
Homogeneous repair of nuclear genes after experimental stroke

N. Moore, F. Okocha, J. K. Cui, and Philip K. Liu
Department of Neurosurgery, Molecular and Cell Biology and the Cardiovascular Disease Program
of the Department of Medicine, Baylor College of Medicine, Houston, Texas, USA

Abstract
The repair of oxidative DNA lesions (ODLs) in the nucleus of ischemic cortical brain cells was
examined following experimentally induced stroke by occluding the right middle cerebral artery and
both common carotid arteries for 60–90 min followed by reperfusion in male long-Evans hooded
rats. The control group consisted of sham-operated animals undergoing the same surgery without
vessel occlusion. Using a gene-specific assay based upon the presence of Escherichia coli Fpg
protein-sensitive sites, we noted that animals with stroke exhibited six and four ODLs per gene in
the actin and DNA polymerase-β genes, respectively. This was increased from one per four copies
of each gene in the sham-operated control (p < 0.01). One half of the initial ODLs was repaired within
30 min, and 83% of them were repaired as early as 45 min of reperfusion. There was no further
increase when gene repair was measured again at 2 h of reperfusion. The rates of active repair within
45 min of reperfusion were the same in these two genes (p = 0.103, ANOVA). BrdU (10 mg/kg) was
administered via intraperitoneal injection at least one day before surgery. We observed that there
was no significant incorporation of BrdU triphosphates into genomic DNA during active repair, but
there were significant amounts of BrdU triphosphate in nuclear DNA after active repair. The result
indicates that genomic repair of ODLs in the brain did not significantly incorporate BrdU, and the
initiation of neurogenesis probably starts after the completion of repair in the brain.
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Oxidative stress in the brain induces mitochondrial dysfunction and an elevation in
extracellular glutamate, intracellular calcium, reactive oxygen species (ROS), oxidative lesions
in proteins, lipids and nucleic acids (Lipton 1999; Lewen et al. 2000). These changes often
induce cell death that can be detected as necrosis and programmed cell death (apoptosis).
Apoptosis is a natural process during development, but can also be activated in disease or
following cellular injury. One way to reduce cell death is to decrease the level of ROS by
endogenous scavengers.

In addition to scavenger enzymes that quench ROS and reduce the formation of ODLs,
oxidative damage is minimized by gene repair (Liu et al. 1996; Chen et al. 2000; Lin et al.
2000). The brain is known to be deficient in tissue regeneration after brain injury except in
specific populations of cells (Liu et al. 1998; Takagi et al. 1999; Gu et al. 2000; Arvidsson et
al. 2001; Jiang et al. 2001; Jin et al. 2001). To express correct transcripts from the remainder
of the tissue, the brain would have to contain an extremely accurate mechanism that repairs its
genes (molecular repair of genes), so that oxidative stress that occurs in an oxygen-utilizing
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organ will be kept to a minimum. One report suggests that different regions of the normal brain
have different rates of repair activities (Cardozo-Pelaez et al. 2000). Our knowledge concerning
gene repair in the brain after brain injury is very limited.

Generally speaking, gene repair pathways include the recognition and the excision of lesions
from the DNA double helix by endonucleases or glycosylases, generating single-stranded
breaks (SSBs), followed by repair synthesis accomplished by DNA polymerases. The repair
process is completed by DNA ligase which connects the new and old DNA stands (Liu et al.
2001). The nucleotide excision repair pathway excises the damaged and the adjacent
nucleotides, and synthesizes at least 20 nucleotides in one repair patch. Base-excision repair
generally excises and replaces one nucleotide, although an incorporation of 6-10 nucleotides
in one repair patch has been reported using a cell culture system (Fortini et al. 1998; Lindahl
and Wood 1999). The repair synthesis is mediated by DNA-dependent DNA polymerases (α,
β, δ, ε and γ) acting on the SSB with a 3′-OH end using the appropriate dNTP as directed by
the sequence in the template (Sobol et al. 1996; Wilson and Singhal 1998). In mitochondria,
DNA polymerase-γ is responsible for both DNA replication and repair syntheses (Naviaux et
al. 1999; Chen et al. 2000).

