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The generation of new neurons in the adult mammalian hippocampus is thought to play a role in repairing the brain after injury. Here, we
show that 7 d after focal cerebral ischemia, newly divided cells in the dentate gyrus of adult rats increased to approximately sevenfold,
compared with sham controls. In the same area, this enhanced dentate neurogenesis was associated with activation of inducible nitric
oxide synthase (iNOS). Inhibition of iNOS by aminoguanidine prevented ischemia-induced neurogenesis in the dentate gyrus. In null
mutant mice lacking the iNOS gene, increased neurogenesis was not observed after focal cerebral ischemia. This study demonstrates that
expression of iNOS is necessary for ischemia-stimulated cell birth in the dentate gyrus and indicates that activation of iNOS may provide
a possible strategy for functional recovery from cerebral ischemic insult.
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Introduction
Several thousand new neurons are produced each day in the adult
hippocampal dentate gyrus (Kaplan and Hinds, 1977; Eriksson et
al., 1998; Kornack and Rakic, 1999). Some of these new nerve cells
are functionally recruited in the dentate gyrus circuitry and form
appropriate synapses with already existing neurons (Paton and
Nottebohm, 1984; Cameron and McKay, 2001; van Praag et al.,
2002). It has been suggested that these new neurons play an im-
portant role in behavioral plasticity, including learning (Shors et
al., 2001). These findings suggest that neurogenesis in the adult
dentate gyrus occurs in response to diverse physiological stimuli,
including stress (Gould et al., 1998). The number of proliferating
cells is also increased in the adult rat dentate gyrus after both
stroke (Liu et al., 1998; Takagi et al., 1999; Jin et al., 2001; Kee et
al., 2001) and seizures (Bengzon et al., 1997). These findings
suggest that neurogenesis in this area of the brain may be a critical
element in brain repair. However, the molecular and cellular
events underlying enhanced cell proliferation after cerebral isch-
emic stroke are unclear.

A recent study shows that nitric oxide (NO), a short-lived
diffusible molecule produced from arginine by NO synthase
(NOS), is involved in neurogenesis in the adult hippocampus
(Zhang et al., 2001). Three distinct members of the NOS family in
mammalian cells have been identified (Alderton et al., 2001).
Both neuronal NOS (nNOS) and the endothelial NOS (eNOS)
are constitutively expressed in many tissues (Thomas and Feron,
1997), whereas inducible NOS (iNOS) is usually not expressed in

the CNS except in the inflammatory state (Heneka and Feinstein,
2001). Our previous studies in mice demonstrated that iNOS is in-
duced in the core of focal cerebral ischemia (Zhu et al., 2002), but
whether expression of iNOS mediates enhanced neurogenesis in
the dentate gyrus of adult rats after a cerebral ischemic insult re-
mains unexplored. In the present study, using a combined phar-
macological and genetic approach, we determined that activation
of iNOS in the dentate gyrus fulfills a necessary condition for it to
be considered a mediator of ischemia-induced neurogenesis.

Materials and Methods
Focal cerebral ischemia. Sprague Dawley rats (120 � 10 d old; �295 � 20
gm) and 90 � 5 d old homozygous iNOS-deficient mice (iNOS � / �

