27]. PKA is activated after forebrain ischemia [10].
Based on our immunohistochemical staining, the catalytic subunits of
PKA (PKA C) are located in the cytoplasm of neurons in the dentate
gyrus. One hour after SAH, PKA C phosphorylated at Thr197 is located in

This study is the ﬁrst to clarify that SAH immediately and signiﬁcantly induced nNOS phosphorylation at Ser1412 in the hippocampal
dentate gyrus concomitant with PKA phosphorylation. The increased
intracranial pressure (ICP) after SAH might induce nNOS phosphorylation at Ser1412.
We have often used endovascular perforation and blood injections
into the cisterna magna to study the mechanism underlying cerebral
vasospasm after SAH in rats [13–15]. The advantage of injecting blood
into the cisterna magna is that the injections are easy to perform and
have a lower mortality rate than the endovascular perforation model
[14,15]. The single intracisternal injection of 300 μL of autologous
blood or saline immediately increases the ICP to approximately
50 mmHg [14]. If we inject autologous blood (300 μL) at a higher injection velocity over 15 s, the ICP substantially increases up to
100 mmHg. Using the same conditions, the ICP also increased up to
70 mmHg after an injection of 300 μL saline [16]. The dose and injection rate of the autologous blood or saline might determine the degree of the increase in the ICP. An intracisternal injection of autologous
blood decreases the cerebral perfusion pressure (CPP) and induces
cerebral ischemia under the circumstances of an elevated ICP [17]. A
clinically high ICP is a common complication that occurs immediately
after SAH in severe cases and is associated with EBI [18]. Neuronal
apoptosis in the dentate gyrus was conﬁrmed in patients with cerebral
ischemia and in patients with SAH [19]. In terms of neuronal cell death,
the severity of EBI linearly correlates with the reduced CPP during
4
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Fig. 3. Immunohistochemical analysis of the levels of nNOS and
nNOS phosphorylated at Ser1412 (NP1412) in the hippocampal
dentate gyrus area after SAH. One hour after the sham operation (A,
C and E) or SAH (B, D and F), rats were perfused with 4% paraformaldehyde. Ten-micrometer coronal slices were immunostained
with antibodies recognizing either nNOS (A and B) or NP1412 (C, D,
E and F) using the ABC method. The dentate gyrus areas in the white
rectangle, which are labeled in C and D, are shown at a higher
magniﬁcations in E and F, respectively. The nNOS immunoreactivity
was preserved 1 h after SAH (B) compared with that in the sham
animals (A). Positive staining for the NP1412 antibody was observed in nonpyramidal neurons in the dentate gyrus 1 h after SAH
(D and F) compared with that in the sham group (C and E).

Phosphorylation of nNOS at Ser847 and Ser741 is directly mediated by
CaM-KII and CaM-KI, respectively, leading to a reduction in NOS activity [31–33]. Phosphorylation of nNOS at Ser1412 has been shown to
induce NO production under physiological conditions. nNOS initiates
penile erection through the generation of NO, and the PKA-mediated
phosphorylation of nNOS at Ser1412 has been shown to mediate penile
erectile physiology, including sustaining penile erection [34]. AMPactivated protein kinase (AMPK) phosphorylates nNOS at Ser1412 after
cerebral ischemia and reperfusion injury, which is associated with increased nNOS activity [35]. Moreover, nNOS plays a critical role in
regulating cardiomyocyte function. Oxidative stress induces nNOS
phosphorylation at Ser1412 in cardiomyocytes via AMPK, concomitant
with the increased NO production [36]. Protein kinase D also phosphorylates nNOS at Ser1412 in vitro and in vivo in living cells, thereby
increasing nNOS enzymatic activity and resulting in NO production
[37]. In this study, SAH signiﬁcantly increased levels of phosphorylated
PKA 1–3 h after SAH, which is the same time course as the increase in
levels of nNOS phosphorylated at Ser1412. Furthermore, the phosphorylation of both nNOS and PKA occurred in the dentate gyrus. Based on
our data, PKA might be closely associated with nNOS activity in the
hippocampal dentate gyrus after SAH. However, PKA, Akt and CaM-KII
phosphorylate nNOS at Ser1412 in vitro [12]. These other protein kinases
may phosphorylate nNOS at Ser1412 after SAH.
Neurons are continuously generated in the hippocampal dentate
gyrus of adult macaque monkeys and humans throughout life [38,39].
The expression of nNOS is tightly correlated with neurogenesis in the
subgranular zone of the dentate gyrus [40]. NO has been shown to have
important roles in adult neurogenesis [41]. However, neurogenesis
depends on the speciﬁc isoform of NOS. Neurogenesis is stimulated by
NO from inducible NOS in the dentate gyrus after focal cerebral