5-Bromo-2′-deoxyuridine (BrdU) is an analog of thymidine that is metabolized to BrdU-
triphosphate (BrdUTP). Bromo-dUTP can be incorporated into DNA in place of thymidine
triphosphate. This property of BrdU has been used to determine the replication activity of tissue
repair, or neurogenesis in the brain (Gould et al. 1999). Furthermore, BrdU-mediated DNA
labeling can also be used to distinguish DNA synthesized as part of mitosis from DNA
undergoing global repair synthesis (Hwang et al. 1999). In this study, the properties of BrdU-
incorporation are used to determine the relationship between gene maintenance by molecular
repair and tissue repair by neurogenesis using BrdU-immunoreactivity (IR) in the ischemic
brain. We also aimed to determine whether nuclear genes were targeted differently by ROS,
and whether genes with different transcription activities in the brain are repaired equally.

Materials and methods
Experimental stroke model using focal cerebral ischemia-reperfusion (FCIR)

Male long-Evans hooded rats (250-300 mg) were anesthetized using sodium Nembutal [80 mg/
kg, intraperitoneal injection (i.p.), Abbott Laboratories, Chicago, IL, USA] according to a
published protocol (Chen et al. 1986; Cui et al. 1999a, 1999b, 2000; Cui and Liu 2001a). The
right middle cerebral artery (MCA) was exposed using microsurgical techniques. First, a 2-cm
vertical skin incision was made from the midpoint between the right eye and the right ear and
the temporalis muscle was split. Next, a 2-mm burr hole was drilled at the junction of the
zygoma and the squamosal bone. A 10-0 suture was then placed, but not yet tied, around the
MCA trunk. Both common carotid arteries (CCA) were exposed using micro-surgical
techniques and were occluded using nontraumatic aneurysm clips, followed by immediate
tightening of the 10-0 suture previously placed on the MCA trunk. Complete interruption of
blood flow was confirmed using an operating microscope. The control group received the same
surgery except the suture was never tightened to occlude the vessels (sham-operation). After
60- or 90-min of ischemia, the MCA ligature and the aneurysm clips were removed. Restoration
of blood flow (reperfusion) in all three arteries was observed directly under the microscope.
Rectal temperature was monitored and maintained at 37 ± 0.5°C via an electronic temperature
controller (Versa-Therm 2156, Cole-Pharmer, Chicago, IL, USA) connected to a heating lamp.
Animals were allowed free access to food and water after recovery from anesthesia. Animals
were kept in air-ventilated incubators at 24 ± 0.5°C for different reperfusion periods. Animals
were housed three to a cage in large rectangular cages. Veterinarian care was provided as
needed. Housing and anesthesia concurred with guidelines established by the institutional
animal welfare committee in accordance with the NIH Guide for the Care and Use of
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Laboratory Animals, USDA Regulations, and with the American Veterinary Medical
Association Panel on Euthanasia guidelines.

At the designated time points, animals used for the isolation of nucleic acid or for the
immunohistochemical detection of BrdU were placed under general anesthesia using sodium
Nembutal. For DNA isolation, the animal was killed by decapitation and the brain was
dissected. The entire cerebral cortex and hippocampus from the right hemisphere were
immediately separated and frozen in liquid nitrogen before being transferred to − 80°C for
storage.