mice; 34 � 6 gm; C57/BL/6-NOS2 tm1Lau; Jackson Laboratories, Bar Har-
bor, ME) and their wild-type littermates of similar genetic background
(C57/BL/6 iNOS �/� mice; 35 � 5 gm; Jackson Laboratories) were used
in this study. iNOS � / � mice showed undetectable levels of iNOS activity
(see Fig. 1 D). Anesthesia was induced in animals with ketamine (100
mg/kg, i.p.) and xylazine (5 mg/kg, i.p.). Body temperature was main-
tained at 37 � 0.5°C with heating pads until the animals had recovered
from surgery. Focal cerebral ischemia was induced by intraluminal mid-
dle cerebral artery (MCA) occlusion, as described previously (Zhu et al.,
2002). In brief, a 4/0 (for rats) or 8/0 (for mice) surgical nylon monofil-
ament with rounded tip was introduced into the left internal carotid
through the external carotid stump, advanced 20 –21 mm (in rats) or
16 –17 mm (in mice) past the carotid bifurcation. The filament was left in
place for 90 min and then withdrawn. The sham-operated animals were
treated identically, except that the MCAs were not occluded after the
neck incision. The infarct volume was determined in both iNOS � / � and
iNOS �/� mice from the experiments with sham operation or ischemia,
as described previously (Zhu et al., 2002). In brief, brains were removed
rapidly and frozen at �20°C for 5 min. Coronal slices were made at 1–2
mm from the frontal tips, and sections were immersed in 2% 2,3,5-
triphenyltetrazolium chloride (TTC) at 37°C for 20 min. The presence or
absence of infarctions was determined by examining TTC-stained sec-
tions for the areas that did not stain with TTC. The infarct size was
expressed as the percentage of the coronal section area.
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RNA extraction and reverse transcription-PCR. Total RNA was ex-
tracted from the dentate gyrus of rats that either suffered focal cerebral
ischemic insult or sham operation (control) using Trizol reagent accord-
ing to the manufacturer’s instructions (Sigma, St. Louis, MO). The primers
for iNOS reverse transcription (RT)-PCR were as follows: forward,
5�-CTGCATGGAACAGTATAAGGCAAAC-3�; reverse, 5�-CAGA-
CAGTTTCTGGTCGATGTCATGA-3�. PCR conditions were 35 cycles of
denaturation at 95°C for 30 sec, annealing at 63°C for 45 sec, and extension at
72°C for 45 sec. A 40 bp smaller internal iNOS standard was included in the
PCR mixture as an iNOS internal standard. PCR products were separated by
electrophoresis through 2% agarose containing 0.5 �g/ml ethidium bro-
mide and imaged using a BioDoc-IT imaging system (Bio-Rad, Hercules,
CA); band intensities were determined using GS-710 calibrated imaging
Densitometer (Bio-Rad). The ratio of the iNOS mRNA and its internal stan-
dard was calculated.

Immunoprecipitation and iNOS activity assay. The dentate gyrus of rats
that suffered either ischemic insult or the sham operation was microdis-
sected as described previously (Lu et al., 1998) and homogenized in
ice-cold lysis buffer containing 50 mM tris-HCl, pH 7.6, 150 mM NaCl,
1% NP-40, 2 mM EDTA, 1 mM sodium orthovanadate, and proteinase
inhibitor mixture (Sigma; 5 �l/100 mg tissue). After debris was cleared by
centrifuging at 14,000 � g at 4°C, protein concentration in the extracts
was determined by Bradford assay (Bio-Rad). The extracts (�500 �g
protein) were incubated with polyclonal mouse anti-iNOS (2 �g;
PharMingen, San Diego, CA) overnight at 4°C, followed by the addition
of 40 �l of Protein G-Sepharose (Sigma) for 3 hr at 4°C. Immunopre-
cipitates were washed four times with lysis buffer and denatured with
SDS sample buffer and separated by 12% SDS-PAGE. Proteins were
transferred onto nitrocellulose membranes using a Bio-Rad mini-
protein-III wet transfer unit overnight at 4°C. Transfer membranes were
then incubated with blocking solution (5% nonfat dried milk dissolved
in TBST buffer (pH 7.5, 10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween
20) for 1 hr at room temperature, washed three times, and incubated with
polyclonal rabbit anti-iNOS (1: 2000; BD Transduction Laboratories,
Lexington, KY) for 1 hr at room temperature. Membranes were washed
three times with TBST buffer and incubated with the secondary antibod-
ies (1:1000 dilution) for 1 hr followed by washing four times. Signal
detection was performed with an enhanced chemiluminescence kit (Am-
ersham Biosciences, Arlington Heights, IL). The band intensities were
determined using a GS-710 calibrated imaging Densitometer (Bio-Rad).
The ratio of the iNOS band intensities to the amount of loading proteins
of the immunoprecipitates was calculated. The activity of iNOS was de-
termined by a [ 14C]L-arginine conversion method (Zhu et al., 2002). The
iNOS activity is defined as the difference between the EDTA-containing
reaction system and the reaction system containing both EDTA and non-
specific NOS inhibitor NG-monomethyl-L-arginine (Sigma) at 50 nM.
The protein content of the sample was determined using a total protein
kit (Sigma). The iNOS activity (unit) was expressed as picomoles per
milligram of protein per minute (1 U).