Fig. 4. Phosphorylation of PKA C at Thr197 in the hippocampus after SAH. At 1, 3, 6, 12
and 24 h after the intracisternal injection of the autologous blood (300 μL), as indicated
below the panel, the NP-40-soluble fractions (crude fractions) were subjected to Western
blots using the anti-PKA C (α-PKA C), anti-phosphorylated PKA C at Thr197 (α-p-PKA C at
Thr197) and anti-β-actin antibodies. The histogram shows the amount of α-p-PKA C at
Thr197 relative to α-PKA C in the membrane. The means ± SEM of ﬁve animals are
shown. Control; control basilar artery not subjected to SAH. *P < 0.05 indicates a signiﬁcant diﬀerence between the control and SAH groups based on an ANOVA followed by
Fisher's PLSD.

the nuclei of these neurons, suggesting that PKA signaling is also activated and plays a role as a messenger in the dentate gyrus after both
cerebral ischemia and SAH.
PKA phosphorylates nNOS in the CNS [28–30]. PKA and CaM-KII
stoichiometrically phosphorylate NOS at diﬀerent serine residues.
5
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Fig. 5. Immunohistochemical analysis of levels of PKA C and PKA C
phosphorylated at Thr197 (p-PKA C at Thr197) in the hippocampal
dentate gyrus area after SAH. One hour after the sham operation (A,
C and E) or SAH (B, D and F), rats were perfused with 4% paraformaldehyde. Ten-micrometer coronal slices were immunostained
with antibodies recognizing either PKA C (A and B) or p-PKA C at
Thr197 (C, D, E and F) using the ABC method. The areas in the
rectangle, which are labeled in C and D, are shown at higher magniﬁcations in E and F, respectively. PKA C immunoreactivity was
observed in the cytoplasm of nonpyramidal neurons in the dentate
gyrus 1 h after SAH (B) compared with the sham animals (A).
Positive staining for p-PKA C at Thr197 was evident, particularly in
the nonpyramidal neurons located in the subgranular layer of the
dentate gyrus, 1 h after SAH (D and F) compared with the sham
animals (C and E).

Fig. 6. Representative immunoblot analysis of nNOS and the PKA C levels in the hippocampus after subarachnoid hemorrhage. The NOS-containing fraction was prepared by
ADP-agarose aﬃnity chromatography and subjected to Western blot analysis with antinNOS (α-nNOS) and anti-PKA C (α-PKA C) antibodies. The data are representative of
experiments from three series with the same results. Untreated Jurkat cells were lysed in
Chaps cell extract buﬀer, and a cytoplasmic fraction (Cell Signaling Technology) served as
the positive control for comparison.

Fig. 7. The phosphorylation of nNOS at Ser1412 after an intracisternal injection of autologous blood (300 μL) or saline (300 μL). At 1 h after the intracisternal injection, as
indicated below the panel, nNOS was aﬃnity-puriﬁed from the hippocampus by ADPagarose aﬃnity chromatography and then subjected to Western blots using anti-nNOS (αnNOS) and anti-phosphorylated nNOS at Ser1412 (α-NP1412) antibodies. The histogram
shows the amount of α-NP1412 relative to α-nNOS in the membrane. The means ± SEM
of four or ﬁve animals are shown. Control; control basilar artery not subjected to injection. *P < 0.05 indicates a signiﬁcant diﬀerence compared with the control based on an
ANOVA followed by Fisher's PLSD.

ischemia [42,43]. The experimental model will determine the eﬀect of
NO produced by neuronal NOS on the dentate gyrus. The chronic inhibition of nNOS with an inhibitor increases cell proliferation and has
no eﬀect on cell death in the dentate gyrus in the rat hippocampus in
the absence of cerebral injury [44]. Under transient focal cerebral
ischemia conditions, NO produced by nNOS is an inhibitory regulator of
neurogenesis in the ischemic subgranular layer of the dentate gyrus
[45]. Cerebral ischemia results in a signiﬁcant decrease in neurogenesis
in the dentate gyrus compared with that in controls 3 days after the
onset of SAH [46]. The excess NO produced by nNOS phosphorylated at
Ser1412 immediately after SAH reacts with the superoxide anion to form
the potent harmful peroxynitrite [8], potentially causing neuronal cell
damage in the dentate gyrus. The phosphorylation of nNOS at Ser847 by

CaM-KII in the CA1 region of the hippocampus after SAH attenuates
nNOS activity and contributes to the resistance to damage in neurons
[47]. Altogether, these ﬁndings suggest the presence of a regionally
distinct system for regulating nNOS activity in the CA1 and dentate
gyrus immediately after SAH.
Stress exerts a profound eﬀect on neurogenesis, leading to a prolonged decrease in the rate of cell proliferation in the adult hippocampus [48]. Antidepressant interventions are capable of inducing
6
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[49,50]. Over-expression of nNOS plays critical roles in the pathogenesis of chronic stress-induced depression in mice [51]. The dentate
gyrus plays a stronger role in declarative memory acquisition and
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regulate neurogenesis and be involved in cognitive dysfunction after
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5. Conclusions
The present investigation was the ﬁrst to clarify that the phosphorylation of PKA in the dentate gyrus in the rat hippocampus immediately after SAH is accompanied by nNOS phosphorylation at
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provide clues regarding potential therapeutic interventions for cognitive or memory disturbances after SAH.
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