Gene-specific assay to detect damage and repair after experimental stroke using FCIR
Cortical DNA of high molecular weight was isolated from the right (ipsilateral) cortex of sham-
operated (n = 10) and cerebral ischemia-induced animals (n = 4 per time point) using silica gel
method (Liu et al. 1996; Cui et al. 1999a, 2000). Brain DNA (48 μg) was treated with restriction
endonuclease EcoRI (5 U/μg DNA, 37°C 2 h) producing fragments of a defined length in the
target genes. After treatment with EcoRI, the DNA was separated into two equal parts. One
part (24 μg) was mixed with buffer only and served to determine the amount of DNA that was
present from each animal (lanes with N, Fig. 1). The other part was further digested using
Escherichia coli Fpg protein (Novus Biologicals, Littleton, CO, 8 U/μg DNA repeated twice)
at 37°C for 40 min. The E. coli Fpg protein contains two catalytic activities: the glycosylase
activity that removes 8-hydroxy-2′-deoxyguanosine [oh8dG], 2,6-diamino-4-hydroxy-5N-
methylformamidopyrimidine [FapyGua], 5′-hydroxycy-tosine, and the lyase activity that cuts
DNA without bases [AP sites] (Demple and Harrison 1994; Krokan et al. 1997; Liu et al.
2001). The DNA in both parts was placed in adjacent lanes as a pair in an alkaline agarose gel;
and was resolved using electrophoresis. The DNA in the gel was transferred to a nylon blot
using the vacuum-transfer technique.

To detect the amount of DNA after Fpg protein digestion, a riboprobe of the actin or DNA
polymerase-β cDNA was transcribed in the presence of [32P]UTP (specific activity of the probe
was 109 dpm/pg). The ribo-probe was hybridized to the DNA blot. The intensity of the hybrid
signal was developed using autoradiographic film, and analyzed using the Alphalmager (Alpha
Innotech, San Leandro, CA, USA) and statistic software program (GraphPad PRISM2, San
Diego, CA, USA). If the DNA contains any of the ODLs listed above, they would be removed
in samples treated with Fpg protein, and the DNA strand will not migrate with the intact strand
of the gene in alkaline gel. DNA without ODLs will not be digested by Fpg protein and will
migrate along as the intact gene. An intact or repaired gene will show no change in its migration
in the gel between samples. Therefore a decrease in the target DNA intensity with Fpg protein
indicated the presence of ODLs in that gene. The number of ODLs per gene was calculated as
natural log (In) of 1/R, where R is the ratio of the intensity of Fpg-protein-treated DNA (lane
Y) to the intensity from sample not treated with the protein (lane N).

The rate of DNA repair in the nuclear genes of the brain
To calculate the rate of DNA repair in the brain, the initial number of ODLs per gene without
reperfusion (time zero) was considered as 100% oxidative lesions. The rate of DNA repair,
expressed in percent, in different reperfusion time points was determined as following: The
difference between the initial number of ODLs per gene (at time zero) and the number of ODLs
per gene at a particular reperfusion time was divided by the initial number of ODLs per gene,
multiplied by 100.

Injection and quantitative measurement of BrdU
Unless otherwise indicated, animals were injected with BrdU (10 mg/kg, i.p) one day before
surgical operation. The location where BrdU was taken up was determined using immunohisto-
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chemistry (n = 8). The amount of BrdU that was incorporated into nuclear DNA was measured
using the South-western assay, which measure DNA in the blot using antibodies against BrdU
(n = 11). Three 20-μg samples of purified high-molecular weight DNA from the right
(ipsilateral) cortex of each animal were denatured using NaOH/EDTA (0.4 N/10 mM, 100°C
for 10 min). The DNA was neutralized using an equal volume of ammonium acetate (2 M, pH
7) before being blotted onto a nitrocellulose membrane (Hybond ECL, Amersham Pharmacia
Biotech, Piscataway, NJ, USA) using a Bio-Dot SF Microfiltration apparatus (Bio-Rad
Laboratories, Hercules, CA, USA). The membrane was washed using 2 × saline sodium citrate
buffer (SSC; 0.3 M NaCl and 0.03 M trisodium citrate) and dried at 80°C for 2 h. The membrane
was incubated with monoclonal antibodies against BrdU (Sigma Chem. Co. St Louis, MO,
USA) followed by horseradish peroxidase-conjugated anti-mouse IgG and the ECL
Immunodetection system (Amersham Pharmacia Biotech) as described (Lin et al. 2000). The
intensity of BrdU signal in the DNA was measured in the blot and analyzed using the
Alphalmager and GraphPad Prism software. Each measurement was repeated once by each of
three research personnel.