BrdU labeling. Animals were treated intraperitoneally with 50 mg/kg
5-bromodeoxyuridine (BrdU; Sigma) two consecutive times at 8 hr in-
tervals 1, 7, 14, and 21 d after ischemia and killed the next day to estimate
the number of proliferating cells. In the experiments of Figure 4, animals
were killed 4 weeks after the BrdU injection to determine the phenotypes
of BrdU-labeled cells. In the experiments with iNOS inhibitor, the rats
were injected intraperitoneally with 100 mg/kg aminoguanidine (AG;
Sigma) five times (5 consecutive days) immediately after ischemia. The
rats were then injected with 50 mg/kg BrdU two consecutive times at 8 hr
intervals immediately after the last AG injection. The rats were killed the
next day for BrdU staining.

Immunocytochemistry. BrdU staining has been described previously
(Liu et al., 2002). The sections were heated (85°C for 5 min) in antigen
unmasking solution (Vector Laboratories, Burlingame, CA), incubated
in 2 M HCl (room temperature for 30 min), rinsed in 0.1 M boric acid, pH
8.5, for 10 min, incubated in 1% H2O2 in PBS for 30 min, and blocked in
3% normal goat serum/0.3% Triton X-100/0.1% BSA in PBS (room
temperature for 1 hr), followed by incubation with rat monoclonal anti-
BrdU (1:200; Accurate Chemicals, Westbury, NY) at 4°C overnight. Sub-
sequently, the sections were developed with an ABC kit (Vector). For

double labeling, the sections were incubated with the affinity-purified
second antibody, goat anti-rat Cy3 antibody (1:200; Chemicon, Te-
mecula, CA). These sections were then incubated in mouse anti-NeuN
(1:100; Chemicon) and reacted with goat anti-mouse fluorescein (1:50;
Chemicon). For triple staining, the sections were further incubated with
rabbit anti-GFAP (1:1000; Sigma). These sections were then incubated
with goat anti-rabbit Cy5 (1:100; Chemicon). Sections were rinsed,
dried, and coverslipped with Dako (Dako, Carpinteria, CA) fluorescence
mounting medium. Control sections were processed with omission of
the primary antisera. Double or triple labeling was imaged with a confo-
cal laser scanning microscope (Olympus LSM-GB200) and analyzed with
a three-dimensional (3D) constructor (Image-Pro Plus software). We
produced 3D digital reconstructions from a series of confocal images
taken at 0.5 �m intervals through the region of interest, and optical stacks
of 6 –12 images were produced for the figures.

Cell counting. An experimenter (D.Y.Z.) coded all slides from the ex-
periments with sham operation or ischemia before quantitative analysis.
Stereological analysis of total number of BrdU � cells in the dentate gyrus
was performed by another experimenter (H.S.S.) who was unaware of the
experimental condition. The analysis was conducted using a modified
version of the optical fractionator method on every sixth section of per-
oxide staining tissue. The number of BrdU� nuclei in each section was
divided by the area of the dentate gyrus that was determined using
Stereoinvestigator. Double-stained numbers of BrdU �/NeuN � and
BrdU�/GFAP� cells were analyzed by sampling every section from the ex-
perimental animals using a fluorescence microscope as described above.

Construction of Semliki Forest Virus-green fluorescent protein vectors
and packaging of the recombinant virions. Construction of nontoxic virus
vectors with a high infection rate in hippocampal neurons has been de-
scribed previously (Liu et al., 2002). In brief, the Sacl–Xbal fragment
from Semliki Forest Virus plasmid 1 (pSFV1) (Invitrogen, Gaithersburg,
MD) was subcloned into the pGEM7Zf � vector (Promega, Madison,
WI). A PCR-based site-directed mutagenesis was used to change Ser259 to
Pro ( p) and Arg650 to Asp (d) in the nsP2 fragment (pd mutation).
Subsequently, the original fragments in pSFV1 were replaced by the mu-
tated fragments to obtain pSFV( pd) vectors. Mutations were confirmed
by sequencing. A cDNA encoding enhanced green fluorescent (GFP)
(Clontech, Cambridge, UK) was then inserted directly into pSFV( pd)
vector to produce pSFV( pd)–GFP constructs. In vitro transcribed RNA
molecules from pSFV( pd)–GFP were cotransfected with pSFV-helper2
RNA (a gift from Markus U. Ehrengruber, University of Zurich) into
baby hamster kidney cell line 21 (BHK-21) cells. All virus production was
performed at 31°C. Twenty-four hours after electroporation, virus stocks
were harvested, filter sterilized, and activated with Chymotrypsin A4
(Invitrogen). The reaction was terminated with the trypsin inhibitor
aprotinin (Invitrogen) before use. Final virus titers (�10 9 infectious
units/ml) were determined by infection of BHK-21 cells with serial dilu-
tions of virus stocks, followed by fluorescence microscopy examination
at 3 d after infection.