Immunoreactivity of BrdU
Anesthetized rats were retrograde-perfused with 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS; pH 7.4). The brains were cryo-protected in 20% sucrose/4%
paraformaldehyde overnight at 4°C and then embedded in paraffin. Five micrometer thick
sections were sequentially de-paraffin-treated using xylene (10 min), chloroform (15 min),
xylene (10 min), twice with 100% ethanol (10 min each), and 95% and 75% ethanol (3 min
each) and PBS (5 min). The tissue was treated with proteinase K (20 μg/mL, 15 min at 37°C)
and washed with PBS six times. The tissue was treated with DNase-free RNase A (5 μg/mL
in H2O for 1 h, 37°C). The tissue was then treated with acid (4 N HC1; Liu et al. 1998) for 30
min at 37°C followed by neutralization in 2 M ammonium acetate before incubation with the
antibody against BrdU [Sigma, St Louis, MO, USA; 1/600 in 1% normal goat serum, 1%
normal mouse serum, 1% bovine serum albumin (BSA) in PBS, at 4°C overnight]. The tissue
was washed in 0.1% triton X 100 in PBS three times. The negative control (no primary
antibody) was washed in a separate jar from those with primary antibody. The brain tissue was
then incubated with a bodipy-conjugated goat anti-mouse IgG (1/800), or alkaline phosphatase-
conjugated goat anti-mouse IgG (1/500 in 1% BSA in PBS), followed by three washes in 0.1%
triton X 100 in PBS. The tissue with alkaline phosphatase-IgG was detected using 4-nitro blue
tetrazolium (NBT) and BCIP staining (Roche Molecular Biochem, Indianapolis, IN, USA).

Results
DNA damage occurs in all nuclear genes that were measured

We have previously reported that oxidative damage to nuclear genes occurs equally in both
strands of the c-fos gene after experimental stroke (Cui et al. 1999a). We do not know whether
the c-fos gene is specifically targeted. To determine whether DNA damage occurs in more than
one gene, we measured ODLs in the nontranscribed strand of the DNA polymerase-β gene and
the actin gene using a gene specific assay to detect damage/repair as reflected by the presence/
absence of sensitive sites to E. coli Fpg protein (Liu et al. 1996). Both of the actin and DNA
polymerase-β genes are constitutively expressed, except that mRNA of DNA polymerase-β
gene is induced five-fold without an increase in protein synthesis in cells exposed to genotoxic
agents under cell culture conditions (Kedar et al. 1991). DNA damage/repair in the
nontranscribed strand has been measured because the strand has no transcription complex, and
no interference of transcription to repair is expected immediately after brain injury. We
observed that cerebral ischemia also induced ODLs in the DNA polymerase-β and actin genes.
DNA polymerase-β gene (Fig. 1) or the actin gene (Fig. 2) from 10 sham-operated animals (no
FCI, control) was resistant to Fpg protein treatment (the Y lanes). The intensity in each lane
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without Fpg protein (N) various due to the presence of alkaline-sensitive lesions in DNA that
has been applied. The alkaline sensitive lesions include SSBs of various sizes due to randomly
distributed ODLs. The presence of SSBs should not affect the calculation of ODLs based on
the presence of Fpg protein sensitive sites because the intensities in adjacent lanes of the same
animal have been measured.

We calculated the average number of ODLs per gene (frequency of background ODL) in the
non-transcribed strand of DNA polymerase-β and the actin genes to be 0.17 (DNA polymerase-
β) or 0.24 (the actin gene) in the control animals (Fig. 3). At the end of cerebral ischemia with
no reperfusion (zero time), these two genes showed an increase in the sensitivity to the
treatment with Fpg protein. Sensitive sites were demonstrated by the loss of the ability to
hybridization to a riboprobe of DNA polymerase-β and actin gene after treatment with the Fpg
protein and subsequent alkaline electrophoresis (Figs 1 and 2). The frequency at this time point
was significantly (p < 0.01, t-test) elevated to 6 and 4 in the DNA polymerase-β and the actin
gene, respectively (Fig. 3). This represented at least a 16-fold increase in the burden of repair
induced by experimental stroke. The ODLs remained elevated for the next 15 min, and started
declining at 30 min, though they remained significantly (p < 0.01, t-test) elevated in both genes.
The ODLs disappeared and the intact gene re-appeared at 45 and 120 min of reperfusion.
However, the pattern of changes in the number of ODLs between these two genes was not
different over time (p = 0.103, one way ANOVA). The data suggest that the nuclear genes that had
been examined were not differentially targeted.

The rate of DNA repair in the nuclear genes of the brain
To determine the rate at which ODLs appear and disappear (repair) in these nuclear genes, we
calculated the rate of DNA repair using data presented in Fig. 3 (the actin and DNA polymerase-
β genes) and from the data previously reported in the c-fos gene (Cui et al. 1999a). The c-fos
gene is a silent gene under normal conditions, but is induced immediately after cerebral
ischemia (An et al. 1993;Cui and Liu 2001). There was no significant difference in the rate of
repair among these three genes, despite a possible difference in the rate of transcription in them.
The rates of repair (mean ± standard deviation, %) in these three genes after 90 min of focal
cerebral ischemia are 0, 25 ± 17, 46 ± 3, 83 ± 14 and 80 ± 7 at 0, 15, 30, 45 and 120 min of
reperfusion, respectively (Fig. 4). We noted that approximately 50% of the initial ODLs were
repaired by 30 min of reperfusion. The percent of repaired lesions in each gene reached a steady
state at 45 and 120 min of reperfusion. We concluded that experimental stroke induces ODLs
in nuclear genes, and that they are repaired at a same rate in all three genes examined.

The uptake of BrdU after brain injury
We tested whether BrdU could be used to distinguish mitotic activity from repair activity after
FCIR. We tested the route of BrdU administration (10 mg/kg, i.p.) and its uptake into the brain.
BrdU was injected at 1, 3, 5 and 7 days before sham-operation. Ninety minutes after suture
was placed around the MCA, the animals were killed to determine BrdU uptake using BrdU-
IR. The contralateral hemisphere served as the control for BrdU uptake. BrdU-IR was observed
in the cytosolic region around the suture wound in the ipsilateral site due to the placement of
the 10–0 suture during sham-operation regardless the time of BrdU injection (Fig. 5). There
was no BrdU-IR in the contralateral site (not shown). We noted a gradient of BrdU-IR from
the suture wound into the cerebral parenchyma. When the brain tissue sections were treated
with DNase-free RNase A, we observed a disappearance in the cytosolic BrdU-IR (data not
shown). The results suggest that seven days after the administration of BrdU at a dose of 10
mg/kg, free BrdU remained present in the animals.
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The incorporation of BrdU into nuclear DNA
To determine mitotic activity immediately after experimental stroke, BrdU was injected one
day before the surgery. Experimental stroke was induced using cerebral ischemia for 60 min,
followed by reperfusion for up to 4 h before sacrificing the animal. This assay requires high
molecular weight DNA for Southern–western blots. To isolate high molecular weight DNA
from the ischemic cortex, 60 min of vessel occlusion was used to minimize cells with DNA
strand breaks (Chen et al. 1997; Clark et al. 2001). Furthermore, we used silica gel filtration
to isolate high molecular DNA of the nuclear origin that is free of mitochondrial DNA (data
not shown). This procedure reduces a loss of signal due to low molecular weight DNA. Figure
6 shows the results from BrdU-IR assay on purified DNA from ipsilateral cortices of two
control groups [sham-operated and normal animals both injected with BrdU (n = 4)] and there
was no significant difference in BrdU-IR between these two control groups. Figure 6 also shows
BrdU-IR in DNA from the ischemic cortices (n = 7). There was a slight, but significant increase
in BrdU-IR in DNA from four animals that sustained longer than one hour of reperfusion. The
temporal incorporation of BrdU into nuclear DNA shown in Fig. 6 coincided with the
reappearance of intact DNA in Figs 1 and 2, suggesting neurogenesis occurs after the
completion of ODL repair.