Activated pSFV( pd)–GFP virus particles (2 �l at 0.2 �l/min) were
infused (26 d after the last BrdU injection) into the left side of the hip-
pocampus with an injection site 2 mm posterior to bregma, 1.5 mm
lateral to the midline, and 2 mm below dura. Two days after infection,
animals were fixed under Nembutal anesthesia with 4% paraformalde-
hyde in 0.1 M phosphate buffer for BrdU staining.

Results
Focal cerebral ischemia increases iNOS mRNA levels and
enzymatic activity
In the adult hippocampal dentate gyrus, there was a low level of
iNOS expression in control animals (Fig. 1A). The iNOS mRNA
level in the ipsilateral dentate gyrus began to increase 6 hr (data
not shown) after focal cerebral ischemia and reached a peak 2 d
later (Fig. 1A). Semiquantitative PCR analysis showed that the
peak level of iNOS mRNA in the ipsilateral dentate gyrus of the
ischemic rats was increased by �2.6-fold, compared with sham
controls (Fig. 1A). Increased iNOS mRNA expression remained
elevated for 3 d and then declined to control level 4 d later. In
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agreement with the mRNA results, increased iNOS protein con-
tent in the ipsilateral dentate gyrus of the ischemic rats was also
observed (Fig. 1B). Consistent with this increase of iNOS expres-
sion, the enzymatic activity of iNOS was also stimulated. Thus,
2 d after ischemia, L-arginine conversion to NO in the ipsilateral
dentate gyrus was 6.48 � 0.43 U (Fig. 1C) (mean � SEM; n � 5
rats), whereas in the sham control animals, the enzymatic activity
of iNOS was only 1.68 � 0.11 U (mean � SEM; n � 4 rats).
However, in the contralateral dentate gyrus of these ischemic rats,

neither the iNOS mRNA level nor its en-
zymatic activity was changed at any time
point, showing that focal cerebral isch-
emia upregulates iNOS activity only in
the ipsilateral dentate gyrus. To confirm
that enhanced L-arginine conversion was
mediated by iNOS, we used mutant mice
that lack the iNOS gene (iNOS� / �

mice). In these animals, iNOS mRNA
and iNOS protein were not detected, and
2 d after ischemia, L-arginine conversion
in the ipsilateral dentate gyrus was only
1.46 � 0.14 U (Fig. 1D) (mean � SEM,
n � 5 mice), compared with 1.32 � 0.16
U (mean � SEM; n � 5; p � 0.1) in
sham-operation iNOS�/� mice.

Focal cerebral ischemia stimulates
cell proliferation
Next, in rats receiving the focal cerebral
ischemia, we examined BrdU incorpora-
tion into dentate gyrus neurons. We
treated separate cohorts of rats 1, 7, 14,
and 21 d after ischemia with BrdU twice
with an 8 hr interval between injections.
The BrdU-treated rats were killed on the
following day to estimate the number of
BrdU-positive (BrdU�) cells. As can be
seen (Fig. 2A), the basal level of BrdU�

cells in the dentate gyrus was unchanged
in the sham controls, or 1 d after focal
cerebral ischemia (Fig. 2B), indicating
that the stress of surgery did not alter cell
proliferation. However, the number of
BrdU� cells increased in the ipsilateral
but not in the contralateral dentate gyrus
3 d after focal cerebral ischemia and
reached a peak 7 d later (Fig. 2C). The
number of BrdU� cells then decreased by
day 21, but this number was still greater
than sham control (Fig. 2D). Cell birth re-
turned to the basal level in the dentate gy-
rus of rats 4 weeks after ischemia (Fig. 3).

Focal cerebral ischemia increases the
number of new neurons
To determine the fate of the BrdU� cells,
we used antibodies against NeuN, a tran-
scription factor that is expressed in ma-
ture neurons. By performing three-
dimensional digital reconstruction, we
found that 68% of the BrdU� cells in the
granule cell layer were colabeled with
NeuN (Fig. 4A, BrdU�/NeuN�) and

therefore were differentiated neurons. In this series of ex-
periments, animals received BrdU injection 7 d after ischemia
and were killed 4 weeks later. At this time point, the number
of BrdU� cells in the ipsilateral dentate gyrus after focal cerebral
ischemia was approximately threefold of the sham control
(Fig. 4B).

To establish the neuronal identity of these BrdU� cells, we
developed mutant SFV (mSFV) vectors to express enhanced into
neurons in the hippocampus (Fig. 4C). We found that a large

Figure 1. Focal cerebral ischemia induces iNOS expression in the ipsilateral dentate gyrus. A, iNOS mRNA (a1) was examined by
RT-PCR using RNA samples from the dentate gyrus of rats after focal cerebral ischemic insult at the indicated days. Sham-operated
rats were used as control (Ctr). A PCR product 40 bp smaller than the band derived from the iNOS cDNA was used as iNOS internal
standard (20 fg). Similar results were observed in each of three experiments and are summarized in a2. B, Immunoprecipitation (b1)
of protein samples from the dentate gyrus of rats after focal cerebral ischemia at the indicated days with polyclonal mouse anti-iNOS.
Blots were probed with monoclonal rabbit anti-iNOS. Similar results were observed in each of three experiments and are summa-
rized in b2. C, Ischemia increases iNOS activity in the ipsilateral (filled bars) but not contralateral (open bars) dentate gyrus. D, NOS
activity is not altered after ischemia in the dentate gyrus of iNOS null mutant mice (�/�). *p 	 0.01, compared with controls
(two-tail t test).

Zhu et al. • Expression of Inducible Nitric Oxide Synthase in Ischemic Neurogenesis J. Neurosci., January 1, 2003 • 23(1):223–229 • 225



number of the BrdU� cells expressed GFP (BrdU�/GFP�) in the
granule cell layer that had the morphological characteristics of a
granule cell, i.e., �20 �m diameter round or oval cell body with
long dendrites extending toward the molecular layer (Fig. 4D).
These data provide further evidence that most of the new cells in
the dentate gyrus of rats that received focal cerebral ischemia
matured into granule neurons.

Glia cell generation after focal cerebral ischemia
To exclude the possibility that the BrdU� cells expressed in the
dentate gyrus were glia cells, we triple stained sections with anti-
bodies to GFAP. We found that none of the BrdU�/NeuN� cells
in the granule cell layer of either control or ischemic animals were
labeled with GFAP (Fig. 4E). Most of the GFAP-stained astro-
cytes were located in the hilus and not in the granule cell layer.
Semiquantitative analysis showed that the number of BrdU�

cells in the hilus of the ischemic rats was not significantly different
from that in the control (data not shown). This contrasts with the
granule cell layer in which most post-ischemic BrdU� cells sur-
vived and differentiated into mature granule cells.

Inhibition of iNOS prevents ischemia-induced cell birth
Next, we determined whether ischemia-activated iNOS is re-
quired for increased neurogenesis. We therefore treated rats with
the iNOS inhibitor AG for 5 d at 24 hr intervals immediately after
the ischemic insult. Our previous study in mice showed that this
treatment significantly reduced the size of the infarct (Zhu et al.,
2002). As can be seen (Fig. 5A), we observed enhanced iNOS
expression in the ipsilateral dentate gyrus in these animals 3 d
after ischemia. In contrast, there was no increased L-arginine con-

Figure 3. Time course of cell birth in the dentate gyrus after focal cerebral ischemia. In this
series of the experiments, rats were treated with BrdU after sham operation (Control; n � 10),
or 1 d (n � 10), 3 d (n � 9), 7 d (n � 11), or 21 d (n � 8) after focal cerebral ischemia. The next
day after the BrdU injection, rats were killed, and the ipsilateral ( filled bars) and contralateral
(open bars) hippocampi were processed for BrdU staining. Data are mean � SEM; *p 	 0.01
compared with control (two-tail t test).