To determine whether the elevated BrdU-IR was from cells undergoing replication, we
attempted to detect mitotic cells using an in situ BrdU-IR assay. We injected BrdU into six
animals one day before surgery. Three animals were sham-operated and the other three
underwent vessel occlusion for the induction of experimental stroke. After one day of
reperfusion, all animals were killed for BrdU-IR examination. We examined 30 15-μm sections
(separated by 100 μm between sections) in each of six animals. We observed no cells with
BrdU-IR in the penumbral region of the ischemic cortex or the contralateral cortex. Nor did
we observe BrdU-IR positive cells in the brains of the sham-operated animals. However, we
did observe an increase in the number of cells that were BrdU-IR positive in the ischemic core
of animals one-day after stroke. The core that contained positive BrdU-IR cells also contained
cells with DNA fragmentation at this time (data not shown). The BrdU-IR was present in the
nucleus and the perinuclear regions, but none of these BrdU-IR-positive cells expressed neuro-
peptide Y or glial fibrillary acidic protein (not shown). BrdU-IR was resistant to treatment with
acid, but was sensitive to treatments with DNase I. Because most of these mitotic cells are
negative in GFAP or neuro-peptide Y antigen, we could not definitively conclude the origin
of these mitotic cells. They could have been macrophages that are associated with reaction to
inflammatory reaction in the site of necrosis (the ischemic core). Our results indirectly support
the conclusion that in situ BrdU-IR does not detect ischemia-induced DNA repair activity in
the brain (Liu et al. 1998; Gould et al. 1999).

Discussion
Brain repair is one of many potential therapies that are being explored to assist diseased brain
to regain functions. We have considered both gene repair and tissue repair in this
communication. We have compared the repair of ODLs in three nuclear genes after
experimental stroke using an FCIR model. Although the initial frequency of ODLs is different
among these genes, the brain repairs ODLs with the same rate in all nuclear genes: 50% of
ODLs are repaired by 30 min and more than 80% of ODLs are repaired by 45 min of
reperfusion. No significant increase in the incorporation of BrdU in nuclear DNA was noted
during active repair. A significant increase of BrdU in nuclear DNA from injured-cortex after
one hour of reperfusion, however, suggests that the incorporation of BrdUTP into nuclear DNA
did not coincide with the repair activity (Figs 3 and 4). Therefore, the data suggest an initiation
of DNA replication or neurogenesis after the completion of gene repair. The significance of
this finding suggests that neurogenesis or tissue repair occurs after the majority of nuclear gene
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damage is no longer present. This is a safekeeping process that reduces expression of mutant
message in future generation of cells. Therefore, gene repair plays an important role in the
biology of neurogenesis.

In order to study the repair mechanism in the brain, we investigated the appearance and
disappearance of ODLs in the actin and DNA polymerase- β genes from the ischemic cortex
in rats. Experimental stroke in the rat induces ODLs in the same nuclear genes that have been
reported using another model of brain injury in the mouse (Liu et al. 1996; Lin et al. 2000). It
appears that all genes that have been examined thus far contain ODLs after cerebral ischemia-
reperfusion regardless of experimental models.