Figure 2. Ischemia increases cell proliferation in the ipsilateral dentate gyrus of adult rats. Rats
were treated with BrdU after sham operation (A), or 1 d (B ), 7 d (C ), or 21 d (D ) after focal cerebral
ischemia.ThenextdayaftertheBrdUinjection,ratswerekilled,andtheipsilateral(Ipsi )andcontralat-
eral (Contra) hippocampi were processed for BrdU staining. Scale bars, 200 �m.

Figure 4. Neuronal identity of BrdU � cells in the dentate gyrus of ischemic rats. A, Rats were
treated with BrdU 7 d after sham operation or focal cerebral ischemia and killed 4 weeks after the BrdU
injection. The hippocampal sections were double stained with BrdU (red ) and NeuN ( green). Arrows
indicate the double-labeling cells. B, Summarized numbers of BrdU �/NeuN � cells. C, Expression of
GFP in the CA1 and dentate gyrus (DG ) neurons with infusion of pSFV( pd )–GFP infectious vector into
the rat hippocampus. D, The newly generated granule cells were identified by expressing GFP. Arrow
indicates a GFP � ( green)/BrdU � (red ) double-labeling granule neuron. E, No colocalization of GFAP
with BrdU �/NeuN � cells in the granule cell layer. Arrow indicates a GFAP � (blue)/BrdU � (red )
double-labeling cell in the hilus. Scale bars, 30 �m.
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version in AG-treated ischemic rats (Fig. 5B). iNOS activity in the
sham control and AG-treated ischemic rats was 1.37 � 0.12 U
(mean � SEM; n � 5) and 1.39 � 0.16 U (mean � SEM; n � 6),
respectively. To characterize cell proliferation in the AG-treated
rats, rats were injected with BrdU immediately after the last AG
injection and killed the following day for BrdU staining. Repre-
sentative BrdU� cell nuclei in the ipsilateral dentate gyrus of AG-
and vehicle-treated ischemic rats are shown in Figure 6, A and B.
The average number of BrdU� cells in the ipsilateral dentate
gyrus of AG-treated ischemic rats was not statistically different
from that in AG-treated sham control rats (Fig. 6C) ( p � 0.01;
two-tailed t test).

We also investigated BrdU� cells in the dentate gyrus of the
iNOS�/� mice. A previous study shows that iNOS� / � mice are
resistant to ischemic injury. Consistent with those data, we found
that the infarct size in the iNOS� / � mice 2 d after focal cerebral

ischemia was only 15 � 4%, compared with 36 � 8% in the
iNOS�/� mice (Fig. 7A). iNOS �/� mice showed no increase of
BrdU� cells in the dentate gyrus after the ischemic insult (Fig.
7B,C). The number of BrdU� cells in the dentate gyrus of
iNOS� / � and their wild-type littermates is summarized in Fig-
ure 7D. These data confirm that activation of iNOS induced by
focal cerebral ischemia is necessary for enhanced cell prolifera-
tion in the dentate gyrus.

Discussion
In the dentate gyrus of rats challenged with an ischemic insult, we
found that there was a robust expression of iNOS coupled with an
increase in its enzymatic activity. These changes were associated
with increased cell proliferation in the dentate gyrus. We further
showed that inhibition of endogenous iNOS by the iNOS inhib-
itor AG prevented the ischemia-induced increase in neurogen-
esis. Consistent with this finding are our data showing that isch-
emia in iNOS null mutant mice resulted in significantly fewer
BrdU� cells in the dentate gyrus, compared with their wild-type
ischemic littermates. Taken together, our data provide the first
evidence showing that activation of iNOS is crucial for ischemia-
induced neurogenesis.

Our findings of iNOS-dependent neurogenesis are in agree-
ment with a recent study showing that there are increased BrdU�

cells in the dentate gyrus of rats that received a NO donor (Zhang
et al., 2001). Although NO sometimes may be associated with
deleterious effects in the CNS (Ye et al., 1996), there are many
instances in which NO plays a beneficial role, including synaptic

Figure 5. AG inhibits iNOS activity. A, AG did not alter iNOS expression. iNOS mRNA (top) was
examined by RT-PCR using RNA samples, and blots (bottom) were probed with anti-iNOS. The
samples of RNA and the protein were from the dentate gyrus of AG-treated ischemic rats.
Similar results are observed in each of three experiments. Bar graph shows iNOS mRNA (filled
bars) and iNOS protein (open bars) in the ipsilateral dentate gyrus of rats (n � 3 animals in each
group). B, AG inhibits iNOS activity in the ipsilateral dentate gyrus. *p 	 0.01, compared with
control (two-tail t test).

Figure 6. Pharmacological inhibition of iNOS prevents ischemia-induced cell birth. Repre-
sentatives of the BrdU labeling in the ipsilateral dentate gyrus of AG- ( A), and vehicle-treated
( B) rats that received sham-operation or focal cerebral ischemia (isc). Scale bars, 200 �m. C, Bar
graph shows the summarized data of BrdU � cells in the ipsilateral dentate gyrus of AG- (filled
bars) and vehicle-treated (open bars) rats receiving sham operation or focal cerebral ischemia
(n � 8 animals in each group). Data are mean � SEM; *p 	 0.01 compared with sham-
operation control (two-tail t test).
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plasticity (Bon et al., 1992; Mori et al., 2001) and the formation of
learning and memory (Papa et al., 1994). Our data show that
activation of iNOS, which would lead to the production of NO,
may contribute to the events that lead to brain repair. Thus, the
increased expression of iNOS in the dentate gyrus (Fig. 1A) was
associated with enhanced cell proliferation (Fig. 2). In keeping
with the beneficial effects of iNOS, we found that activation of
iNOS not only increased the number of proliferating cells but also
increased the number of mature granule neurons (Fig. 4). Be-
cause the changes in iNOS activity in the dentate gyrus preceded
cell proliferation induced by ischemia, we suggest that activation
of iNOS is the primary event for initiating neurogenesis.

There are two constitutive forms of NOS (cNOS) in the CNS

(Thomas and Feron, 1997). Because cNOS is still available to
provide NO after inhibition of iNOS, reduced neurogenesis in
iNOS-deficient mice may not be caused simply by a decreased
production of NO. Interestingly, our earlier study showed that
the enzymatic activity of cNOS in the cerebral cortex of mice is
decreased after focal cerebral ischemia (Zhu et al., 2002). It is
therefore possible that reduction of cNOS activity induces iNOS
expression, thus providing the diffusible messenger, NO, to stim-
ulate cell proliferating factors in the hippocampus. Consistent
with this hypothesis, a recent study demonstrates that iNOS ex-
pression is suppressed by the basal activity of cNOS under normal
circumstances and that inhibition of cNOS induces iNOS expres-
sion in the rat small intestine (Qu et al., 2001). Thus, it will be of
importance to determine whether iNOS-dependent neurogen-
esis can be induced in the hippocampus by inhibition of cNOS.

Direct and indirect evidence suggests that brain injury stimu-
lates the proliferation of endogenous progenitors in the hip-
pocampus (Gould and Tanapat, 1997; Liu et al., 1998; Jin et al.,
2001; Yoshimura et al., 2001). There is precedent for inhibition of
iNOS reducing the ischemic infarct size in mice (Huang et al.,
1994; Samdani et al., 1997; Ashwal et al., 1998; Zhu et al., 2002).
Thus, it may be argued that reduced neurogenesis by inhibition of
iNOS is caused simply by a reduced ischemic injury. As such,
iNOS expression after focal cerebral ischemia may be involved
directly in neuronal injury but indirectly in cell proliferation;
however, our findings are not consistent with this interpretation.
First, although inhibition of iNOS by the iNOS inhibitor AG
reduced the size of the infarct after focal cerebral ischemia (Zhu et
al., 2002), iNOS expression showed no difference between AG-
and vehicle-treated ischemic animals (Fig. 5A). Second, increased
numbers of BrdU� cells were observed before the hippocampal
injury. For example, the damage to the CA1 neurons occurs 7 d
after focal cerebral ischemia (Zhu and Auer, 1995; Nakatomi et al.,
2002), whereas iNOS-dependent cell birth was observed 4 d before
the injury (Fig. 3). Together these data suggest that iNOS expression
in the dentate gyrus after ischemic insult is independent of infarct
size. Thus, expression of iNOS is directly responsible for enhanced
neurogenesis. A further study is required to investigate the underly-
ing mechanisms for inducing iNOS expression.