Oxidative damage to nucleic acids is often determined by detecting base modifications in DNA
or RNA. We did not measure single stranded breaks with 3′-OH termini as ODLs, because they
also occur as intermediates during gene repair and during normal cellular process of DNA
replication, and they can not be easily distinguished from DNA damage or fragmentation
elicited by oxidative stress after brain injury. There are at least nine oxidative lesions in nucleic
acids that have been shown to be increased significantly after cerebral oxidative stress in animal
brains using experimental models that simulate seizure (Schulz et al. 1995; Lan et al. 2000),
cardiac arrest (Floyd and Carney 1992; Liu et al. 1996), and stroke (Cui et al. 1999a, 2000;
Nagayama et al. 2000; Cui and Liu 2001). Mitochondrial gene damage has recently been
demonstrated after brain injury of ischemia-reperfusion type (Englander et al. 1999; Cui et
al. 1999a, 2000; Huang et al. 2000). Cardozo-Pelaez and colleagues reported higher basal
levels of oh8dG in total DNA from the midbrain, caudate putamen, and hippocampus than in
the DNA from the cerebellum, cortex, pons and medulla (Cardozo-Pelaez et al. 2000). They
observed that these regional differences in basal levels of DNA damage inversely correlate
with the regional capacity to remove oh8dG from DNA. We have not detected a significant
difference in the basal oh8dG content from different regions of the rat brain (Cui et al.
1999a, 2000), but we have observed repair of more than 80% of ODLs in nuclear genes within
1 h of reperfusion after cerebral ischemia in both the mouse and the rat using different injury
models (Cui et al. 1999a; Liu et al. 2000). The fate of the remaining 20% or less of ODLs in
the brain is not known. The ODLs, most likely, will become DNA fragmentation if not repaired.

We observed that the rate of repair in three nuclear genes of the brain was the same and appeared
linear during the first 45 min. Anson et al. (1998) reported a homogenous repair of the same
ODLs in different mitochondrial genes from human cells. Our observation of a homogenous
rate of repair on ODLs of the brain is consistent with their observation. DNA repair in
mitochondrial genome of the brain has been demonstrated (Chen et al. 2000), but the rate of
DNA repair in the mitochondria in the brain after injury is not known, except hypoxia-induced
DNA damage in mitochondrial and nuclear genes is no longer present within 3 h after animals
are exposed to normoxia (Englander et al. 1999). The rate of DNA repair in nuclear and
mitochondrial genes of the brain needs be elucidated.

We have noted that the half-life of ODLs in at least three genes of an injured brain is 30 min
of reperfusion. The result agrees with the data previously reported in the α-actin gene of the
brain after γ-irradiation (Ploskonosova et al. 1999). In addition, we have shown that both
neurons and astrocytes contain ODLs, which are removed one hour after brain injury (Cui et
al. 1999a, 2000; Huang et al. 2000). The appearance of intact genes that have been repaired
after 45 min of reperfusion suggested that repair in the brain is rapid. On the other hand, it
takes 20 h to repair 80% of the ODLs in human mitochondrial DNA under culture conditions
(Anson et al. 1998). The same could be true for experimental stroke (Chen et al. 2000). Global
repair of ODLs in nuclear genes of human cells grown in culture is also completed by
approximately 24 h (Hwang et al. 1999). The basis of this difference in the rate of ODL repair
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in the brain and in the tissue culture conditions is not understood. Nevertheless, our data
presented here suggest that the brain has an efficient molecular repair of its genes.

What was not known is the mechanism by which the brain repairs these genes. We have shown
that DNA repair of both strands of an active gene (the c-fos gene) is completed in one hour
using mouse and rat cerebral ischemia models (Cui et al. 1999a; Lin et al. 2000). Two repair
pathways (a global nucleotide-excision repair pathway and or base-excision repair pathway)
may mediate ODL repair in the brain (Reardon et al. 1997; Brooks 1998). Both pathways do
not exhibit strand-specific mechanism, except a global repair generally takes longer than a few
hours to complete (Hanawalt 1994; Hwang et al. 1999). A fast rate of repair within one hour
in the injured brain does not suggest global nucleotide-excision repair activities.