The biochemical events underlying ischemia-induced neuro-
genesis in the dentate gyrus are thought to involve activation of
NMDA receptors. In support of this notion are the data showing that
rats receiving an NMDA receptor antagonist at the time of ischemia
show no increased neurogenesis in the dentate gyrus (Nei et al., 1996;
Arvidsson et al., 2001; Bernabeu and Sharp, 2000). There are also
extensive data showing that NOS activity in the hippocampus is
stimulated by activation of NMDA receptors (Cardenas et al., 2000;
Jander et al., 2000). Thus, the most parsimonious explanation of
our findings is that after focal cerebral ischemia, iNOS is rapidly
activated through NMDA receptor-dependent events. We also
stained hippocampal sections with an anti-iNOS antibody and ob-
served that iNOS was expressed in both neurons and glia cells in the
dentate gyrus after focal cerebral ischemia (data not shown). This
finding is consistent with previous studies (Holta et al., 2001) (but
see Iadecola et al., 1997). Thus, the expression of iNOS after focal
cerebral ischemia would provide the diffusible messenger NO to
stimulate neural cell proliferating factors.

Consistent with enhanced neurogenesis after ischemia (Liu et
al., 1998; Takagi et al., 1999; Jin et al., 2001; Kee et al., 2001) is our
demonstration that there is an approximately threefold increase
in the number of newly generated granule neurons in the ipsilat-
eral dentate gyrus of ischemic animals compared with sham con-
trols. There could be some concerns that the BrdU� cells that we

Figure 7. Genetic inhibition of iNOS prevents ischemia-induced neurogenesis. A, The infarct
size in iNOS � / � mice (n � 8) and iNOS �/� mice (n � 8) 2 d after focal cerebral ischemia.
Data are mean � SEM; *p 	 0.01 compared with iNOS �/� mice (two-tail t test). B, Repre-
sentatives of BrdU labeling in the dentate gyrus of ischemic iNOS � / � mice are shown. C,
Representatives of BrdU labeling in the dentate gyrus of ischemic iNOS �/� mice are shown.
Scale bars, 200 �m. D, The number of BrdU � cells in the ipsilateral ( filled bars) and contralat-
eral (open bars) dentate gyrus of iNOS � / � (n � 10) and iNOS �/� mice (n � 10) is summa-
rized. Data are mean � SEM; *p 	 0.01 compared with control (two-tail t test).
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observed were stained during the process of apoptosis. However,
the BrdU� neurons that we observed in the granule cell layer
were labeled 4 weeks after the last BrdU injection, without any
observable degeneration. Most of these BrdU�/GFP� neurons
showed the normal neuronal morphology of mature granule cells
(Fig. 4D). There are limitations using the expression of marker
proteins to identify new neurons. For example, the most often
used antibodies for mitogen-activated protein-2 and turned on
after division/collapsing response-mediated protein/Unc-33-like
phosphoprotein-4 also react with astrocytes and oligodendro-
cytes (Sensenbrenner et al., 1997) and are thus inappropriate as
specific markers for neurons. To circumvent this limitation, we
used mSFV vector expression of enhanced GFP in the dentate
gyrus. In combination with BrdU staining, we showed in both
ischemic rats and mice that the increased production of new
granule neurons requires activation of iNOS in the dentate gyrus.
The hippocampus plays a critical role in the formation of declar-
ative memory, and declarative memory formation is impaired in
ischemic rats and humans (Squire and Zola-Morgan, 1996). Be-
cause cell transplants reduce ischemia-caused memory deficits
(Sinden et al., 1997), our study may provide a molecular strategy
for improvement of learning and memory function via increased
neurogenesis in patients suffering from cerebral ischemic stroke.
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