Our data suggest that the re-appearance of intact DNA after brain injury does not result from
replication activity, because there was no significant elevation in BrdU incorporation during
active repair within 45 min of reperfusion. The repair activity in the brain during reperfusion
excises one base per patch in the mouse brain (Lin et al. 2000). This observation is consistent
with the first step of base-excision repair (Liu et al. 2001). There are two alternative routes
after the first step: one that incorporates one nucleotide, and the alternative one that incorporates
6–10 nucleotides per patch. Growing evidence suggests that DNA polymerase-β incorporates
one nucleotide, and DNA polymerase-ε or -δ along with proliferating cell-nuclear antigen
(PCNA) and flip-endonuclease-1 (FEN-1) incorporate 6–10 nucleotides (Liu et al. 2001). The
ODL in the brain identified thus far are abnormal bases of guanine, adenine, and cytosine and
E. coli Fpg-protein does not excise modified thymidine (Liu et al. 1996). The lack of BrdU-
incorporation during active repair of ODLs is consistent with the classical form of base-
excision repair pathway in the brain. In conclusion, we show here a process of molecular repair
of ODLs in nuclear genes of the brain after experimental stroke. This process is rapid and is
homogeneous in all nuclear genes regardless of transcription activities. The molecular repair
of genes appears to precede neurogenesis after stroke.
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Abbreviations used
BSA  

bovine serum albumin

FCIR  
focal cerebral ischemia-reperfusion

ODL  
oxidative DNA lesion

PBS  
phosphate-buffered saline

ROS  
reactive oxygen species

SSB  
single-stranded break

SSC  
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saline sodium citrate buffer
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Fig. 1.
ODLs (measured as Fpg-sensitive sites) in DNA polymerase-β gene from the ipsilateral cortex
before and after experimental stroke. Ten control animals were sham-operated and without
focal cerebral ischemia (no FCI control) shown in the top row. Each pair of parallel lanes are
DNA from the same animal, where N = not treated with Fpg protein, Y = treated with Fpg
protein (N in the right and Y in the left lanes of the adjacent pair). The second and the third
rows are DNA from four animals treated with experimental stroke using FCIR.
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Fig. 2.
ODLs (measured as Fpg-sensitive sites) in the actin gene. DNA from 10 control animals and
20 animals treated with experimental stroke using the same DNA samples as in Fig. 1. The
radioactive riboprobe was stripped by boiling and was hybridized with a radioactive riboprobe
transcribed from actin cDNA.
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Fig. 3.
The frequency of ODLs in the actin and DNA polymerase-β genes. We observed no significant
difference in the frequency of ODLs at all time points between these two genes (p = 0.103, one
way ANOVA), although there is a significant elevation in the frequency of ODLs in animals during
0–30 min of reperfusion compared to the frequency of ODLs in the control animals (p < 0.01,
t-test).
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Fig. 4.
The kinetics of in vivo DNA repair in three nuclear genes from rodent brain after experimental
stroke.
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Fig. 5.
The uptake of BrdU in the brain. BrdU-IR is shown around the site of injury in the right cerebral
cortex from one of the eight animals that received treatment of BrdU (10 mg/kg, i.p.). In this
animal, BrdU was injected 7 days before sham-operation. Animals were killed 90 min after
sham-operation for determination of BrdU-IR. BrdU-IR was noted in the cytosolic fraction of
the sham-operated cortex in all eight animals. Two mitotic cells (green) are noted on the surface
of the injured site. Bar = 70 μm.
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Fig. 6.
The presence of BrdU-IR in high molecular weight DNA purified from ipsilateral cortex in
control animals (normal without surgery [n = 2] and sham-operation without ischemia [n = 2])
and animals with vessel occlusion for 60 min with reperfusion for 45 min (n = 3) and > 60 min
(n = 4). Bars represent the average of at least four determinations from each animal for each
of the treatments.
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